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Preface

The unique value of this book is that it is the defining document for an industry-wide
Plant and Equipment Reliability Database. The intent, structure, and implementation of
the database are described fully within the book and its appendices. This Guideline
book, developed for the Center for Chemical Process Safety (CCPS), is designed as a
text to be used by operating and maintenance staff, reliability engineers, design
engineers, and risk analysts. it treats the broad topic of equipment reliability, but also
provides details about the design and operation of a process-plant/equipment reliability
database.
The major objective of this book is to lay the foundation for an industry-wide
reliability database. In fulfilling this objective, the book satisfies three auxiliary
objectives. The first is to document and explain the theory of reliability data, including
failure rates and the data structure employed by CCPS to accomplish its goals. The
second is to demonstrate the usefulness of quality data by presenting worked
examples. The text emphasizes that data needs are driven by analyses that provide
added value. The book will help to illustrate this point. It will also help the reader
understand how to actually carry out the analyses. The third objective is to provide an
overview for the necessary quality assurance that must be implemented by both the
plants maintaining a local database and a centralized database administrator to whom
data is submitted for aggregation and distribution.
After an introduction to the purpose and basic operating concepts of the database in
Chapter 1, the necessary background and terminology for reliability data analysis are
developed in Chapters 2 and 3. Chapter 4 provides example applications of developing
reliability data. Chapter 5 covers the details behind the structure of the CCPS
database. Chapter 6 deals with quality assurance for the database.
A set of appendices provides specific information about database operating guidelines,
pick lists, and a procedure for developing future equipment taxonomy information.
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1             Introduction

1.1. Background

Quality failure rate data have long been a desire within the Chemical Pro-
cess Industry. Unfortunately, too often the emphasis has been on the col-
lection of data (which in and of itself is useless) rather than on value-added
uses of data. This les that one must answer the question of what to do with
the data once it is collected. To some extent this is done, but generally the
effort has been cut short and has mainly addressed perceived data
requirements, regulatory requirements, and data that make day-to-day
work assignments more efficient, or provides proof of work performed.
The type of information that would allow more effective continuous
improvement is too often included without any real thought other than,
''sounds like we should have it," or "we might need it someday."

The major objective of this book is to lay the foundation for an industry-
wide reliability database. The database has been designed to make
available high quality, valid, and useful data to the hydrocarbon and
chemical process industries enabling analyses to support availability,
reliability, and equipment design improvements, maintenance strategies,
and life cycle cost determination. By design, the database structure
contains voluminous detail however, not all of the detail is required by the
user. Each operating company decides the amount of detail input by the
user. In fact, the level of detail required for baste analyses is minimal. The
detail of the results, however, Hill be commensurate with the details input
to the database.

The foundation for the database was developed from a project directed by
the Center for Chemical Process Safety (CCPS). The CCPS has formed a
group of sponsor companies to support and direct this effort. The sponsor
companies, through representatives on a Steering Committee, are actively
participating in the design and implementation of the database.
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This book, which is expected to be the first in a series, lays out the
fundamental concepts of data collection in a way that is intended to
provide useful information for decision mailing as shown in Figure 1. 1.

A successful system converts data into information useful for making
value added decisions, which can be economic, or safety related in nature.
In al cases these translate into business risk as shown in Figure 1.2.

The main objective of this book is to provide the basis for data structure
and collection methods to support reliability analyses. In turn, it is hoped
that this book will promote the systematic collection and analysis of plant
and equipment data. A secondary objective is that: this book will serve as
a guideline for the CCPS plant and equipment reliability databases and
subsequent projects in this field.

Making this happen requires the understanding and integration of several
cross-functional disciplines. As such this book is intended for use by
• Maintenance Engineers
• Reliability Engineers
• Design Engineers
• Production Engineers
• Information Technology Software Developers
• Process Safety Risk Analysts

By utilizing basic: industry management systems that exist at every
facility, it is possible to leverage these systems in a way that provides data
in a cost effective manner for further value-added analyses and subsequent
decisions. Examples of value-added analyses are best equipment for
application, optimal test intervals, knowIedge of system or component
wear out, optimal maintenance strategy or improved risk analysis. In toro
these previas the foundation for achieving improved plant availability
and/or refiability and reduced risk.
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As the need for more sophisticated analysis increases, so does the need for
higher quality, more specific data. This is illustrated by Figure 1.3.
Chapters 3 and 4 provide more detail regarding the types of data required
for the varying complexity of analyses.

1.2. Taxonomy

An effective on produces M data for reliability analyses. The basic
building blocks for a reliability analysis fall into two main classes: data
regarding specific events occurring for a piece of equipment, and data
describing the sample space of equipment. The first class (Event Data) is
used as a numerator in the reliability calculation, the second class
(Inventory Data) is used in the denominator. Chapter 5 is dedicated to the
description of the inherent taxonomy used in the database.
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The taxonomy and database structures have been developed to facilitate
analysis, and are shown in Figure 1.4. A taxonomy such as this will allow
sorting and selection of specific types of data, with the types of design,
operational, and environmental conditions, which are similar to that of
interest in your plant.
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1.3. Data Aggregation/Sharing

CCPS hopes to provide the foundation that allows the hydrocarbon and
chemical process industry to establish a standard. This is important
because it allows for different systems to become more compatible,
increasing the value of industry data. Benefits accrue from. being able to
aggregate data with degrading u quality. Figure 1.5 shows the CCPS
concept, with CCPS acting as an industry clearinghouse.

This concept al individual plants the ability to measure the performance
and to seek improvement in their designs and maintenance strategies. At
the company level, it allows the performance comparison of u plants.
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Sharing information through CCPS also allows companies to benchmark
themselves against industry. It is further a resource of information in areas
where they are less expert. The operating concept of CCPS acting as an
industry clearinghouse is shown in Figure 1.6. Details of how the data
actually flow are provided in Appendix I. After data have been collected
and analyzed, it is anticipated that the equipment reliability database will
be published and available to the general public.
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2                Definitions

2.1. Introduction

Within this document we refer many times to a variety of terms that relate
to "equipment reliability" and, more specifically, to "equipment failure.
The primary aim of this section is to clarify how we understand this ter-
minology when applied in practice, thus ensuring consistency and com-
monality across our industries, and more particularly for all subsequent
data collection.
For clarify’s sake,  this chapter is  subdivided  into two main sections. One
section provides a discussion of key terms used throughout the text, terms
such as ''failures'' and "causes." The other section presents other important
though less complex, definitions in a glossary-style formal.

2.2. Discussion of Key Reliability Terms

Terminology relating to equipment failures is used throughout the Guide-
line. Wherever possible, we have adopted readily available explanations
that are currently acknowledged by practicing organizations and standards:
OREDA and ISO in particular.
In doing so we recognize that this could, conflict with views of practitio-
ners who, in the absence of greater clarification, have been using failure
terminology with a slightly different meaning to that mentioned herein. In
striving for consistency we have undertaken an extensive challenge to be
sure that our conclusions meet: the best interests of the industry.

Equipment Failures and Related Circumstances

In the practical world, equipment and their components can “fail” under a
variety  of  circumstances. There can be instant failures, partial failures,
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intermittent failures and a number of other options. This invariably creates
differing interpretation amongst engineers as to Cachet happened, why it
happened and how it should be categorized, Chile at the same time wishing
to be consistent in communication.
Similarly, the terms "failure" is often confused with either or both the terms
"failure mode" and “error.”
For the purpose of this project we are adopting the collectively recognized
term of “failure mode” as being a key term. As a description, it identifies
how we "observe a fault of an item,'' whether that fault is in its premature
stage of failing, has been faulty for a period of time, or has subsequently
resulted in the component failing to meet its expectation and has ultimately
stopped performing.
We now note that a failure can occur at various stages in an item’s life.
Hence, we may observe the following:

• A sudden failure which, as expected, is a sudden occurrence and
causes one or more of the fundamental functions of a component to
cease. This type of occurrence is not unusual, but is the one that
invariable causes most concern in that it is often unpredictable;
although if we could have monitored it we Id probably have had time
to minimize its impact.

• A gradual failure is one in which we are more fortunate to observe a
decline in component performance, can probably predict the
conclusion and can contain the affect of it actually failing, or can
have rectified it More it becomes serious.

• Partial failures are associated with defects that do not cause a
complete loss of function.

• Intermittent failures are situations that result in a loss of
performance for a period of time but in which the item reverts to u
original working state in due time.

These are all failures and are a result of any combination of more
fundamental faults which may relate to design practices, manufacturing
procedures, operational styles, maintenance strategies or others. It is the
root cause of these faults that we strive to resolve.
When the failure actually occurs we need to be able to identify the
circumstances that are in being at that time. These are commonly referred to
as “failures descriptors.”
Ultimately, every failure have an effect on the business/operating
environment and this is generally referred to as the “failure effect.”
Clarification may be gained from the two examples that follow.
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Practical Examples of Terminology

Example 1. Forced Motor Bearing
Putting this into reality, we might consider the simple example of an elec-
tric motor that has a “fault” The detailed nature of that fault, in this exam-
ple, is not known at the time the plant operator observes that something is
not correct. However registers the defect (fault) in his computerized
maintenance management system as work to be investigated. For the time
being we shall assume that it is a sudden failure.
The plant operator's observation (or description) is referred to as the failure
mode: for example, the motor failed to start on request (Fails to Start). It is
the description or observation of the fault that is happening as viewed from
the outside. Very often there are designated acronyms to facilitate coding of
such information, for example, FTS.
This failure mode (''forced to start in this case) could equally apply to other
items of equipment.
(Other failure modes might be, "valve closing too fast," pipeline plugged,''
"display signal not functioning," etc.)
Who it is that registers these details into the system and ensures information
consistency is left to the discretion of the owner, but, as was mentioned
earlier, quality of information should not be overlooked.
In our example, investigations by the maintenance organization
subsequently show that the apparent observed cause of the failure was a
bearing problem. This is typically referred to as “failure descriptor"; that is,
it describes in brief terms what was found to have actually failed as against
what was observed from an operational viewpoint.
Let us assume, in this case, that the "failure cause" associated with this
example was that the wrong type of bearing had previously been sub-
stituted for the correct one, at some time in the past. "Failure cause" thus
relates to the information that is required to avoid the failure recurring.
These may relate to design, manufacture, misuse, aging, or other factors.
The "root cause" would be, for example, that clear maintenance instructions
were not applied to ensure that alternatives were installed with thorough
consideration of the consequences.
We hope that you can visualize that we are first observing a problem
(failure mode) and then identifying the defect (failure descriptor), the reason
for the failure cause), and the fundamental problem (root cause).
The "failure effects" associated with this problem are the consequences that
apply. In our example we will assume that the alternate machine was
commissioned, and minimal loss of production occurred.
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Example 2. Forced Lube 0il Cooler of a Centrifugal Compressor

In this example we will assume the cooler tubes were heavily corroded
resulting in water contamination the lubrication system.
The ''failure mode” was reported by the routine oil-sampling team. (or
laboratory or ferrography group, or condition-monitoring group). The
failure is thus examined, and the "failure descriptor" identifies (after exa-
mination) that it was the tubing in the lube oil cooler which had corroded (it
could have been a joint failure or a number of other alternatives). The
"failure cause" culminated from the eventual corrosion of some oil cooler
tubes, and the "root cause" was identified as being unsuitable material se-
lection for the duty. The "failure effect'' was that no damage occurred to the
compressor bearings. The lube oil system had to be drained and repla-ced;
the machine was idle for a period of time; and production was lost.
This example could have been a compound situation where, if routine lube
o sampling was not applied, the bearings could have failed, the rotor could
have been damaged, and many other problems would have been
experienced.

2.3. Glossary of Terms

The following glossary provides definitions for terms commonly used
throughout these Guidelines.

Term Definition

Aggregation The pooling of compatible data from disparate
sources to create a larger population of raw data for
analysis.

Application Information described by the process parameters
associated with a specific location. Equipment
system which is linked to a process unit by specific
tag number.

Availability The ability of an item to be in a state to perform a
required function under conditions at a given instant
of time or over a given time interval, assuming that
the required external resources are provided. For
clarity, meter to Chapter 3.

Boundary Specification of the interface between an item and its
surroundings.
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Term Definition

Censored data Data that are not complete (where the ideal testing
scenario does not occur).

• Right-censored  Data collected from the time at which an tem is data
put on test at time 0 and is removed during the test
period while the item is still working.

• Left-censored    Data collected from the time at which an item is data
put on test at time 0 and found to be functioning,
inspected again after an interval of  time and found
to have failed.

• Interval-censored  Data collected from the time at which an item is
         data                  put on test at time 0, inspected some time later and

found to be have survived, inspected again and found
to have failed.

• Singular censored  Right or left censored data.
         data

• Multiple censored  Data in which any or all (right, left, interval) cen
data                     soring types may be present.

Complete data Data collected from the time at which an item is put
on test or in service at time 0 and  is monito-red
continuously until it fails at time t.

Component An  equipment  item  composed  of one or more parts
that are capable of being repaired.

Corrective The maintenance carried out  after fault  recogni-
maintenance tion and intended to put  an  item  into  a state in

which it can perform a required function.
Database A repository for equipment reliability information

categorized to facilitate normal relational database
management functions (e.g., sorting, filtering).

Database administrator An individual responsible for the administration of
the CCPS Process Equipment Reliability Database.

Database contributor An operating entity that provides valid data to the
CCPS Process Equipment Reliability Data-base.
This is considered to be a corporation, although one
or more people may represent the interface to the
database.
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Term Definition

Database participant A member of the CCPS Database project, that may
or may not be a database contributor.

Data subscriber The point source contact between the database
contributor and the CCPS database administrator.

Demand Activation of the function (included both opera-tional
and test activation).

Down state A state of an item characterized either by a fault, or
by a possible inability to perform a required function
(e.g., during preventative maintenance).

Downtime The time internal during which an it is in a down
state.

Equipment group A convenient means to organize similar types of
systems (e.g., pumps, compressors, turbines are part
of the equipment  group  "Rotating  Machin-ery”).

Error A discrepancy between a computed, observed or
measured value or condition and the  true, speci-fied
or theoretically correct value or condition.

Failure The termination of the  ability  of  an  it  to  per-form
a required function.

• Complete failure   A failure that is  a  complete  loss  of  a  required
function.

• Extended failure A failure that results in a lack of some function
that will continue until some part of the item is
replaced or repaired.

• Intermittent A failure that results in a lack of some function
failure for a very sheet period of time. The item
will revert to its operational state with repair.

• Partial failure A failure that leads to a loss of some function but
does not cause a complete loss of a required
function.

• Sudden failure A failure that could not be forecast by prior testing
or examination.
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Term Definition

Gradual failure A failure that could be forecast by testing or
examination.

Failure cause The circumstances during design, manufacture or
use which have led to a failure.

Failure descriptor The apparent, observed cause of failure.
Failure mechanism The physical, chemical, or other process or com-

bination of processes that has led to a failure.
Failure mode The observed manner of failure. The failure modes

describe the loss of required system function(s) that
result from failures.

Fault The state of an it characterized by inability to
perform a required function, excluding the inability
during preventive maintenance or other planned
actions, or due to lack of external resources.

Function The normal or characteristic actions of an item.
Industry A distinct grouping of facilities that manufactures,

processes or delivers product(s) having similar
characteristics or applications.

Inventory Equipment population information that is made up of
application data and data that are specific to an
equipment item regardless of application.

Item Any part, component, device, subsystem, functional
unit, equipment or system that can be individually
considered.

Maintenance The combination of all technical and administra-tive
actions, including supervision actions, intended to
retain an item in, or restore it to, a state in which it
can perform a required function.

Operating mode
• Alternating/      A mode in which an item, in normal operation,

         Cyclical repeatedly and predictably changes u operating
conditions to perform its required functions,
whereupon it returns to its original condition
automatically.
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Term    Definition

• Batch A mode in which an item, in normal operation,
performs or permits a sequence of operations to
take place and which, after completion of the
operations, is returned to u original state either
automatically or through manual intervention.

• Running/ A mode in which an item is performing a single
          Continuous active operation at specific operating conditions.
• Standby A mode in which an item is not actively running,

but can be made to actively run on demand.
Operating state

• Normal The state in which an item is performing its usual,
nontransitional required function. This state can
include any of the operating modes listed above.

• Shutdown The state in which an item is in a transitional mode
from being in u normal operating state to being
taken off-line.

• Startup The state in which an item is in a transitional mode
from being off-line to being in its normal operating
state.

Operating time The time interval during which an item is in an
operating state.

Part An item that is not subject to disassembly or repair.
Plant A process facility, at a discrete location, that

manufactures a product(s).
Preventive The maintenance carried out at predetermined

maintenance intervals or according to prescribed
criteria and intended to reduce the probability of
failure or the degradation of the functioning of an
item.

Redundancy In an item, the existence of more than one means for
performing a required function.

Reliability The probability of an item to perform a required
function, under given conditions, for a given time
interval.



15

Term Definition

Repairable item Durable item determined by application of engi-
neering, economic, and other factors to be restorable
to serviceable condition if it fails.

Nonrepairable item An it that is replaced, not repaired, upon failure.

Root cause Fundamental cause of failure. The cause(s) for
which remedial actions can be decided upon.

Site A process facility, at a discrete location, consisting
of one or more plants.

Subordinate system A system that provides a function exclusively to
another system.

Subscriber A person or job title that is registered and qualified
to submit data to the CCPS Equipment Relibility
Database in accordance with an approved data
contributor quality plan.

Surveillance period The interval of time between the start and end of data
collection.

System A group of subordinate system(s) or compo-nent(s)
or part(s) connected or associated in a fixed
configuration to perform a specified function(s), as
described by a database boundary diagram.

Taxonomy A systematic classification of it into generic groups
based on factors possibly common to several of the
items (e.g., functional. type, medium handled).

Time to repair-active The cumulative time actually spent repairing an item
and ensuring it is ready for service (see Figure 3.2 in
Chapter 3).

Time to repair-total The time interval from occurrence of failure until the
item is ready to be returned to service (see Figure 3.2
in Chapter 3).

Time to restore The time interval from occurrence of failure until the
application is restored, inclusive.
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Term Definition

Time to failure The time interval from the point at which an item is
put on test or in service until failure occurs.

Time to shutdown The time interval from the point at which an item is
put on test or in service until it stops running.

Unit A collection of interrelated systems, the purpose of
which in normal operation is to process one or more
inlet feedstocks or intermediates by either physical or
chemical means, to produce outlet intermediates or
products having one or more of its phase,
composition, temperature and/or pressure changed
and delivered.
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3         Methods of Analysis

3.1. Introduction

This chapter describes practical methods for estimating reliability
parameters for items included in the CCPS Equipment Reliability
Database taxonomy. We focus on the types of analyses that process
reliability engineers are most likely to encounter. Formal statistical details
are left to the references.
The types of analyses presented herein are broken down into two broad
classifications: those based on sample statistics and those based on
inferences from statistical distributions. The distinction between the two
classes is subtle, but important to the reliability engineer. Reliability
parameters based on sample statistics are fairly simple in form, but limited
in usefulness. Although characteristics of distributions are more difficult
to derive, they provide much more relevant information to the reliability
engineer. Experience indicates that some probability distributions are more
representative and more effective in certain situations than others.
The purpose of this chapter is to provide practitioners with a brief source
of reference material for analyzing failure data, and to illustrate the
concepts behind the calculations performed by the CCPS Database
software. Further information about the specific algorithms used in the
software can be found in Appendix 1. This chapter covers basic concepts
in data analysis, along with an overview of some of the many statistical
distributions available. It concludes with a discussion of hypothesis testing
and a brief survey of more advanced tapes on data analysis.

The chapter is not intended to be a comprehensive source of information
on the topic of data analysis. A list of references is provided at the end of
the chapter to provide the practitioner with more details on the subject.
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3.2. Basic Concepts of Data Analysis

3.2. 1. MI Data
For most equipment items in service, it Os natural to observe different
times-to-failure when those items are placed in operation simultaneously
and under identical conditions. This N because we can expect a certain
amount of random behavior in engineered equipment performance. The
variations in performance can become greater when new items and old
items are compared. Therefore, the valor associated with the time-to-
failure is not fixed; rather, it follows a distribution across a range of
values.
Much of the data analysis work revolves around the correct classification
of the time-to-failure data and the estimation of the statistical parameters
for known distributions in order to represent the broader population and
estimate the equipment reliability.
The process of extrapolating failure data into reliability results can be
quite complex. Much of the work is done by trial-and-error, and, is
therefore difficult to, proceduralize. Presentation of some basic concepts is
therefore paramount. Worked examples will foil presented concepts in
order to demonstrate how they may be put into practice.

3.2.2. Need for Correct Failure Modes
A failure mode, as defined in Chapter 2, is a description of how a failure is
observed.  this observation comes about by observing the affect con an
equipment items ability to perform. Failure data Mill vary according to
failure mode. Therefore a critical step in analyzing data is to identify the
failure modes correctly. If failure modes are incorrectly assigned, data
variance can be very large, resulting in poor-quality reliability estimation.
A given cause could lead to more than one mode and a de could, have
more than one cause. Therefore, it may not be possible to gather
information useful to prevent failure recurrence through grouping data by
mode alone. One tends to focus on the mode because it helps highlight the
effect of the failure For predictive analysis, however, the functions are
linked to failure cause/mechanism, respective of effect.

3.2.3. Types of Systems-Repairable or Nonrepairable
The issue of repairability can have a significant effect on the process used
for data analysis. For the CCPS equipment reliability data project, most
Systems and components are repairable, whereas most parts are not. Keep
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in mind that failure detection is part of the repair process and that
undetected failures remain unrepaired.
Reparable items can experience a large number of failures over the lives
since they are repaired and restored to, operation after failure instead of a
single time-t-failure measurement on an item, we have a sequence of times
between failures The models and methods for analyzing these kinds of
items are different from those for analyzing data from nonrepairable items.

3.2.4. Reliability versus Availability

Repairability of an item effects two main reliability parameters:
availability and reliability. Availability can be considered as the fraction of
time that an item or group of items is in a state of being able to perform its
intended function, as calculated by past performance. Reliability, on the
other hand, is the probability that an item has survived to a certain time
with failure If an item is repairable, it may experience a prior failure but
still be available later at a given time. Under these conditions, however, it
may not be considered ''reliable'' (bearing in mind that being "reliable" is
relative to what one considers to be acceptable performance). Methods for
estimating these two parameters vary depending on whether or not the it is
repairable.
Although the reliability of an item is of fundamental interest, ultimately it
is the availability of the overall plant that is critical to the economic
success of the facility. There are many methods, such as Monte Carlo, that
can model the affect of individual system behaviors on the overall plant
availability. Discussion of these is beyond the scope of this book.
However, the CCPS Database does collect and allow retrieval of plant
availability information.

3.2.5. Types of Data-Censoring
The ideal scenario for failure testing is one in which the following are true:
• The item is placed into service at the very start of the test.
• A failure occurs and is detected during the "window" of time the test is

conducted.
• Repairs return the equipment to as good as new status.
• There are no changes in the operating envelope.

Unfortunately, this is not often the case in the process industry. If the ideal
testing scenario does not occur, the data are said to be censored. The
CCPS Database  calculations  assume  that  the last  two  bullets  are true,
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although the capability is also provided to remove data that do not
conform to the analysts requirements. Censoring of data, as described in
the first two bullets, effects the precision with which the times to failure
have been measured. There are Tour baste types of data: complete, right-
censored, left-censored, and interval-censored. These are depicted in the
diagrams below.

3.2.6. Definitions

Exact failure or complete data occurs when an item is put on test at time 0
and Os monitored continuously until it fails at time t. Time is assumed to
be measured with error. in  this case we know the failure time of the item
exactly. An example is that of a manufacturer putting 1000 bearings on
test and continuing the test until all of the bearings have failed. The
diagram below illustrates a time-line for complete data.

For right-censored data, an item is put on test at time 0 and is removed
during the test period while the item is still working. in  this case we only
know that the time to failure is greater than the time to removal. An
example is a manufacturing "burn-in" of electronic chips.

Data are considered left-censored if the item is put on test at time 0, but
the exact failure time of the item is not known.  This could occur if the
item is put on test and not monitored until some time later when failure is
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detected. In this case we only know that the time to failure is less than the
time of detection. An example is a failure of a relief valve that is detected
during a proof test.

Interval-censored data occur when an item ¡s put on test at time 0,
inspected some time later and found to be functioning, inspected again
after an interval of time and found to have failed. In this case all we know
¡s that: the time to failure falls in the interval between the times of the two
inspections. Examples include failures discovered during a periodic
inspection program, when the true failure time is not known.

3.2.7. Dealing with Censored Data

It is often necessary to estimate the failure rate for a population from a
sample data set of times-to-failure. Some of these data points may be
incomplete, for instance, when an observation ends before al the items
have forced. This is generally the case with industry data. In actuality, the
true value of the failure rate for a particular failure event out of a sample
of items is itself a random variable for data that are independently
generated and identically distributed. There are trend tests to check this
and the reader is referred to the references for more information.
A  common  method  of dealing with censored data is to arrange all the
data in time order and assign an order number to each failure for the
particular mode being studied. In general, the order numbers of the failures
following the first censoring will no longer be integers, but will take frac-
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tional values to allow for the censored item. The general formula for the
next increment, that is, as soon as the first censoring is encountered is

New Increment = (n - 1) - (Previous Rank Order Number)......
               1 + (Number of It Beyond Present Censored Item)

where n is the number of items in the sample.

 This increment is added to the previous rank order number until another
censored it is encountered, at which time a new increment Os calculated.
In general, the next failure with have a rank order number equal to the
preceding number plus the new increment. In order to check that the
calculations are carried out correctly, the following relationship should be
verified:

Last Increment Calculated + Last Rank Order Number = n + 1

Median ranks and confidence limits can then be determined from the
median rank tables using the sample size column and interpolating
fractional order numbers. More discussions pertaining to ways of dealing
with censored data are provided in an example which follows, and in
Chapter 4.
Although simple analytical procedure for rigorously analyzing
interval-censored data do not exist, special software systems capable of
analyzing such data are available. Descriptions of the characteristics of
these systems are beyond the scope of this chapter and may be found in
detail in technical references.

3.2.8. Common Cause failures
Some failures of a given equipment item may be related. For example,
plugging in a relief valve may lead to a failure to open at the set pressure,
and may also lead to the material not being relieved at the specified mate.
On a larger scale, a single power outage may result in the shutdown of y
pieces of equipment. The CCPS Database software makes no distinctions
between the "common cause" failures at the raw data level, but allows the
data analyst to segregate such events in the data retrieval process to avoid
double-counting.

3.2.9. Predictive versus Descriptive Methods
This chapter deals exclusively with predictive analysis methods. These are
not the only methods available in reliability, although they are the most
powerful if data in the required amount of detail is produced. Predictive
methods require a lot of data which must be independent and identically
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distributed (IID). In some cases, this type of data is just not available in
the volumes required.
Descriptive methods are used for monitoring purposes and do not give
clear information on the causes of failure. However, they can be used to
check estimates and to detect significant changes in the component
reliability performance. They are techniques borrowed from production
statistics and can often be applied e when the volume of data precludes the
more in-depth predictive approach.
In predictive analysis the main variable is time to failure (TTF). By fitting
TTF to a function we can derive information on availability, METE, the
percentage of items which can be expected to have failed by a given time
(not the same for different mechanisms of failure and the nature of the
failure. This information is y useful to maintenance engineers to identify
the most suitable action for failure prevention.
In descriptive analysis the main concern is spotting unacceptable
deviations from average performance, identifying trends and, Of the
behavior is stable, deriving estimates for the average number of failures
we can expect in normal operation. This is of great importance to the
maintenance manager for the procurement of spares and maintenance
researching, feedback to designers on performance against production
targets, etc.
In practice, unless we run a test plant, pure TTF data are rarely available.
Therefore, data Hill be derived mainly from repairable plant items.
However, in the predictive approach the data are treated as if they
represented individual TTF of nonrepairable items. This approximation Os
legitimate if the data are M By contrast, in descriptive analysis the data
are treated as counts of failures associated with repairable items-no
assumptions need to be made on the underlying distribution or the
independence of subsequent events.

3.3. Data Manipulation Examples

3.3. 1. Methods of Analysis
Once the necessary data are available, the mathematical analysis can
proceed. This section identifies the various reliability parameters and
outlines the fundamental mathematical relationships among them.
Numerical examples are also provided to illustrate their application in
practice. Two cases are considered: nonrepairable and repairable items.
Whether the items being studied are repairable or not, there are several
important assumptions that govern the analysis:
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1. At any given time, an item is either functioning or failed.
2. A new item jumps into a normal state, then fails and is transformed to a
failed state.
3. A failed state continues indefinitely if the item is nonrepairable.
4. A repairable item, after repair, goes back to a normal state.
5. The change between states is instantaneous.

3.3. 1. 1. Nonrepairable items (Repair-to-Failure Process)
Failure in this case means loss of function, Consider the following new
symbols:
            f(t) = Probability density function of t
               n = Total number of it in sample.
          Nf(t) = Number of failures occurring before time t.
                t = Instantaneous failure rate, it is the probability that an it
experiences a failure per unit time at time t, given that the component was
normal (repaired) at time zero and has survived to time t-. Also known as
hazard rate.
           H(t) = Cumulative hazard valor. H(t) =f b(t) dt
            L(t) = Number of it functioning or surviving at time t.
           r(t) = Repair rate, it is the probability that an item is repaired per
unit time at time t, given that the item failed at time zero and has been
failed to time t.
              A = Increment of time measured from one particular instant to
the following moment of interest.

Typical sample data would provide information pertaining to the values of
t and L(t) throughout the entire periods of data surveillance. The reliability
R(t) is the probability of survival up to and including time t; or

                            r(t) Number of Items Surviving at Time t
                                         Total Sample Size at Time 0 (3.1)

The unreliability F(t) is the probability of failure up to time t, or

                             F(t)  Number of Failed Items at Time t
                                       Total Sample Size at Time 0 (3.2)

From probability theory, t and t are related by the mathematical
relationship:

                                             R(t) +F(t) = 1                         (3.3)
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The distribution function F(t) may be used to determine the proportion of
items expected to fail during a certain time internal t, - t, as:

                                  Nf(t2 ) - Nf(t1)     =     F(t2) – F(t1)           (3.4)
                                             n

Parameters of interest to the reliability engineer may include R(t), h(t),
r(t), the mean time to failure (METE), and the mean time to repair
(MTTR). Given that values of t and L(t) are known, and that t values
range from zero to the entire duration of the test, a simple systematic
procedure similar to that illustrated in the example shown below may be
employed. Again, note that "time" in  this context refers to time since
either "item batch'' or since the last repair, where the repair made the item
"as good as new."
The reliability parameters are calculated from, the following relationships
in a systematic manner:

Reliability R(t):
                                        R(t) L(t)                                             (3.5)
                                                n
Instantaneous failure rate b(t):
                                       h(t) =  L(t) =       m
                                                  R(t)     1 - F(t)                        (3.6)

where the failure density f(t) is obtained from
                                   f(t) = Nf(t + ∆) - Nf(t)                         (3.7)
                                                    An
Repair rate r(t):

For nonrepairable items the repair rate is constant and equal to zero.
The parameters above are not calculated in the CCPS Database software.
These can be derived, however, by exporting data from the Database and
applying either manual methods or using software for this purpose.
Two values of particular interest to the reliability engineer, which can be
deduced from the above equations are the mean time to failure METE,
defined as the expected value of the time-to-failure, and expressed by
                                       METF = ⌠∞ f tf(t) dt                            (3.8)
                                                     ⌡0

and the mean time to repair, MTTR, defined as the expected value of the
time-to-repair, TTR, and expressed by

                                          MTTR = ⌠∞ tg(t)dt (3.9)
                                                         ⌡0
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Note that these values are means, not medians. Thus, if these functions are
skewed in any way, something other than 50% of it will have failed at the
"mean" time (e.g. ~60% for an exponential distribution.) The MTTF and
MTTR can be calculated rigorously using a hazard plot approach as
shown below, or via a numerical integration illustrated in Chapter 4.
Alternately, they can be estimated assuming that: failure and repair times
fallow an exponential distribution, as is assumed in the CCPS Database
software. The assumption of exponential distribution, and alternative
distributions, are discussed later in this chapter. The example below
illustrates the com-parison between the hazard plot and exponential
distribution approaches.

Example 1 (Complete Data)
Table 3. 1 shows failure data for 50 transistors, all of which failed during
the test period. Calculate the unreliability F(t), the failure rate r(t), the
failure density f(t, and the METF.
The problem will be solved step by step to illustrate the methodology
outlined in Section 3.3. The following steps will be followed.
Step 1. What type of failure data are these? It is important to assess
what: type of failure data will be available.
Step 2. Preliminary graphical analysis. While it is common practice to
assume that the time between failures is distributed according to an expo-
nential distribution, this could be a risky assumption, especially if the
instantaneous failure rate, r(t), Os not a constant. A simple graphical
analysis could shed some light on the validity of this assumption. There -
are a variety of nonparametric procedures that could be
used-Kaplan-Meier, actuarial, etc.
Step 3. Numerical computations. Once the candidate distributions have
been identified, proceed with the numerical computations. It is possible
that: no distribution represents the data appropriately, in which case an
empirical approach is recommended.

Solution:
Step 1.  this is a case of complete data, since every component has failed
during the observation period and all tire times are known. Obviously,  this
is the simplest case.
Step 2. Graphical analysis. A procedure recommended by Nelson (see
Reference 5 for a more complete discussion) and slightly modified for this
example will be adopted. The procedure works as follows:
1. Order the n failure times from smallest to largest. Label the times in
reverse order, that is assign the number one to the largest item.



27

2.  Compute an estimate of the hazard value, r(t), for each failure as life,
where k Os its reverse rank.
3.  Compute the cumulative hazard value, H(t), for each failure as the
cumulative sum of the hazard values computed in the previous step. See
Table 3.2 for results.
4.  Choose a candidate distribution. The typical initial choice is the
exponential distribution (the CCPS Database automatically assumes this
type of distribution). Do the following transformations:
Since,

                                                 F(t) = 1 -e –H(t),

then

                                                 1 - F(t) = e–H(t)



28

Taking logs on both sides:

                                               ln [1 – F(t) = -H(t)

Let y = In[ 1 - F(t) 1, giving rise to the equation y = -H(t). If the
exponential distribution is a good choice, H(t) = U where A Os a constant
failure rate assuming an exponential distribution. Hence, y = -At. That is,
the equation of a straight line that goes through the origin. 1/A represents
the METE for an exponential distribution.
5. A simple regression package can be used to It H(t) versus t. For the
exponential distribution to be a good assumption, the linear fit should be
good and the intercept term not significant, Le., o

Running a regression program on H(t) versus t yields the following basic
results:

R 2 = 0.985

The basic hypothesis regarding the intercept is that its true value Os zero.
Since the 95% confidence interval (-0.1405 to 0.0018) includes zero, the
hypothesis that the true value of the intercept Os equal to zero cannot be
rejected. This means the regression line may be assumed to go through the
origin as expected. In addition, the estimate of U (MATE) is given by the
"time" coefficient, Le., A = 0.00187991, which implies METE = 531.94.
This is, of course, a rough estimate.
Now that it has been found that the exponential distribution is likely to be
valid, a better estimate of MTTF is obtained by taking the sum of the
failure times divided by the sample size:

              
While it is tempting to compute MTTF directly using the above formula, ¡t
is important to emphasize that the equivalence of MTTF to 1/A is not
valid if the underlying distribution is not exponential.
As a general comment, a statistical package like SAS would produce the
following estimates, based on standard regression analysis:
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The scale parameter is the MTTF

This procedure can be easily extended to the Weibull distribution (see
Chapter 4). There are a number of commercial packages available for
analyzing distributions. Even widespread software such as Microsoft
EXCEL 1 contains statistical functions of limited utility.
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Example 2 (Left-Censored Data)

This example Os typical of equipment that is in standby mode, and thus
may have failures that are undiscovered until a demand or test is made
Since the times of failures are not known, it is assumed that the failure
occur in the midpoint of the time interval from when the it was put in
service and when it was removed for testing. It is also assumed that the
exponential distribution applies. Table 3.4 illustrates the simple
calculation that results.
Note that the precision of this analysis depends on the relative width of the
interval between tests with respect to the typical time scale of failure
phenomena. In this case the midpoint assumption is not so damaging.
However, Of the failure time scale is much shorter than the test interval we
cannot hope to derive much useful information from the procedure.  this
can happen in real life, for example when a component suffers from early
failures.
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3.3.1.2. Repairable items (Repair-Failure-Repair Process)

Repairable  it  or  components  experience repetitions of the
repair-to-failure and failure-to-repair processes. The reliability
characteris-tics of such it can be calculated by considering each item to be
a sample from a population of similar items undergoing identical use.  this
Os a great simplification of the complexity underlying repairable system
failure analy-sis. This assumption has the advantage of transforming the
problem at hand into an equivalent, much easier, problem where we have a
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larger sample (larger than the actual sample size) consisting of
nonrepairable items. The repairability property of an it does not only affect
u reliability but also has an impact on its availability.

Availability A
One of the simplest performance parameters for a process plant, unit
operation, or equipment system is its availability. Availability is the
fraction of time an item (site, plant, unit, etc.) is in working order It is
generally associated with a complex system. or groups of systems that are
repairable. The general expression for availability based on an average
over a time ensemble is given by

                             (3.10a)
where TTF is the span of time from repair to first subsequent failure for
item i, n is the total number of items at time 0, and TU is the length of time
from failure to first repair of item a. This can also be expressed as

                                                   (3.10b)

Example 3: Plant Availability
Suppose an ethylene: plant experienced the following outages over a
calendar year, find the plant´s overall availability.
Date/time plant out of service           Date/time plant returned to service
          2/10/96: 1000 hrs                                 2/12/96: 1430 hrs
          5/28/96: 0800 hrs                                 6/04/96: 1600 hrs
Solution:
Noting that there were 366 days in 1996 and that the two downtime
periods had 52.5 and 176 hours when the plazas was out of service, the
plant availability in 1996 Os calculated as follows
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Now consider a process consisting of repetitions of the repair-to failure
and failure-to-repair process. Assume that all items are as good as new at
time t = 0. Similar to the case of nonrepairable items, the reliability
parameters for repairable items can be calculated in a systematic manner
given that the history of failure times and repair times for each. item in the
sample throughout the test duration is known.

Example 4:
Calculate the value of MATE for the 10 components of Figure 3.2.

Solution.
The histories of failure and repair times for the 10 items are summarized
in Table 3.5. Note that repair times and failure times are measured from
time zero, while TTF represents a time internal
Calculations are performed in a similar fashion to the previous examples.

Repair Rate r(t):
In u simplest forma the repair rate r(t) may be calculated in a similar
fashion to calculating the failure rate. Consider the following notations:
            TTR = time-to-repair,
                M = number of repair completed during an interval of time less
than or equal to the value of t,
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G(t) = repair probability at time t (Le., the probability that the repair is
completed More time t, given that the item failed at time 0),
           g(t) = repair density corresponding to G(t)
            r(t) = repair rate.

The mathematical representation for r(t) is

                                                             (3.11)
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where
                                       G(t) = M(t)                                            (3.12)
                                                   n
and
                                    g(t) = Gg(t + ∆t) - G(t)
                                                    ∆t                                           (3.13)

Once again, the calculations contained within the CCPS Database
software make a simplifying assumption that all repairs are made in
response to an unexpected failure either while the equipment is on-line or
Chile it is being tested. In reality, repairs may be made as part of a regular
schedule, or opportunistically while other items are being repaired when
this occurs. It destroys the independence of the data points, making the
exponential distribution unsuitable. For this reason, the Database users are
provided the option of extracting "nonideal" data.

Aspects of Repair Times.
When dealing with repair times, the approach may not be straightforward.
A primary issue is that of definitions: For example, Os one interested in
the total time the equipment is out of service, or the actual time spent
doing the repair? The former is highly dependent on the item´s
application, while the latter is more inherent to the item itself. These
concepts are illustrated in Figure 3.3
For the purposes of the CCPS Database, the following measures are
considered:
• Time to restore
• Time to repair-total
• Time to repair-active
"Time to restore'' is the interval from which a failure Os discovered to the
point at which the application is returned to service. This time is mostly
dependent on the application itself (location or 'TAG'' in CCPS Database
nomenclature) of the equipment. The "total repair time is considered to be
the time interval during which a failure is first detected and the item is
repaired. In this case, both the item type (''Item #") and "application"
(TAG#) are important. The "active repair time," in contrast, strictly
depends on the ease of repair for the item itself. for example, whether the
pump is a Krupstein Model 34A or a Bentley Model 14C63. In other
words, the location of the item in the facility (e.g., depropanizer feed
pump) is less relevant, and so the CCPS Database uses the ''Item #" for
this calculation.
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3.4. Cyclical Service

The previous examples have illustrated failure and repair calculations for
equipment that is normally in continuous service. For it in cyclical
operation, failures per unit time both be meaningful concepts. The
calculation of failure per cycle is relatively simple, given a count of the
failures and the number of cycles that have occurred in the surveillance
period.
The concept of failure per unit time is more problematic. One must decide
whether to include the entire surveillance time or only that time in which
the equipment is "active." The former assumes that "degradation" occurs
when the equipment is nonactive as well as active. The latter assumes that
the equipment is "stressed" only when active. See Section 3.8 for an
example of this affect. For the purposes of the CCPS Database, it is
assumed that all time, including " active time, is included in calculations
using time.

3.5. Batch Service

The situation encountered in batch service is similar to that in cyclical
service, and Os calculated in analogous ways. Thus, calculations for
failures per batch and failures per unit time are considered valid.

3.6. Standby Service

Failures of equipment in standby service can be calculated in terms of
failures per demand (or per start) or as a function of time. A classic
example Os a relief valve. Systems such as compressors and pumps,
however, are generally run in continuous mode, but may also operate in
standby. Common examples include backup utility air compressors and
firewater pumps. this type of problem was discussed earlier in the
censoring analysis.

3.7. failures Following a Repair

The CCPS Database does not distinguish failures that occur immediately
after start or restart from those that occur after the equipment has finished
a "break-in" period Thus, Of an analyst wishes to study failures-to-start
immediately following maintenance or repair, the failure Os most likely
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dominated by human error, and use of the constant failure rate A Id not be
appropriate. Instead, a failure-to-start probability would be preferred. On
the other hand, if relief valves were being proof tested at various time
interval, one might question the validity of failure to open on demand
values, since time is an important factor. The analyst Os urged to take
these factors into account when conducting analyses.

3.8. Selecting an Operating Mode

The selection of an appropriate operating mode may not be easy. Consider
the following example:

At an ammonia truck loading station, flexible bases are used to
unload from a storage tank into trucks. Anywhere from zero to
fifteen trucks may be loaded on a given day,  each requiring the
hose to be booster and unhooked. The hose is pressure tested
monthly and replaced every two years, regardless of apparent
condition, earlier if obvious deterioration has taken place.

Is the hose in continuous or batch, or even cyclic service? The answer is
not clear, and the analyst should select the operating mode based on the
projected major contributors to failure For example, Of most failures are
anticipated to occur because of wear and Leer not associated with the pro-
cess itself (for example, due to exposure to weather, or poor hose storage
conditions), then for all practical purposes the hose can be considered as
undergoing continuous degradation. If on the other hand, the failures are
mostly related to time of exposure to ammonia, or to damage during
coupling and decoupling, then a batch mode should be selected.

3.9. Analysis Based on Statistical Inferences

The aim of reliability analysis is to facilitate the decision making process
for reliability engineers. Under ideal conditions, they Id be presented with
complete information pertaining to failure and repair times for the entire
population. A histogram (graphical representation of the data) can then be
constructed and the failure or repair distribution determined by fitting the
data to e mathematical expression.
When only limited fragmentary data are available, one may resort to
statistical  inferences  to express   the  reliability parameters of interest in a
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functional mathematical form. In practice, the process of statistical
inference involves two major steps:

1.  modeling, in which a probabilistic model Os selected to represent
the data, and

2.  parameter estimation, in which the values of the parameters of
the selected model are estimated.

The previous examples have cited the exponential distribution, which is
that provided with the CCPS Database software. Other classes of models
are described below.

3.9. 1. Modeling Reliability Parameters for the Population

It is important to put some effort into deciding the most appropriate
probability model for the available data. Once the model is selected, the
only freedom left is in estimating the distribution parameters. It should be
emphasized, however, that finding the most appropriate distribution Os as
much a matter of judgment and experience as it Os of statistics and
mathematics. As mentioned in the introduction to this chapter, experience
indicates that some probability distributions are more representative and
more effective in certain situations than others; and again, the analyst has
a choice of either parametric (e.g., exponential) or nonparametric (e.g.,
Kaplan-Meier) models. Several interesting distributions and their
important characteristics are summarized in Table 3.6. One particular
model of interest is the Weibull distribution. It Os by far the most widely
employed model and therefore Os discussed in more detail in the following
section.

3.9.2. The MI Distribution
The use of this distribution to model the time-to-failure variable originated
in fatigue studies and is of particular practical interest in reliability
analysis because of its characteristics. The distribution is flexible enough
to accommodate increasing, constant, or decreasing hazard. It is also
mathematically appealing because of u simplicity, in addition to being
amenable to graphical presentation.
The two-parameter form of the Weibull. distribution is described as

                                          (3.14)
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where η (characteristic life) is the scale parameter describes as the value
of t at which there is an approximately two-thirds probability that the
compo-nent will have failed; y can be considered an indirect measure of
the overall reliability; A is a shape parameter related to the behavior of the
hazard function, that is,

β =1:  the failure rate h(t) Os constant and the distribution becomes the
exponential distribution,
β > 1:   h(t) is increasing ( normally is less than 4),
β < 1:   h(t) is decreasing (normally is greater than 0.5).

At β = 3.44 the distribution becomes a close approximation of the normal
distribution.
By estimating the value of the parameters n and b, we determine which
particular member of the possible family of curves of this distribution
represents the data under consideration. Parameter estimation for the
Weibuil distribution can be performed graphically or analytically, based
on the maximum likelihood technique. Special computer programs are
available for the latter purpose. Descriptions of such programs are left to
the references.

3.9.3. Graphical Method for Estimating the MI Parameters
Parameter estimation here describes the process of obtaining estimates for
η and β from observed failure data. The graphical solution should address
the nature of the data, whether it is complete or censored. In either case,
the principia is the same.
The proportion forced in the observed sample at a particular time t is used
as an estimate of the function F(t) at that time. A graph can be constructed
by plotting these estimates at each observed failure time. The objective is
to find the parameters of the Weibull distribution that best fit the plotted
points. Special graph paper, in which the axes are transformed in a way
that the plotted points become linear, should be used to overcome the
difficult task of ensuring that the plot is a Weibull curve. A basic concept
underlines the way the data are analyzed. This concept considers the data
of a life test as consisting of a number (n) of similar components that were
tested until k of them had failed (k ≤ n). The concept is adopted even
though, in practice, the results of the test are not obtained that Fray. The
Weibull process is illustrated in Chapter 4.
The  analyst  should be  forewarned  that  the uncertainty on the estimate
of the Weibull parameters can be quite large, especially for U samples.
This  makes  it   difficult  to use inferences for decisions with some knowl-
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edge of the qualitative descriptions of the failures; otherwise gross errors
may result.

3.9.4. The Exponential Distribution

An exponential distribution is one in which failures are assumed to occur
randomly over time. This distribution Os equivalent to a Weibull
distribution with β  equal to 1. There are several reasons why failures may
take an exponential (random) form, and why this As the default
distribution assumed by the CCPS Database software, including

• A Failures due to natural events such as lightning
• Random human errors

An exponential distribution may be suggested for other, nonrandom
reasons, however. If there are three or more prominent failure mechanisms
for an equipment item, the "blended" Weibull data with also tend to
produce a combined β near 1. In such a case, the data are more properly
segregated into their separate component Weibull curves in order to obtain
more meaningful results. The exponential assumption may also be adopted
to reflect the affect of time-based maintenance systems in making failures
appear to be exponentially distributed. Lastly, the exponential approach
may simply be the most mathematically convenient.
Similarly, in the past, the exponential distribution was utilized to describe
the entire life-cycle of equipment. A typical life-cycle may include an
"infant mortality" stage (β < l), a "useful life" stage (characterized by
random. failures; β = l), and a "wear out" stage (β  > l). These data may
also combine to form an apparent exponential distribution, thus misleading
the analyst. The proper handling of such data Os illustrated in Section
4.10.

3.9.5. Confidence Limits for Reliability Parameters

When we estimate the characteristics of a population from a given set of
sample data, it is difficult to be certain about how U the sample represents
the population. Generally, as the sample size increases, the values of the
sample and those of the population become clown Although we cannot be
certain that a sample is representative of a population, it is usually
possible to associate a degree of assurance with a sample characteristic.
That degree of assurance is called confidence. Confidence is defined as the
level of certainty associated with conclusions based on the results of
sampling.
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When we associate a Me limit with a probabilistic parameter (e.g.,
reliability), it indicates that we are (1 - α) confident, or 100(1 - α)%
confident, that the true population reliability lies between a lower and an
upper possible values. The level of significance, a, must he between zero
and one, and (1 - α) is a limit that refers to one end of the reliability. The
range between a and (1 - α) is called the confidence interval. Confidence
limits could be one sided (confidence = 1 - α), or double sided (confidence
= 1 - 2α).
In reliability analysis, there are two approaches to determine confidence
limits. We shall provide a general overview of those approaches; the
details are left to the references.

Classical Confidence Limits
The analysis here Os based on having N random samples k the population.
Let 0 denote the characteristic of the population in which we are
interested. The same characteristic can be calculated k data of each
sample. The calculated values Hill all be different and none of three
represents the true value of 0. Thus, the calculated values will have a
certain probability density function out of which we are trying to
determine the best estimate (S) for the true valor of 0 with a certain degree
of confidence. In other words, the classical approach uses the sampling
distribution to determine two numbers, s1(θ) and s2(θ), as a function of 0,
such that

                                                           (3.15)

and                                                  (3.16)

therefore,                             (3.17)

Generally, s1(θ) and s2(θ) are often referred to as Θ1 and Θ2, respectively.
Consider the case where one is dealing with life tests of N identical items
and the life test Os terminated at the time of the kth failure (k ≤ N). When
our reliability characteristic of interest for the population (θ) is the mean
time to, failure (MTTF), the procedure for determining the upper and
lower confidence limits may be as follows.
Assume N items with an exponential TTF distribution. The estimated
value of (θ) k observed data is

                                             (3.18)
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The mathematical expression (2kS/θ) follows a chi-square distribution
with 2k degrees of freedom. Based on that information, and some
mathematical derivations, the lower and upper confidence limits, Θ1 and
Θ2, are given by

                                             (3.19) y (3.20)
The values of 61 and 62 give 100(1 -a)% as the lower and upper
confidence limits. The range (621 01) Os the 100(1. - 2a) confidence
interval.

Example 5
Assume 30 identical items having the above censoring with k = 20. The
20th failure has a TTF of 39.89 minutes (t = 39.89), and the other 19
TTTFs are
          0.26; 1.49; 3.65; 4.25; 5.43; 6.97; 8.09; 9.47; 10.18; 10.29;
          11.04; 12.07; l"3.61; 15.07; 19.28; 24.04; 26.16; 31.15; 38.70;
Find the 95% two-sided Me limits for the MTTE.

Solution:
                          N = 30; k = 20; t = 39.89; a = 0.025
Because of the lack of information about TTF of the last 10 items, we
assign a TTF value to each item equal to that of the l9 th item. Therefore,
           S = [(30 - 20) x 39.89 + 291.09] / 20 = 34.5 min.

From the chi-square tables:

                        

Equations (3.19) and (3.20) give

                      

Then, the confidence interval is 23.26 < θ < 56.48. In other words, we are
95% confident that the MATE (0) is in the interval 23.26 to 56.48
minutes.
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Bayesian  Approach
The approach of classical statistics for determining reliability parameters
has one shortcoming. It does not take into account past experience or
information. This is particularly important in the case of analyzing an
improved item. One method of combining a priori experience with
posterior test data Os the Bayesian approach. It is based on Baye´s
theorem which states:
Posterior Probability is proportional to prior probability X Likelihood.
One of the important applications of the Bayesian approach Os in
binomial testing situations, in which the possible outcomes of the tests are
either success or failure. Similar to the classical approach, some
mathematical expressions are derived to determine confidence limits for
the reliability characteristics of interest. Details of those procedures are lea
to the references.
The intent is to operate the CCPS Database software such that: automated
failure analysis will be allowed only when some critical amount of data
has been collected. The Database may require some multiple of the
expected time to a single failure For example, Of the expected failure rate
for an equipment item is once in 10 years, then 10 x, or 100 years, of
equipment history may be specified. Nonetheless, methods do exist for
analyzing smaller samples of data, as described above, and there are even
approaches for assessing failure rates when no failures have occurred. (see
References).
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4     Example Applications

4.1 Introduction

The CCPS Database will allow users to extract raw performance data,
selected by the parameters of interest to the user Simple calculations will
also be provided within the scope of the Database (e g. average failure
rate, mean times to repair). Some more sophisticated analyses will be
beyond the scope of the software, in large part because the type of
technique to be employed is highly dependent on the nature of the system
being analyzed.

In Chapter 3, many data analysis methods were introduced, including
several. types of failure probability distributions. The failure of any
particular part of a system to be studied may be reasonably characterized
by one, or possibly more, of these failure distributions. Given the large
number of parts in a system, the failure distribution for the system as a
whole may or may not be dominated by the distribution of one of the parts
in the system. The Database software assumes exponential failure
distributions for calculation purposes. In many cases, however, the type of
failure distribution that characterizes a complex system is not known a
priori Therefore, the exercise of determining the precise nature of the
failure distribution is largely lea to the Database user, if something other
than the exponential distribution is suspected. The reader is invited to
explore the references for more information on selecting an appropriate
failure distribution. Section 4.8 also provides an example of sorting
through combinations of failure distributions. In any case, it is appropriate
to provide guidance and examples for those users who are interested in
more than the "standard" sorts of calculations.

This chapter consists of two main themes:

• Manipulation of raw data to determine failure distributions and
various measures of reliability (Sections 4.2-4.8)

• Application of reliability data to plant situations (Sections 49-4.13)
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4.2. Conducting a Reliability Analysis-Pump Example

As noted in Chapter 3, the Weibull distribution function in particular has
found wide favor in industry due to its flexibility over a wide variety of
behaviors, and the fact that it Os amenable to graphical analysis.
Following is an example of how raw data can be interpreted using a
Weibull approach, then further manipulated to allow decision making at
the plant level.
Definitions
It is useful at this point to revisit some earlier terms:
               t= Time, measured from the beginning (normally zero) to the end
of the surveillance period. It is also used to denote the time interval
between tests, in availability calculations
            R(t)= Reliability, it Os the probability that an item is functioning
at a given point in time
             F(t)= Failure density function. The failure rate Hill also be
referred to as "A" when there no known dependence of the failure rate on
the time in service
            B= Weibull "shape parameter"
             N= Weibull "characteristic life
Raw Data Analysis-Weibull
A plant is in the process of specifying equipment for a unit. The
specification for one of the pumps is considered a key, since the pump Os
to be in a severe service and the process shuts down upon loss of flow
from the pump. The database has been searched for histories of
comparable pumps in similar service, and records for 10 such pumps have
been obtained:
             Pump 1: Has operated for 12 months with no failures
             Pump 2: Failed after 21 months of operation
             Pump 3: Has operated for 12 months with no failures
             Pump 4: Has operated for 14 months with no failures
             Pump 5: Has operated for 36 months with no failures
             Pump 6: Failed after 15 months of operation
             Pump 7: Failed after 6 months of operation
             Pump 8: Has operated for 48 months with no failure
             Pump 9: Has operated for 24 months with no failure
             Pump 10: Forced after 13 months of operation
There are many approaches to process data into cumulative failure form;
these are described in the references listed at the end of this chapter.
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For this example the "median rank” approach Os used (see Section 4.3),
which is arguably the most popular method in use. The raw performance
data above are then rearranged as follows:

Step 1. Write down the k failure ages (time-to-failure) of the items in an
ascending order of magnitude, where t1 is the smallest value and tk is the
largest value .

Step 2. The "Auth" formula can be used to, develop "adjusted ranks “ to
account for censoring of data:

Adjusted Rank = [ (Rank) (Previous Adjusted Rank) + (n + 1) j/[ (Rank) +
1 where n becomes the sum of failure and kd data points.

Step 3. "Benard's approximation" can then be used to calculate a median
rank for each data point, as follows: t = (a - 0.3)/(n + 0.4), where i
becomes the Adjusted Rank. Also, many users prefer to describe the
distribution function in terms of percentages, rather than fractions, of
equipment failed. this approach Os used in Table 4. 1, which simply uses
values F^(ti) = 100 F(ti)
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Step 4. Plot the data on Weibull graph paper and draw the best straight
line through the plotted points (see Figure 4.1).

Step 5. Draw a line parallel to the one drawn in Step 3, in such a way that
it goes through the "Origin" point located at the top center of the Weibull
graph paper. The point of intersection of this parallel line with the A
estimation scale on the left side of the paper gives the estimate of the shape
parameter.

Step 6. To estimate the characteristic life y drop a vertical line down from
the original plot at the point where the plot is at a value ofF ^ (t) ~ 63% on
the Y axis. The value at the X axis is the parameter y. At this stage, the
functional form of the Weibull model that best represent the data is
determined.

Plotting the data above results in a shape parameter B of 1.8 and a
characteristic life n of 2.2 years. With this information, many judgments
can be made. Some possibilities are provided in the following sections.
The user should note that the Weibull parameters just derived are based on
relatively few data points, and are likely to have a high degree of
variability. It is possible to calculate confidence intervals for Weibull
parameters, but that is not part of this current exercise.
There are also various types of Weibull plot configurations, which
frequendy use axes that are the reverse of the one used in chis example
(and having inverted instructions fronda those above). Each type has u
own advantages.

A Warning About the Use of MI Distributions
Figure 4.1 illustrates a simple Weibull case. Before venturing too  far
into this area, the reader sbould consult otber references,1 at tbe of tbis
chapter.. There are a number of complications that can distort the
results. For example, if tbe data on a Weibull plot appear to form a
curve rather tban a straight line one or more of the following is likely:
• Failure  can not occur until a period of time has elapsed. If tbis is

the case, the Weibul lprocedure above sbould be modified so that the
time axis values are (actual time-minimum failure time) rather tban
(actual time).

• Th is more tban one significant failure mechanism, and the plotted
curve represents  a mix of two or more individual Weibull lines (see
Figure 4.5 as an example). From previous experience, it is known
that different failure causes, and therefore different characteristic
Weibull plots, can result from the following
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- data being collected at different times in the lives of the equipment
items

- different manufacturers of the same item
- different types /sizes of the same item within the same

manufacturer's line

Hence, mixing too many disparate data sources togetber may tend to
cloud the results-this is tjpically observed as a B approaching 1.

4.3. Right-Censoring

A simple numerical example Os presented below for the purpose of
demonstrating how data censoring effects the analysis of reliability
parameters. It is useful at this point to define some terms:
          F(t)=Failure distribution: the probability that an item experiences

the first failure durig time interval 0 to t, given that it is normal
at time 0.

              i = A particular data sample point
             N = Number of random samples from a population
          R(t) = Reliability distribution; equal to 1 - F(t)
               t = Time, measured ir zero to the end of the surveillance period

Consider the lifetime to failure for bearings given in Table 4.2. The
original number of bearings exposed to failure is 202; however, between
each failure some of the bearings are taken out of service before failure
has occurred. Calculate F(t) and R(t)

Sample Calculations.
             At lifetime to failure =716
             Value in Column (4)=1 X  (202 - 4.47 )/156 = 1. 27
             Cumulative number of failure expected = 4.47 + 1.27 = 5.74
                      F(t) = 5.74/202 = 0.0284
                       R(t) = 1 - 0.0284 = 0.9716 [based on Eq. (3.3).
Note. The general approximation t = k is applicable when al items
concerned continue to failure. However, when it are taken out while being
in a normal state, a correction should be made to account for data
censoring . The necessary adjustment is expressed by

F(t) = cumulative number of failures expected of all original items have
been allowed to proceed to failure e divided by the number of items
exposed to failure ,at time t.
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*Valor in column (4) = that in column (2) x [202 - value in preceding row
of column (5)] divided by value in column (3). Information about this
computational procedure is provided in the note on page 52.

At t1 the proportion expected to fail is k,/N1,. The number that Id have
failed at t, provided the original number (N1) had been allowed to proceed
to failure is

                                       
MEAN, MEDIAN, AND MODE

The estimated value of F(t)  for the ith failure is usually one of the
measures of central tendencies of the Beta distribution at that particular
point. The measures of central tendencies include the mean, the median,
and the mode. For the ith failure these are given by

                            Mean rank = i/(N + l),
                            Median rank = (a - 0.3)1(N + 0.4), and
                            Mode = (a - 1)1(N - l).

To illustrate the affect of the type of tendency selected, consider some of
the data from Table 4.3 and the formulas above.
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Which measure to use is a matter of judgment, previous practice, and
circumstances. In general, the median approach is preferred for
nonsymmetrical distributions, since most equipment life data are not
equally distributed on each side of the mean.

4.4. METE by Numerical Integration
Table 4.4 shows failure data for 250 transistors, al of which failed during
the test period. Calculate the unreliability F(t), the failure rate k (t), the
failure density f(t), and the METE using Eqs. (3.5)-(3.7).
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Sample Calculations:
n =250 transistors.
At time t = 20 minutes,
L(20)= n - k(20) = 250 - 9 241 transistors
R(20)= L(20)1n = 241/2500.964

       F(20)= 1- R(20) = 1 - 0.964 =0.036
        k(40)= k(20) = 23 - 9 = 14 transistors
       At(20) = 40 - 20 = 20 minutes
          f(20)=14(1/250 x 20) = 0.0028
         b(20)=0.002/0.964 = 0.0029
        Middle point in time interval t(0, 20) = 10

From a numerical integration of Eq. (3.8):

          MTTF = (10 x 0.0018 M 20) + (30 x 0.0029 x 20) + .....
                            + (1850 M 0.0002 M 1300) = 501.4
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4.5. Reliability Calculations for Repaired Items

Reliability can be considered the probability that an item has survived a
certain time with failure. If an item is repairable, it may experience a prior
failure but still be available at a given time. Under these conditions,
however, it would normally not be considered reliable.
Consider a process consisting of repetitions of the repair-to-failure and
failure-to-repair process. Assume that all items are as good as new at time
t = 0. Similar to the case of nonrepairable items, the reliability parameters
for repairable items can be calculated in a systematic manner given that
the history of failure  times and repair times for each item in the sample
throughout the test duration is known.
The reliability R(t) and failure rate h(t) can be calculated from Eqs. (3.5)
and (3.6), respectively, following the same procedure describes for
nonrepairable items. It is important to notice, however as was previously
mentioned, that the value of n in this case Os greater than the sample size,
since the same item in the sample may be counted more than once Of it
experiences more than one failure during the test period For the same
reason, L(t) can be calculated by determining the number of items  with
TTF >= t at any time t. The following numerical example illustrates the
mathematical procedure.

Example
Calculate values for t t f(t), and h(t) for the 10 components of Figure 4.2.

Solution
From Fig. 4.2, the histories of failure  and repair times for the 10 items are
summarized in Table 4.6. Note that reunir times and dure times are
measured k time zero, le TTF represents a time interval.

Note that the valor of n here Os equal to the number of rows, 18, in Table
4.6. Calcula are performed in a similar fashion to the previous examples.

4.6. Calculation of MTTR by Numerical Integration

The following repair times (TTRs) for the repair of electric motors have
been recorded. Use this data to calculate the values for G(t), g(t), r(t), and
MTTR.
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Sample Calculations

The repair times in Table 4.8 range in value approximately between zero
and 4.5 hours. By choosing a constant increment of time equal to 0.5
hours, repair times are arranged in Table 4.9 in an ascending order of
magnitude. The number of completed repairs M associated with any value
of TTR is determines by calculating the frequency of times in Table 4.8
which are less than or equal to that value.

            For TTR = 1.0 hour
            M = 8
           The total number of repairs n = 17
           G(t) = 8/17 = 0.4706
           A = 0.5 hours
           g(t) = (0.7647 - 0.4706) x (1/0.5) = 0.5882
           r(t) = 0. 5882/(1 - 0.4706) = 1. 11
           MTTR = (0.25 x 0.0) + (0.75 x 0.9412) +

                    + (4.25 x 0.1176) = 1.3676 hours
          The average repair time, MTTR, can also be calculated from

          MTTR = (1/17 ) M ( 3.3 + 1.4 + 0.8 + - .. + 1. 1) = 1.3588 hours.
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4.7. Fitting a MI Distribution

If the Weibull distribution is fitted to the data from Table 3.2, then the
cumulative distribution function, F(t), takes the form

F(t) = 1 – exp[-(t/η)β]

After taking logs on both sides, the equation can be reduced to
In[-In(1 - F)] = β ln t - β ln η

where the parameters B and n can be found by the least squares method.
                        Let Y = ln[-ln(1 - F)]
                        X = ln(t)
                         bo = β ln η
                         b1 = β

The equation to be regressed is Y = bo + b1X, where o,, and b, can be
found by simple linear regression.
The quality of the It is determined by traditional statistics like the
coefficient of determination R, the mean-squared error, the t-statistics for
the parameters, tests for residuals, etc.
If  the  hypothesis  that  the shape parameter of the Weibull distribution is
β = 1, then the time between failure  follows an exponential distribution.

SAS has a procedure called RELIABILITY which facilitates the
computation of these statistics.

The 95% confidense interval for the shape parameter contains the value of
1 and therefore the exponential  distribution is acceptable.
The mean of the distribution (METE) Os 568.39. The METE calculated
from. the exponential distribution was 568.82, which shows that even
though the exponential distribution is a very good approximation, there Os
still an affect due to the a that B is not exactly one (see Figure 4.3).
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The reader Os reminded that Weibull analysis was born as a graphical
analysis. The latest version of BS 5760 Part 2 reminds the analyst of this
and recommends the use of graph paper as an alternative to analytical
solutions alone. This enables the analyst to retain a "feel" for the situation,
spotting outliers easily and circumventing the uncertainty problems that
are associated with U sample populations.

4.8. Combinations of Failure Distributions

In many cases, equipment failure rates do not foil the consistent Weibull
failure rate distribution for the reasons described in Section 4. 1. In such
cases the Weibull plot is still very useful, and can give clues as to the
mechanisms behind the equipment failure.

Suppose that failure data are available for 2000 pressure vessels, and that
the failure of interest is a leak to atmosphere. Consider the Weibull plot of
these data in Figure 4.4 (note that "representative" data points are plotted
for times over 5 years):

If the data followed a fixed Weibull distribution, this plot would be a
straight line. As can be seen, however, this is not the case. What is the
explanation?
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Note that these data seem to fall into three distinct failure distributions, as
describes approximately by the lines in Figure 4.5. The lea si of the plot
has a Weibull β of about 0.5, indicating an "infant mortality- tire
distribution; that S a falling failure rate. The middle of the plot has a B of
about 1.0, indicating a constant failure rate, or exponential failure
distribution. The final portion of the figure has a B of almost 3.5,
suggesting a "wear out portion of the equipment life where the failure rate
is rapidly increasing with time.

The possible reasons for such behavior are varied, but common
explanations are as follows:
• Infant mortality -Errors in design or construction; manifestation of
unknown failure mechanisms, human errors resulting from lack of
experience in operating the equipment. These types of problems tend to be
realized shortly after startup, and then decline over time.
• Constant failure rate-Failures are random. it is useful to note that
preventive maintenance during the constant failure rate regime may be
counterproductive, in that maintenance activities, replacement parts, etc.
may reintroduce infant mortality failure.
• Wear out-Failure mechanisms that are cumulative over time, such as
corrosion, erosion, or fatigue. This accumulated degradation may become
apparent near the end of the equipment item´s design “useful life."

Incidentally, the failure probability density function f(t) can be describes,
if desired. The Weibull form  of this function is

                           f(t) = (β/η)(t/η)β-1 exp[-((t/η)** β]

The Weibull function are then replotted in Figure 4.6. Note that this plot
takes the form of the classic  "bathtub" curve.

4.9. System Performance-Compressor Example
[Note. The examples in the following sections have been simplified in some
respects compared to what an analyst in a plant environment might be required
to undertake. For example, there Os no consideration of present/future values of
expenditures. The data analyst might also be more selective in choosing failure
modes for consideration in some examples than is the case here (e.g., not
including the "fail-to-start mode in the failure rate calculation immediately
below). Lastly the term ''failure'' is used somewhat loosely in the following text.
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A "failure" in the context below, will certainly include events in which the
equipment has entered a fault condition. But it may also include events such as
planned maintenance which, although not resulting from a fault in that point in
time, are still downtimes necessary to identify and correct pre-fault conditions.]

You have been asked to specify a centrifugal gas compressor for acid gas
service. You have at your disposal the CCPS Database. You have received
the process engineering data and recognize that the compressor system
needs the following characteristics:

                   Capacity                3000 HP
                   Performance          less than 3 failures per year
                  Availabity             98.5% or better

You were able to download the information  on the following four pages
from the Database on two brands of compressors that your company has
experience using, and for which you have some spare parts. However, you
have none in acid service and therefore would like to evaluate this
equipment based on the experience of others participating in the Data-
base.
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Check #1. Calculate the number of failure per year for each brand of
compressor:

Brand X         MTBF = 106 hours/555.36 = 1800.6 hours
                     (8760 hours/year)/(1800.6 hours/failure) = 4.87
failures/year
Brand Y         MTBF = 106 hours/356.10 = 2808.2 hours
                     (8760 hours/year)/(2808.2 hours/failure) = 3.12
failures/year

Check #2. Calculate the average availability for each compressor:

Brand X    4.87 failures/year x 25.79 hours/failure
               = 125.6 hours downtime/year

          Availability = (8760 ~ 125.6)/8760 = 98.6%
Brand Y          3.12 failures/year x 33.9 hours/failure

               = 105.8 hours downtime/year
          Availability = (8760 - 105.8)/8760 = 98.8%

Therefore, both systems meet the specification for availability, but neither
meets the goal for performance.

4.10. Life-Cycle Costs-Compressor Example (continued)

Your company has defined long-term cost of ownership as the sum of the
following:
                     • Acquisition costs
                     • Operational costs
                     • Maintenance costs
                     • Disposal  costs

After reviewing your application you have established the following costs
of the types above. For each brand of compressor those costs are as
follows:

        Brand X        Brand Y
Acquisition cost                              $1,000,000                   $1,250,000
Operational cost (running)                 $3.50/hour                    $3.50/hour
Operational losses (down)                $30,000/hour               $30,000/hour
Maintenance costs                              $300/hour                    $350/hour
Disposal costsn                                  $10,000                         $10,000
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You have performed come,'' which shows that the actual resources used to
complete work on the compressors are, on average, 51 man-hours and 72
man-hours for Brands M and Y, respectively. Calculate the long-term cost
of ownership for each brand of compressor based on a service life of 10
years, and assuming no shutdowns for reasons other than compressor
failure or verhaul.

Brand X

DOWNTIME: 555.36 failures/106 hours x 8760 hours/year x 10 years

x 25.79 hours/failure = 1254.7 hours

DOWNTIME COSTS: 1254.7 hours x $30,000/hour = $37,641,000

RUNNING: (8760 hours/year x 10 years)-1254.7 hours = 86345.3 hours

RUNNING COSTS: 86345.3 hours x $3.50/hour = $302,000

MAINTENANCE COSTS: 555.36 failures/106 hours x 8760 hours/year

M 10 years M 51 hours/failure x $300/hour

= $744,000

Brand Y

DOWNTIME: 356.10 failure S/106 hours x 8760 hours/year x 10 years

x 33.9 hours/failure = 1057.5 hours

DOWNTIME COSTS: 1057.5 hours x $30,000/hour = $31,725,000

RUNNING: (8760 hours/year x 10 years)-1057.5 hours =86542.5 hours

RUNNING COSTS: 86542.5 hours x $3.50/hour = $303,000

MAINTENANCE COSTS: 356.l0 failure S/106 hours x 8760 hours/year
x 10 years x 72 hours/failure x $350/hour = $786,000

10-Year Cast of 0wnersbip Brand    X Brand Y
Acquisition Cost $1,000,000 $1,250,000
Operational Cost (running) $302,000 $303,000
Operational Cost (down) $37,641,000 $31,725,000
Maintenance Cast $744,000 $786,000
Disposal Cost $10,000 $10,000

             TOTAL $39,697,000 $34,074,000
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4.11. Maintenance Budgeting -Compressor Example (continued)

Your maintenance manager Id like your input input  what the expected
resources would be for each brand of equipment for overhauls as well as
how long the overhauls might take. You have found from a second data
dump that an overhaul for Brand M requires 86 man-hours and an
overhaul takes 142 man-hours for Brand Y.
Although there appears to be a significant long-term cost of ownership
difference favoring Brand Y, the maintenance manager is concerned about
the higher cost of maintenance per hour for Brand Y. Calculate the cost of
overhauls over the life expectancy of this equipment.

Brand X
(42.72 overhauls/106 hours) M 8760 hours/year M 10 years = 3.68
- 4 overhauls
4 overhauls x 86 hours/overhaul x $300/hour = $103,200

Brand Y
(15.62 overhauls/10('hours) x 8760 hours/year x 10 years = 1.37
~ 2 overhauls (being conservative)
2 overhaul is x 142 hours/overhaul x $350/hour = $99,400
Thus the costs for overhauls are about the same based on the expected
improved failure rate for Brand Y, although u overhaul time is greater and
the unit rate time is greater.

4.12. Throughput Targets-Compressor Example (continued)

You have been asked to evaluate the system throughput for the life of the
project, with an annual production goal of 2,600,000,000 SCF of acid gas.
YOU are given three alternative design configurations using either Brand
X or Brand Y:
1. two compressors rated at 50% system capacity(1500 HP/2500

SCFM)
2. two compressors rated at 60% system capacity (1800 HP/3000

SCFM)
3. two compressors rated at 100% system capacity (3000 HP/5000

SCFM)

In Alternative 1, when one compressor is shut down production Os
reduced to 50% capacity. In Alternative 2, when one compressor is shut
down the operating conditions Hill be adjusted so that the compressor
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remaining on-line Hill carry 60% capacity. In Alternative 3, the system
has full redundancy.

Assumptions
1. Only one compressor Hill be shut down at a time.
2. Alternative 3 assumes that: once the second compressor is started, a

perfect switchover can take place-that is, there is no probability for the
system Mailing to start.

3. There is an average of two "zero time" shutdowns per year for each
type of compressor for reasons other than failure  or overhaul (power
blip, unit trip, etc.)

Alternative Design 1, Brand X.

Number of failure other than failure  to start
     = 2 compressors x [(555.36 - 85.44)/1061 x 8760 hours/year x 10
years
     = 82.33 failures

Average number of hours per shutdown mode other than failure  to start
      = [(30.5)(96) + (20.6)(15) + (15.4)(9) + (42)(12)]/[96 + 15 + 9 + 12
      = 29.39 hours/shutdown

Number of failure  to start in 10-year period
      = (24 fails to start/127 demands)
         x [ (82.33 + (2 comp.) x (2 fails/year) x (10 years)
       = 23.12 failure  to start

Average number of hours per failure  to start shutdown mode
       = 5.8 hours/shutdown

Number of hours in single compressor mode in a 10-year period
               = (23.12 x 5.8) + (82.33 x 29.39)
               = 2554 hours

Number of hours in double compressor mode in a 10-year period
               = (8760 hours/year x 10 years) - 2554 hours
               = 85046 hours

Total throughput in 10-year period
               =2554 hours @ 2500 SCFM X 60 minutes/hour
                  + 85046 hours @ 5000 SCFM X 60 minutes/hour
                = 25,897,000,000 SCF

Annual average throughput = 2,590,000,000 SCF
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Alternative Design 2, Brand X :

Total throughput in 10-year period
              = 2554 hours @ 3000 SCFM X 60 minutes/hour
                  + 85046 hours @ 5000 SCFM X 60 minutes/hour
               = 25,974,000,000 SCF
Annual average throughput = 2,597,000,000 SCF

Alternative Design 3, Brand .X :
       8760 hours/year x 10 years x 60 minutes/hour x 5000 SCFM
              = 26,280,000,000 SCF
Annual average throughput = 2,628,000,000 SCF

Alternative Design 1, Brand Y :
Number of failure other than failure to start
               = 2 compressors M 1(356.10-71.85)/106] M 8760 hours/year M
10 years
               = 49.80 failure
Average number of hours per shutdown mode other than failure to start
               = [(44.8)(201) + (23.5)(36) + (6.2)(21) + (68)(15)]4201 + 36 +
21 + 15
               = 40.30 hours/shutdown
Number of failure to start in 10-year period
               = (69 ferils to start/402 demands)
                    x 49.80 + (2 comp.) x (2 falls/year) x (10 years)]
                = 15.41 failure to start
Average number of hours per failure  to start shutdown mode
                = 8.6 hours/shutdown
Number of hours in single compressor mode in a 10-year period
                 = (15.41 x 8.6) + (49.80 x 40.30)
                 = 2139 hours
Number of hours in double compressor mode in a 10-year period
                 = (8760 hours/year x 10 years) - 2139 hours
                 = 85461 hours
Total throughput in 10-year period
                 = 2139 hours @ 2500 SCFM X 60 minutes/hour
                     + 85461 hours @ 5000 SCFM X 60 minutes/hour
                  = 25,959,000,000 SCF
Annual average throughput = 2,596,000,000 SCF
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Alternative Design  2, Brand Y :

Total throughput in 10-year period
              = 2139 hours @ 3000 SCFM x 60 minutes/hour
                  + 85461 hours @ 5000 SCFM X 60 minutes/hour
               =26,023,000,000 SCF
Annual average throughput = 2,602,000,000 SCF

Alternative Design 3, Brand Y :

               8760 hours/year x 10 years x 60 minutes/hour x 5000 SCFM
                = 26,280,000,000 SCF
Annual average throughput  = 2,628,000,000 SCF

4.13. Summary

As with many topics in the area of statistics, the potential complexity of
equipment failure applications is limited only by the imagination and
fortitude of the analyst. The applications suggested above are relatively
simple illustration  of some common  uses of failure data. Many details
regarding data confidence, possibly better alternative failure rate
distribution descriptions, plant economics and many other topics have not
been discussed, or have been greatly simplified. A number of simplifying
assumptions have also been made.
It is simply not possible for this book to address ala possible approaches in
which plant personnel might be interested, and in general it is suspected
that the types and sophistication of most applications will not be greatly
different than those outlined above.
Nonetheless, the more adventurous are invited to pursue these applications
at a higher level. Following are e suggested texts.
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     5      Data Structure

5.1. Data Structure Overview

This chapter describes the structure of the database established to collect
data and perform calculations described in the previous sections of this
Guideline. This structure is embodied in database software that accepts
and stores data, analyzes the data according to predefined algorithms and
rules sets, and produces a set of standardized results for the user.

A summary of the data structure for the CCPS Equipment Reliability
Database is shown in Figure 5. 1. This figure is valid (and be applied) at
any level in die taxonomy. The CCPS Database contains four distinct
types of data:

• Unique Item Data-Fixed data specific to an item as defined by an
identifying number and a boundary diagram. Examples of unique item data
are serial number, model number and manufacturer

• Application Data-User-defined data specific to the location and the
condition of operation and maintenance of an item. Examples of
application data are pressure, temperature, fluid state, and corrosiveness.

• Event Data-Data recording events that can happen to, or are done to a
given item in a given application, for example, inspections, tests, or
failures. An example of an event datum would be the actual lift pressure
from a relief valve bench test.

• Failure Logic Data-For failure events, these are data that define the item
function(s) lost, the mode(s) of failure observed and the mechanism of
failure. For example, a failure logic datum might specify that a lift
pressure of more than 150% of the design setpoint would translate to the
failure mode of "fails to lift at set pressure."
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Note that, within the Inventory Data group, the CCPS Database makes a
distinction between information relating to the application and the
information relating to a particular piece of equipment. This distinction is
made because a company may utilize a piece of equipment in several
different locations during the life of that equipment item. The structure
allows the database user to collect and analyze information for both
location and item.

5.2. General Taxonorny

The general taxonomy for the Application and Inventory Data of the
CCPS Database is shown in Figure 5.2. Because the Application Data are
user-defined and "boilerplate" in nature, it is addressed first in the
taxonomy. The General Taxonomy has seven basic levels of indenture.
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1. Industry
2. Site
3. Plant
4. Unit: / Process Unit
5. System
6. Component
7. Part

The first four levels of the taxonomy relate to application data and the last
three relate to inventory data, comprising both item and application
information. The options for all levels are listed in Appendix II.

It is not practical to display the entire taxonomy on paper. It is better to
show the basic relationships that exist within the software, supplemented
by standard pick list tables and failure mode definitions. It is possible for
the user to query the relational database using filters, to essentially define
a unique taxonomy with attendant data for the purpose of analyzing
specific issue(s).

5.2. 1. Taxonomy Levels 1-4 (Industry, Site, Plant, Process Units)

The taxonomy appearing at levels 1-4, as shown in Figure 5.2, is a high
level categorization that relates to industries and plant operations
regardless of the equipment systems involved. For these levels, the user
inputs the appropriate choices from pick lists for each. equipment system
being tracked. In this way the actual taxonomy for the specific application
is developed. During analysis the user may query the data to define a
special taxonomy of interest. This is illustrated in Table 5. 1.
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The query above would search for data for all pumps in distillation units in
the refinery plant at the 'Texas A' site, within the oil-gas refining industry.
The anonymization process means that only users with specific privileges
would be able to specify searches for their own site. An example of the
complete taxonomy, down to the part level, might be
                      Level 1/Industry                     - chemical
                      Level 2/Site                            - Texas A
                      Level 3/Plant                          - ethylene
                      Level 4/Unit                            - compression
                      Level 5/System                        - compressor
                      Level 6/Component                 - power transmission
                      Level 7/Part                            - coupling
The above example assumes that the user has access rights to specific site
and plant data. For users without access to the proprietary fields in the
data, those fields cannot be specified in a search query, and are bypassed
in the taxonomy. An example of a typical. search by someone with no
access rights might be as shown below:
                      Level 1/Industry                         - chemical
                      Level 2/Site                                - all
                      Level 3/Plant                               - all
                      Level 4/Unit                                - compression
                      Level 5/System                            - compressor
                      Level 6/Component                      - power transmission
                      Level 7/Part                                 - coupling

5.2.2. Taxonomy Levels 5-7 (System, Component, Part)

The taxonomy of levels 5-7 are specific to equipment systems. Use of the
relational database software allows the user to specific equipment system
populations that are of specific interest to the analyst. In one case, the
analyst may be interested in compressor systems processing a particular
fluid. For this case, all equipment considered part of the compressor would
be included. In another case, the concern may be the performance of heat
exchangers. Only heat exchangers of a particular type, such as shell and
tube, would be included for this case.
The equipment systems available within the CCPS database are listed in
Appendix II. For the convenience of the user, equipment systems have
generally been grouped into various classes of systems. The concept of
"grouping" was borrowed from the ISO-standard and the OREDA
database. "Equipment Group'' provides a convenient means for grouping
equipment systems.
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5.2.3. Treatment of Subordinate Systems in the CCPS Database

Some systems, such as heat exchangers, function as independent systems
in some applications or as support systems in other applications. In a
supporting role, these systems act like components of the larger system,
rather than independent systems. These supporting systems are referred to
as subordinate systems when they function as components for a larger
system. The subordinate relationship between systems is sometimes
referred to as a "parent-child" relationship. An example of this parent-child
relationship is the interstage heat: exchanger that: is part of a compressor
system. The compressor is the parent, and the heat exchanger is the child.
However, both the compressor and the heat exchanger are equipment
systems in the taxonomy.
To resolve this dilemma, the Equipment Reliability Database has included
the option to record the subordination of systems, so that: failure of a
subordinate system accurately cascades to failure of the primary system.
The systems are registered as independent systems, but they are tagged as
being subordinate to a larger system. Using the example of a heat:
exchanger supporting a compressor, the user would enter the database in
the compressor system and would then be automatically linked to the heat
exchanger system. The heat: exchanger would appear as a component
when system-level events are recorded.

5.3. Database Structure

The database is constructed of a series of tables that: specify the database
fields. Software is also available to analyze and report data according to a
user' s specifications. Each table contains numerous fields that are
populated with predefined information, known as "pick lists. " The pick
lists provide a means of standardizing input fields (see Appendix II for the
CCPS Database tables).
Table 5.2 shows an overview of the tables contained in the database.
During future development, more tables may be added. Temporary tables,
used to store intermediate results for calculations, are not shown in Table
5.2.
Descriptions of the tables used in the database are provided in the
following sections. Due to the changing nature of the database design as
additional equipment systems are developed and added, the exact tables
are not shown in this Guideline.
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5.3. 1. Inventory Tables

Inventory tables provide information that identifies a piece of equipment
for use in the database. Inventory information is used when filtering data
for specific applications.

Subscriber Inventory
Data are submitted to the database by a Subscriber. Data in this field are
fully anonymized in the aggregated dataset distributed to participants.
Typically, the Subscriber would be based at a plant or site and be
registered and qualified to submit data. It is possible for one company to
have several subscribers to the database. There is one copy of the
Subscriber Inventory Table for each Subscriber. Throughout the data
tables, the Subscriber is uniquely defined by the Subscriber Name. The
Subscriber Inventory Table captures information about the Subscriber
such as company name, contact name, address (physical, postal, and
e-mail), and phone numbers.

Site Inventory
Data in this field are fully anonymized in the aggregated dataset
distributed to participants. This table is completed once for each site
enrolled by a subscriber in the reporting system. There is only one copy of
this table for each site. In most cases, there will only be one site associated
with a subscriber. In many cases, depending on the internal organization of
the reporting entity, the site name will be the same as the Subscriber
Location. This table contains information such as site name, location, and
contact.

Plant Inventory
This table is completed once for each Plant in the reporting system at a
given Site. Data in this field are partially anonymized in the aggregated
dataset distributed to participants. There may be multiple versions of this
table for each site. This table captures information such as plant name,
industry associated with the plant, as well as type of plant, external
environment, plant start date, and normal operating mode.

Unit Inventory
This table is submitted once for each process unit in the reporting system
at a plant. There may be multiple versions of this table for each plant. The
table contains information regarding unit name, operating mode, and unit
start date.
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System Inventory-General
There is one General System Inventory table for all systems enrolled in the
database, regardless of Subscriber. There is one record for each system
logged in the database. Each record in the General Inventory table
captures information that applies to all systems, regardless of type. A
sample of some of the fields in this table is shown below.
        • Subscriber ID
        · Site ID
        • Plant ID
        · Serial number
        • Tag number
        · Date installed
        · Surveillance start date
        • Maintenance strategy
        • Associated systems
        • External environment

System Inventory -Specific
Much of the information needed to store meaningful inventory data is a
function of the specific equipment type. For instance, a relief valve can be
partially characterized by its lift pressure, a property that a pipe would not
have. Because different types of systems require different fields to specify
the inventory, a specific inventory table exists for each type of system in
the CCPS Database. As an example, a partial listing of the
System-Specific Inventory table for relief devices is provided below:

Valve design
           Manufacturer
           Model number
        • Inlet connection size
        • Orifice size and designation
          Outlet connection size
Service Conditions
        • Fluid handled
          Phase at relief inlet
        • Set/Opening pressure
           Blowdown  %
Selection of material
         • Body material
         • Spring material
           Bonnet material
         • Seat material
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5.3.2. Event Tables

Once an item (plant, unit, system, etc.) has been registered in the database,
event information can be gathered via the event tables. Currently the
CCPS Database Os designed to record data at the plant and system levels.
A key feature of the CCPS Equipment Reliability Database Os the
capacity to store and retrieve data pertaining to events at the plant, process
unit and the system levels.

Plant Events
The main Plant Event table records the name and type of event occurring
for a specific plant registered in the database. The information stored in
the Plant Event table is the name of the plant, date and time of the event
and the type of event (curtailment, shutdown, etc.). Once the type of event
has been recorded, the user inputs specific data through the subtables
listed below.

Plant Event-Loss of Containment
This table stores information for loss of containment events at the Plant
levels. Some of the fields in this table are listed below.

          • Event date and time
          • Event duration OR
          • Event end date and time
          • Reportable? Y/N
          • Fluid released
          • Failure descriptors
          • Severity
          • Hole size
          • Consequence
For loss of containment events, the severity field is then used to determine
the specific failure mode based on a cure set programmed or imbedded in
the database program.

Plant Event-Sbutdown
The Plant Shutdown Event table records necessary information for a plant
shutdown. A partial listing of the field in this table is shown below.

       • Event date and time
       • Event duration or
       • Date and time returned to service
       • Is there a force majeure? Y/N
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      • Shutdown cause
      • Shutdown subcause
      • Scheduled activity? Y/N/Unknown

The default for all plant shutdown events is “loos of production.'' Through
the use of filters, an analyst can zero in on why the plant shut down.

Plant Event-Startup
The Startup Event table for praxis contains the following fields:

                    • Event duration
                    • Event end date
                    • Event end time
                    • Was the startup successful? Y/N

Plant Event - Curtailment
A curtailment is defined as a partial reduction in the output of a plant.
Curtailment information is gathered using the following fields:

                  • Event start date and time
                  • Event duration, or
                  • Date and time returned to full capacity
                  • Cause of curtailment
                  • Maintenance Required?
                 • Average percent capacity available

Process Unit Events
Process unit events had not been developed at the time of publication of
this Guideline.

System Events
The events below are examples only. Some fields and/or tables may
change based upon system of interest. The System Events table contains
the records submitted by a subscriber for each system event: reported
during a given period. One record is submitted for each event. In the
CCPS Database, the following are considered as events for systems:

            • Loss of Containment
            • Startup
            • Shutdown
            • Curtailment
            • Calibration
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            • Inspection
            • Proof Test
            • Repair
            • Preventive Maintenance
            • Condition-Based Maintenance
            • Process Demand

Owing to the differences among systems, some of the above ms may not
apply to a given system. For instance, a curtailment is not an applicable
event for relief valves. When the taxonomy for a system is established, the
list of applicable events is developed so that the database can be
programmed to screen out irrelevant events.
Any number of records can be reported during a given period. All events
are uniquely defined by the Subscriber ID, System ID, event date and time.

System Event-Loss of Containment
Loss of containment events can occur for nearly all systems. A sample of
the fields used for system-level loss of containment events is shown below
for relief valves:

                    • Event date and time
                    • Event end date and time or
                    • Duration
                    • Pressure at time of failure
                    • Fluid Releases
                    • Severity
                    • Quantity Released, lb
                    • Hole Size
                    • Estimated Area
                    • Event description
                    • Consequence
                    • Reportable Incident?
                    • If reportable, reportable to:
                   • Comments

System Event-Sbutdown

If a system is shutdown, certain data are recorded for the estimation of
relibility parameters.

                 Event date
                 Event time
                 Date and time returned to service
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                 Is there a force re Y/N
                 Shutdown cause
                 Shutdown subcause
                 Scheduled activity? Y/N/Unknown

System Event-Startup

The system startup event S characterized by the ability of the system to
start according to predefined criteria. A failure to start Os, by itself, a
failure mode for most systems. If the field for successful start is a no (N),
the failure mode is automatically set to "fails to start.''

System Event-Curtailment

Curtailments events are usually linked to the "partial loss of throughput”
failure mode. The following is a sample of fields appearing in a System
Curtailment table.
               • Event start date and time
               • Event duration, or
                 Date and time returned to full capacity
                 Cause of curtailment
                 Maintenance Required?
                Average percent capacity available

System Event-Inspection

Inspections typically do not mean that a failure has occurred; however,
they can point to a failure mode that may not be easily detected. The
Inspection Event table records the necessary information from a System
inspection. For relief valves, a sample of the data fields are provided
below.
                     Discharge piping visual inspection
                     Weep hole visual inspection
                     Evidence of seat leakage
                     External leakage
                     Repair required
                     Pressure between rupture disk and relief valve
                     Insulation loss?
                     Heat tracing operating?
                     Pressure monitor functional?
                    Temperature monitor functional?
                     Excess flow check valve functional?
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System Event-Process Demand
Process upsets may trigger failures or successes for some systems. A
partial listing of the process upset data collected for relief devices is
provided in the list below.

• Event end date
• Event duration or event end time (Depending what is picked, the other
should be calculated.)
• Reason for process demand
• Event description
• Valve lift? (Discharge through the relief valve.)
• Lift pressure
• Maximum process pressure achieved
• Rapid cycling of the valve (chatter) audible during incident?
• Valve reseat?
• Reseat pressure
• Code deviation?
• Protected equipment damaged?
• Loss of containment?
• Repair or replacement required?
• Additional information

System Event-Repair
Repair events occur when a repair is made fóllowing a failure proof
test, inspection, or condition-based maintenance. The following
flelds are part of the System Repair Event table for relief devices.
Keep in mind that "failure mode" does not appear as a field here,
since failure modes are calculated by the rule set provided to the
software.

• Maintenance start date
• Maintenance start time
• Date maintenance completed
• Maintenance hours expended
• Maintenance performed
• Components repaired
• Components replaced
• Part replaced
• Components failed
• Component failure cause(s)
• Part failure mode
• Part failure cause(s)
• Additional information
• Disposition following repair
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System Event-Proof Test

The fields used to record data for a relief device proof test event are shown
below.

• Proof test date
• Event time
• Visual flow path inspection: inlet
• Visual flow path inspection: outlet
• Externa¡ leakage
• Seatleakage
• Leak pressure
• Valve lift?
• Lift pressure
• Maximum test pressure
• Valve reseat
• Reseat pressure
• Leakage following reseat
• Maintenance performed?
• Actual test time (hours)
• Additional information

System Event-Calibration

The fields used to record data for a calibration are shown below.

Calibration date Time of calibration Calibration perfórmed in-situ (Y/N)
As-found value(s) Point check (P) or range (R)?

System Event-Condition-Based Maintenance
Condition-based maintenance (CBM) events occur when maintenance is
performed based on the some predefined condition of the item. The
following fields are part of the System CBM Event table for relief devices.

• Maintenance start date
• Maintenance start time
• Condition for maintenance
• Maintenance hours expended
• Maintenance performed
• Components repaired
• Components replaced
• Part replaced
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• Components failed
• Component failure cause(s)
• Part failure mode
• Part failure cause(s)
• Additional information
• Disposition following repair

System Event-Preventive Maintenance

Preventive maintenance events occur when maintenance is carried out at
predetermined intervals or according to, prescribed criteria and is intended
to reduce the probability of failure of an item. The following fields are
examples of the Preventive Maintenance Event table for relief devices.

• Maintenance start date
• Maintenance start time
• Date maintenance completed
• Maintenance hours expended
• Maintenance performed
• Components repaired
• Components replaced
• Part replaced
• Components failed
• Component failure cause(s)
• Part failure mode
• Part failure cause(s)
• Additional information

5.3.3. Failure Logic Data

Failure logic data are not contained in separate tables; rather, they are
embedded in the programmable logic of the database, allowing the failure
modes to, be determined from factual data contained in event data tables.
The failure logic is determined during the taxonomy development process
and provides the crucial link between event data and failure modes.
Samples of the failure logic data for relief devices are presented in Table
5.3.
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TABLE 5.3
Sample of Failure Logic for Relief Valves
System
Failure
Modes

Relief Valve Failure Logic

Failure Mode
Definition

Input
Form

Criteria

Fail to
open

Fail to open prior to
reaching greater
than 1.5 times set
Pressure

Demand Relief lift = "NO" or lift ratio
equal to or

Proof
Test

Fail to open if "plugged" or lift
ratio equal to or greater than 1.5
or max pressure equal to or
greater than 1.5

Inspectio
n

Discharge piping plugged field =
Plugged

Opens
above
set
pressure

Opens between 1.1
and 1. 5 times set
Pressure

Demand Lift ratio between 1. 1 and 1.5

Proof
Test

Lift ratio between 1. 1 and 1.5
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    6        Quality Assurance of Data

6.1. Introduction

Any analysis requiring equipment reliability data is strongly dependent on
the quality of the data available. Data are judged to be of high quality if
they have the following characteristics:
• They are complete with respect to the information necessary for the

intended analysis.
• They are gathered in compliance with a well documented set of

definitions.
• They are accurately input, and the data are handled using quality

principles.

The purposes of quality assurance are to specify the quality objectives
and the requirements for the CCPS Industry Aggregated and
Anonymized Database, verify that these requirements are being fulfilled,
and to specify a process for handling deviations from the requirements.
This chapter contains the basic guidelines for establishing a
management system for defining and verifying the quality of the data
collection process. It provides the concepts, not the details. Many of the
details are provided in Appendix I; others are provided as part of the
Database operating instructions, which are evolving.

Note: The discussion that follows is what has been agreed to by
members of the CCPS Database effort. These apply to this database
effort only, and may be more prescriptive than one would choose for an
Internal company effort. The CCPS Database  group is combining data
from a large number of sources, and therefore has inherently greater
potential for inconsistent standards for data collection and reporting. The
methods detailed in what  follows are what the combined Database
members have agreed are necessary to achieve the goals of this
particular database.
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6.2. Basic Principles of Quality as Applied
       to Equipment Reliability Data

Any quality work process should meet the fundamental objectives of a
quality management-it should fulfill the cycle of "plan-do-check-act for
achieving objectives through continuous improvement. Putting the
management cycle into practice leads to seven major components in the
quality system:
1. The data collection work process should have a documented

mission defining the database's purpose and expectations.
2. The basis for the collection work process design, its expected

output, and use of output should be clearly specified.
3. A scope, clearly defined, specifying inputs/outputs, resource

requirements and limitations is required.
4. A database administrator should be appointed as responsible for

ensuring that the process performs as expected over time.
5. The work process should specify communications of quality system

results, specifying to whom, how often, and by what means.
6. A verification system, including a measurement process to assess

whether or not objectives are being met and communicated to
members is required in the quality plan for the data collection
process

7. A continuous improvement mechanism should be in place to
evaluate and implement changes to the database operating concept.

Specific guidance to assist the development of the data quality work
process is contained in the following sections.

Quality Process Objectives

The quality process should meet the performance criteria of existing
standardized data collection standards such as ISO 14 224 "Collection of
Reliability and Maintenance Data for Equipment." Appendix 1 of this
document further describes principles in collecting quality data, including
the characteristics of quality data mentioned at the start of Section 6. 1
of this book.
The ISO standard specifies the following precursors to data collection:
    • Verifying completeness of data sources
    • Having defined objectives, to make sure the proper information is

collected
    • Verifying that data sources have the proper information
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    • Checking that basic knowledge e installation date, population,
operating periods) on the equipment is available

    • A pilot test of the data collection process (suggested)
    • A data collection process (such as schedules, milestones, etc.)

should be specified
    • Training, motivation and organization of personnel should be in place
    • A plan for quality assurance of the data collection process should be

in place

6.3. Quality Management

A management system designed to ensure quality is essential for both
the data subscribers/data contributors and the Database administrator.
The quality work process applies to the data, software, and any
publications generated by information k the Database. The quality
assurance system for the Database itself must be approved and
implemented prior to the acceptance of any data into the Database. This
quality requirement does not apply to beta-testing or start-up testing of
the Database, however it does require purging the system of this
information prior to actual operation.

The data quality work process is intended to function for data that are
manually input or retrieved by software translation and transfer from
other management information systems.

6.4. Quality Principles

The quality assurance of data is to be an integral part of all major
activities in the data collection and analysis process. Although the details
of the quality plan are not specified in this chapter, some of the following
basic requirements with be contained in the Database quality work
process:

1. Policies shall be developed and implemented for the data validation
process. Only validated data shall be accepted into the database.

2. A data subscriber will be named as a single point of contact in each
quality plan. This contact person may or may not be responsible for
data submission from more than one plant (data contributor).

3. Database participants must approve all required fields.
4. Data shall be supplied for all required fields.
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5. Data shall be recorded according to standard approved and
implemented procedures.

6. A method to ensure data security must be in place.
7. A for shall be provided for promoting a common interpretation and

understanding among data subscribers, including an exchange of
experience.

8. . M deviations shall be formally documented and submitted in a
timely manner.

9. Quality review meetings shall occur on a periodic basis.
10. Database quality work process reports shall be made on an annual

basis, summarizing major deviations, corrective actions, and
changes to the quality work process.

Historical Data

From the perspective of the CCPS Database, historical data must adhere
to the e standard of quality that Os expected of "contemporary" data.
This may result in the inability to use large amounts of accumulated
information. However, the CCPS Database is more concerned about the
effects of populating the Database with large amounts of uncontrolled
data than the loss of such data.

6.5. Verification of Data Quality
The quality of data in the CCPS Equipment Reliability Database is
ensured by a combination of documents and activities:
       1. A certification  process for the data subscriber
       2. A quality plan administered by the data subscriber
       3. Internal verification of data quality by data subscriber/data

contributor
       4. A quality plan administered by the CCPS Database administrator
       5. Verification of data by the CCPS Database administrator prior to

acceptance into the Database
       6. External audit of the quality assurance work process in place
Figure 6.1 depicts the flow of data through the quality System in the
CCPS Database, from acquisition to final inclusion in the database.
Note: The data collection/conversion step can be either manual or
electronic, although electronic is preferred. The data produced by the
data conversion process are fed into the CCPS software that is supplied
to the participants.
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6.5. 1. Quality Plan for Database Administrator (DA)

The Database administrator (DA) will specify in detail the quality plan for
the operation of the Database. This quality plan will provide details
regarding the quality work procedures to ensure that the quality
objectives are being met. The DA quality plan should include the
following key elements:

   • Definition of the Database mission
   • Description of the scope of the Database
   • Responsibilities of key individuals in the DA organization, with

respect  to the Database
   • Basic policies for ensuring the quality of data
   • Procedures for the handling of data subscriber's data, especially with

regard to confidentiality of data
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    • Specification of data requirements
    • Standardized reports for data analysis
    • Procedure for verifying the quality of data prior to acceptance into

the Database
    • Procedures for reporting and handling of deviations
    • Procedures for handling corrective actions
    • Procedure for auditing data subscribers/data contributors

6.5.2. Quality Plan for Data Subscribers

Prior to submitting any data each data subscriber must submit a quality
plan which meets the criteria established by the participant committee for
review and approval. This plan should contain the following elements:
   • Mission of quality plan
   • Responsibilities of key individuals in the data subscriber organization,

including any individual site data contributors
   • The scope of the plan, including the equipment to be covered and the

failure modes to be supported
   • Work instructions/procedures for the acquisition/conversion of data
   • System for reporting and processing of deficiencies
   • Procedure for handling corrective actions
   • Plan for complying with internal verification requirements
   • Plan for maintaining certification, including approach to external audit

verifications

6.5.3. Certification of Data Subscribers

Prior to any submission of data, a data subscriber must be certified as a
supplier of quality data to the Database. The certification  process entails
the following steps:

   • Review and approval of the Data Subscriber Quality Plan
   • Review and approval of the collection/conversion system and

procedures
   • On-site inspection of data subscriber/data contributor records and

data collection/conversion work process (see Appendix I, Section
1.3.2)

   • Reporting and resolution of certification deficiencies

Once the data subscriber/data contributor has been certified, data can
then be submitted to the Database administrator. At some time interval,
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the data subscriber must be recertified to confirm the continued quality of
data submitted.

6.5.4. Internal Verification of Data Quality

Data subscribers/contributors will be expected to carry out internal
verification of all data being submitted to the database. This verification
process may differ from site-to-site; for example, the process may be
manual, automated, or a combination of the two. Regardless, the
process should contain these key elements:

• A list of items to check
• Acceptance criteria for above checklist

If data-conversion software is used to translate data from a maintenance
database into the CCPS format, the correct version of that software must
be verified and documented as part of the internal verification  process.

A report summarizing the results of the internal verification check should
accompany al data sets submitted to the CCPS Database administrator.

6.5.5. Verification of Data Prior to Acceptances

Once the data have been verified by the data subscriber/contributor, this
information is then sent to the Database administrator for final quality
verification. This will typically include a comprehensive check by a
separate software package to reveal any missing required information,
legal codes, or data outside legal ranges. The sorts of checks to be
performed will be specified in the DA quality plan. It is also essential that:
the checking software provides fixed criteria for acceptance of data.
As an example, Table 6.1 gives a listing of possible attributes to check,
along with acceptance criteria. The objective of the checklist is to reveal
as many obvious input errors as possible.

6.5.6. Recertification of Data Contributors

Recertification of data subscribers will be conducted at a in of every
three years from the previous certification, and within three months of
change of the data subscriber at the discretion of the Database
administrator. Criteria for recertification are described in Appendix 1,
Section 1.3.3.
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6.5.7. Appeal Process

A facility may have a grievance with the administration of the Database.
In most cases it is expected that problems Hill be resolved between the
Database administrator and the facility. In extreme situations where the
facility feels that the resolution to the issue is not satisfactory the facility
may appeal to a peer group, as described in the CCPS quality assurance
procedure.

6.5.8. Audits of Work Process

From time-to-time, formal checks of the overall Data quality work process
shall be performed. The purpose of these audits is to verify  that the
quality k process is fulfilling its objectives. These audits will be performed
according to a set protocol. The initial audit will be performed by an
independent third party.

Third-party audits Hill be conducted approximately once every two years.
In the interim either the Database administrator or a third party will
conduct at least one internal audit, and more Of deemed necessary by the
Database administrator to address any serious problems which may arise.
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APPENDIX   I

Guidelines for Data Collection and Submission

Authors' Note:. The contents of this appendix in particular can be
expected to change with time. Therefore, this should be considered a
"living" document, and this particular version a "snapshot" in time.
While the overall Database structure and organization are not likely to
change dramatically, details are likely to evolve, Possible future
differences include:

• Detail of data-It is Forced and expected that ever-increasing levels
of detail will be provided to the Database over time. This may result
in additional text, and possibly a restructuring of data to some
extent.

• Available analyses-The Database participants may choose to fund
additional software improvements (e.g., increased tapes of built-in
statistical analyses), which Id result in text changes.

• Database administration-It is very likely that the details of Database
administration will change to reflect the actual vs. anticipated
demands on the Database administrator, participant desires for
increased/decreased administration support/oversight, external
influences, etc.-that is, ranking the Database more efficient and
effective.

For these reasons and others, this is a working, not fixed, document.
Current, updated knowledge on this appendix is available to Database
Participants only.
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1.1. Introduction

I. 1. 1. Data Types

The Database consists of three distinct data types, each of which may be
linked to subgroups and from there to many data fields. The data types are
subscriber, inventory, and event. These can be described as follows:

• Subscriber-This consists of information about the subscriber to the
Database, including company name, contact names, etc.

• Inventory-This set of fields consists of several parts which identify the
site, plants within that site, and u contents at the unit, system (Le.,
equipment function), component (equipment item subsystem, e.g.,
lube o system on a compressor) and part levels. In these fields
linkages to associated equipment are also made to allow data to be
used for analyses of multiple systems that may be applicable.

• Event-These data describe specific activities that have taken place
involving an equipment item, unit or for a plant as a le The m data
will included equipment startups, voluntary shutdowns, failures,
maintenance activities, and/or larger plant events which have shut
down the equipment. A failure may or may not be associated with a
maintenance activity ("corrective maintenance"), but an event may be
recorded in the absence of a failure (''preventive maintenance,"
voluntary shutdown, power loss followed by restart, etc.). A subset of
this data section will record specifics of loss of containment events, to
allow cost analyses beyond those simple associated with equipment
damage or downtime.

I. 1.2. Subscriber Data

The Database will contain information regarding the data subscriber.
These data will be used to document compliance of the subscribers with
the data input requirements set forth in the database agreement. However
the data, prior to distribution to other participating data subscribers, will
be "anonymized" so that it will not be possible for subscribers to identify
the source of the data, except from sales within the same organization. As
a further safeguard, the Database will require that at least three companies
are contributing to a selected system's data prior to the data being shared
outside the company contributing the data.
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I.1.3. Inventory Data

I. 1.3. 1. Characterization of Inventory Data
Equipment can be characterized as follows, lady to ISO and other
standards:
• Identification data: equipment location, classification, installation

data, equipment unit data, etc.
• Design data: manufacturer’s data, design characteristics, etc.
• Application data: operation, environment, etc.

In practice, the input tables -are sorted through a hierarchy of
equipment detail as well as the relationships between one system and
related systems. An example of this is a "parent-child" relationship such as
a compressor (''parent'') having components including motor and a cooler
(''children''). The information about equipment identification, design and
application are provided and cross referenced at each level of equipment
detail as appropriate.

I. 1.3.2. Hierarchy of Inventory Data
Equipment inventory data are organized at two major levels of hierarchy:
• A user-defined "overview" level, which defines the general location

and application of the equipment (the industry, site, plant and unit)
• A fixed level, which defines the equipment system and details of

subordinate components, parts, and relationships to other equipment
systems.

"Overview" Level
At a higher level, information may be gathered by industry, by site, by
plant, or by unit. The distinction among these different levels is described
be

• Industry-The highest level of interest to the Database is "industry";
that is, those facilities producing similar product types. It is expected
that users may wish to sort information at this level, to compare their
performance to other comparable facilities.

• Site/Plant-A "site" refers to a plant or series of plants at a particular
location. Often a "site" and a "plant" will be synonymous; for
example, when there is a single, well-defined product line under one
management structure. However, a site may consist of multiple plants.
An example would be a major petrochemical complex. The distinction
between a site and a plant is important to the user only, and so the
distinctions between these two classes of hierarchy are defined
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by the user in order to be consistent with internal data reporting needs,
management structures, etc.

Unit Category-A "process unit,'' for the Database purposes, refers to a
collection of systems whose performance can be compared to similar sets
of systems in other facilities. Examples include an ethylene cracker in an
olefins plant, an alkylation unit in an oil refinery, or perhaps a tank farm.
These process u can be characterized as one of the following unit
"categories," for case in organization across several types of industries:
• Feed delivery
• lees treatment
• Main process
• Product treatment
• Product delivery
• Utility

Ultimately, the distinction of interest is that which allows different
facilities to compare performance of sets of equipment which are
conducting similar activities.

Fixed (System and Subsystem)"Levels
In the fixed (equipment-level) hierarchy, the highest level is the "System,"
the second level S the "component", and the last S termed a "part." The
terms are largely self-explanatory, but are describes below:
• System-The highest level of equipment data entry S the System level. A
"system" describes a specific function that: a piece of equipment or
intimately related group of equipment items is intended to perform to a
limited number of material streams. Thus an ethylene cracking unit would
not be a system, but a compressor and u associated utilities within the unit
Id be a system. systems may be simple (e.g., a valve) or complex (e.g.,
compressor). At ibis time the following systems have been incorporated
into the database, with work in progress on several others:
     - Compressor
     - Heat exchanger
     - Pressure relieving devices
• Component-The next level of indenture in the equipment system
hierarchy is the Component level A "component is a subset of the System
and S necessary for the system to provide its function. It is not capable of
providing the equipment function on its own. Thus a transmitter is a
component of an instrument loop system.
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• Part-The lowest level of indenture in the equipment system hierarchy
is the Part level. A "part" may or may not be necessary for the
component to operate properly; however its failure could result in the
system progressing to a failure In the example above, a capacitor Id
be a part within the component "transmitter." In pragmatic terms, a
"part” can be thought of as the level at which an equipment item
would be replaced if it failed.

I. 1.3.3. System Boundaries
To define the components and parts of a system, it is necessary to define
the system boundaries. For a given type of equipment, differences in
opinion may exist on how this boundary should be drawn. Rules for this
are provided in Appendix III, Procedure  for Developing System-Level
Taxonomies.
For the purposes of this Database, these boundaries are prespecified for
each of the equipment types that are in the Database to assure consistency
in treatment by the subscribers.

1.1.3.4. Components and Parts
The concepts of components and parts were defined earlier. They are best
illustrated by way of m example, in this case the pressure relieving device
system:

Items in italics in the preceding table indicate items that can be considered
systems as well (“subordinate systems”).
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I. 1.4. Event Data

I.1.4.1. Characteristics of Event Data

Events can sin of successes, failures and/or maintenance activities. These
are characterized as follows:
Success Data:
• Identification of equipment
• Success data (e.g., correctly started up, or shut down, on demand)

Failure Data:
• Identification of failed equipment
• Failure data (e.g., failure date/time, failure mode, failure cause, parts

failed, associated details for loss of containment   events)
Maintenance Data:
• Identification of maintenance performed, with any linkage to a failure

event (''corrective maintenance")
• Maintenance data (e.g., date, activity, parts maintained, man-hours,

down time)

I. 1.4.2. Linkage of Event Data

There with often, but not always, be linkages between failure events and
maintenance events. There may also be a linkage between a U and a loss
of containment. The user may note a hierarchy of sorts between these
categories. For example, upon an entry of a failure event, the user with be
prompted as to whether there was an associated maintenance event or loss
of containment event. The user should ensure that any interface software
utilized by the sale is capable of providing these linkages,

The event selection prompt has the following choices, depending on the
type of system: (a) loss of containment, (b) startup, (c) shutdown, (d)
curtailment, (e) inspection, (f) calibration, (g) maintenance [proof test,
repair, preventive maintenance, calibration, condition-based maintenance],
(h) process demand. An example of an event data table is provided in
Section 2.1.3.

I.1.5. Data Analysis
Fundamentally, the goal of the Database is to provide the subscribers with
information regarding the reliability and availability of plants and
equipment in the various process industries. As information is added to the
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Data-base, the data will be numerous enough to allow progressively deeper
sorting of equipment characteristics while maintaining statistical
significance in the results.
Thus, after one year in the Database, it may be possible to obtain
statistically significant results as to the frequency of compressor failures
while running. The following year, it may be possible to sort by
compressor type (e.g., centrifugal reciprocating) at the same level of
statistical significance. Ultimately, a subscriber should be able to sort by
the characteristics of interest (e.g., compressor, centrifugal, hydrogen
service, >2000 psig discharge pressure, manufacturer).'
Some specific applications of this data analysis have been suggested, and
include, among others,
• Determining reliability and availability of equipment, process units and

plants
• Benchmarking one facility to another, within the same organization, or

with industry as a whole
• Equipment selection.
• Development of risk-based maintenance planning
• Equipment life-cycle cost

1.1.6. Database Limitations
When implementing and using a database that both obtains data from and
provides data to a variety of users, it is necessary to develop database
"structures" which assure that data are processed accurately and
consistently. This inevitable results in some compromises. However, this
Database has been designed to minimize the number of compromises in
fundamental design. Participants may not use its full capability; for
example, there are limits to the level of mil that can reasonably be
expected to be entered into the Database given finite subscriber resources.
Equipment and data classifications will also not always be arranged the
way a particular facility may treat them. For example, a compressor driver
may be considered part of the compression system for one user, and may
be considered an independent system in the eyes of another. Ideally, any
differences between site and Database organization can be handled through
site-developed data translation software.
Such philosophical differences are unavoidable, but to the extent possible
attempts have been made to allow for them. in the case of input data
limitations, previsions exist for the subscriber to enter data to a level of
detail which their time permits-the return is in terms of the detail of
information which can be output from the Database. Where equipment is.
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arranged in a different manner of classification than a particular user
would personally choose, provisions are made to allow linkages between
equipment so that the information can be captured in the desired form.
Although considerable pains have been made to make this Database as
useful as possible, the user can recognize that there will be continuing
opportunities for improvement over the years to make it more useful and
user-friendly. The Database administrator encourages comments on the
effectiveness of this database, and suggestions for improvement. The con
tribution of time required on the part of the users to make this venture suc
cessful is appreciated, an ' d whatever effort is applied to improving the
Database will be recovered many times over in terms of subscriber time
savings and technical benefits.

1. 1. 7. Goals of the Equipment Reliability Process
1. 1. 7. 1. Usefulness of Data
The purpose of data collection is to try to gather information on significant
design and operating variables that could affect the reliability of the equip-
ment item of interest. When starting a database, it is desirable to allow for
a large number of inputs, to make sure that nothing important is missed.
It is recognized that it is much easier to enable the collection of this
information than it is to record it. For this reason the Database only
requires a limited number of inventory fields, those that the participants
feel can reasonably be obtained by all users. Similarly, the amount of
event data required depends almost solely on the failure modes that the
participant wishes to analyze-that is, the data required are those necessary
to support the failure mode calculation of interest.
That said, it should be noted that this effort still goes beyond previous data
collection efforts in terms of addressing operating variables. For example,
in previous databases one might typically find that compressors are
segregated by type (e.g., centrifugal, axial), perhaps power (e.g.,
horsepower), discharge pressure, or speed (rpm). this Database seeks to go
further into variables in the operating environment, such as structural
support, operating temperature, surrounding environment and more. These
are known to be significant in their effects on reliability, yet in the past
have, at best, been treated by an overall "environment" factor (severe,
average, etc.).

I. 1. 7.2. Consistency of Data
One difficulty in developing a database is in defining equipment and ope-
rating variables in a manner that will be interpreted in the same way  by all
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the users. For example, one facility may treat the motor on a compressor
to be integral to the compressor, while another site may categorize them
separately. For this reason, each system type is defined with a specific
boundary indicated, which delineates which components are included and
which are not.
More problematic may be the definition of process unit boundaries. As a
simple example, an "alkylation unit'' in an o refinery may or may not
include a prefractionation column, a butane isomerization process and
other equipment, depending on the process requirements at the specific
plant, or arbitrary administrative separations. in chemical plants, this
problem can be even more acute.
Using the "unit category feature allows relationships to be developed so
that a more complex alkylation unit can be compared to a less complex
one. Thus the Database provides a mechanism that al participants to
characterize plants in a consistent fashion.

1. 1. 7.3. Ease of Data Manipulation and Reporting

As noted earlier, a major concern during this Database development was to
minimize the effort on the part of the user, to make sure that people will
have enough time and energy to contribute data. A number of efforts are
included in this Database to help achieve this end, including

• Linked equipment-where equipment is linked to other equipment, or
where components are a subset of a system or are their own system,
linkages are provided internally to the Database so that users do not
have to enter information more than once. Thus, the fact that a
compressor motor is located in an ethylene unit is extracted by the
Database from the fact that the compressor N located in the ethylene
unit, and that: the motor is linked to the compressor.

• Filtering-The Database is designed to allow the user to sort for
reliability or other outputs by any design or operating variable that
has been input to the system. Thus there is no need to manually
manipulate the data, or speculate on the percentage of failures which
were of a certain type, etc.

• Exporting-The Database provides the ability to export filtered data to
allow more advanced statistical analyses if the standard algorithms
that are contained within the CCPS Database and described below are
insufficient.
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• Built-in Analyses-The Database provides some computational
capabilities in addition to its primary task of data sorting and
calculating "raw" equipment reliability information. These added tools
are described in the next section.

1. 1. 7.4. Calculation Capabilities

The CCPS Database software provides some computational capabilities in
addition to its primary task of supporting data quality assurance, data
storage, filtering of data prior to analysis and export of this data for
advanced statistical analysis. The algorithms contained in the software as
of its first release are documented in the succeeding tables.

In general, it has been necessary to make simplifying assumptions. The
major assumption is that failures are exponentially distributed, that is,
exhibit constant failure rate. Failure modes representing continuous
operations are analyzed as if the data were complete. In reality there will
most likely be some amount of right censoring present. The assumption of
complete data is made in this case in order to simplify the algorithm and is
felt to be reasonable since the results will be somewhat conservative.
Chapter 3 provides guidance on how the user can test the data to determine
if the assumptions were indeed reasonable. Users who need more accurate
analysis are encouraged to export the filtered data set and apply more
rigorous statistical techniques.

Additionally, the software must determine which algorithm to use. This
may change as a result of the specific failure mode being calculated or the
normal operating mode of the equipment. This is the basis for making
normal operating mode a required inventory data field. The software
contains a rule set which automatically chooses the appropriate algorithm
for a particular failure mode, once the data have been filtered.
Following are the calculations conducted by the CCPS software, and the
data that are necessary to support the calculations:
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I.1.8. Certification of a Subscriber

1.1.8.1. Company Certification
Prior to certifying a subscriber, the company must first be a participant.
Company participation is a simple process of signing the Database
agreement and satisfying the financial obligations.
An individual subscriber is brought into the system by applying for
certification. The certification process includes the following steps:

1. Preregistration
(a) The applicant provides the following:
• Name of facility (e.g., "DEPCO New Brunswick Specialty Chemicals")
• Address
• Contact person/phone
• Description of the facility - General description of processes/products
(about 1-3 pages) -Industry type (e.g., specialty chemical, oil refining)
(b) the Database administrator provides the following:
   Data subscriber confidential ID

2. Verification
(a) The Database administrator verifies that: the company is a
participant in good standing

3. Complete application
(a)The applicant provides the following:
• Desired date of entry to, the Database (generally, the application

should. be made about two months in advance of desired entry)
• Data Subscriber Quality Plan



126

This is a progression of steps taking place in chronological order, as
depicted below.

               

I. 1. 8.2. Site Visit(s)
Prior to initial submission of data, the Database administrator will review
the data subscriber's proposed quality plan to assure that it will meet the
Database criteria. When satisfied, the Database administrator will either:

(a) visas the site (or sample site(s), Of the data subscriber is
responsible for submitting data for a number of sales) and inspect
records and corresponding proposed data submissions to verify
that the information is being collected in a complete, consistent and
accurate manner, or

(b) accomplish the same by having the data subscriber submit raw
data sources that can be cross-checked against proposed data
submissions.

The verification in Option (a) is preferred for initial certification, and is as
follows:
• Visit with the data subscriber, to verify that goals and requirements of

the Database are understood.
• Observe the sales raw record keeping and verification of examples of

any subordinate-provided data.
• Observe the data provider entering data into the Database.
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It is recognized that Option (b) will be more economical for data
subscribers that are remotely located relative to the Database
administrator. In the case of Option (b), however, the burden of proof is on
the data subscriber to demonstrate to the satisfaction of the Database
administrator a level of quality equivalent to that provided by Option (a).
The Database administrator will provide any corrective suggestions and
guidance necessary to assure compliance. Following approval of the
Database administrator, the sales data will be accepted by the Database.
A (re)visit to a site may be made in some situations, including the
following:
• A large number of nonconformities have been detected
• There is a change in the site data contributor or data subscriber, with

enough time for transfer of knowledge from the prior data
contributor/subscriber

Typically, if either of the above have occurred, the site win be suspended
from both data submission and information retrieval from the Database
until such time as the Database administrator is satisfied that the
replacement data subscriber/data contributor is functioning adequately.
Visits to sites may be made under different circumstances as those
described above; only if data integrity is questioned will a site be
suspended from the data contribution work process.

I.1.8.3. Certification Updates
On occasion, each data subscriber and its associated quality plan will be
recertified. Recertification may be prompted by the following factors:
• Change in quality plan
• A high level of nonconformities over a sustained period of time

In general, the preferred approach for recertification will be that described
in (b) in Section 1.3.2.
Acceptance will be determined by use of the certification procedure.
Philosophically, the Database administrator will be required to ensure the
integrity of the Database, which includes both monetary and technical
aspects, for the mutual benefit of the participants. If a particular company
or site performs in a way that compromises the integrity of the Database,
this would be grounds for denial of recertification. An example might be a
situation in which a site has so many nonconformities that the Database is
compromised, or that it is an undue financial burden on the Database (Le.,
the other participants) to maintain the integrity of the Database in the
presence of the nonconformities.
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1.2. Data Definitions and Descriptions

1.2. 1. Introduction
1.2.1.1. Taxonomy

A "taxonomy" is the structure by which data and systems are organized in
a database. Chapter 5 and Section 1.1.3 of this appendix describe the
taxonomy used in this Database. The taxonomy includes elements of data
hierarchy (or “indenture").
Again, in the Database it will be possible to sort information at each level
of the hierarchy. It will also be possible to obtain information based on
several operating variables, specific to each type of system. These
variables are recorded in the inventory descriptions (see Section 2.2.2).

1.2.1.2. Boundaries

System boundaries are predefined in the Database to ensure that users do
not "compare apples to oranges.'' To repeat an earlier example, one plant
may consider the motor on a large compressor to be part of the compressor
"equipment," whereas another plant may not. An arbitrary decision on
including the driver or not could certainly impact resulting reliability data.
For this reason the Database is reasonably strict in defining precisely what
constitutes a particular "system." Appendix III, Guidelines for Developing
System Taxonomies, describes the approach for setting equipment
boundaries.
The boundaries for each type of system in the Database are described in
Section 2.2. Please note that these classifications must be rigorously
adhered to in order for the database to be accurate!

1.2.2. Inventory Descriptions and Data Sheets
The following sections describe some of the systems that have been
defined and imbedded within the Database. Sample data sheets are
provided for illustrative purposes. However, the Database utilizes
drop-down lists and relational "views" (nested windows) to query the user
for information, rather than required the user to fill out the following
sheets. Complete copies of all current data sheets are maintained by the
Database administrator, and distributed to the Database participants as
updates occur.
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1.2.2. 1. Compressors
Inline Centrifugal Compressor

Inventory Data Fields
Note: Inventory Data fields for inline centrifugal compressors based upon
AP1617
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Notes.
1. Bold italicized data fields are minimum required inventory information for

1998.
2. Tabs containing required field information should be colored yellow.
3. Surveillance start date is required for calculations to proceed, but should not

be required for inventory records to be saved as pan of documenting
inventory. Possibly show it as a different color.

4. Both yes and no check boxes are provided except for repair which once has
a yes box. Neither box checked represents lack of information in the
Database, that is, unknown whether a particular strategy is employed.

1. 2.2.2. Pressure Relieving Devices
[Sea example in Section 1.1.3.5]
1.2.2.3. Heat Exchangers
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I.2.3. Event Descriptions and Data Sheets

"Events" are described in Section 1. 1.4, but basically can be considered to
be either "voluntary" or "involuntary." A voluntary event will typically be
an equipment startup, an unscheduled or scheduled test, scheduled
maintenance, or voluntary shutdown for process reasons. However, Of a
failure requiring a work order or equivalent is detected during scheduled
maintenance, the maintenance will be recorded as a failure. M example
is a running test of a spare pump, which discovers that the spare is not
available as expected. An involuntary event results from some sort of
failure and is recorded as such.

Examples of the event information requested for a pressure relieving
device are shown in the following tables. Actual event data will be
provided when the data fields are agreed upon for a particular item. In
practice the user will be guided through the information request process
through prompts and pick lists in the software.
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Note that the above tables are examples only. Some fields and tables will
change, depending on the function of the equipment involved.

1.3. Data Flow

Data flowing into the Database undergoes a series of transformations and
checks to ensure that it meets the Database requirements. The data, once
aggregated, is available for retroactive correction if needed. For
quality-verified data, the data is anonymized, distributed to data
contributors and available for search requests by participants. A flow path
for data is depicted in Figure 1.3. 1.
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1.4. Internal Quality Assurance of Data

I.4.1. Data Input Organization

The planning process encompasses two phases of the Database operation
startup and ongoing. Each of these is discussed below. Note that the
quality standards are the same for each phase, and are assured by
application of the data subscriber's quality plan in conjunction with the
Database admin. istrator quality plan.
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Initial Input Phase

In the startup phase, the data subscribers/data contributors will be examining
existing records to determine Of historical documentation of equipment
performance meets the minimum standards of the Database. For example, is it
known with a high level of confidence when and for how long every shutdown
event took place?
Naturally, written (or electronic) records are of paramount importance In
establishing an equipment history. It is recognized that there with be some oral
history of failures that were not recorded, maintenance which was undoubtedly
conducted as part of a schedule but that was not documented, etc. In general, it
is expected that such oral data will not meet the quality standards of the
Database, and so should not be used as a primary data source. It is conceivable
that an oral history may be used . to correct nonconformities in
written/electronic data, however.

Ongoing phase
Before embarking on the Database effort, a sale must recognize that signifi-
cant initial resources will need to be devoted to the effort to establish sale
software development and integration which will ultimately allow the data
processing effort to be mal Some pains have been made to minimize the up
from effort, with compromising the usefulness of the data. The current balance
of these conflicting goals still results in a noticeable initial workload, and the
site should take the opportunity of discussing with other users their approaches
to minimizing these efforts, and observe their data collection in advance to gain
a realistic understanding of the time commitment needed. As time passes, this
effort should drop off and ultimately be limited to nominal amounts of time in
performing self-checks and responding to external requests, as discussed
elsewhere.

1.4.2. Quality Plan

Each data subscriber will be required to submit a quality plan that must meet
the in requirements describes in the Quality Plan for Data Subscribers
document. The quality plan will describe, among other topics, data quality
assurance through use of training, self-checks, and reporting of
nonconformities. These topics are briefly described below.

1.4.2. 1. Training
Participant personnel who are responsible for providing data are also
responsible for obtaining the knowledge necessary to ensure that the data meets
the needs of the Database. At minimum this will consist of having read the
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entirety of the relevant documentation prepared during the Database
development effort. Ideally, this also consists of formal orientation training
provided by a CCPS-approved training supplier.
Different levels of training may be relevant for different people involved in the
Database affect. A company's designated data subscriber should understand
the history and philosophy of the Database as web as the workings of the
software. A data contributor at a site, on the other hand, may only need to
know how to collect the raw data and ensure that it is properly transferred into
the Database formal.

1.4.2.2. Self-Checks

Self-checks are the first point of assuring quality data. Performing quality
self-checks will not only result in good quality data, but with also minimize
Database oversight and costs. it with also ultimately result in lower costs for
the user, in not having to respond to nonconformity checks, costs associated
with remedial site visits from the Database administrator, etc. The required self
checks are described below.

I 4.2.2. 1. Before Data Processing Begins

Document Orientation
The user should be familiar with all Database documentation, in order to gain
the proper perspective of project goals, data needs, use of data, etc. This will
give an appreciation of the basis for the Database and its guideli-nes, and the
rigor needed in following the guidelines and other instructions.

Systems Identification and Familiarization
For the systems to be included in the Database, the user should verify that the
sales system meets the criteria set forth by the Database, especially in regards
to the boundaries around the system. These boundaries are not necessarily the
same as the plant might use internally. Each system should be provided a
unique identifier (see data input sample sheets, Section 1. 1.3.5). This will
facilitate electronic data mapping.
The data contributor/subscriber should also be knowledgeable in the equipment
systems for which data is to be provided. this does not neces-sarily mean the
provider needs to be the "expert" on a piece of equipment, but the person
should be able to access and interpret design, installation and performance
information, and should have access to the "expert."

Software Orientation

The data subscriber should have tested the data input software to under-stand
how to gain access and maneuver in the program. The data sub-scriber/data
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contributor will ideally understand the meaning of the prompts given by the
program, although this is not mandatory since in an electronic system the
critical issue is performing a proper translation of the sales database
information in the CCPS format. The Database administrator or designee
with demonstrate and test this ability during the initial site certification
process, or as a result of training certification.
Subordinate Duties
It is expected that the data subscriber may depend on others to gather
some of the information. The data subscriber should verify that these data
contributors have the information needed, and time commitment and
necessary training to perform their functions.
Problems and Deviations
The data subscriber's quality plan should indicate the direction to turn if
there is a problem. The ultimate resource will be the Database
administrator, but it should be recognized that: these services will not
always be instantly available, and so it is useful to develop alternate
resources such as users at other sales or companies.
All deviations from normal practice should be communicated to the
Database administrator. this communication may be formal or informal as
the circumstances may suggest, although the Database administrator may
require formal documentation for the Database's records. Any "significant"
database problems, even if resolved by an alternate source, should also be
copied to the Database administrator. This will help verify that the
problem was solved properly, and will provide useful information to the
Database administrator of problems in the system. Such feedback can also
be posted to the other data subscribers for the benefit of all.

I.4.2.2.2. During Data Collection
Data Collection Timeliness and Accuracy
The data subscriber should verify that data are being collected in a prompt
and accurate manner. This includes verification that system boundaries are
being "maintained"; that is, that information is being provided for the
system within the boundaries and not also for "services" outside the
boundaries.
Typographical Errors
While some checks will be provided inside and outside of the software, it
is of paramount importance that the data provider check their entries for
typographical errors, since there are no screens which can detect some
types of errors.
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Follow-up Check
The user may wish to check the accuracy of data input by extracting the
same information out of the Database. The Database should be provided
some period of time (~30 days?) to assure that the data have been received
and processed.

I.4.3. Deviation Reporting

The following are among the deviations which should be reported to the
Database administrator:
• Expected delays in data submission-There are good reasons why a

facility might fall behind in providing data. Among these might be an
extended emergency leave, data provider leaving the employment of
the sale, etc. If this is expected to jeopardize the requirements for
supplying data, this should be communicated with the Database
administrator as soon as possible.

• Discovered errors in data which have been supplied
• Problems in operating the database

A standard form for deviation reporting is provided in the Quality Plan for
Data Subscribers.

I.5. Data Submission Procedure

I.5. 1. User Software Requirements

Each data contributor will be supplied with software that will al data to be
entered either manually via pull-down menus or electronically via site
management systems. This software will be designed to operate with a
common electronic software 1.

I.5.2. Data Submission Protocol

The Database will accept data at al¡ times, although updates to the
Database will be made quarterly based on data received by March 31,
June 30, September 30, and December 31 of each calendar year. Data
contributors may submit data quarterly, semiannually or annually, as long
as each years' minimum data requirements are satisfied.
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I.5.3. Format of Data Submission

Since it is expected that the participants employ a variety of management
information systems, the data from each site will be collected by
site-supplied software which will convert the fields into a formal
compatible with the CCPS Database. The user can submit this file either
by email or by sending a disk to the Database administrator. Once the data
have been received and verified as acceptable for use, the Database
administrator will confirm with the sale the accepted receipt of the data.

1.5.4. Availability of New Data

The Database administrator will be responsible for updating the CCPS
Database quarterly, with updates expected about one month following the
end of the previous data submission deadline. The Database with provide a
date on the Database entry page which will indicate the date of the most
recent update.

1.6. External Quality Assurance of Data

1. 6. 1. Field Verification

As part of the certification process described earlier the Database
administrator will typically visit the sale (or a sample site, in the case
where a single Data subscriber is collecting data from multiple sites) to
assure that the site will provide quality data. See Section 1.3.2 for details.

I.6.2. Spot Checks

On occasion, the Database administrator may choose to "observe" a
specific block of data which has been submitted by a site. These data may
be analyzed to determine if they appear to be accurate (that is, no
typographical errors). These with be conducted for all sites at an interval
described in the Quality Plan for Database Administrator, and may be
conducted more frequently for any sites having a history of deviations.

I.6.3. Receipt and Logging

The Database administrator receives and logs incoming data as follows:

• Identification of the sale, and equipment for which data is being
provided, is recorded in an electronic ''ledger'' that notes the following:
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the date of data entry, the equipment for which data are provided, the
time frames covered by the data (e.g., is the start date for these data
the same as the end date for the previous data submission), and the site
providing the information. The ledger contains no technical
information, and is simply used to verify that the site is meeting the
terms of the agreement for providing data.

• Technical data are extracted from the data provided. An anonymous
company "tag" is assigned to the data. This allows the Database to
extract any data that may subsequently be found to be corrupted. In al
other respects the data are "anonymized." Provisions will be made for
a company to repopulate the anonymized database with U o more
detailed, location information upon receipt of the fully anonymized
database from the CCPS Database administrator.

I.6.4  Validation
Validation of data that have been received will take several forms,
including:
• Data Completeness-Any required data which is missing from any

entry will prompt a deviation and will send a message back to the data
contributor flagging the missing entry

• Illegal Data-Any entries which are not permitted (such as text entry
where a numerical entry is required, or where event data is provided
which is not covered in the quality plan) will be identified in the
software and flagged to the data contributor for verification or
correction.

• "Reasonableness " check-Any data which is suspicious (e.g.,
operating temperature 5000 degrees) will be returned to the Data
Contributor for verification.

Again, there is nothing the Database can do to detect errors within the
realm of reasonableness (e.g., operating pressure of 30 psig instead of 300
psig). This is the reason it is a good idea for the data subscriber to conduct
a self-check by extracting out the data that has been provided, as described
earlier.

I.6.5. Procedures for Nonconformities

Data inputs that appear to be faulty are handled as described above on a
case-by-case basis. Any submissions that have the potential to compromise
the integrity of  the  Database  results will be classified as nonconformities
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and documented by the Database administrator. If there is a repeated his-
tory of nonconformities, the site will be warned that the level of
nonconformities is reaching an unacceptable level

Note: The phrase "a repeated history of nonconformities" is relative and
may be changed periodically to assure that each Database participant is
treated in an equitable manner. It is anticipated that a new Data subscriber
may have a relatively large number of nonconformities relative to the
amount of data being submitted-the Database administrator will be looking
for evidence of "continuous improvement" for data subscribers who have a
disproportionate number of nonconformities.
At some point of repeated nonconformance, the effort required on the part
of the Database administrator to assure the integrity of the Database will
be greater than the value of the data provided. At this point the Database
administrator will develop qualitative or quantitative measures by which to
determine when to invoke the following procedures.
If the negative performance continues, this may prompt additional
oversight by the Database administrator, including requests for detailed
support documentation, verification of site quality plan effectiveness,
additional site visits, additional spot checks, etc. Any additional costs
borne by the Database in performing such extraordinary oversight will be
charged to the responsible sale as a condition for staying in the Database.
If this additional oversight is not sufficient to ensure Database integrity, or
if the additional time demands on the Database administrator compromise
the administrator's other responsibilities to the Database, this win be
considered grounds for the termination of the sales certification.

1.7. Data Contribution and Data Distribution

It is an operating principle of the CCPS Database that the data
contributors will be allowed to tribute information at a level which best
suits their resources and information needs, at or above a minimum level
Distribution of data will occur as per data contributor agreements or
exception rules established by the data contributors. These issues are
described in more detail below.

1.7. 1. Data Contribution
For the 1998 calendar year, each of the data contributors has agreed to
provide one or more of the following:
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• Data for 8 operating years on compressors, or
• Data for 50 operating years on heat exchangers, or
• Data for 100 operating years on relief devices

Alternatively, a data contributor may provide a total of 100 years
operating experience on any combination of the types of equipment above.
In addition, a data contributor must be able to support two failure modes
for the each of the equipment for which data is provided.

I.7.2. Data Distribution

1. 7.2. 1. Data Distribution to Data Contributors
The aggregated, anonymized data will be distributed as a populated CCPS
database software tool according to the following rules:

• Any participant who meets minimum requirements for data submission
gets all raw anonymized data.

• In future years, minimum requirements for data submission are
expected to increase.

• In the future, when the minimum requirements are increased, new
participants, and participants unable to meet the minimum data
submission requirements, will be able to retrieve a level of data that is
commensurate with what is provided, according to a formula that will
be developed when necessary.

1. 7.2.2. Requesting Data km the CCPS Database Administrator
There are cases where participants are unable to contribute data (e.g. E&C
Arena, or in which data contributors want to retrieve data beyond the level
at which they have provided data. In these cases, the participants will be
required to submit: a Data Search Request Form (with purchase order or
other payment method) to the Database administrator. The Database
administrator will perform the search and send the results to the
participant.
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APPENDIX   II

Sample Pick Lists for Data Fields

This appendix presents a sample of the pick lists used in data fields
throughout the Equipment Reliability Database. It N intended to provide a
sample of the data populating some of the standard fields. This appendix
N not meant to provide a complete listing of al data available in all pica
lists.
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APPENDIX III

Procedure for Developing System-Level Taxonomies

The CCPS Plant Equipment Reliability Data Project sponsor companies,
through representatives on a steering committee, are actively participating
in the design and implementation of an industry-wide database. Part of the
database development effort requires that members from. the sponsor
ccmpanies participate in the creation of the system-level taxonomies. The
process of developing taxonomy information and data fields can be
complex. This procedure was formulated to guide this effort in a rigorous,
systematic fashion in order to ensure consistency among the various
groups working to develop, data Id and taxonomy specifications.

This paper presents the background material along with the procedure to
develop the information necessary to develop the taxonomies for new
systems being added to the CCIS database.

III.1. Background and Theory

The Equipment Reliability Database is intended to collect data for many
diverse types of equipment. The diversity of equipment in the database
demands that equipment-specific fields are created to collect the
appropriate data. The development of these equipment-specific data fields
for al possible equipment Os an arduous task. In order to expedite this
task, the steering mime is contributing resources to develop the taxonomies
and data Id specifications for several equipment types.

III. 1. 1. Objective

The  primary  objective  of  on  development  is  to  produce  a set of
tables and pick lists that provide information to database programmers on
how to add a specific system to the database. This procedure is designed to
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guide the user to successfully complete a series of tables that are used to
program the data correction software for any equipment system

III. 1.2. Overview of the taxonomy Development Process

The taxonomy development process consists of several steps that are very
iterative in nature. The steps are shown in Figure 111. 1 as a series of
tasks; however, in practice there Os some amount of iteration to modify
and refine tables.
All reliability parameters are, in some from or another, a measure of the
proportion of failure occurring in a population of equipment items. The
goal of any taxonomy development process, therefore, is to capture two
critical pieces of information whenever an item fails:
1. information regarding the nature of the failure (the "denominator"data)
2. information regarding the population of items susceptible to the failure

(the "denominator" data)

To successfully collect both pieces of data, the overall steps in the
taxonomy development process are as follows:
1. Define the system
2. Perform a functional analysis to identify and define failure modes
3. Specify the inventory-related fields
4. Develop event data fields, creating and documenting the rule set needed

to link event data fields/combinations to failure modes or successes

The ultimate goal of the taxonomy development process is the creation of
five key documents:
1. A boundary diagram for the system and a series of tables describing the

data fields needed to collect inventory data for characterizing the
equipment system.

2. Text and tables describing the functional analysis carried out to
determine the failure modes for the equipment system. This document
should. also include the rule set used to determine each failure mode.

3. A series of tables specifying the link between event data and failure
modes.

4. Pick lists for the data fields specified for inventory data (for example,
list of manufacturers).

5. Pick lists for the data fields specified for event data (for example, list of
events applicable to relief valve maintenance).
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The taxonomy development process is shown in detail in Figure III. 1. The
following sections provide instructions on how to create a taxonomy and
data field specification for a new system. Examples using compressor
systems and relief vales will be provided as a sample of how the taxonomy
should be developed and presented.
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III.2. Procedure

This procedure presents step-by-step instructions for finding the
information on needed to specify the complete on for a system. The overall
steps in the taxonomy development process are as follows:
1. Define the system
2. Perfecto a functional analysis to identify and define failure modes
3. Specify the inventory-related fields
4. Develop event data fields.

III.2. 1. Define the System
The first step in the taxonomy development process S to define and
categorize the system for which the on Hill be applied. Once the system
has been defined, the boundary diagram can be drawn to illustrate the
scope of the system itself. Part of the system definition includes the
declaration of subordinate systems, as described in Section 111.2.1.3.

111.2. 1. 1. Categorize the Item of Interest
In the CCPS data hierarchy, the system appears at the fourth level of
indenture. The documentation for data hierarchy is contained within
Chapter 5 of this Guidelines book. Before beginning work on the actual
data field specifications, the taxonomy development group should review
the current top-level on and prepare the recommended additions for the
System of interest.
At the system level, there is a "subtaxonomy" that aids in specifying the
system. While not part of the explicit taxonomy described in Chapter 5, it
helps the analyst categorize the system of interest:
1. equipment grouping
2. equipment system
3. equipment type (Of necessary)
4. equipment subtype
The equipment grouping refers to one of the classes of equipment in the
CCPS taxonomy. Examples of groupings are heat exchange, Taller
devices, and rotating machinery.
The equipment system name is the specific name associated with the
system of interest. In the case of the relating machinery group, there are
six different systems, such as pump, turbine and compressor, agitator, etc.
Some equipment systems can be further classified by type. An example of
this  S  the  rotating  equipment  system, which has types of compressors
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such as centrifugal or reciprocal. Further divisions among types may be
needed, provided three is a separate industry specification to support the
subtype. A good example of this occurs with centrifugal compressors,
where incline compressors have specification sheets different k integral
compressors.

III.2.1.2. Draw the Boundary Diagram
The system boundary defines the subordinate systems and components that
are to be included in the system. Keep in mind that, at some later date,
separate failure modes and causes Hill be developed for each component
appearing in a system. As a starting point, it is helpful to refer to boundary
diagrams shown in the ISO proposed standard, OREDA, or a similar
database. A few criteria are presented to assist in drawing a suitable
boundary diagram:
1. For a component to be included, it must be necessary for the

equipment to produce the intended function(s)
2. If a component is also another system, it is necessary to establish a

parent/child relationship to allow proper analysis of either system.
3. It is not necessary for the component to be present in all applications

in order for it to be included in the system boundary
The boundary diagram for the compressor is shown in Figure 111.2. Note
that the boundary diagram for the system satisfies Criterion 1; that is, all
components shown within the boundary line are necessary for the
compressor to deliver a certain quantity of fluid at a specified temperature
and pressure, and without undue leakage to the atmosphere.
Note that interstage conditioning (cooling) is contained within the
compressor boundary diagram and is also considered part of the equipment
system for heat exchangers. In this case a parent child relationship exists,
the parent being compressor and the child being heat exchanger.
Some of the equipment inside the boundary, for example the utility
functions such as seal oil, may not be present for specific compressor
applications, or Hill be present in vastly different levels of complexity.
This does not merit their exclusion, as per Criterion 3.

III.2.1.3. Treatment of Subordinate Systems in the CCPS Database
Some systems, such as heat exchangers, motors,  or  control  valves  can  func-
tion  as  an  independent  system   in   some   applications; or  as a support
system in other applications. When supporting  a larger system, the supporting
systems function more like component  of  the  larger  system, rather  than  sys
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tems themselves. These supporting systems are referred to as subordinate
systems when they function as components for a larger system.
To resolve this dilemma, the Equipment Reliability Database has included
the option to, record the subordination of systems, so that e of a
subordinate system accurately cascades to failure of the primary system.
The systems are registered as independent systems, but they are tagged as
being subordinate to a larger system. Using the example of a heat
exchanger supporting a compressor, the user would enter the database in
the compressor system and woul, then be automatically linked to the heat
exchanger system. The heat exchanger would appear as a component when
system-level events are recorded.
The taxonomy development task does not require any input regarding
subordinate systems. The dependencies between systems is recorded as
systems are registered with the database.

III.2.2. Analyze Functional Characteristics
The analysis of function and failures is a critical step in the taxonomy
development process. The key result of this process is the listing of System
failure modes. Failure modes form the foundation for collecting event data
and estimating failure rates. Failure characteristics are derived k a
four-step process (see Figure 2.2):
1. Identify functions and failures
2. Determine the failure modes.
3. Specify failure modes in terms of event information.
4. Specify failure causes.

III.2.2. 1. Identify the Functions and Failures

Before proceeding directly to failure modes, it is important that the analyst
understands the nature of the functions and failures for the system.
According to Rausand and Oien (Reference 3), "without evaluating failure
causes and mechanisms it is not possible to improve the inherent reliability
of the item itself.''

This step is carried out in two smaller steps as follows:
• • Review and document operating modes.
• • Determine the functions.

III. 2.2.2. Determine Failure Modes
As a first step in finding failure modes, all operating modes for a system
should be considered. The term operating states refers  to  the  state  an
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item is in when it performs u intended functions. An item may have several
operating states. Since each mode has different functions (and functions
lead us to the definition of failures), all states should be reviewed saras
when developing the data Red specifications for an equipment item.
For instance, a valve may have several operating states. A process
shutdown valve may have five operating states:
1. open
2. closing
3. closed
4. opening
5. modulating
States 1 and 3 are stable states, while states 2 and 4 are transitional. The
essential function of this valve would be to close flow, that is, to operate
successfully in states 2 and 3. It is necessary to consider ala operating
states o avoid overbooking some of the nonprimary function of an
equipment item.
A sample of operating states and modes for heat exchangers Os shown
below.

          

After finding the operating states, you must determine the various
functions of the system. The following scheme is recommended for
development: of the database Id specifications:
• Primary-the functions required to fulfill the intended purpose of the

item. Simply stated, they are the reasons the item appears in the
process.

• Auxiliary-functions that support the primary function. Containing
fluid is a typical example of an auxiliary function for a compressor. In
many cases, the auxiliary functions are more critical to safety than the
primary functions.
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• Protective-functions intended to protect pie equipment, or the
environment

• Information-functions comprising condition monitoring, alarms, etc.
• Interface-functions that apply to the interface of the it in question with

another item. The interface may be active or passive. For example, a
passive interface is present if an item is used as the support base for
another item.

As noted in the referenced Me primary functions are "the reasons for
installing the item.'' Hence, the primary functions listed above pertain to
changing a fluid's pressure and flow rate for the compressor example.
Auxiliary functions, such as containing fluid, are classified as such since
these functions support the essential function of increasing flow rate or
relieving pressure. They are not deemed to be less safety critical, however.

The process is repeated for off components and then all parts associated
with the various components. An example is provided below from the heat
exchanger taxonomy documentation.

The next step is to find the failure modes based on the function declared in
the previous step. The functions deponed above now become the basis for
the heat exchanger a modes.
As an aid in finding failure modes, it is useful to think of classes of failure
modes. These classes capture the information about the timing and
severity of the failure mode. The following classes of failure modes have
been defined:
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• Intermittent-fialures that result in a lack of some function for a very
short period of time. The item will revert to its full operational
standard immediately after the failure

• Complete and sudden-failures that cause a complete loss of a
required function and cannot be forecast by testing or examination.
These are typically referred to as catastrophic failures.

• Partial and sudden-failure that does not result in a complete loss of
function and cannot be forecast by testing or examination.

• Partial and gradual-failure that does not result in a complete loss of
function and could be forecast by testing or examinatio.. These are
commonly known as degraded operation. A gradual failure represents
a "drifting out of the specified range of performance values. The
recognition of gradual failures requires par of actual device
performance with a performance specification.

To illustrate the nature of the failure mode information required, a section
of the failure mode table for heat exchanger Os given below.

III.2.2.3. Specify Causes
A failure cause Os defined in ICE 50(191) as " the circumstances during
design, manufacture or use which have led to a failure For the sake of data
field specification, review and record failure causes for each cause
category. Use causes from. the pre-defined list wherever possible. If the
list does not contain a necessary cause, then record the new cause. Upon
sponsor approval, the new causes Hill be added to the CCPS database for
programming.
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III.2.3 Specify the Inventory Data

Inventory information consists of data needed to classify or categorize
equipment for specific filters or searches. It also is needed to provide the
population basis for the estimation of equipment failure rates.
The seven levels for the database taxonomy are as follows:
1. Industry
2. Site
3. Plant
4. Unit operation
5. System
6. Component
7. Part
The taxonomy development process will determine the make up of the
taxonomy for Leveis 5~7. It Os important, therefore to define the scope of
the system to be addressed as it fits into taxonomy levels 1 - 4 as part of
the first step in this procedure.

III.2.3. 1. Revise the Tables and Pick Lists for

General Inventory-Related Fields

A number of fields have set pick lists that may need revisions or new
entries, based on the findings of the analyst. Check the tables in the list
below to see Of any changes need to be made. Pick lists are specified in
Appendix II.
1. Review the current General System Inventory Table (applicable to

all types of equipment) to determine Of the new system type
requires any new field or entries for Pick Lists.

2. Update the Equipment Class Table (SYS2.1 and SYS2.1) to
include the new equipment type

3. Review the Operating Mode (SYS3) tables to determine Of
modifications are necessary to accommodate the new equipment
type

4. Review and update (Of necessary) the table for variable SYS4 -
External. Environment

5. Review the table for Environment-Vibration (SYS6) and make
changes

6. Review and Update the table for SYS7-Intended Maintenance
Strategy
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III.2.3.2. Define Data Fields for System-Specific Inventory

The purpose of the system-specific inventory flelds is to be sure that all
characteristics that could influence the reliability of a given type of
equipment are recorded. When proposing a new inventory field, a key
question to keep in mind is "will this field provide information that could
realistically distinguish between failure rates for this equipment?"
For instance, if failure rates for compressors e known to have no
dependence on the power consumption of the compressor driver, it Id be a
waste of time to collect that information.
In order to simplify the specification of inventory fields, it is strongly
recommended that the analyst first consider industry-standards for
specifying the equipment in question. For instance, heat exchangers could
use the fields specified in the heat exchanger specification sheet in
standards of the Tubular Exchange Manufacturer Association.
The CCPS Equipment Reliability Database uses a set of predefined tables
for inventory-related information that is common to ala tapes of systems.
These are referred to generically as the "EQP" tables, since their code
name begins with the three-letter designator EQP. For instance, EQP
tables have been established for the following system parameters:
EQPlA/B-Materials of Construction
EQP2-Connection Type
EQP3-Fluid Phase (liquid, gas, two-phase, etc)
EQP4-Corrosiveness
EQP5-Fluid Fouling Factor
If the taxonomy developer encounters the need to specify one of the above
parameters, the developer must defer to one of the existing EQP tables,
instead of creating a new table. After you nave created the necessary data
fields, create the Pick Lists for any fields that required standard inputs. If,
for example, the developer chose to include an inventory field entitled
"Shaft Seal Type'' the Pick List of possible seal types needs to be
developed.

III.2.3.3. Define the Pick Lists for Inventory Fields
If needed, the pick lists for inventory fields should be deponed and
provided to the database along with the field specification. Be sure to
create a variable name in the field specification, so that it can be linked to
the correct pick list. Do not create pick lists that nave already been
creases. Refer to Appendix II for a listing of standard pick lists.
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III.2.4. Specify the Event Data

The event tables provide the link between the data collected in the field and
the analysis of failure made in the software. Event data provides the
information regarding the magnitude of the numerator in the calculation of
reliability characteristics. This means that the event data needs to be
collected to answer these and other questions:
• How was the failure detected
• What happened to the equipment (failure mode)?
• How long was the equipment out of service?
• What caused the failure?

III.2.4. 1. Specify the Applicable Events

The first piece of information required for the programmer is the listing of
the types of failure events that are applicable to the equipment it in
question. The analyst provides this information to the programmer by
completing the rightmost column in following table, using a yes or no
response. An example of the completed table for heat exchangers is shown
below.

The answer "yes" in the preceding table tells the programmer to create a
table of fields for that: particular type of failure event. As you Id expect, if
a type of event is given a "yes" a corresponding table should be provided
by the analyst.
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All system events have e fields of data that are common to all types of
events. These fields are assumed to exist in al event tables, so it Os not
necessary for the analyst to provide this in the event tables:
• Subscriber ID
• Site ID
• Plant ID
• Process Unit ID (optional)
• System ID
The following sections provide some pointers on developing field tables for
each of the generic types of failure events.
111.2.4.2. Specify How to Determine Failure Modes Groom Event Data
One of the strengths of the CCPS database is that it has been designed to
be as objective as possible. This has been achieved, to a large extent, by
promoting the concept of inferring failure modes from raw event data, as
opposed to relying on the opinion of a data collector.
While not an absolute requirement, it behooves the analyst: to develop the
structure to collect objective data from the field and determine failure
modes by a fixed algorithm, embedded in the software. In order to
program the software to make the determination of U modes, the analyst:
must also supply a description of the algorithm needed to determine the
failure mode, in terms of a flowchart (preferred by the programmers) or
text.
To provide the linkage between failure modes and events, it is helpful Of
the analyst first prepares a table showing the relationships between failure
modes and events. An example of this table is provided below for heat
exchangers:
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III.2.4.3. Specify the Fields for System-Specific Events

For each of the events below, it Os necessary for the developer to review
all fields and create or modify fields to be compatible with the system of
interest.

System Event-Loss of Containment
Loss of containment events can occur for nearly all systems. A sample of
the fields used for system-level loss of containment events Os shown below
for relief valves:

• Event date and time • Hole Size
• Event end date and time or • Estimated Area
• Duration • Event description
• Pressure at time of failure • Consequence
• Fluid Released • Reportable Incident?
• Severity • If reportable, reportable to:
• Quantity Released, lbs • Comments

System Event-Shutdown
If a system is shutdown, certain data are recorded for the estimation of
reliability parameters. The shutdown event ¡as typically used to record a
shutdown of a system that is not directly attributable to a failure mode of
that system. For instance, a shutdown may occur due to a power failure
but this Id not be recorded as a failure of the compressor.

• Event date • Shutdown cause
• Event time • Shutdown subcause
• Date and time returned to

service
• Scheduled activity?

• Is there a force majeure? Y/N • Y/N/Unknown

System Event-Startup

The system startup event is characterized by ability of the system to start
according to predefined criteria. A failure to start is, by itself, a failure
mode for most systems. If the field for successful start Os a no (N), the
failure mode is automatically set to "fails to start.''
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System Event-Curtailment
Curtailments events are usually linked to the "partial loss of throughput
failure mode. The following is a sample of Ms appearing in a System
Curtailment table.
• Event start date and time • Cause of curtailment
• Event duration, or • Maintenance Required?
• Date and time returned to • Average percent capacity
• full capacity • available

System Event-Inspection
Inspection typically do not mean that: a failure has occurred; however,
they can point to a failure mode that may not be easily detected. The
Inspection Event table records the necessary information from a system
inspection. For relief valves, a sample of the data fields are provided
below.
• Discharge piping visual

inspection
• Weep hole visual inspection
• Evidence of seas leakage
• External leakage
• Repair required
• Pressure between rupture

disk and relief valve

• Insulation loss?
• Heat tracing operating?
• Pressure monitor functional?
• Temperature monitor

functional?
• Excess flow check valve

functional?

System Event-Process Demand
Process upsets may trigger failures or successes for some systems. A
partial listing of the process upset data collected for relief devices is
provided in the table below.
• Event end date
• Event duration or event end time

(Depending what is picked, the
other should be calculated)

• Reason for process demand
• Event description
• Valve lift? (Discharge through

the relief valve)
• Lift Pressure
• Maximum process pressure

achieved.

• Rapid cycling of the valve
(chat-ter) audible during
incident?

• Valve reseat?
• Reseat pressure
• Code deviation?
• Loss of containment?
• Protected equipment damaged?
• Repair or replacement required?
• Proof test performed
• Additional information
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System Event-Repair
Repair events occur when a repair is made following a failure, proof test,
inspection, or condition-based maintenance. The following fields are pan
of the System Repair Event table for relief devices.
Maintenance Start Date Maintenance
Start Time
Date maintenance completed
Maintenance hours expended
Maintenance performed
Components repaired
Components replaced

Part replaced
Component failure mode
Component failure cause(s)
Part failure mode
Part failure cause(s)
Additional information
Disposition following repair

System Event-Proof Test
The Ms used to record data for a relief device Proof Test Event are shown
below.
Proof Test Date
Event Time
Visual Flow Path Inspection: Inlet
Visual Flow Path Inspection: Outlet
External leakage
Seat Leakage
Leak Pressure
Valve lift?

Lift Pressure
Maximum test pressure
Valor reseat
Reseat Pressure
Leakage following reseat
Maintenance Performed?
Actual test time (hours)
Additional information

System Event-Calibration
The fields used to record data for a calibration are shown below.
• Calibration date
• Time of calibration
• Calibration performed in-situ (Y/N)
• As-found value(s)
•  Point check (P) or range (R)?
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