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Introduction

Some time ago, after years of dissatisfaction with the relia-
bility of new assets that were being purchased, the company
where | worked decided to demand Design For Reliability
(DFR) as a standard part of the design process. We had some of
our own ideas of what we wanted from the companies perform-
ing the designs for new assets. However, we decided to start by
asking the suppliers for a description of their current design
process used to ensure adequate reliability of their finished
product.

In response, they provided us with a litany of different
forms of reliability analysis. After spending some time studying
their responses, one of our reliability engineers made the fol-
lowing observation: “It looks as though they Googled the word
reliability and wrote down everything they found.” His point
was that there are myriad analytical techniques for reliability;
simply applying a significant number of them does not result in
an effective DFR process.

Based on the reliability performance of the systems we had
been receiving in past years, we suspected that the processes
our suppliers were using were not really comprehensive and
integrated DFR processes—at least not from the perspective of
the future owner. After a lot of head scratching, we realized that
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8 Introduction

we were probably facing at least two problems:

1. Were suppliers using any effective form of DFR?

2. If suppliers were using some form of DFR, was the process
being used intended to provide a product that met our (the
owner’s) needs?

Because we were dealing with several entities that provid-
ed us with systems, we knew that the different suppliers devel-
oped their products in different ways. We were convinced that
the method used by one of the suppliers was better than the
others. But this did not lead to better performance for us (the
long-term owner)—only a different kind of performance. The
business approach or business model was different for each
supplier. One provided a product and then seemed to turn their
back on it as soon as the warranty period was over. Another
supplier was quite the opposite. When you purchased a prod-
uct from that supplier, it seemed as though you were “marry-
ing” the supplier because you spent the entire life of the asset
bound to the supplier as a source of parts or service.

These differences in the suppliers and in asset performance
that seemed to match the supplier’s business model made us
realize that products were being designed to the seller’s busi-
ness model. Along with that realization came the epiphany that
suppliers were designing and building products to their busi-
ness model, not ours.

This point is important to understand. Most sellers say in
their advertising that they are building their products for their
customers. They even go so far as to create devices like the
“Voice of the Customer,” a survey technique for gathering feed-
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back that makes customers believe their needs are being
addressed. Certainly sellers are interested in addressing their
customer’s concerns—as long as those concerns are consistent
with the seller’s business model. Quite often customers have
suggestions that are good for both the seller and the future
owner. In these cases, the seller is willing to address the
owner’s needs.

| understand that my point of view may sound cynical.
Even the most naive individual must realize that what we are
discussing is “only” business. A simple definition of the term
business model is as follows: A business model describes the
rationale of how an organization creates, delivers, and captures
value. All successful companies have a well-designed business
model. They survive and prosper by following their business
model. If the business model contains shortcomings that limit
or prevent their success, they will change the business model
to enhance their success. Many elements of the business model
have to do with their products.

Once products are sold and out the door, reliability tends
to be a drag on future business. If their products are too reli-
able, the owner will have no reason to maintain or replace
them. For the asset to be a source of future business, there
either needs to be new features to attract the owner back or the
asset needs to begin performing more poorly as it ages. There is
no assurance that new features will drive repeat business so
some part of the future business must be driven by the desire to
renew the reliability that was provided when the asset was new.
At least this is the case that is driven from the perspective of the
seller’s business model.

As an owner of an asset, the point of view is entirely differ-
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ent. An owner who purchases an asset wants it to last forever
and to be reliable for as long as it lasts. The only reason an
owner may want to purchase another asset is that the business
has expanded and more production capacity is needed.

The business objectives identified in the business models
ultimately find their way into the design process for assets being
either sold or purchased. The seller’s business model will dictate
the elements of the Design For Reliability (DFR) process used by
the seller. If long-term owners want the elements of their busi-
ness model to be at the center of the DFR process used to devel-
op the assets they purchase, the owners will need to provide
purchase specifications that ensure their needs are met. They
will also need to be willing to pay additional costs to provide
resources to perform the analysis that ensures their needs are
met during design and construction. Additional resources are
also needed to collect information and publish the reports
showing if their objectives are being met after delivery.

In the past, most purchase decisions were made exclusive-
ly based on first cost. The least expensive asset was typically
selected. In the relative recent past, companies have begun to
focus on Life Cycle Costs (LCC) or the Total Cost of Ownership
(TCO). These systems of describing costs take into account the
first costs; they also include the costs for maintaining the asset
over its entire life and the cost of lost production when the asset
is not available to perform its intended function. Although it
would be naive to think that all companies and all individuals
within companies have accepted the logic of using LCC or TCO
analysis to help long-term thinking, more and more people are
taking the long view of asset costs and value.

The only way to make a case for a decision based on LCC
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or TCO considerations is to perform an analysis that identifies
the costs associated with the various alternatives that are avail-
able. The only way to know the future costs of failures and the
maintenance needed to either prevent those failures or recover
from them once they have occurred is to perform reliability
analysis during the design process. The reliability analysis
begins by identifying requirements for the asset; it then deter-
mines which of the available alternatives will meet require-
ments at the least overall cost over the entire life of the asset.
This reliability analysis that is conducted during the conven-
tional asset design process is called Design For Reliability or
DFR.

There are currently a number of books that describe the
DFR process from the perspective of the seller (or the entity that
designs, builds, and distributes the asset). After many years of
attempting to use the products of that analysis to meet the
needs from the perspective of an owner, | have decided to write
this book that highlights the difference, identifies the owner’s
needs, and describes how owners should go about seeing that
their objectives are addressed during the design and develop-
ment of the asset.

Clearly, there are some differences in objectives between
the seller and the long-term owner. Forcing sellers to perform
analysis that supports the owner’s needs may not be easy. Some
sellers do not use a comprehensive DFR process. Some sellers
who do use a DFR process are proud of their system and are
unwilling to change. The most sophisticated sellers will recog-
nize the fact that making the changes needed to achieve the
owner’s objectives may, at the same time, go a long way in pre-
venting them from achieving their own objectives. In any of
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these cases, it may be a struggle to get the seller to change.

As a result, it is critical that owners be sensitive of the
“golden rule.” It is they who have the gold who make the rules.
In this case, the golden rule applies only before the purchase
agreement is signed. It will be possible to get sellers to agree to
incorporate the owners” DFR requirements in the product
design process only before the purchase agreement is signed.
After the owners have agreed to accept the sellers’ current
product, it is an uphill battle to make meaningful changes.

There are a wide variety of ways in which the customer and
long-term owner can procure an asset from a seller (or entity
responsible for designing and building the asset).

¢ Owners and operators of refineries, process plants, and
power stations work with outside entities in a variety of con-
figurations to obtain new plant facilities. In these situations,
the challenge is convincing those entities to change their
normal way of conducting business to deliver the customer’s
needs. Most often there are a fairly limited number of organ-
izations that provide the kind of assets being sought; chang-
ing their approach to design is paramount to “teaching old
dogs new tricks.”

¢ Owners and operators of heavy mobile equipment for con-
struction, transportation, or other needs typically purchase
an asset from which there is a choice of several current mod-
els. In this case, the challenge is one of changing one of the
current models to meet the customer-owner’s long-term
needs. In doing so, sellers will no longer be able to pull the
design for a current product down from the shelf and earn
more income on a past resource investment in a design.
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Sellers will need to go “back to the drawing boards” to make
a new sale. Sellers risk learning that past products contain
flaws for which they may still be responsible. Performing an
adequate reliability analysis on an existing product (for
which a number of copies are already in operation) may tell
the sellers something they would prefer not knowing.

¢ In either of these situations and a myriad of others, there are
numerous examples where a component or major element
will deteriorate over time and require replacement. The
design/development process for those individual compo-
nents is not as comprehensive as a “start from scratch” case,
or one in which a major modification to a current model is
required. Still, there are many applicable elements of the
DFR process that can and should be applied to ensure long-
term reliability is maintained or enhanced as a result of the
replacement of those components.

Although the basic philosophies used as a basis for DFR
may vary from situation to situation, the objectives for applying
the process remain much the same. As an owner, your objec-
tives are to obtain an asset that meets your needs, not those of
the seller. To do so, you will need to clearly understand your
needs and see that the seller is taking all the steps needed to
achieve those needs.

Owners must be assured that sellers have performed the
analysis and created the data showing that the product will
meet the owner’s needs. The products of that analysis do not
exist in the form of glossy brochures that the seller distributes
to anyone who has an interest in their product. Those brochures
contain the details that primarily support the seller’s business
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model. The information owners need comes in the form of

reports which result from detailed analysis that specifically

addresses the owner’s requirements.

The task of stimulating the seller to perform that analysis
should not be underestimated. The results of the seller’s analy-
sis are likely to tell the owner that it will be necessary to pay
more in terms of initial cost to assure the long-term perform-
ance required to provide lower LCC or TCO. Because not all
members of the owners own organization take the long view,
battles can be internal as well as external.

Another important point should be kept in mind. A number
of years ago | began my efforts to address reliability, availabili-
ty, and maintainability as a part of the design process. At that
time, a number of individuals made comments to the effect:
“We will never be able to afford the improvements in robust-
ness or redundancy needed to significantly improve reliability
of the assets being purchased.” That is a false belief for several
reasons:

1. The changes needed to improve reliability are not as expen-
sive as one might think. They primarily depend on addition-
al engineering, not hardware.

2. Viewing the changes from the perspective of TCO or LCC
tends to put the changes in first cost into perspective.

3. If you don't perform the analysis, you will never know.

Just Don’t Assume That Reliability is Too
Expensive.

Over the past few years, it seems that the quest for “green”
products has grown dramatically. Readers should rest assured
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that products that meet all of their objectives and enjoy long
and reliable lives are by far the greenest of all green products.
Avoiding the need to expend the energy and resources needed
to replace an unreliable or short-lived asset is the most environ-
mentally sound approach.

As the author, my fondest hopes are for two things:

First, | hope you learn something from the book that can be
directly applied and produce a tangible benefit. Second, | hope
each reader enjoys this book. | have made a concerted effort in
this book as well as my previous books to make them easy to
read and understandable for the broadest audience possible.
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Chapter 1

Differences in Perspective

We are all inclined to judge ourselves by our ideals;
others, by their acts.

Harold Nicolson

For a moment, try to put yourself in the position of a busi-
ness owner. You own a number of capital intensive assets and
you use them to manufacture a specific slate of products or to
provide a specific slate of services. You are in business for the
long haul and, in many ways, your profitability depends on the
reliability of your assets.

As part of this mental exercise, think
about the elements of your business
model. How should those elements be
managed to deliver the greatest return for

your investors? For purposes of this dis-
cussion, we can focus almost exclusively

on the manner in which your business

17
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model relates to the capital intensive assets that are used in
manufacturing your products or providing your services.

Our Capital Asset-Based Business Model

We can probably simplify this discussion by summarizing
the features of our capital asset-based business model into a
few bullet points:
¢ The initial cost of the capital asset we purchase must be fair
in comparison to the possible return on investment. This
point must apply to the Total Cost of Ownership over the
entire 30-year life of the asset.

¢ The impact of reliability as evidenced in terms of the lost
profit resulting from unplanned downtime and the cost of
repairs resulting from unexpected outages must be consis-
tent with the initial expectations. (If they are different, we
will be misled and we will mislead our investors.)

¢ The impact of availability—as evidenced by the lost profit
resulting from planned downtime and the cost of mainte-
nance during those times?must be consistent with the initial
expectations.

¢ The on-going cost of maintenance needed to retain the
expected output and other key elements of performance
must be consistent with initial expectations.

¢ The on-going operating costs for operators, fuel, operating
materials, etc., needs to be consistent with the initial expec-
tations.

¢ The on-going effectiveness and efficiency of the asset’s oper-
ation needs to be consistent with the initial expectations. In
other words, we need to be able to produce at the expected
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Throughout this book, we will continually refer to three charac-
teristics, how to quantify them, and how they impact the seller and
long-term owner’s ability to be successful. These characteristics
are: Reliability, Availability, and Maintainability. For the sake of clar-
ity, we will provide a brief definition here.

Reliability—Reliability is a measure of the instantaneous likeli-
hood that a system or device will fail in a specific period of time. In
some cases, the period that a device is needed is a called a mis-
sion. An important aspect of reliability is the fact that the likelihood
of an event when viewed over a large population or a long period of
time is much the same as the event itself. For instance, a 10% like-
lihood of an event costing $100,000 is a risk with a value of
$10,000. When viewing the same reliability over a ten-year time
horizon, the anticipated cost of the reliability debit is $100,000. The
risk of failure due to poor reliability is real money.

Availability—Availability is the ratio of uptime or time the system
or device is capable of performing its intended function to the total
time the device has been provided for that intended service. The
availability debits or unavailability are composed of both planned
and unplanned outage periods. Planned outages are those periods
of time the asset must be shut down in order to perform the mainte-
nance needed to allow it to perform its intended function in a reli-
able manner. Unplanned outages are those resulting from poor reli-
ability. The poorer the reliability, the more unplanned outages will
occur.

Maintainability—Maintainability is a measure of the ability to
restore the inherent reliability of a system or device in a ratable
period of time. The inherent reliability of a device is the maximum
reliability that can be achieved if the device is operated and main-
tained in an optimum manner. The inherent reliability of a device is
ultimately dependent upon the configuration and the robustness of
the components from which it was constructed. A ratable period is a
definable and repeatable period. For a device to be truly maintain-
able, it must be possible both to restore the inherent reliability and
to do so in a known and repeatable period of time. Understanding
the maintainability of a device before it is constructed requires
some form of analysis that identifies the different forms of mainte-
nance that will be necessary over the life of the asset. Once the
various forms of maintenance are known, they can be reviewed for
maintainability.
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rates and do so using only the anticipated amount of raw
materials.

¢ The usable life of the asset needs to be consistent with the
initial expectations.

¢ All these characteristics need to apply over the entire life of
the capital asset.

In other words, all aspects that can affect the profitability of
the asset for its entire life need to be specified by the owners
and confirmed (or adjusted) by the suppliers at the start of the
asset’s life. Then the asset needs to operate in the agreed-upon
manner. Clearly, there is an inherent assumption that the own-
ers know what is needed to support their business model and
specifies those characteristics. If they do not know or have not
clearly specified their requirements, inadequate performance
during the life of the asset is the owners’ fault.

The Buyer’s Model

As an owner, for my business to function in a manner con-
sistent with my business model, | need to be able to rely of my
capital assets. They need to provide the assumed profit oppor-
tunity and they need to cost no more than assumed. When they
produce less and cost more, my business will go upside-down
and my business plans will be meaningless. Ultimately, my per-
formance will be different than | advertised and | will lose the
confidence of the investment community.

The Seller’'s Model

Now, for a moment, try to put yourself in the position of the
seller of the capital assets being provided to the business
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owner. You are in the business of designing, building, selling,
and servicing these capital assets. As your business relates to
the capital assets or products in question, your business model
is significantly different from the owner’s business model. The
seller’s business model depends on the owner continuing to
need to purchase, replace, or maintain assets at a rate that sup-
ports the seller’s success, but may adversely affect the owner’s
success.

This point gets to the purpose of this entire chapter. The
seller builds a product to fulfill a different business model than
the one that is important to the business owner who purchases
the asset. An offshoot of that difference is that the DFR process
used to serve the seller’s needs is different than the DFR process
required to meet the owner’s needs. Unless owners are aware
of those differences and specify the analysis and resulting infor-
mation needed to meet their needs, it is unlikely they will
receive it. And it is unlikely that the asset will be designed and
constructed in a manner that meets the owner’s needs.

Let’s continue this discussion by further analyzing the sell-
er’s business model.

For purposes of this discussion, let’s assume that the seller’s
role in providing service is a limited one. Let’s assume the sell-
er provides servicing for failures resulting from poor design or
component failures during the warranty period. Further, at the
owner’s discretion, the seller can provide servicing on a com-
pensated basis for as long as desired by the owner for the entire
life of the asset. In addition, the seller may provide replacement
components for the life of the asset as long as the buyer does
not find a replacement part that works as well as the OEM part,
but at a lower cost. (Generally speaking, the OEM provides
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replacement components, but does so at a premium cost as
compared to the actual manufacturer of those components.)

Once again, let’s describing the key features that are part of
the seller’s business model. This viewpoint is based strictly on
the capital asset being manufactured by the seller and being
purchased by the owner. Although the term typically used is
TCO or Total Cost of Ownership, a more appropriate term in
this case is TCS or Total Cost of Selling.

¢ The initial cost of the product must be priced to make at
least an acceptable return on investment for all resources
and effort used in all aspects of making the product. This step
is only the starting point for setting the price. Although the
asset being discussed is primarily seen as a cost for the
owner, it is viewed as an opportunity for the seller. Sellers
can price their products at any level the market will bear.
They can add a premium for their reputation. They can even
add a premium for the inefficiencies of their competition. In
other words, the ability to produce an asset for less than the
competition does not mean manufacturers need to price the
asset based on their costs. They can price their products for
the market place.

¢ The seller’s business model needs to consider the cost of
warranty and the duration of the warranty. Some products
are made to survive the warranty period and little more. It is
in the seller’s interest to provide a product that requires very
little warranty return. The immediate costs and the poor pub-
lic image caused by returns during the warranty period result
in sellers typically doing a good job of seeing that their prod-
ucts will be reliable during the warranty period.
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¢ The seller’s business model must take into consideration the
value of risk during any direct warranty period or any
extended warranty period. You will seldom see a seller agree
to assume responsibility for an extended warranty despite
the poor performance during the initial warranty period. The
value of this risk is not something built into the profit-model
for a given product; sellers are reticent to go back and
change the profit picture on past products. They will make
corrections and accept the immediate cost, but not allow
additional unexpected costs to continue to cloud their future
beyond the initial warranty period for a product.

¢ The seller’s business model needs to consider the cost of
future parts sales. Companies carefully guard the names of
manufacturers and models for the components used in the
systems they manufacture when it is possible they can have
an on-going income stream from selling parts. The amount
of effort and, at times, poor customer relationships caused
by this secrecy attest to the importance sellers place on this
income stream. As a result, it can be safely assumed that
components are selected in a manner that feeds the income
stream. Parts that last forever provide little downstream value
to the OEMs or original sellers. (The difficulty caused by this
issue will be made clear later when we discuss the data that
owners will demand from sellers. In order for owners to
identify components that are not meeting expectations, they
will need to be provided with far more information than sell-
ers are frequently willing to divulge about the components
that make up their products. As a result, this dispute can
become a sticking point.)

¢ The seller’s business model needs to consider the opportuni-
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ty available from future servicing. If the seller?s business is
structured in a manner that it provides on-going service, the
model will be structured so that products will be designed to
enhance the opportunity. As with information concerning
parts, information concerning appropriate maintenance
(e.g., timing and structure of predictive and preventive main-
tenance) is something that will be guarded. OEM manuals
will tell the owner the work needed to prevent failures and
protect the asset during the warranty period. They will not,
however, help to prevent long-term parts deterioration so the
long term market for parts and service is eliminated.

¢ The seller’s business model needs to consider the value of
long-term risks associated with injuries or fatalities that
might result from a product failure. This concern involves
both the cost of legal action and the impact on the seller’s
reputation. This risk can go beyond the warranty period, but
there is a practical limit based on the perceived practical
usefulness of the asset. (For instance, it the steering on an
antique car fails and someone is killed, it is unlikely that the
original maker will either be held liable in court or by pub-
lic opinion.)

At first, the discussion above may seem to paint an alto-
gether negative picture of the seller’s perspective. It is not
intended to do so. It is simply intended to point out that sellers
and owners are in different businesses. As such, the key ele-
ments of their business models are different. Frequently, sellers
try to tell owners that their only interest is to take care of their
customers. That is perhaps the most misleading part of any sales
pitch. It is important to keep the old saying in mind: Buyer
beware.
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Viewing the difference between the seller’s vantage point
and the owner’s vantage point as they relate to reliability, or
more specifically to the way Design For Reliability is
approached, there are broad differences. These differences can
be summarized as follows.

Seller are interested in:

Initial profit

Reliability during the warranty period
A long-term income stream on parts
A long-term income stream on service

* & o o

Transferring total accountability for costs (for failures and
losses) to owners as soon as possible

Owners are interested in:
¢ Initial cost

*

Ability to achieve long-term reliability

*

Ability to achieve long-term availability

*

Ability to achieve design production
and performance for the long-term

¢ Ability to achieve quick and effective
corrective action when performance - ‘ -
is not as advertised

Many companies are both owners and sellers. Their inter-
ests as owners are different than their interests as sellers. Some
companies want to administer expectations by different rules.
They want to view their own assets with a long-term view, but
view the assets they sell to others in a short-term manner. That
doesn’t work.
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In the long run, the philosophy concerning the usable life
of all assets tends to permeate the

attitudes of a company’s person-

nel. If the company views physi-

cal assets they sell in a “throw-

away” manner, employees will
probably view owned assets in ’
the same way. The only rationale |-

| can offer for this assertion is that

most individuals are fair minded

and personally operate under the rule they learned as a child:
“Do unto others as you would have them do unto you.”
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Chapter 2

DFR for the Seller’s Business
Model

Mistakes are the portals of discovery.

James Joyce

The first chapter demonstrates that the objectives of the
sellers, as they pertain to the asset being sold, are different from
those of the buyers or long-term owners. If we accept that the
objectives are different, we will also recognize that the asset
will be designed differently to meet the owners” objectives than
it would be to meet the sellers” objectives. That being said, let’s
consider how the process of DFR differs to achieve those two
ends.

A DFR Process

We will begin this discussion by describing a simplified
pattern for completing the design of a new or modified prod-

27
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uct. It is important to understand the design process because
DREF is an activity that must be accomplished concurrently with
the product design. The discussion continues by describing a
DFR process that is intended to support the seller’s objectives.
It is important to emphasize the term a DFR process, not the
DFR process, because there is no single DFR process.

Not all designers and manufacturers have a DFR process,
but even among those that do, their DFR processes are not
completely consistent. Many aspects of a company’s DFR
process are the result of past experiences. In particular, poor
experiences and costly experiences lead to practices intended
to prevent future failures. Companies that have not experienced
similar failures may not emphasize the same elements in their
DFR process. Other elements that shape a specific company’s
DFR process may include the specific personnel they employ
and what their employees know how to do, enjoy doing, or
have the resources to accomplish.

Over the last few years, many individuals in industry have
learned the importance of using structured processes to per-
form their work. Systems like Business Process Re-engineering,
Lean, and Standard Work have shown that a structured
approach can add effectiveness and efficiency to almost any
pursuit. DFR is no exception. For DFR to be effective, it must
be executed in a structured manner. In addition, DFR must be
highly integrated concurrently with a similarly well-structured
product design process. Simply having a tool box that contains
a number of the analytical tools that are used in reliability engi-
neering—and applying them randomly as the design progress-
es—will not work. Reliability engineers who try to apply DFR
in that fashion will find they are never in the right place at the
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right time. The problems they detect will be identified too late
to be addressed. Thus, the project development will move
ahead without benefit of effective DFR.

As we discuss the DFR process, keep in mind there are two
types of design processes leading to new products. The first
type involves completely new products of which there has
been nothing similar in the past. In the age of electronics and
microprocessors, there are more of this kind of product than in
the past. Yet on a relative basis, totally new products still make
up a small portion of the total. The second type involves an
existing product that is either modified to include new or bet-
ter features or is being applied to a new application. As you
might imagine, there are far more products that fall into this
second category than the first.

For both types of design process, the DFR process can be
broken down into a series of discrete steps. These steps are
organized in a manner that tends to follow along with appro-
priate phases of the design process. Below, | will describe the
System Engineering “V” model, which provides a useful pattern
for developing and organizing the information associated with
a design. This model is a useful tool for determining the order
in which the discrete reliability f
design steps should be taken.
The steps can overlap one
another, can be accomplished in
a number of ways, and can
include a variety of reliability
analytical tools. The important

thing is that each company

understands the objectives of = H
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each discrete step and has a structured approach for accom-
plishing it in a timely manner.

Organizing the DIR Process

The DFR process must be conducted concurrently with the
product design, This section describes a typical product design
process as a way introducing the reader to the steps to which
DFR must be linked.

The Phases and Order of the Design Process Steps
As mentioned above, the Systems Engineering V-Model,

provides a graphic way to portray the various phases of product

development.

¢ It shows the sequential phases involved in the design and
development process.

¢ It highlights the fact they are sequential in nature.

¢ It clearly shows that the process takes time and that specific
elements are performed at specific times during the design
process. If the proper steps are not accomplished at the
appropriate time, it is impossible to perform them at a later
time without going back and repeating a number of earlier
tasks.

¢ If the customer and owner want to have an impact on choic-
es that are being made, they have to establish requirements or
make comments at the right time or miss their opportunity.

¢ If the customer and owner want to exercise some amount of
oversight, they need to station their inspectors in the right
place at the right time, as portrayed by the V-model.
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Not everyone’s design process is the same. As a result, the
DFR processes that overlay on the design processes cannot be
the same. In some cases, the design process does not even
seem logical or rational from the customer’s perspective. For
instance, the time needed to gather information concerning the
buyer’s requirements and to integrate them into the final design
may not even exist in the seller’s design process. This malady
seems to be a fairly common one.

A solution to the malady—one which simultaneously
addresses the needs of DFR—is the use of a tool like the System
Engineering V-Model shown in Figure 2.1. When using the
Systems Engineering V-Model, it is possible to identify both
what steps will be taken in the design process and nominally
when they will occur. Once this information is known, it will
be possible to select the appropriate DFR tool to be used at
each point in time to ensure all aspects that affect reliability are
addressed in the appropriate manner. It will also be possible to
ensure that all parties identify requirements and provide inputs
at the right time during the design process.

As mentioned earlier, different organizations may apply
different techniques during their DFR process. One point is
consistent among all DFR processes: If an appropriate reliabil-
ity tool is not applied at the right time during the design
process, reliability will not be addressed during the design. The
syndrome of “Too little, Too late” will again raise its ugly head.

Events shown on the model tend to overlap with the next
earlier step and the next later one. But all steps are intended to
represent activities that are always moving forward (left to right)
on the time line. No step on the right hand side overlaps with
any step on the left hand side. In other words, if a critical issue
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is missed during the development process, it is impossible to
address it properly during the integration and testing phase.
Introducing new system requirements while steps in the right
hand half of the system-V are underway will necessarily result
in significant delays and added cost.

Beyond providing a useful tool for describing the design
schedule, the V-model provides a useful tool for communicat-
ing precisely how and when the design process is accom-
plished. For instance, reliability is a characteristic that is large-
ly determined at the component level. If customers and owners
want to see how choices concerning components are being
made or if they want to communicate specific desires pertain-
ing to specific components, they need to do so before or dur-
ing the component design phase. Doing so later will either be
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ignored or will result in added costs for rework.

As we discuss the various techniques applied during the
DFR process, keep this V-model in mind. It will be helpful in
determining which methods are most appropriate during each
step of the design process.

I’'m not attempting to pre-empt the sellers’ and owners’
choices on how best to organize their individual designs and
DFR processes. However, it is useful to describe the path of the
V-model and the elements of the DFR process that will accom-
pany each phase.

PROJECT MANAGEMENT SCHEDULE

The first step in the process is to publish and agree upon a
Project Management Schedule. This schedule identifies when
project development will begin, when key steps will occur, and
when the project will finish. The Project Management Schedule
must be realistic in terms of available resources and the time
needed to complete each task. It must also show that the prod-
uct is delivered on time.

At the conclusion of this phase, the overall process for
developing the project will be completely developed and com-
municated to all who will be involved. Although this schedule
may be at a high level (lacking small details) it must contain
sufficient detail so key stakeholders and individuals will under-
stand when they must act to avoid delays.

The completed Project Design Schedule can take any of a
number of forms including a Gantt chart, a PERT (Project
Evaluation and Review Technique) chart, or even a simple
spreadsheet showing specific steps and the dates they will be
done. The form is not important so long as they are clear, accu-
rate, and communicated the right people in a timely manner.
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DESIGN CONCEPTS

The next step in the process follows closely with the
Project Management Schedule, but adds greater detail. This
step identifies basic concepts that are determining factors of the
design. Although customers have the ability to identify a num-
ber of specifications, there are frequently more factors that are
beyond their control. When buying a product that is simply a
new version of an existing model, most choices were made in
the past. The sellers can highlight which elements are open to
change and which are not.

Another example occurs when the product includes some
characteristics that come under regulatory controls, for
instance the requirement for pollution controls on new vehi-
cles. These pollution control devices on exhaust systems are
required despite the fact that they reduce horsepower and
responsiveness and add cost to the vehicle.

At the conclusion of this phase, all participants should
understand the key elements of the design process and, specif-
ically, what issues will determine design decisions. In the case
of an element that will come under new environmental restric-
tions that take effect before the new asset is placed in service,
this restriction will be a controlling concept associated with the
design of that asset.

Suppose a number of choices are available for some design
element, but each comes with specific plusses and minuses. It
will be important to understand the alternatives and issues that
will govern the final choice. This phase may be the first at
which some of the reliability design tools come into play. For
instance, the Physics of Failure (POF) may actually limit the
possible choices—or, at least, individuals may believe that POF
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restrict their choices. It would be helpful to acknowledge the
perceived limitations as early in the design process as possible,
Then if they can and should be addressed, changes in mindsets
will be made early in the process.

Continuing with the example of a pollution control device,
these devices typically operate at extremely high temperatures.
In turn, the high temperatures accelerate deterioration due to
corrosion. It might be possible to reduce the deterioration and
increase the useful life by using an exotic metal in the design,
but that step would add to the cost. If the sellers would like to
leave the choice of using an exotic metal pollution control
device up to the customers, this would be the time to raise both
the overall issue and the alternatives.

SYSTEM REQUIREMENTS

The next step is one that is specific to the customers, their
needs, and how the product will be applied. In as thorough a
manner as is possible, the overall System Requirements must be
clearly defined and communicated. Although many obvious
requirements—such as capacity, functional capability, and
maximum cost—are typically well understood, many other sys-
tem requirements, —like reliability, availability, maintainabili-
ty, and useful life—are far more subtle.

Right from the start, it is important to identify the specific
requirements for the finished product and to understand how
those requirements will create differences between the DFR for
sellers and for owners. When determining the reliability per-
formance requirements, the owner is interested in the entire
usable life of the asset, thirty years in some cases. The seller is
primarily concerned with the warranty period. When quantify-
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ing the impact of a failure, the owner will lose a profit oppor-
tunity due to lost production. The owner will need to pay for
the cost of repairs. The owner may incur costs associated with
injuries to employees or public and environment insults.
Generally speaking, the seller will only be responsible for costs
as limited by the extent of the warranty or significant damages
that can be clearly proven in court.

Although the differences between the seller’s objectives
and the owner’s objectives are clearly apparent, it is critical that
these differences not be allowed to exist at the conclusion of
contract negotiations. The seller must clearly understand the
owner’s requirements and agree to meet them. At the same
time, the owner must understand what the seller is planning to
provide and be willing to accommodate the shortcomings.
Entering into a contract without either agreement or acknowl-
edged and accepted differences is a mistake.

Allowing unrecognized or poorly understood differences to
exist at the end of the design process is even less acceptable.
Contract documents must clearly identify the information that
the seller must provide to the owner as the design process pro-
gresses before construction is allowed to begin. These documents
must provide the supporting analysis that clearly identifies:

¢ The expected reliability during each period in the life of the
asset.

¢ The expected availability during each period in the life of the
asset.

¢ The performance for each key component that plays a part
in determining the first two characteristics.

¢ The frequency, amount, and anticipated cost of any form of
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maintenance that is needed to preserve the characteristics
described above.

¢ The specific tasks included in the last item and the analysis
showing those tasks are maintainable (e.g., Can be done in
a manner that restores inherent reliability in a ratable period
of time).

SUB-SYSTEM REQUIREMENTS

Sub-systems are groupings of components that exist
between systems and components. They are important because
they ultimately become the focus of much of the owners’ atten-
tion. Think of the drive system in a typical vehicle. It is made
up of an engine, transmission, and differential. When there is a
problem, it typically involves one of the sub-systems. Typically
the composite reliability of a system is the product of the relia-
bility of the major sub-systems within that system.

At the conclusion of this phase, requirements identified by
the owners must be clearly established. Most operations and
maintenance are accomplished at the sub-system level. As a
result, for these activities to be consistent with how they are
currently handled, the owners need to clearly identify any
issues that are important to the integration of the new asset with
current assets.

Consider the design of the diagnostic capabilities of a fleet
of vehicles. An entire system for performing and interpreting
diagnostic downloads on an existing fleet was put in place. The
diagnostic system provided information with new units that
were not consistent with the existing system; therefore, the new
units could not be properly maintained without dramatic
changes. It is possible that applying several reliability design
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tools might have brought this issue to light—the most obvious
would be the Living Program. If the sellers were aware of how
the owners intended to identify and correct failures and track
failure data, it would have been clear that the revised strategy
did not fit the owners’ requirements.

COMPONENT DESIGN

Components are the smallest element of the device. Failures
are the result of deterioration to a specific component. Many
choices affecting reliability are decisions that balance the
robustness of a costly component with the unreliability of an
inexpensive component. As discussed earlier, sellers frequently
select components that survive the warranty period. If cus-
tomers want the sellers to provide more robust components,
they must be willing to pay a premium. The customers must
make that point clear early in the design process, then enforce
it throughout the design to ensure robust components are
selected.

At the conclusion of this step, the overall design process
will be nearing completion. Design at the component level will
determine the need for redundancy. The choice of specific
components will also identify the specific Failure Modes com-
mon to the components that are selected. Understanding the
specific role that components play in the system where they are
installed provides the opportunity to perform several forms of
reliability analysis. POF analysis can be completed to identify
the Failure Mechanisms leading to common Failure Modes.
Design choices can then be made to preclude those Failure
Mechanisms. One or more of several forms of Failure Modes
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and Effects Analysis (FMEA) can be completed to ensure that
the component robustness or use of redundancy is consistent
with the risk associated with the effects of the failure of each
component. This is also a point in the design process when it is
possible to construct Reliability Block Diagrams (RBD), per-
form Reliability Centered Maintenance (RCM), and perform
RAM analysis to begin the understanding if the anticipated sys-
tem will meet owner’s requirements for reliability, availability,
and Total Cost of Ownership.

IMPLEMENTATION OF HARDWARE AND SOFTWARE

As the graphic portrayal of the V-model shows, this step is
the transformation from thoughts and words into a tangible
product. Before this step, requirements are being developed
and after it the success of transforming concepts into steel and
concrete are being verified.

At the conclusion of this phase, the design and modeling of
the design should be complete. This phase should signal the
transition from a paper system to a physical system. It provides
the first opportunity to see if the tangible product will behave
as expected or if the design was flawed. It also provides the first
opportunity to apply reliability elements from the design to the
manufacturing process. It may be that the elements that have
been assumed in the design process are no longer available.
They may not provide the appropriate form, fit, and function as
was assumed. The range of capabilities of components may
stretch components beyond the range assumed in the design.
For instance, when automatic engine starting and stopping sys-
tems were installed on locomotives to save fuel, the starters
were cycled far more frequently than assumed in the original
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design. As a result, starters failed after one year of use rather
than the expected three-year life.

The initial implementation of hardware and software pro-
vides the initial opportunity to see the design in a tangible form
that either will or will not perform. In many cases, this step is
not performed directly by the seller. Instead, sellers may need
to convince sub-tier suppliers to create mock-ups or they may
need to ask the owner to perform tests on existing systems to
prove or disprove concepts. Through this phase, it is important
to remember that the objective is not to get the system to work
once. The objective is to create a system that will function for
the long haul in any operating conditions including the most

severe.

COMPONENT LEVEL VERIFICATION

In the development of a new product or a revision to an
existing product, the capabilities of most components are taken
for granted. For instance, one would not test Grade 7 studs to
verify their strength. On the other hand, there may be specific
components upon which the reliability of the overall product
rests. There may be components for which the customer has
elected to pay a premium to get performance better than that
available from the basic component. In these cases, additional
steps will be taken to ensure the components deliver the
required performance.

At the conclusion of this phase, tests will be completed that
have focused on the component level. For instance, individual
components can be exposed to extremes in temperature or
vibration either for extended periods or using accelerated test-
ing methods. The tests will determine if the individual compo-
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nents in critical services are likely to survive the exposure
anticipated by the design and requirements.

SUB-SYSTEM LEVEL VERIFICATION

Sub-systems or combinations of components between the
component and system level may be the level that controls per-
formance. In so far as performance is controlled at the sub-sys-
tem level, the characteristics being controlled at that level
should be tested and verified. An example from my own expe-
rience involves burners installed in a process furnace in a refin-
ery. The burners were new, quiet, ultra-low-NOX burners.
Unfortunately they created too great a restriction for combus-
tion air causing the furnace to “surge” or seemingly gasp for air.
Not long after startup, this resulted in a flame-out. When
unburned hydrocarbon reached a hot surface, it exploded,
causing severe damage to the furnace shutting down the unit.
Adequate testing and verification had not been completed.

At the conclusion of this phase, tests will be conducted
focusing on the sub-system level. The objective of this testing is
to identify issues resulting from interaction of components or
between components and software at the sub-system level.
Frequently, components behave as expected alone. But when
asked to perform specific functions or to do so in response to
specific computer instructions, they behave in an unexpected
manner. By performing tests when applied in a sub-system, it is
possible to identify many problems while avoiding the com-
plexity of larger systems.

SYSTEM LEVEL VERIFICATION
Typically, complete systems perform the functions for
which a product has been purchased. The ability to perform
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complete functions cannot be accomplished at any lower level,
so it is important that key functions be verified once complete
systems have been assembled. Keep in mind that failures are
actually instances in which the product is unable to perform its
intended function. Therefore, it is critical that systems be tested
and verified for their ability to perform at required reliability
and availability.

At the conclusion of this phase, tests will be conducted
focusing on the overall system level. Once subsystems have
been shown to perform as needed, it is possible to assemble the
sub-systems into complete systems. If sub-system specific prob-
lems have been identified and addressed at that level, it can be
assumed that system level problems are the result of unantici-
pated interactions between subsystems. Knowing this helps
focus corrective action on interactive elements (like interactive
software instructions) rather than the entire range of possible
problems.

SYSTEM VALIDATION

Frequently, products consist of more than one independent
system. In many of these cases, the functioning of one system
can have an unexpected impact on one of the other systems. As
a result, it is important that all systems that are part of a prod-
uct be combined and allowed to operate in a manner that
exhibits all possible failure modes. For example, a system may
create a resonant frequency vibration that produces deteriora-
tion; yet the deterioration would not be evident if the system
were operating separately. In this case, testing and verification
in combination are critical.

At the conclusion of this phase, the overall system should
be shown to meet all requirements and expectations. Although
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earlier steps of verification has been made by comparing per-
formance to specific requirements and specifications, this step
challenges the system to perform all on-going requirements
when operating in the context of rea-world requirements. At
this point, the system is exposed to all the circumstances driv-
ing failure that exist in the actual operating environment,
including those the designers and owners may never have con-
sidered.
SYSTEM READY

At the conclusion of this phase, the asset is in service, per-
forming the intended functions. The remaining reliability tool to
introduce is the Living Program. In addition, it is important for
the owner to continue to look back on all forms of earlier
analysis to see that all elements are performing as expected and
required.

Let's now return to the typical elements of a DFR process,
describing each in greater detail. It should be clear to the read-
er from the discussion above where each of these elements fits
with the concurrent Design and DFR processes.

Integrating DRF with the Design Process

You now understand the phases and nominal timing that
the sellers will use in the design of your new asset. Assume you
want to take the steps needed to ensure that reliability is being
adequately addressed during those phases. It will now be nec-
essary to select from the number of reliability design tools that
can adequately meet your objectives. As you will see in the fol-
lowing sections, in some cases, several different methods can
be used to perform various forms of reliability analysis. Within
the various methods, different techniques (e.g., streamlined
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RCM or classical RCM) can be chosen as well as software pack-
ages to support these techniques. Software packages differ in
the way they perform the analysis or display the results.
Although it is important to select the right tool at the right
time, two aspects of the selection are even more important:

1. Sellers and owners must be consistent in their choice of tools
and methods. If they choose different methods for testing or
verification, or use different software for analysis, unneces-
sary disagreements will result from differences.

2. The reports being produced by the methods and tools pre-
sented below are ultimately intended to facilitate communi-
cation of relatively complex issues. Owners and sellers must
both understand what is being said as well as what is meant.
Failure to achieve such clear communication may signifi-
cantly reduce the value of the entire DFR process.

We now continue this discussion with a description of the
activities needed to address reliability aspects during the design
process.

Determine the Reliability Performance Requirements.

The process of identifying and communicating perform-
ance requirements is the first and most important step in the
DFR process. Although there may not be any special method-
ology or supporting software associated with this step, it is
nonetheless a fairly sophisticated activity. An example of the
difficulty that might be experienced is provided by reviewing
the various ways that reliability of components can be stated.
For instance, locomotive reliability is typically stated in one of
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two ways—FLY (Failures per Locomotive Year) or MMBF (Mean
Miles Between Failure). As the number of miles a locomotive is
used increases, the MMBF will increase, but the FLY may
decrease. Because locomotives are serviced and maintained on
relatively frequent intervals, it is very important that they are
capable of surviving between contacts. Therefore, it is also pos-
sible to consider Mission Reliability. Generally speaking, loco-
motives are made up of a myriad of components, none of
which have their basic reliability capabilities stated by manu-
facturers in terms of any of these measures.

In this case, it is important to select a common measure
that is meaningful to the circumstance in which the asset is
being used. Then all other measures of performance must be
concerted to a form that supports the overall measure.

There are a plethora of reliability performance require-
ments that can be identified. As mentioned above, the choice
of performance measures and the selected level of performance
are areas where the requirements set to meet the owner’s needs
can depart from those needed to support the seller’s objectives.

FAILURE FREQUENCY / RELIABILITY

The first requirement is the failure frequency or reliability.
Ultimately both the sellers and the long-term owners are inter-
ested in how frequently the overall asset fails. As a result, they
are also interested in the frequency at which the components
used to construct the system fail. The basic definition of the
term reliability is the frequency at which an item will fail, or be
unable to perform its intended function over a given period of
time. For instance, a specific reliability may allow for a single
failure in a one-year period. As with any highly technical defi-
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nition, it is possible for a requirement that seems simple and
straightforward to be interpreted in a number of ways. For
instance, the definition of a failure can vary. | recall one inter-
pretation that did not count failures that entailed a loss of func-
tion that lasted less than four hours.

It is also important to understand how long the specified
reliability is intended to last. A seller may guarantee the relia-
bility for only the warranty period. The owner may expect that,
with proper operation and maintenance, the specified reliabil-
ity will last the entire life of the asset. There can also be differ-
ences in terms of what is viewed as a failure. The seller may
view failures as situations when the asset is “down and dead.”
The owner may view failures as any situations in which the
asset fails to perform the intended function to the fullest extend
of the specifications. Consider a 4400-horsepower locomotive
that is pulling at only 4200 horsepower. Is that performance a
failure or not?

That question may be answered in one manner by one part
of the owner’s organization and in another way by another part
of the organization. In the case of the locomotive operating
with reduced horsepower, the following perspectives may exist:

¢ Even at reduced horsepower, the locomotive will finish its
mission; in that respect, it is reliable.

¢ The locomotive is not able to pull the amount of freight for
which it was purchased or at the speed it was intended to
operate (leading to rail system congestion); the event is a
failure.

¢ The entire consist (group of locomotives pulling the train)
will operate in a less efficient manner with one unit operat-
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ing at partial efficiency; the event is a failure in terms of effi-
ciency.

¢ Allowing this condition to go on uncorrected is unaccept-
able and, therefore, the unit must be sent to the shop and
repaired. The shopping will result in a period of unavailabil-
ity; this event is viewed as a failure.

It is best to define reliability clearly both in terms of the fre-
quency of failures and the cost of those failures during each
year of the usable life of the asset. (The costs include all forms
of out-of-pocket expenses as well as lost revenues when the
asset is not performing its intended function.) We must also
avoid confusion over what is meant by the term failure and how
long the specified reliability should last.

AVAILABILITY

A second performance requirement that should be set is
availability. Although the term reliability refers only to
unplanned events that result in loss of functionality, availabili-
ty is affected by both the planned and unplanned outage
events. Availability is defined as the portion of the total time an
asset is able to perform its intended function. An asset is unable
to perform its intended function during the time it is down as
the result of poor reliability. In addition, an asset is unable to
perform its intended function during the time it must be shut
down for planned and scheduled maintenance. The periods of
planned maintenance can include overhauls, outages, or turn-
arounds (major renewal events) as well as not-so-major events
that are necessitated by the limited usable life or one or more
of its components.
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Availability is described as:
Availability = Uptime / Total Time

Said another way, availability is the time an asset is able to perform
its intended function divided by the total time possible. For instance,
the time that a plant has been mothballed or an equipment item like
a locomotive is stored is not part of the total time possible.

Another way to determine availability is to use the statistical means
of the times between failure and the times to repair.

Availability = MTBF / (MTBF + MTTR)
where
MTBF = Mean Time Between Failure
MTTR = Mean Time To Repair

As with reliability, the seller and the owner may have dif-
ferent viewpoints on the calculation of availability. One signif-
icant difference may be the time at which the major renewal
event is required. A good example is an overhaul for an engine-
driven asset. If the usable life is assumed to be thirty years and
the overhaul period is seven or eight years, the asset will
require three overhauls during its life. On the other hand, if the
overhaul interval is more than ten years, the asset will require
only two overhauls. Because overhauls can cost a significant
portion of the initial cost of the asset, the difference between
two and three overhauls can be significant when calculating
the Total Cost of Ownership (TCO) or Life Cycle Cost (LCC).

Again the best way to be clear on this subject is to ask that
costs over the entire life cycle be described on a simple bar
graph (see Figure 2.2) or in a spreadsheet. This will avoid con-
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fusion concerning:
1. The timing of events
2. The cost of events
3. The length of the usable life

Although relatively simple, Figure 2.2 provides future own-
ers with a clear idea of when outages affecting availability will
occur and nominally what they will cost. The objective is to
avoid distasteful and unexpected experiences.

MAINTAINABILITY

A third performance requirement that should be deter-
mined before the development of a design for a new or modi-
fied asset is maintainability. Maintainability is a concept more
abstract than either reliability or availability. As a result, it is
more difficult to quantify and more difficult to produce agree-
ment between the seller and the owner of an asset.

Maintainability is a measure of the ability to return the
asset to its full inherent reliability in a ratable period of time.
Inherent reliability is the maximum reliability possible from an
asset; it is @ measure resulting from configuration and compo-
nent selection. If an asset is operated as well as possible and
maintained as well as possible, it will be possible for it to
achieve its full inherent reliability. The full inherent reliability
may best be described as a condition that will be achieved
when an asset is nearly new, but past the point that any infan-
tile failures are possible.

An example | have used numerous times is the situation
when you take your car in for repair. If the mechanic says, “I
don’t know how long it will take, but it will be good as new
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when | finish,” the car is not maintainable because the repair
cannot be done in a ratable manner. If the mechanic says, “I
will have it done in two hours, but | don’t know how long it will
last,” it is not maintainable because there is no assurance it will
be returned to the full inherent reliability. It is necessary for the
mechanic to say, “I can fix it in two hours and it will be as reli-
able as new” for the car to be truly maintainable.

In order for sellers to be able to speak knowledgeably
about the maintainability of an asset, they will need to know
what maintenance will need to be performed on the asset over
its usable life. Here we are talking about both proactive main-
tenance (predictive and preventive maintenance) and reactive
maintenance (repairs). In order to have a thorough understand-
ing of the proactive and reactive maintenance that will be
required, it will be necessary for the sellers to understand both
what is likely to fail and what activities must be completed both
to intervene before failure and to ensure the longest life of com-
ponents that make up the asset. Once the sellers understand the
tasks that must be completed, they will need to perform simu-
lations or “dry-runs” of the tasks to see if they can be done in a
ratable manner and if those tasks are certain to restore the
inherent reliability.

In order to identify all the tasks, it will be necessary to per-
form some kind of analysis like Reliability Centered
Maintenance (RCM). This analysis should identify both the like-
ly failures and the predictive and preventive maintenance
needed to maximize the interval between those failures. Once
the proactive and reactive tasks are identified, it will be neces-
sary to perform enough analysis to clearly understand the key
elements of the tasks. For example, is there ready access? Will
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any craft persons be able to quickly find the failed component
or will they have to hunt and guess? Will unsure repair steps be
needed, like allowing a drying period for an adhesive? Once
the repair is complete, is the reliability of the repaired device
assured or is there a reasonable chance it will fail again on test-
ing or soon after release?

Maintainability and “maintainability reviews” are much
more clearly defined than they were twenty years ago. Back
then, they involved simply walking your tallest craftsmen
through the asset to see if they bumped their heads in areas
where headroom was limited. A good example of a highly
maintainable asset is a submarine in which radio modules are
quickly removed and replaced with “hot-running” spares when
active components show early signs of failure.

LIFE CYCLE COST (LCC)

The final area of reliability performance requirements that
should be determined comes under several titles: Total Cost of
Ownership (TCO), Life Cycle Cost (LCC), or Cost of Un-
Reliability (CoUR). For simplicity, we will use the term LCC for
this discussion.

Although some aspects of Life Cycle Cost may seem some-
what redundant with several of the areas already described, LCC
is different in its level of completeness; it is worth any repetition
that may occur. This area is the one in which the differences
between the owners’ business model and the sellers” business
model will become most pronounced. Ultimately, total LCC will
be a result of the overall reliability and robustness. LCC will be
shared between the owner and the seller. Generally, sellers are
accountable for many costs during the warranty period and costs
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associated with the asset’s inability to fulfill guaranteed perform-
ance (as can be proven by the owner). The remaining costs are
the responsibility of the owners.

Owners want to see that all performance requirements are
clearly defined along with the sellers” accountability for situa-
tions when those requirements are not met. Again, a descrip-
tion of the expected total costs is an item that is best described
using a simple bar graph (Figure 2.3) or spreadsheet that clear-
ly describes the expected costs for each year of the asset’s life
as well as who is accountable for the costs. If the costs are dif-
ferent than are expected by the owners, then the reliability,
availability, or maintainability will also be different.
“Dollarizing” the value of each of those characteristics is a
good way to ensure that everyone is clear on expectations and
requirements.

The LCC of an asset has the following elements:

Initial cost

¢ Operating costs
e Cost of operating personnel
e Fuel costs
e Cost of operating materials

¢ Maintenance costs
e Cost of labor
e Cost of material

¢ Costs related to failures
e Value of lost production
e Cost of repairs

¢ Costs related to planned outages or overhauls
e Value of lost production
e Cost of maintenance
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¢ Costs related to untoward events that result from failures
e Cost of safety incidents
e (Cost of environmental incidents

A chart like the one in Figure 2.3 on the following page is
useful because it shows whether the cumulative costs over the
life of an asset are equal or greater than the initial cost. If they
are, choices made on the bases of initial cost alone will short-
sighted. Understanding the cost of ownership over the entire
life cycle provides owners with information to make farsighted
decisions.

As either an owner or a seller, your business model is based
on certain assumptions concerning levels of production,
income, and costs. Rather than trying to deal with both sides of
the ledger, reliability engineers typically deal only with the cost
side of the ledger. Their focus is not about profit potential, but
instead the cost of lost opportunity when the asset is unable to
produce. This area typically separates owners from sellers.
Sellers might say that the owners’ lost production is important
to them, but their concern typically does not translate into real
dollars for the sellers as it does for the owners. The owners must
somehow consider this cost in vendor selection. In doing so,
they ensure that the sellers who are ultimately selected to pro-
vide the asset also consider lost profit opportunity in their
design process.

For completeness, a complete list of typical expense cate-
gories, along with a detailed description, is included in
Appendix 5 at the end of the book.



Total Costs Over 20-Year Life

M |nitial Cost M Operating Cost

M Cost of Failures M Overhaul Cost

M Cumulative Post Start Costs

B Maintenance Costs

Cost of Liabilities

. .

1{2|3/4,5|6|7|89|10/11/12|13|14|15,/16|17|18|19 20
Cumulative Post Start Costs| 45| 90 1135/180/225/290|335/380/425/470{515/580|625|670|715|760/805|870/915|960
Cost of Liabilities 100 100
Overhaul Cost 20 20 20
Cost of Failures
Maintenance Costs 25125|25|25[25125|25|25/25(25|25|25/25|25|25|25/25|25|25|25
Operating Cost 20120|20|20/20/20|20/20/20/20|20|20/20|20|20|20/20)20|20]20
Initial Cost 500

Figure 2.3 Total Costs Over 20-Year Life
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Change Analysis: Identify Changes from Already
Known Conditions in Service or Application

In this discussion, we will focus primarily on the myriad
products that are updates of earlier products or adaptations of
existing products into new and different applications. Rather
than focusing exclusively on the changes, we will look more
comprehensively at opportunities for improved reliability as the
next generation of a product is being prepared for release.

The various elements or components of a current genera-
tion of an asset can be grouped into the following categories:

¢ Current elements for which performance is adequate and the
element is viewed as being stable:

This category describes some subsystem or component
within the proposed generation of the asset for which per-
formance fills all the requirements and nothing is going to
change. Both the design and the loading on the subsystem
will remain the same. Furthermore, all suppliers of compo-
nents and specifications of components will remain con-
stant.

¢ Current elements for which performance is not adequate:

This category describes those elements of a system that
are neither changing service nor changing source, but have
not been providing the needed performance. There should
be lots of anecdotal data available on these elements, but
that data is typically not well organized or well defined. Had
it been so, any problems would have already been solved.

¢ Current elements for which performance is adequate but are
not viewed as stable:

This category describes the category of unexpected prob-
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lems that is probably most common. All too often, the com-
panies producing systems tend to take the reasons for their
good luck for granted. Good luck is often the result of a lot
of hard work, structure, and discipline on the part of a sec-
ond- or third-tier supplier. Changes in sources of compo-
nents or in the manufacturing or inspection requirements
can produce unexpected poor results. Any and all instances
in which changes are being made for any reason should be
placed into this category and addressed in the Reliability
Block Diagram (RBD) analysis as a source of risk.

Altered elements for which there is a sufficient amount of
usable experience:

This category includes items for which a change has hap-
pened, but the change is one with which the manufacturer
is very familiar. Suppose a seller starts doing business with a
new owner, but the new customer is in the same business as
one or more current owners. In this case, it might be
assumed that the new customer will use the asset in the
same manner as the other current customers. That is a rea-
sonable assumption on the surface, but would require some
amount of verification. Experienced companies may pride
themselves as having a competitive edge by being better
operators than their competition. In some cases, that source
of pride is real; they spend more time developing their per-
sonnel and, as a result, have far better results.

Altered elements for which there is not a sufficient amount
of usable experience:

In some cases, an owner plans to use an asset for a serv-
ice that is entirely different than it was used in the past.
Generally speaking, there is no reason why the asset would
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not work in the new service, but it has never been tried. In
this case, there is a great deal of value in testing the system
against the stresses and environment of the new service
before assuming everything will be OK.

Think of how many improper uses you have found for a
standard screwdriver (chisel, pry-bar, scraper, etc.). Now
recall where it worked satisfactorily and where it failed.
Hammering a plastic handle typically ruined the tool.

Identifying the elements that fit into each of these cate-

gories and properly sorting them will depend on

Information Systems that thoroughly track the actual per-
formance of components currently in service.
Manufacturing Information Systems that identify changes in
suppliers or changes being made by current suppliers; these
changes will result in differences in the robustness of their
products.

Once Change Analysis has []

N

identified the situations where a
change will occur, several reliabili-
ty tools can be used to assess the
impact of the change. Physics of
Failure (POF) analysis can be used

N\ Ianf
V

to help understand the forms working on the changed ele-

ments. (See the next section for greater detail.) Understanding

the POF that exists in the environment where the product will

operate is the first step in identifying the possible Failure Mode

or Modes that must be considered.
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The tool commonly used next during this stage of the DFR
process is FMEA—Failure Modes and Effects Analysis. Change
Analysis and POF identify the Failure Modes that must be con-
sidered. Understanding the effects produced by the failure of
similar components in similar situations is useful in identifying
the effects that must be considered in the case being studied.
Tracking the current Failure Modes and the Effects produced as
a result of those Failure Modes is more valuable and more valid
than all the analysis produced by perceptions and assumptions.
Furthermore, changes in systems and changes in applications
can produce Failure Modes. These must be added to the current
FMEAs to understand the impact of changes and to identify cor-
rective actions.

Other tools are Risk Analysis and Risk Reduction. Risk
Analysis can be either integrated with FMEA or conducted sep-
arately. Most computerized forms of Reliability Centered
Maintenance (RCM)—which is a form of FMEA—typically
include some automated form of risk analysis that facilitates
organized risk reduction.

Risk equals Impact times Likelihood. In turn, likelihood
can be attached to each Failure Mode and Impact can be asso-
ciated with each Effect. Therefore, it is possible to use the infor-
mation generated during a FMEA to quantify the current risk.
Also, the results of FMEA can be used to prioritize the value of
various risks so the areas of greatest risk can be addressed first.
Finally, it is possible to quantify the reduced risk after some
change has been made (e.g., the change of a component, the
addition of redundancy, or the addition of proactive mainte-
nance). Subtracting the revised risk from the current risk, it is
possible to quantify the risk reduction.
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The data coming from both FMEA and RCM can be por-
trayed in a spreadsheet such as the one seen in Figure 2.4. The
spreadsheet shows the hypothetical event (a Failure Mode), the
likelihood of that event, and the impact of that event. (RCM is
simply a form of FMEA that specifically focuses on reliability
and the maintenance needed to ensure a specific level of reli-
ability.) Typically the Failure Modes being described are time
dependent; they are more likely to occur as time passes.
Therefore, it is important to describe the time dependency, if
one exists. Frequently all of these factors are summarized in a
single number that allows the total value of the risk for each
failure mode to be compared. If there are time dependencies,
the risk may change over time. As a result, the spreadsheet may
also describe the various risks for various time periods.

A variety of names are used for the one number that quan-
tifies the risk associated with each failure mode. Many com-
mercial software tools can perform the analysis and store the
results. Subtle differences between software and terminology
are not important. What is important is that the analysis is
accomplished in a timely manner. The results are used to iden-
tify which of the risks must be addressed to produce a system
with acceptable performance.

Once the risk analysis is complete, the results are typically
arranged with the largest number or highest risk first and the
other failure modes in decreasing order of importance. In addi-
tion, the individual risk codes are added together and a column
showing the cumulative risk provided. In situations where the
risk changes with time, there are a number of spreadsheets, one
for each year in the life of the asset.
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Failure Risk Analysis

Asset Name: Go-Fast Scooter Period Covered: First Year of Operation
Cumulative
Number Failure Mode Likelihood Impact Risk Index _
Risk Index
1 Brake -Total Faiure 0.01 1,000,000 10000 10000

Engine Cylinder - Catastrophic Connecting

2 Rod Failure 0.005 250,000 1250 11250
3 Fuel -Fire 0.001 500,000 500 11750
4 Night Light - Connector Failure 0.1 5,000 500 12250
5 Night Light - Bulb Failure 0.1 3,000 300 12550

Figure 2.4 Failure Risk Analysis

This table can be used in two ways:

¢ Sellers typically have some risk index (combined risk factor)
above which they will not accept. For failure modes that
have a risk index greater than the maximum, the sellers will
apply some form of remediation or corrective action to
reduce the risk. For instance, if a specific failure mode is the
result of a failure mechanism like corrosion, the device sub-
ject to deterioration might be better coated or replaced with
one of improved metallurgy.

¢ Sellers frequently have some cumulative risk index above
which they will not venture. Although a single failure mode
might not be overwhelming, the “million bee stings” result-
ing from a large number of relatively low-risk failure modes
may cause inadequate performance. In this case, the sellers
may select several failure modes that can be eliminated or
mitigated to reduce the overall failure index for the asset.
They will look at the cost effectiveness of the possible alter-
natives. In other works, which failure modes can be
addressed most easily with the least cost?
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Unfortunately, many sellers deal with these spreadsheets
differently during the warranty period or the period over which
they are accountable for failures than they do with later peri-
ods. For instance if the asset has a five-year warranty, and the
seller will accept a risk equivalent to $1,000 per year during the
warranty period and $25,000 per year after the warranty peri-
od, the owner is in for a distasteful surprise.

The value of risks ultimately becomes a real cost. Owners
much understand and address significant changes in the risk of
failure as a product ages. If the sellers are using risk analysis to
delay failures past the warranty period, the owners must under-
stand the implications. They must take steps needed to ensure
the failure risk remains at an acceptable level over the entire
life of the asset—or be prepared to pay for risks they have
accepted.

Perform Analysis and Quantify Risks

We now continue from the step above and apply many of
the same kinds of analysis to all elements of the new asset. The
objective of this next step is to complete an analysis that is suf-
ficiently comprehensive to quantify the total risk of failure for
the complete asset.

There are several differences between the analysis per-
formed as a part of the first step (change analysis) and this com-
prehensive step:
¢ The analysis based on change can and should be conducted

as soon as the change is recognized because the likelihood
of time consuming corrective action is greater. In some
cases, the need for change might be identified right at the
start. For example, an owner might want an asset that is larg-
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er than any produced earlier. This signals a number of
changes. On the other hand, changes may come later in the
process as the result of inaccurate assumptions. For exam-
ple, a supplier might have changed its manufacturing
process without notifying the seller.

¢ This more comprehensive analysis can be based largely on
experience and data coming from current assets with which
the seller and owner are familiar. As a result, much of the
information and prior analysis can be assembled early in the
design process, if it exists. The act of assembling this infor-
mation will help sellers and owners understand how much
of the information needed to perform the analysis currently
exists and how much work lies ahead.

If the first step of the analysis has been done in a thorough
manner and if the new product is similar to past products and
applications, this step will be simplified. On the other hand, if
history and experience have less usable information to offer,
this step will be more labor intensive.

As with the earlier step of the DFR process, Physics of
Failure (POF) is an element of analysis used at this stage of
development. POF analysis identifies the physical causes and
Failure Mechanisms the asset will experience during its life. For
example, mechanical devices experience deterioration from
four Failure Mechanisms: Corrosion, Erosion, Fatigue, and
Overload. If an asset is to operate in a wet environment, and if
the asset is composed of several different kinds of metal, one of
the failure modes that should be expected is corrosion. During
POF analysis, corrosion is identified as one of the failure
modes. The various Failure Modes that can result from this



64 Chapter 2

Failure Mechanism can be identified.

Assume that a critical electrical switch is left unprotected
and is exposed to a corrosive environment—the POF analysis
has identified the Failure Mechanism. It has also identified the
Failure Mode (Switch Failed Open — Corroded). POF analysis
will also identify the Effect that will result from that failure. In
this case, the Effect may be complete loss of function and a
resulting outage of the asset. Depending on the availability of a
new switch and the ease of replacement, the duration of the
outage can be estimated along with the resulting cost.

As described earlier, Risk equals Impact times Likelihood.
POF analysis has identified the Effect and the value of the
effect. All that remains to understand the risk of failure is to
quantify the likelihood. In this example, the failed switch con-
tained at least two different metals, the environment was wet,
and the switch was not protected from the moisture. The ques-
tion of likelihood was not one of “if,” but one of “when.” In
other words, the situation is set up for certain fail-
ure. The only real question is when the failure will
occur. Here, the likelihood of failure might be
quantified as 25% in the second year, with 50%
cumulative likelihood of failure by the second
year, and effectively 100% cumulative likelihood
of failure by the third year.

In this situation, the analysis has identified a
highly likely and costly failure. It would be fool-
ish not to address the situation in some manner. In
all likelihood, some form of protection from the
moisture would be provided for the switch.
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This step of the DFR process is another that might be
addressed using some form of FMEA and Figure 2.5. FMEA is
valuable because it ensures a thoroughness that would not be
provided by a random analysis. Most successful FMEA process-
es are structured so that each and every element of an asset is
analyzed in the broadest array of possible operating conditions
and environments. This 360-degree viewpoint guarantees noth-
ing is missed. Clearly POF analysis is useful in understanding
the science leading to possible failures. However, it does not
provide the structure or discipline to assure a comprehensive
analysis. When combined with FMEA, POF provides both a
comprehensive and farsighted analysis of all the possible risks
of failure.

A simplified approach for applying POF, but doing so in a
manner that ensures a comprehensive analysis, is to create
another table. If the components being considered are mechan-
ical, then the failure mechanisms are corrosion, erosion,
fatigue, or overload. Figure 2.5 shows the table:

POF Spreadsheet

Equipment Name: Go Fast Scooter

Failure Mechanism

Component
Component Name Corrosion| Erosion | Fatigue [Overload Source of Deterioration
Number
1 Brake shoe X Corrosion-Scuffing after paintisworn
Repeated application at levelsgreater
2 Brake Lever Arm X P PP . g
than fatigue limit
3 Seat Springs X Use by overweight adults
. . Water intrusion into areas of
4 Lighting Circuit X
differential metal contact
5 Lighting Circuit X Vibration of support bracket
. ) Over-current when under-voltage is
6 Lighting Circuit X
applied

Figure 2.5 POF Spreadsheet
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The example above included failure mechanisms associat-
ed with mechanical components. It is equally possible to cre-
ate a similar table for electrical and electronic components. In
that case, the failure mechanisms to consider are:

Overload

Electrical Supply Transient
Load Stall

Electrical equivalent of fatigue

* & o o

e Persistent loading to levels greater than rated capacit
but less than will cause instantaneous breakdown
¢ Insulation breakdown
¢ Heat
e UV exposure
e Chemical Exposure
¢ Mechanical failure
e Abrasion
* Loosening

Ultimately, once the POF analysis is complete, the design-
er will need to find ways either to interrupt the progress of the
failure mechanism or to include the resulting Failure Mode in
the FMEA. The first part of this process is a reality check: Is this
realistically possible? For instance, overload of the battery cir-
cuit is pretty unlikely. The second part of the process is a test of:
Do | really care? If the springs break because an overweight
adult is riding a scooter made for a child, should the seller care?

For the few items where the POF analysis has identified
real and realistic failure modes, those failure modes should be
subjected to the forms of analysis described above. The goal is
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to reduce the likelihood of each real failure mode to an accept-
able level.

Take Action Required to Align Performance with
Requirements

This is the step in which the designer begins the process of
modifying the design to meet the requirements established in
earlier steps. Suppose the seller has a product that currently
does not meet the defined requirements. Let’s also say that that
only one component has inadequate reliability. The corrective
action process would involve simply identifying a replacement
for the inferior component that, when added to the system, will
deliver the required performance.

For designers to have found the single inferior part in the
example, they would have had to develop a way of testing the
system that clearly highlighted the weakness of that compo-
nent. The process of designing such a test is called Design of
Experiment; the objective is to create a situation that will ‘turn
failures on” and “turn failures off” simply by making some
change to the targeted component. Once the designers have
isolated the specific component causing the inadequate per-
formance, the next step is to identify a replacement component
that will experience the same stresses and strains, and deliver
an adequate level of performance. Their experience in develop-
ing an experiment that will turn failures on and off at will pro-
vides the designers with insight needed to identify a replace-
ment component that will deliver the required performance.

Now think of a highly complex system consisting of many
components. All components are behaving in a manner that is
consistent with their own inherent reliability, but also in a man-
ner that may or may not support the required overall system
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performance. The objective of this step becomes one of identi-
fying a number of components that may be inadequate—com-
ponents that may cause failures in a variety of different situa-
tions and environments. In this case, the value of Design of
Experiment becomes more apparent. The designer will create
situations (extreme cold, extreme heat, extreme humidity,
extreme dustiness, any form of stressor) that affect specific
components in @ manner that will result in a system failure. The
objective is to introduce stressors that are within the realm of
what should be reasonably expected. As before, the objective
is to be able 1) to turn failures on by introducing the stressor
and 2) to turn them off by introducing a more robust compo-
nent while operating at those conditions.
The conclusion of this step of the DFR process is to identi-
fy all elements that will experience failures while operating
within expected environment and stress levels. Furthermore,
the conclusion involves replacing those components with ones
that will survive without failures at the extremes of those con-
ditions.
Obviously, this step is much more difficult when dealing
with totally new products than ones than are simply adapta-
tions of earlier products. In a totally new product:
¢ There is no experience where sensitivities have existed in
the past.

¢ There are no current examples that can be changed to
include new modifications.

¢ There are no current examples that can be operated in
the new environment.

¢ There are no current examples that can be operated
under new loads.
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As a result, the first production run of any product is likely
to be a test bed and source of a great deal of learning. If a cur-
rent proven version of the product exists, it is possible to sim-
ply start using it in a modified condition, in a more severe envi-
ronment, or under even more severe stressors. If the test model
fails, no harm, no foul. The intent was to see it there were fail-
ures, then go through the Design of Experiment process to iden-
tify the specific improvements that will be needed to eliminate
all failures.

This step in the analysis is at times the most difficult
because it is the step that requires the seller to make costly
changes to achieve requirements. It is also the step in which
many sellers tend to make compromises that undermine the
product. When changes become too expensive, some sellers
find ways to rationalize either the meaning of the requirement
or the results of the risk analysis to achieve a better “fit” with
their business model.

For example, if a test device fails during testing, and the
replacement component needed to eliminate all failures will
add significant cost or reduce the seller’s profit, the seller may
find ways to rationalize the failures. The seller might choose to
believe the test conditions were extreme conditions that were
beyond the extremes to which the asset will “normally” be
exposed.

There is an old saying that there is nothing less fortunate
than the engineer who designs levies to handle 99-year floods
the year before the 100-year rains. Few sellers will design their
products for 100-year conditions. The greatest likelihood is that
the asset being sold will survive the three-year warranty period
and even the 30-year life if built to the lesser standard.
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Computerized DRF analysis uses Monte Carlo simulation
to portray the statistical failures. It does so over not one but
hundreds of simulated life cycles. As a result, the analysis will
identify all the possible failure scenarios. Even if the simulated
life cycle is only 30 years long, it is very likely that the 100-year
rains mentioned above will occur during one or more of those
simulations. The extreme results will provide the designer with
a clear indication of what is possible and what needs to be
addressed.

In the case of a complex asset that

fails because of a statistically unlikely
event, the asset will look the same as
one that fails in the same timeframe, but
as a result of far more marginal design
and acceptance of greater risk. The only
way for owners to know that the asset

was built to an acceptable standard is to

be provided with more detailed infor-
mation concerning the reliability of
components. We will discuss this more in the next chapter cov-
ering DFR for the owner’s needs.

Verify the Adequacy of Your Design

Once the asset design is complete—including any ele-
ments of DFR that are done—the asset should be exposed to
detailed product testing. One might ask if this testing is differ-
ent from the testing described in the previous step of the
process. The primary difference is that this testing is expected
to address the performance of a design-complete product. All



DFR for the Sellers’s Business Model 71

the detailed flaws should have been addressed entirely; failures
should occur only at the expected or specified rate. Testing in
the last step was needed to determine what is reasonable to
expect.

As a result, this stage of testing is intended to simulate the
overall life of the asset. To do so, the testing must be accelerat-
ed in some manner to represent the same amount of stress the
device would see over its entire life. Depending on the quanti-
ty of a product that will ultimately be produced, it is necessary
to calculate either the number of demonstration units that must
be tested or the duration of testing, In either case, the amount
should be enough to produce statistically representative results.
For products that are produced in extremely large quantities, it
is necessary to produce and test large numbers of demonstra-
tion units. For products made in smaller numbers, the number
of demonstration units can be smaller.

Much of the logic behind this requirement has to do with
manufacturing variation. For large numbers, it is believed that
the variation in both the components that go into the product
and the manufacturing steps used to assemble those compo-
nents probably have greater variation than in cases where only
a few are made. This variation may or may not be true, depend-
ing on the care that is exerted in each case. For example, in
dealing with the creation of a single plant, variation is avoided
at its source by application of quality control to each and every
critical element.

Recently | heard a TV commercial for a specific brand and
model of car. The commercial emphasized the car’s reliability
by saying that more than a million miles had been driven dur-
ing tests. If the test fleet contained ten cars; each test vehicle
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would have 100,000 miles—assuming all cars were tested the
same distance. If the test fleet contained twenty vehicles, each
would have 50,000 miles. If there were forty vehicles in the test
fleet, each vehicle would have been tested for 25,000 miles
and so on. Although the commercial sounded impressive, the
actual test being described did not necessarily represent the
requirements of the typical car owner.

Independent of how the seller may want to portray the test-
ing, there are several forms of accelerated testing applied dur-
ing new product development:

HALT—HIGHLY ACCELERATED LIFE TESTING

¢ HALT is used during the DFR process while the system is
being designed and prior to full-scale production. During
HALT, systems are exposed to high stresses at a frequency
rate much greater than would be expected during their life-
time. Exposure to extreme conditions is done to force fail-
ures to occur so failure mechanisms can be identified and
corrected.

HASS — HIGHLY ACCELERATED STRESS SCREEN

¢ Like HALT, HASS exposes the product to situations of
extreme stress. The difference is that HASS applies the stress
after the product is complete. Here the philosophy is that if
the product survives the test, it will survive normal use. An
example of this kind of testing frequently applied to electri-
cal systems is a Hy-Pot during which a high electrical poten-
tial is applied. If the insulation fails, the system fails the test
and is discarded or remanufactured.
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HASA—HIGHLY ACCELERATED STRESS AUDIT

¢ HASA is much the same as HASS, except it is applied only
to a representative sample of the product. If any portion of
the selected sample fails, the sample size will be increased
until the auditor is satisfied all defects have been identified.
With HASA, it is important to employ the services of some-
one sufficiently familiar with statistics to determine the
appropriate sample size and test duration.

Although these forms of testing are most common in the
electronics industry—where accelerated stressing is easily sim-
ulated using increased temperature and computer-simulated
cycling—they are nonetheless important in other industries. TV
advertisements for car makers frequently say that their new
models have already been exposed to several million miles of
test-track testing. This form of testing is better than no testing, as
mentioned above. However, one hundred cars that have been
driven 10,000 miles on a test track is not the same as ten cars
that have been driven 100,000 miles in city driving conditions.
Valid forms of accelerated testing closely simulate the condi-
tions under which the asset will be used; extreme stresses focus
on elements most likely to suffer from those stresses.

Accelerated testing of some kinds of systems and compo-
nents may be difficult. However, all systems contain compo-
nents for which this testing is commonplace. There are few sys-
tems that are not computer- or microprocessor-controlled, with
electronic elements stretching across their breadth. It is impor-
tant to ensure that unproven elements, where failures can pro-
duce dramatic effects, are thoroughly tested.
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A recent example of pre-production testing involved an
enclosure designed to contain a number of different antennas.
These antennas were intended to serve the various communi-
cations-based systems on modern locomotives. The number
and differences in configuration of antennas had grown so
large that a common enclosure for the antenna farm was
deemed to be necessary. Once a final configuration for the
enclosure was found, it would be applied to several thousand
new and existing locomotives. Therefore, the design needed to
be correct.

The enclosure was to be placed on the top at the front of
locomotives. As a result, the exposure to wind, rain, and all
sorts of weather would be significant. Although systems would
be maintained at intermediate points in time, it was hoped the
enclosure would provide a sound and secure environment for
relatively lightly constructed antennas for 30 years. During that
life, access panels would need to be opened and closed at
some intervals; the panels needed to be capable of being safe-
ly maintained and resealing after maintenance.

Clearly the challenge in this testing was to identify the
extremes of operating conditions and to integrate those condi-
tions in realistic tests. One extreme is the maximum tempera-
ture that can be reached when passing through long tunnels (as
high as 200° F) and increases with height in the tunnel. It was
important to define a regimen of tests that simulated all the
extreme conditions and extremes that tended to occur simulta-
neously.

Several other tools that can be used during this phase of
DFR include the following:
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ESS—ENVIRONMENTAL STRESS SCREEN
¢ ESS is another form of testing that focuses on environmental
stressors like extremes in heat, cold, moisture, humidity, etc.
As might be expected, the first step in this form of analysis is
to identify what extreme conditions exist and then find a lab-
oratory that can conduct realistic tests.

RDE—ROBUST DESIGN EXPERIMENT
¢ Some products must be designed for misuse as well as
extremes of normal use. Tests for robustness in design typi-
cally focus on forms of utilization that the product has not
been directly designed to endure. For instance, if it is likely
that an adult may use a product intended for children, the
product might need to be tested to an adult’s weight.

RGT—RESULTS OF RELIABILITY GROWTH TESTING

¢ Failures can take several different forms. They can show
infant mortality or failure soon after they are placed in serv-
ice. In this case, if components survive the initial period,
they are likely to experience a long and reliable life. They
can still experience random failures across the entire life of
the asset. Although a few random failures may be accept-
able, too large a number is not acceptable. A third kind of
failure is wear-out or end-of-life failures. This kind is viewed
as the most common and is often accepted as a normal part
of life (although it is not).

To properly maintain the asset and to harvest all the
inherent reliability, it is important to understand the failure
modes and how and when components will fail. RGT is a
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methodology by which the various failure modes are identi-
fied and addressed so reliability performance can improve
or grow based on correcting or eliminating the problems
found during testing. A good way to think about RGT is that
reliability performance is seldom static. If left to the devices
of nature, reliability will degrade over time. If appropriate
testing and continuous improvement is applied, it is possible
to work out the bugs before they begin causing problems
that reduce reliability.
BURN-IN

¢ Burn-In is one of the ways in which components can fail. It
is the way some manufacturers choose to deal with infant
mortality. Burn-in can be used as a screen to eliminate those
items likely to experience infant mortality. Burn-in is a form
of HASS.

A recent example of this kind of testing involved locomo-
tive traction motors that were manufactured by a shop in for-
eign country. The manufacturer did not have any direct experi-
ence producing this product. Therefore, some form of proof
testing was needed before the items could be applied to gener-
al use. As with many situations, there was no simple way to cre-
ate realistic tests that represented the actual working condi-
tions. As a result, a test consisting of applying a specific num-
ber of the devices to actual conditions for a specific time was
agreed. Until that test was successfully completed and results
analyzed, the units from the new manufacturer could not be
used.
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Apply What You Have Learned

A great deal will be learned when going through the DFR
process. The value of accomplishing DFR during the design
comes from making changes that will enhance reliability of the
finished product. Some changes will involve the manufacturing
or construction process. Other changes involve suppliers of
components. Still others affect the quality control process being
used. Wherever the opportunity, it is important to make the
needed changes discovered during the DFR process.

Apply Key Reliability Elements to the Manufacturing
Process

Working through all the steps in the DFR process up to this
point is likely to provide sellers with a number of insights that
must be applied during the manufacturing process to create a
reliable product. Here are a few examples of the kinds of find-
ings that might be uncovered:

USE A SPECIFIC SUPPLIER FOR COMPONENTS

If only specific suppliers have been proven to provide com-
ponents critical to the reliability of the asset, the source of those
components should be limited to the proven supplier. It is pos-
sible the seller may want to go through the process of qualify-
ing additional suppliers, but until the performance of the com-
ponents coming from the new supplier is proven, supplies
should be limited to the proven supplier. Many sellers have
highly structured and disciplined Supplier Qualification
processes to ensure these steps are taken every time a supplier
is changed.
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INSPECT OR TEST THE COMPONENTS RECEIVED FROM A
SPECIFIC SUPPLIER
Some suppliers provide the only source for a specific com-
ponent, but remain a questionable supplier. In this case, it will
be necessary to inspect all parts received from that supplier.
Even products from trustworthy suppliers should be subjected
to inspection on some statistical basis.

FURTHER PROCESS THE PARTS COMING FROM A SPECIFIC
SUPPLIER

In some cases, suppliers do not have the capabilities to per-
form final processing steps for specific components. For
instance, a final heat treating step or a final balancing step
might be needed. In these situations, it is important to under-
stand the limitations of sub-tier suppliers and take steps to
address those limitations.

APPLY HASS OR HASA TO COMPONENTS COMING FROM A
SPECIFIC SUPPLIER

In some cases, it might be necessary to place incoming

supplies under rigorous testing to screen our weak components

before they become a part of the final product. It is important

to apply this testing even when critical components are in short

supply and supplies will be made even scarcer when tested in
a destructive manner.

PERFORM BURN-IN TO THE COMPONENTS COMING FROM
A SPECIFIC SUPPLIER
The same comments apply as with the last item.
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PERFORM PMI OR MATERIAL TESTING TO THE PARTS COM-
ING FROM A SPECIFIC SUPPLIER
If there has ever been evidence that a specific supplier has
substituted incorrect material or had lapses in quality assurance
procedures, all materials from that supplier should be verified
before use. The cost of performing the quality checks should be
added to the costs of components purchased from this supplier.

PERFORM PMI ON ALL COMPONENTS MADE OF A SPECIFIC
KIND OF MATERIAL
Scarce or high value materials should be checked to ensure
substitutions have not been made.

PERFORM INSPECTIONS AT A SPECIFIC MANUFACTURING
POINT
Frequently, “hold-points” in a manufacturing process are
needed to ensure that particularly sensitive manufacturing steps
are checked before moving onto another step that will obscure
earlier steps.

PERFORM TESTING AT A SPECIFIC MANUFACTURING POINT

Similar to the above item, there are occasions when follow-
ing steps of the manufacturing process will obscure and make
testing of earlier steps impossible. Suppose a coating is applied
and will be covered with insulation. The coating may need to
be inspected or spark-tested before being covered.

PERFORM SPECIFIC INSPECTIONS TO FINISHED PRODUCTS

Before a product is delivered, a completed product should
be thoroughly inspected for defects by someone who is
accountable only for finding defects.
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PERFORM TESTING TO FINISHED PRODUCTS
Before a product is delivered, the product should be tested
through the complete range of functionality. If some aspect of
functionality is at question, a much broader regimen of tests
should be applied.

Initiate and Follow Through with the “Living Program”

After products have been delivered, it is important to insti-
tute a “living program” that closely monitors performance in
live service. As part of the living program, the performance of
the overall asset should be compared to the required macro-
reliability (or reliability of the overall system). In addition, fail-
ures to individual components should be tracked and com-
pared to the expected performance of those components.

Although the seller’s access to information is limited once
the asset is delivered and, even more so, after the warranty peri-
od has lapsed, it is important to remain in close contact with
the asset. Suppose owners are asked what their experiences
have been with a specific make and model of an asset. If the
sellers respond, “We haven't received any complaints,” they
are actually saying they have little or no feedback from the
owners. This should serve as an indication that the sellers have
no effective living program.

An on-going relationship between sellers and the products
they sold in the past offers benefits to both the owner and the
seller.
¢ The sellers know all the assumptions that were made during

design. They understand how each component was expect-
ed to work and how each component was expected to fail.
If it fails differently than expected, the sellers are best able to
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shortcut investigative steps that will simply conclude that the
device is performing and failing as expected. In other words,
if you want different performance, you need a different
device.

¢ The last year | spent in the Air Force was in South Korea on
a one-year tour of duty. That time was roughly the twentieth
anniversary of the U.S. occupation after the Korean War. |
recall a discussion where one person commented “The U.S.
has been in Korea for twenty years.” Another person correct-
ed the first saying, “The U.S. has been in Korea for one year,
twenty times.” The point he was making was that a series of
independent one-year assignments produced far less
progress than if experiences were allowed to build on them-
selves. The same issue is true if sellers do not maintain an
on-going relationship and some accountability for their
products. They learn anew every time they create a new
product. The process is not continuous.

Chapter 9 provides a detailed discussion concerning how
data can be collected and used to clearly understand Failure
Modes and failure rates, and then link that information to the
performance that has been guaranteed by the seller—or at least
described in the seller’s technical data. Ultimately the burden
will be on the owner to prove that an asset or component is not
achieving the required performance and that poor performance
is not the result of poor operation or maintenance. Most of the
data needed to provide such proof must be collected in a well-
structured and highly disciplined data collection system. An
example of such a system is described in Chapter 9.
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Conclusion

At the conclusion of the steps described above, it is expect-
ed that the sellers will have produced a reliable and profitable
product. It is also hoped that the owners will have received an
asset that fulfils all of their needs and provides a useful tool in
producing the products or services that are the focus of their
business. Although it is hoped that both objectives will be
achieved, there is no guarantee. Because the sellers have more
influence than the owners in the way these steps are accom-
plished and the manner in which success is measured, there is
a far greater likelihood that the sellers’ objectives will be
achieved than the owners’ objectives. The sellers’ objective is
to create and market a profitable product; that objective is the
most likely to be achieved when the DFR process described in
this chapter is applied.

The next chapter describes a process designed to deliver on
the owners” objectives. Unlike the sellers” objectives, the own-
ers’ goal is to procure an asset that will become a long-term
part of their process for producing products or providing serv-
ices to the owners’ customers. Owners are looking for different
information and different results from the DFR process.
Although many elements of a DFR process for owners can be
very similar to the DFR process used to achieve the sellers’
objectives, there are differences. If owners do not address those
differences in their specifications and do not obtain assurances
their requirements will be met before agreeing to purchase the
asset, it is likely they will be dissatisfied with the results.



Copyrighted Materials

Copyright © 2011 Industrial Press Retrieved from www.knovel.com

Chapter 3

DFR for the Owner’s
Business Model

Efficiency is doing things right; effectiveness
is doing the right things.

Peter F. Drucker

As the buyer and long-term owner of an asset, my needs
and objectives are somewhat different than those of the seller.
Although | certainly believe that sellers should do everything in
their power to produce a reliable product, there are some
aspects of the manner in which they develop a product to suit
their business model that does not suit mine. As the buyer, |
need to be aware of those differences and make certain the sell-
ers will accommodate my needs before I agree to purchase
their product.

83
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Macro-Reliability and Micro-Reliability

Although we will provide a detailed discussion of DFR for
the owner’s business model, let's begin with a high-level
description of a way that the owner’s needs are different from
the seller’s.

Most owners are concerned only with the macro-reliabili-
ty—the reliability of the overall asset. Indeed if the macro-reli-
ability of the asset is good enough, the owner may need to be
concerned with little else. | recall a situation in which a set of
high voltage rectifiers were so reliable that, as owners, we did
no maintenance and replaced no parts for a period as long as
ten years. Our only concern was that when a breakdown ulti-
mately came along, we would have no experience servicing
the rectifiers and the needed parts would be obsolete.
Unfortunately, there are few situations in which the absence of
failures or the small amount of maintenance allows the owner
to get out of practice.

More often, the macro-reliability of an overall system is far
from perfect. As a result, there are times when it is necessary to
perform diagnosis and troubleshooting to identify failed com-
ponents. For purposes of this discussion, we will refer to the
performance of individual components as the micro-reliability.
The micro-reliability of a system is the performance of the indi-
vidual components that ultimately adds up to produce the reli-
ability of the overall system (the macro-reliability). When the
overall system experiences poor reliability, the analysis will
ultimately identify one or more of the components that failed.

As an owner, | need to understand what should reasonably
be expected from the standpoint of both macro-reliability and
micro-reliability. When my overall system is not performing up
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to expectations, | need to quickly identify which individual
components are not performing as expected. Rather than
spending needless time trying to sort through a number of com-
ponents that have failed, some of which are meeting expecta-
tions and some of which are not, | need to quickly attack the
components that are not delivering the expected performance.

Although one part may have a higher failure rate than
another, it may still be providing all the reliability that was rea-
sonably expected of it. The poor macro-reliability of the entire
asset may be the result of a part that is not the worst perform-
ing part, but is still not performing up to snuff. The owner may
have little leverage to force the improvement of the part with
the poorer performance. However, the owner significant lever-
age to demand action that improves the performance of the
part with the better performance, but that is not performing up
to expectations. Owners who do not demand and receive
micro-reliability data will have little ability to address issues at
other than the macro-level.

Sharing Information

Generally speaking, OEMs are unwill-
ing to share the kind of information
described above. Although they will share
the macro-reliability numbers, they are
unwilling to share micro-reliability data.
There are several reasons for this reticence.
First, the level of detail needed to describe
the component reliability is also sufficient
information for the owner to find a differ-

ent source for the components. OEMs are
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concerned that providing customers with this information will
leave them high and dry as a source for future parts sales.

Second, the seller’s analysis leading to the macro-reliabili-
ty is not exact. Some components may underperform; others
may over-perform. Occasionally the over-performance of one
component may more than offset the underperformance of
another. In this case, the macro reliability of the overall system
may be as advertised. If owners understand the expected per-
formance of all components, they may demand that all compo-
nents perform as advertised. In this case, the sellers will be held
accountable for poor performing components even when the
overall system performs as advertised.

Finally, this kind of detail may uncover a number of the
sellers’” “dirty little secrets.” One secret is that the sellers really
don’t know as much about their product as they put on.
Another secret is that the sellers’ control of second-tier supplied
components may not be as advertised. In fact, the supplier may
be shifting and changing component suppliers frequently.
When changes occur, the actual component may not have the
same reliability as the component used in the determination of
the overall asset reliability. If owners have facts, it may raise
their concerns and increase their leverage.

As a result, the analysis and information needed for own-
ers to maintain the inherent reliability of their assets is some-
what different than that needed for the sellers to get the prod-
uct out the door and delivered to the owner. The only way the
sellers will invest the effort required to develop and provide
that information is when the owners have clearly stated that
requirement in the purchase specifications. The only way that
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the sellers will agree to provide the owners with all the data
developed during the DFR process is when the owners have
made it a mandatory part of the purchase agreement.

The issue all gets down to that single difference. The own-
ers need the information required to ensure the inherent relia-
bility of an asset for the entire life of the asset. The sellers must
do what is necessary to keep selling products and to make a
profit, including the impact of the cost of warranty and post-
warranty liabilities.

The simplest ways to describe the owner’s requirements for
information products coming from the DFR process is to sepa-
rate the information into the elements associated with
Reliability, Availability, and Maintainability. It is important to
emphasize again that the asset life described by the owner’s
business model is much longer than the asset life for products
being sold in the seller’s business model. The owner’s asset life
may be 15 years, 30 years, or longer. By comparison, the sell-
er’'s economic analysis may be limited to the period covered by
the warranty. In each of the characteristics described below, the
objective will be to quantify the value of losses resulting from
underperformance over the entire life span being analyzed.
Sellers analyze losses due to underperformance during the
short period for which they are accountable. Owners under-
stand that they will have to deal with shortcomings of the asset
forever. However, from a practical standpoint, they limit the
analysis to the period over which the asset value is amortized.

In addition to the detailed descriptions provided below, an
example of a purchase order can be found in Appendix 2 at the
end of the book.
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Reliability

Owners must be provided with data that clearly shows the
asset they are purchasing will provide the required level of reli-
ability over the entire specified life cycle. In turn, the sellers
must show that the approach being used has been successful in
forecasting the actual reliability performance in past situations.
If the method being used can not be shown to be accurate, it
will be of little value to the owners.

One method of forecasting the overall asset reliability of a
product during the development process is the Reliability Block
Diagram (RBD) method.

Reliability Block Diagram (RBD) Method

For simplicity, we will confine our discussion to the simpli-
fied manual form of RBD analysis. Although the manual
method of applying RBD is useful for analysis of simple sys-
tems, the complexity of systems and the attendant analysis
quickly becomes too great to handle manually. As a result, a
number of software makers have produced programs that sup-
port RBD analysis. Chapter 4 will focus exclusively on reliabil-
ity analysis.

The reliability of any single component can be represented
by a block like the one in Figure 3.1.

Figure 3.1 A single component in RBD

In Figure 3.1, .9 or 90% represents the reliability of the
component. A component with a 90% reliability is expected to
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have a 90% likelihood of surviving one year without a failure,
or a 10% likelihood of failure.

There are a variety of sources of information concerning
the reliability of different kinds of components. The most accu-
rate is probably the owners’ direct experience. If the owners are
currently using a component or piece of equipment that is the
same as the one being proposed for the new facility, then the
new component should perform with the same reliability as the
current one. That assumes the owners will operate and main-
tain the new one in the same manner as the current one and it
will act in the same manner.

A second source of information is the supplier of the com-
ponent. OEM'’s data is most believable when the OEM is pro-
viding a warranty that the component will perform to that level.
In addition, there are a number of books and articles available
that provide typical performance for generic components.
These last sources do not consider specific operating or main-
tenance impacts.

Even the most complex of systems can be modeled using a
few simple sub-system configurations. Figure 3.2 shows com-
ponents arranged in series.

Figure 3.2 Components arranged in series.

In cases of series configuration, the combined reliability of
the two components operating in series is simply the product of
their individual reliabilities. In Figure 3.2, the combined relia-
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bility is .72 or 72% (.9 x .8 = .72). The system consisting of
these two components would have a 28% likelihood of failure
in any one-year period.

Figure 3.3 shows how the components can be represented
in the case of a parallel configuration.

Figure 3.3 A parallel configuration.

In this case, the combined reliability of the subsystem
would be enhanced by redundancy or “sparing.” The following
equation is used to determine the combined reliability:

R=A+B-(AxB)

= 9+9-(9x.9)=1.8-.81=.99 or 99%

In other words when a 90% reliability device is spared with
a similar device, the combined reliability is 99%. The likeli-
hood of failure is 1%.

.8

Figure 3.4 Modeling a complex configuration.
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As Figure 3.4 shows, these simple subsystem configura-
tions can be combined to model almost any complex configu-
ration.

The math is left to the reader. Despite the fact that all
unspared components have what seems to be a good reliabili-
ty, the overall system reliability is only .665 or 66.5%. Thus, the
system has a 33.5% likelihood of failing in any given year. If
statistics play out, there will be one failure every three years.

In addition to the features described in the simple models
above, it is possible to include the impact of spare parts strate-
gies, intermediate product storage, and various other character-
istics using computer simulation software.

Reliability Block Diagram modeling is a complete subject
in and of itself. Although it is not my intent to provide a com-
prehensive treatment of RBD, a few useful details follow:

¢ The objective of preparing an RBD model is to develop a
general understanding of the reliability of an asset before
design and construction are complete. By that time, owners
are “stuck” with what they have. The model must adequate-
ly describe the system being studied. The computer model
cannot completely capture all the elements. However, it is
useful for comparing the elements that have been captured.

For example, when | was a boy, my father owned a num-
ber of old trucks. He nurtured and pampered them, and
never asked them to perform tasks beyond their limits. As a
result, he received excellent service from the old trucks. On
several occasions, these trucks experienced major failures
(blown engines) shortly after he traded them. This kind of
care cannot be included in a model because the model
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doesn’t know who will be chosen to operate and maintain
the asset.

¢ RBD software varies in its capabilities. It is important to
select software that has the features you need. For instance,
one version of RBD software has the ability to simulate the
filling and emptying of intermediate and run-down tankage.
If you need to understand the capacity needed to allow
closely-coupled assets to continue to operate during short
interruptions, this feature will be important for your RBD
software to contain.

¢ The best information for failure rates comes from your own
records (because it reflects how you operate and maintain
your assets). However, a variety of useful sources of reliabil-
ity data can be used to “fill the boxes.” For instance, the IEEE
Gold Book contains a great amount of data for electrical and
electronic components.

¢ As mentioned earlier, the ability to identify very infrequent
failures depends on performing enough simulations for the
model to produce the low likelihood but high impact events.
Almost all forms of RBD software allow users to select the
expected life and the number of life simulations that will be
included in the results. Users must be patient while the soft-
ware grinds through enough simulations to produce realistic
results. They should begin with a moderate number of simu-
lations, then increase the number and re-run the program to
see if there have been meaningful changes. If so, they should
increase the number of simulations until the results no
longer change by a meaningful amount.
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A reliability allocation method is another simple approach
frequently used to identify the overall reliability of an asset. This
approach tends to reflect the structure of organizations where it
is used. The overall reliability is assumed to be additive. Each
part of an organization that is assigned the responsibility for
specific systems or sub-systems of an asset are provided a reli-
ability allocation or a portion of the assumed overall unreliabil-
ity that their systems can produce. Suppose the allowed failure
rate amounts for one failure per year and an asset is made up
of three major systems (engine, control and drive). Then the
allocated failure rate might be as follows:

¢ Engine — .5 failures per year
¢ Control— .25 failures per year
¢ Drive — .25 failures per year

As long as each of the departments of the organization
stays within their allocation, it is believed that the overall asset
will also perform as required. The weakness of this approach is
that it does not account for the statistical nature of failures.
Although it may produce an acceptable (or even more than
acceptable) level of performance in one period, it may produce
marginal performance in another.

For purposes of this discussion, there are a variety of ways
to forecast the reliability of future products. The objectives of
applying these techniques are twofold:

1. The techniques are intended to show that the product being
developed will meet or exceed the owner’s specified re-
quirements.
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2. They can be used to highlight areas of weakness so changes
can be made in an iterative manner and the performance
can be made to meet requirements.

No matter how sophisticated the analysis, if it cannot be
shown to generate an accurate forecast, it is of little use.

In the two examples above that are used to forecast relia-
bility for the asset (earlier called the macro-reliability), it can be
seen that overall asset reliability is related to the sum of its
parts. This is an important albeit subtle point. It is important
because it highlights the owners’ need to understand the relia-
bility of individual components (micro-reliability of the compo-
nents) as well as the macro-reliability. It is subtle because all
too often we overlook the negative impact a fairly innocuous
component can have.

While | am in the process of writing this book, the world is
hearing more and more about a reliability problem with sever-
al models of Toyota vehicles. As the story unfolds, there are a
series of accounts about the part the floor mats have played in
this problem. The problem is that the vehicles unexpectedly
accelerate in an uncontrollable manner. The first round of sto-
ries said that the floor mats were the cause. As the newspaper
accounts progressed, they said the floor mats played a partial
role.

This story has a long way to
go before it is over, and | am not
suggesting this discussion is
addressing the final story. Still, it

provides a good example of the
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issue described above. If owners received an estimate of the
macro-reliability and micro-reliability of the subject automo-
biles, would that analysis have named the floor mat as a possi-
ble contributor to an acceleration problem?

If so, how would have owners responded? They would
remove the floor mats at least until they were certain they did
not introduce an unnecessary risk. It is only in a world where
owners do not recognize that a significant risk exists that they
allow this relatively meaningless issue to continue to play an
unmanaged role in the safety of themselves and their families.

The removable floor mats are probably an extreme exam-
ple of the issue. However, when owners purchase a capital-
intensive, long-life asset, they should be able to expect that the
sellers will provide an accurate forecast of the overall or macro-
reliability as well as the micro-reliability of all components
used in creating that forecast.

The information provided by the sellers should include the
following details:

¢ Contributing elements versus non-contributing elements
e Components included in the calculations are viewed as
having failure modes that will contribute to the overall
life of the asset
e Components not included are viewed as having no fail-
ure modes that will contribute negatively to the overall
asset reliability
¢ Failure Frequency and usable life (Weibull life)
e Include the expected reliability of each component
e Also include the usable life over which the component
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will deliver the expected reliability. If the component must

be replaced at some time to maintain the overall asset relia-

bility, the owner must be made aware of this and the cost of

such replacements must be included in the TCO.

¢ Failure Mode or Modes included and characteristic of each

Failure Mode

e If more than one Failure Mode exists, they should all be
included

e If more than one form of predictive or preventive main
tenance is needed to ensure reliability or extend the
usable life, the owner needs to understand all of them

e Be sure to include all forms of risk mitigation tasks or sys
tems (e.g., operator inspections, actions imbedded in
procedures)

The ability to make informed choices between higher first
costs and higher costs for the entire life of an asset is only pos-
sible when owners have all the information. Lacking this infor-
mation, it has to be assumed that the seller is making decisions
for the owners, which further assumes that the seller knows bet-
ter than the owners what choices are best for them.

When a specific component has been excluded and is
therefore viewed as having no failure modes that contribute to
poor asset reliability, any failures are unacceptable. (This point
is important to the Toyota floor mat example. Before they
became a possible explanation, were floor mats ever viewed as
a possible cause for fatalities? Had they been, would Toyota
ever have provided them or would they simply have avoided
the responsibility by allowing interested owners to provide
their own optional floor mats?)
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The ability to quickly separate unusual failure rates and
Failure Modes from those that should be expected is possible
only when owners are provided information describing those
expectations and when they track asset and component per-
formance in a manner consistent with the information that has
been provided to them.

Availability

Next, owners should ensure that Availability is addressed
as part of the design. Simply put, Availability is a measure of the
portion of time an asset will be able to perform its intended
function. If the function of the asset is to make a specific prod-
uct at a specific rate, at a specific quality, and with a specific
efficiency, then any interruptions in performing that function or
any aspect of the function is a loss in availability.

In addition to considering all the characteristics that are
important to functionality (production rate, quality and efficien-
cy), it is important to consider both forms of interruption:
planned and unplanned.

Planned interruptions are those that are expected and typ-
ically the result of issues beyond the control of the designer. For
instance, it is possible that heat exchangers or some other ele-
ment tend to foul or become less efficient the longer they are
in service. Assuming there is no other efficient and effective
way to address issues like normal fouling, the asset will need to
be idled for cleaning on some regular cycle. Routine cleaning
and other similar activities come under the heading of a
planned interruption and should be understood by the seller
and the owner during the design. Regular outages for overhaul
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and renewal make up another form of planned interruption.

There are a variety of names for this kind of event: shutdown,

turnaround, overhaul, and outage. Whatever the event is

called, the characteristics are as follows:

¢ It typically happens every several years as limited by one or
more components that have reached the end of their useful
life.

¢ It typically takes much longer than other forms of mainte-
nance as limited by the longest critical path duration of one
or more components that must be maintained during the
event.

¢ It typically renews all elements of the asset that cannot be
readily maintained while the asset is operating.

As might be expected, the losses associated with periods of
planned unavailability are some of the most significant during
the life of an asset. These losses are critical to the owners’ prof-
itability and play a key role in their business model. It is
absolutely critical that sellers understand this characteristic and
clearly communicate it to the owners.

Suppose some owners purchases an asset that produces a
specific product. The owners are the only company that makes
that product and that several other companies depend on the
owner for a supply of the product. Those companies make
commitments to their customers for their products, so ultimate-
ly an entire business chain depends on the original owners’
ability to produce products. The owner discovers that their asset
requires an overhaul much sooner than expected. Furthermore,
the overhaul will take much longer than expected. The owners
had plans and supplemental capacity to overrun demands in
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periods leading up to outages so they could build inventory in
anticipation of the outage. The owners also had built storage
facilities to keep additional supplies to be dispensed during the
outage.

But now the owners learn the outage is coming sooner than
expected; there is no time to build up inventories. Even if there
was time to build up inventories, the storage facilities would be
too small to cover the entire outage -’ -
period. As a result, the return on
investment will not occur for the

o

additional facilities the owner built to

provide added capacity and storage.
In addition to investments with no

A

-

returns and loss income due to early
and extended outages, the owners
may be subject to legal action and to
loss of customer loyalty because of their inability to supply
products as committed. Early, unexpected, and extended out-
ages create situations that are bad for business in a number of
ways.

To a lesser extent, instances that allow an asset to continue
to operate—albeit at lower efficiency or a reduced rate—
should also be known, described, and communicated by the
sellers to the owners. In these situations, the owners need to
accommodate the issues in the design capacity of the asset, the
storage available, the expense budget (e.g., cost of additional
energy during periods of inefficiency), and the profit forecasts.
Not knowing about inherent physical limitations of an asset
places owners in jeopardy of creating a situation that does not
fit their business model or the story they are telling their
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investors.

The other portion of unavailability is the unplanned portion
or the part that is the result of poor reliability. Although this part
of unavailability cannot be quantified to the same level as
planned unavailability, it can be quantified to the degree that
the level of understanding will support the owners’ business
model and their business. Said another way, much of the DFR
analysis is aimed at identifying failure modes and their effects.
It also identifies the tasks and the duration of the tasks needed
to recover from those failures. When that information is provid-
ed to the owners, they can determine if the frequency or dura-
tion of those interruptions or the necessary response is consis-
tent with the way their business operates.

Too frequent interruptions (low reliability) will consume all
the attention of plant leaders. Poor maintainability will result in
long outages or unstable restarts. This condition may make it
impossible to assure customers of the product they require.
Once the owners are duly warned of anticipated reliability per-
formance, they may say that these conditions are inconsistent
with the manner in which their company does business.
Therefore, the defects causing this behavior have to be elimi-
nated before the design can proceed.

Two factors are needed to quantify unplanned unavailabil-
ity that must be determined. The first is provided when the reli-
ability model of the asset is complete and simulations have
been run. These results will tell the seller and the owner how
frequently an unplanned event resulting in the loss of availabil-
ity will occur. If a manual model has been used to determine
the expected reliability, the product of that analysis will be a
statistical likelihood of failure in any given year. In other words,
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if the reliability of the asset is 99%, there is a 1% likelihood of
failure in any year. Rather than zero or one, the expected
unplanned unavailability should be .01 times the interval of the
likely event. If a computerized model has been used, the results
will identify the specific components that will fail in any given
period.

This brings us to the second factor of estimating the effects
of unplanned unavailability—the expected duration of the
unplanned event. This information will be made available from
another part of the analysis. When performing the work neces-
sary to ensure Maintainability, it will be necessary to perform a
streamlined RCM analysis. The streamlined RCM will identify
the typical tasks that need to be accomplished over the life of
the asset. Once all the expected maintenance tasks have been
identified, sellers will need to analyze each task. The object of
the analysis will be to answer the following questions:

1. Can the task be accomplished in a ratable period of time?
2. Will the ratable task restore the full inherent reliability of the
asset?

We will discuss this activity more in the next paragraphs.
Having performed a thorough analysis of maintainability will
deliver all the information needed to estimate the typical out-
age duration. In performing this analysis, it is important to
include the duration of all peripheral activities that may be
required when an unplanned reliability-related event occurs.
The surrounding activities—Ilike decontaminating or isolating
the asset—may actually require more time than the actual
repair. Although the likelihood of an event might be small, the
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duration of the event might be so large as to make the annual
allowance for unplanned unavailability fairly significant.

If a manual approach has been used to model reliability,
the duration of the event used to determine unplanned loss of
availability will be the duration of a “typical event.” Therefore,
it is important to include all the peripheral activities. In many
cases, the duration of a typical event has more to do with
peripheral issues (taking a locomotive to a shop or shutting
down and decontaminating a process plant) than it does with
the actual repair. However, if a computerized modeling system
has been used to simulate failures, it will be possible to apply
the specific duration of the repair associated with the failures
forecasted by the model.

Again, it would be unwise for owners not to include this
element in their business plans. Furthermore, it would be
unprofessional for the sellers to not tell the owners about these
statistical, but still expected interruptions.

Maintainability

The subject of maintainability was introduced along with
availability in some detail. In many ways, the two characteris-
tics are inseparable. If an asset is unmaintainable, it is likely to
have poor availability. The maintainability of an asset will deter-
mine how long it will be out of service when it fails and if it is
likely to fail again shortly after being maintained.
Maintainability is defined as a measure of the capacity to
restore the inherent reliability of a system in a ratable period of
time. A useful measure that can be used to quantify this char-
acteristic statistically for a number of devices or components is
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the Mean Time Between Failure (MTBF). To quantify the main-
tainability of an asset, begin with knowing the tasks that need
to be assessed for those properties. Start with some process for
identifying both the components that will be likely to fail and
require repairs, and the predictive and preventive maintenance
needed to minimize the number of such repair tasks. The most
commonly used tool to provide that information is Reliability
Centered Maintenance (RCM). In order to perform RCM in the
most effective and efficient manner possible during the design
process for an asset, it makes best sense to select a streamlined
RCM process.

RCM is a Failure Modes and Effects Analysis (FMEA). It has
an objective of delivering all the inherent reliability of an asset
by identifying the tasks needed to mitigate or eliminate risk of
failure resulting from known failure modes. When conducted
as part of a DFR activity, an RCM analysis will serve the second
purpose of identifying required maintenance activities. RCM
will identify the reliability of each component that should be
expected when properly maintained. This provides a second
estimate of component reliability. This estimate can be com-
pared to the value for the reliability of each component that
was used during the RBD analysis to calculate the overall asset
reliability. If the reliability produced based on application of a
reasonable maintenance program is inconsistent with the val-
ues used in conducting RBD, the differences should be recon-
ciled. If the component reliability (micro-reliability) is too low,
the desired system reliability (macro-reliability) will never be
achieved. If the component reliability is higher than necessary
to provide the required system reliability, the amount of main-
tenance being recommended may be greater than necessary.
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There are a number of different forms that RCM and stream-
lined RCM can take.The difference between RCM and stream-
lined RCM has consumed a great deal of attention over the last
few decades.In the author’s experience, all forms of RCM are
just a starting point.Ultimately the tasks being done must be
optimized in the years following RCM using a “Living Program”
that continually evaluates both the cost and the effectiveness of
the regimen of work.As a result, | believe it is best to begin as
quickly as possible and do so with the smallest initial invest-
ment.Those characteristics will result from streamlined RCM.
For the purposes being described in this text, the RCM analysis
is being performed

Once the RCM analysis is complete, the resulting compo-
nent reliability is reconciled, and the maintenance tasks are
identified, the engineers involved in developing the new prod-
uct should walk-through or simulate each task in a manner that
will determine the task efficiency and effectiveness.

Task efficiency is another way of describing the tasks rata-
bility. Can the task be done in a ratable period of time? Or are
elements of the task unsure, involving steps that may require
multiple tries? Are there tasks that require mechanics to stand
on their heads or squeeze into unreasonably tight areas to com-
plete the repair? Any of these circumstances may result in a task
for which it is impossible to set an accurate duration.

Task effectiveness is another way of describing the ability
of the task to restore the inherent reliability of the asset. If the
results at the end of the task are unsure, then task effectiveness
is in question. Consider the case where multiple electronic
components are simply changed one-by-one until the function-
ality is restored. In this situation, there is no way of individual-
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ly testing the electronic components to determine if they are
good or bad. The defect may be identified or it may not.
Removal and replacement of several components may simply
“jiggle” things enough to restore poor contacts. These same
marginal contacts may quickly fail again after the asset is
placed in service.

Think about the last time you called for computer support.
The help desk probably asked you to recycle your computer by
turning it off, then back on. It is reasonable that this got things
working again for you. But did it repair the problem? Although
the fix worked temporarily, it did nothing to restore the inher-
ent reliability of the system.

Format

Although there are a number of ways
to deliver the information, the most impor-
tant issue is that the information is readily

usable and not confusing.

For instance, there are a variety of ways to report the relia-
bility of electronic components. The most significant difference
is the time span covered by the reported likelihood of failure. A
device is much more likely to fail in any given year than it is in
a single day. Also, the likelihood of failure for some devices
tends to increase at the end of their usable life. This character-
istic would create a requirement that the component be
replaced on or before the time that it can no longer support the
required reliability for the overall asset. The information needs
to be provided in a way that owners can clearly understand the
requirement. The important information cannot be hidden in
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rows and columns of numbers that have to be interpreted to
understand their implications.

Typically, the owner will be able to measure failure rate in
large increments of time. A large increment of time may be a
month, a year, or some other period used to evaluate quantity
passing through the inventory system. The data should be pro-
vided by the seller in a manner that can be easily sorted for
intelligence; it should not require a great deal of manual analy-
sis to use. The data provided should not be open to differences
in interpretation. Therefore, when a difference between esti-
mated and actual is identified, the solution does not have to
begin with a long discourse over the meaning of the data.

The products coming from Weibull analysis provide a good
basis for the kind of information that will be useful. The infor-
mation should be provided in an easily sorted database. Then,
when failures begin to occur, it will be easy to find the data for
the failed component. It will also be easy to interpret the per-
formance that should be expected. This point will be discussed
at greater length in Chapter 4.

Timing

It is expected that sellers may have a million excuses why
the results of the reliability analysis and the specific data
requested by the owners cannot be delivered until some time
after the asset has been delivered. Still, that is not good enough.
Suppose the data is not available until after the owners have
taken possession of the asset. That fact alone would serve as a
clear sign that the sellers have not applied the results of the
analysis in the design of the asset. After the owners have taken
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delivery of the asset, it will be too late to identify shortcomings
and demand changes.

It is important that the owners’ reliability representatives be
ever present at the designer’s office while the asset is being
designed. They can then observe DFR in progress and review
the results of the analysis in real time. The data provided by the
sellers to the owners at the time of delivery should not be new
to the owners. It should only be data the owners’ reliability rep-
resentatives have seen and approved earlier, but packaged in a
neater, more usable form.

The absence of on-site representatives will lead to choices
being made to meet the sellers’ needs through the design
process. In order to ensure that the needs of the owners’ busi-
ness model are being addressed during the design, a knowl-
edgeable reliability engineer must be on-site at the designer’s
office from the start of design to the delivery of the asset.

Application of the System Engineering V-Model

The last chapter introduced the V-model for system
design. The V-model (Figure 3.5) provides a helpful tool for
understanding:

¢ The general activities that should be included in the design
and development process.

¢ The typical order of those activities.

¢ The nominal timing the key activities can be expected to be
accomplished.

Although it is unlikely that any established sellers will total-
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ly change their design process to meet the needs of their cus-
tomers, it is likely that the customers can have a positive impact
if they understand the process and make certain they are in the
right place at the right time during design.

In some cases, the owners may feel that the performance of
a product is so important that they will assign embedded per-
sonnel for the entire period the design and development is
being done. Others may not feel the same drive for continuous
involvement. Still others may wish to participate, but do not
have the resources needed to provide continuous contact.

In any case, it is important to understand the V-model and
determine from it the specific actions the owner can take to
have an impact on the final product. The following version of
the V-model has been modified to show some of the specific
activities the owner’s representatives can perform to impact the
final product. If the owners can work with the sellers to identi-
fy the timing of each element of the V-model, they can be cer-
tain to have their representatives there to participate in a time-
ly manner.

For the overall DFR process to be effective, it is important
that the individuals assigned to perform the customer and
owner activities clearly understand the desired objectives of
each step of the process and what actions must be taken to
achieve those objectives.

Take, for instance, a typical contract inspector or, for that
matter, even a full-time employee being used as an assigned
inspector. How many of the individuals assigned to those roles
actually understand your company’s business model—and how
assets should be designed and constructed to fulfill that busi-
ness model? Realistically, the answer is very few, if any.
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Most of the inspectors | have worked with during my career
tend to take a very pragmatic view of the world. That view is
based on the experiences they have had over their career. Their
pragmatism may lead them to believe that an asset with a life
span of thirty years and a high level of reliability over that entire
period might be unrealistic. They may allow those pragmatic
beliefs to prevent them from holding a supplier’s feet to fire
when providing a product. In the majority of situations where
DFR is being installed and used for the first time, the owners’
objective is to make a significant change in the reliability of the
products they are purchasing.

In this case, the on-site inspectors’ viewpoint must be
based more on the future requirements than the past problems.
Their past experiences should not be allowed to impact future
expectations.

Although | used contract inspectors and construction
inspectors as examples of individuals who may not share a
vision of an asset with a dramatically improved level of relia-
bility, this weakness is probably more prevalent among busi-
ness and engineering professionals who have little or no back-
ground with reliability engineering. Individuals who do not
understand that reliability, availability, and maintainability are
choices rather than consequences are likely to feel resigned to
accepting whatever the seller offers. When the seller tells them
that it is not good economics to build highly reliable assets,
they believe it. When sellers hearken back to “the good old
days”—when assets reliably failed once every few months “and
you knew exactly what to expect”—these individuals have lit-
tle knowledge about how much has changed and performance
from their “good old days” can no longer be accepted.
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It is critical that the individuals assigned by the owners
understand what is required at each level of the design and
development process and be unwilling to accept short cuts,
marginal components, or performance that is less than speci-
fied. It is likely that the level of performance portrayed by the
sales representatives before the sale will be viewed as an exag-
geration by the engineers and designers when the actual prod-
uct is taking shape. In this situation, individuals assigned
responsibility for oversight by the owner needs to understand:

What was specified
What was sold
What was purchased

* & o o

What will be accepted and what will not

If the final product is not likely to fulfill the requirements,
the owner’s representative needs to raise a flag?and the sooner,
the better.

Conclusion

Although the DFR process needed to meet the owners’
objectives is different from the DFR process for the sellers’
objectives, they are not mutually exclusive. By specifying what
they need to meet their objectives, owners are not relieving
sellers of their responsibility to perform all the steps needed to
meet the sellers’ objectives and to create a reliable and func-
tional asset. For instance, owners may not need to understand
or be involved in the sellers’ process for ensuring the capabili-
ties and quality process for second- and third-tier sources. The
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fact the owners do not demand information covering these
activities does not relieve the sellers of their responsibilities
concerning those areas.

Owners need to be provided with a proof statement ensur-
ing that the asset will provide:

The required level of reliability
The required availability

At the expected LCC

For the required life

* & o o

Each of the characteristics that are described in the proof
statement provided by the sellers to the owners are items that
are critical to the owner’s business model. They also require a
form of analysis that is beyond the analysis that the sellers per-
forms for their own needs. As a result, | have attempted to limit
the additional activities needed to satisfy the owners’ DFR
requirements.
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Chapter 4

Reliability Analysis

1t is better to understand a little than to
misunderstand a lot.

Anatole France

In this chapter, we will focus on reliability analysis as it
specifically applies to serving the owner’s interests during DFR.
Current literature tends to focus on DFR methodology that can
be applied in a manner that will support either the owner’s
needs or the seller’s needs. The problem for the owners is that
the methodology will not be applied in a manner that fulfills
their needs unless specifically demanded and enforced by the
owners. To be successful, the owners need to know what to
specify, how to specify it, and how to enforce his demands.

mn3
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Applying RBD

Let’s begin with a simple example. Chapter 3 provided a
detailed description of the Reliability Block Diagram tech-
nique. Think for a moment about the numbers shown in each
of the blocks (or applied to modeling software). Each number
represents the reliability of a specific component. Depending
on the form of RBD being used, the number in the block may
be a constant (as in a manual calculation) or it may change and
be renewed (as with computerized models and simulations).

For the reliability to be viewed as changing over the life of
the asset, it will be necessary for the people performing the
RBD to make some assumptions. First, the component is always
maintained at exactly the right time. Therefore, the reliability is
the same as new or it can be assumed that the reliability may
reflect more realistic expectations for replacement. In a real-life
situation, inspection accuracy may be less than perfect. Some
maintenance may not be as timely or effective as hoped. As a
result, if the sellers includes an assumption of perfect mainte-
nance in the RBD, the resulting reliability may be unrealistical-
ly high. Unless the owners are willing to conduct frequent and
unrealistically expensive maintenance, the actual reliability
will be less than forecast by the sellers.

Example: Pressure Sensor

Consider this generic but real-life example to further ana-
lyze this issue. A component commonly used in complex sys-
tems is a pressure sensor. Modern pressure sensors consist of a
housing containing a metal or ceramic diaphragm. An electron-
ic element is mounted on the diaphragm; this element pro-
duces a changing signal as the diaphragm is flexed. The
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diaphragm flexes with changes in the pressure of the fluid
being measured. As a result of this arrangement, it is possible
to determine the pressure of the fluid in a system.

Several other features of the physical system are important
to understand. The housing that contains the diaphragm typi-
cally takes the shape of an annulus that leads from the source
of the fluid to the diaphragm. Real-world needs for mounting
this device typically result in that configuration along with a
threaded section that can be mounted on the housing of the
device where measurements are taken. Another subtle charac-
teristic is that the various parts of the pressure sensor are fre-
quently made from different materials that best serve the vari-
ous functions. Specifically, the housing and the sensor may be
made from different metals.

The physical arrangement and construction of a typical
sensor can provide a host for several different failure mecha-
nisms and, therefore, lead to several different failure modes:

1. Fatigue of the diaphragm as a result of flexing can lead to
cracking.

2. Plugging of the annulus with debris can make the sensor
inoperable.

3. Concentration cell corrosion due to plugging or corrosion
resulting from metals with differing electrical potential can
either add to plugging or can weaken the materials in the
pressure sensor.

When performing an RBD analysis, the reliability of the
pressure sensors that are part of complex systems may play a
significant role in several ways. Partial failures may lead to
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incorrect and misleading signals that may cause the system to
operate improperly. Complete failure of the pressure sensor
might cause in a complete loss of signal, resulting in shutdown
or loss of an important protective function.
Depending on the importance of the function provided by
the pressure sensor, the designer working for the seller may
need to assume that the device is 100% reliable. Implicit in that
assumption may be further assumptions:
¢ The device is always changed out before the end of its
fatigue life.

¢ The device is cleaned at regular intervals to ensure the annu-
lus is not plugged.

¢ The fluid being measured never contains materials that are
corrosive to materials within the pressure sensor.

Although these assumptions may be completely correct, it
would be safer and more realistic to assume they are not. All
too frequently the individuals responsible for the designs oper-
ate in a pristine world that provides them with little exposure to
the realities of life. Their lack of understanding leads them
either to a reliability that is far less than advertised or to a main-
tenance regimen the owners cannot afford to support.

At the beginning of this chapter, | provided the quote: It is
better to understand a little than misunderstand a lot. That say-
ing has particular importance to the field of reliability. All too
frequently, components or sub-systems are designed in a man-
ner that go well beyond the direct knowledge of the designer.
For instance, an electronics engineer may design an element
that should have had a metallurgist involved, but did not. When
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that occurs, the resulting product is likely to be unreliable—
unless the designer is particularly lucky. | prefer not to depend
on luck to produce the needed reliability.

Another useful quote comes from Albert Einstein: If you
can't explain it simply, you don’t understand it well enough.
This saying provides an important insight into the value of reli-
ability analysis during design. The need to create a model of a
system used in performing the reliability analysis forces the
designer to describe the system, its functions and interactions,
and the expected reliability of components in a very simple
way. Systems that cannot be described in a simple manner fre-
quently depend on some pretty sketchy theory for operation.
That is bad practice.

DEFINING DFR

With all the preceding as an intro-
duction, exactly what is DFR—or relia-
bility analysis that is conducted in con-
junction with the product design

process? Basically DFR is a system that
describes how the overall system is
likely to fail if it is operated and maintained as expected and is
exposed only to the forms of deterioration assumed in the
analysis.

Unfortunately, the real-world requirements for the system
are frequently different than those assumed by the DFR if the
analysis is accomplished in a naive or one-dimensional man-
ner. In order to avoid the overly simplistic approach, DFR must
assume that:
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¢ The device is not expected to function in the required man-
ner just once so the seller can push it out the door. It func-
tions in the same effective and efficient manner for its entire
life.

¢ The device is not expected to function only under optimum
conditions; it functions in all possible environments.

¢ The device doesn’t just function in the manner that the
designer pictures for it to function; it functions in all the
ways that nature will cause it to function and that it will ful-
fill the owner’s requirements in all those situations.

These issues tend to separate DFRs conducted from the
seller’s perspective from those conducted from the owner’s per-
spective. The terms “robust” and “real-world” will likely mean
different things to owners and sellers. Sellers may build a prod-
uct for what they interpret as the demands of the general pop-
ulation. Owners purchase a product to meet the specific
demands of their business.

Earlier chapters described examples of how owners and
sellers may see things from a different perspective. There are
many others differences:

The life cycle

The utilization cycle

The operating environment
The way an asset is operated
The way an asset is maintained

® & & & o o

The view of when an asset should be renewed or over
hauled
The raw materials

L 4

¢ The expectations of the seller’s role
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¢ The expectations of the owner’s role

¢ The seller’s view of the owner’s business model may be
inaccurate.

¢ The owner’s view of the seller’s business model may be
inaccurate.

¢ The owner and sellers view of their long-term relation
ship as it pertains to the asset being exchanged

Although there are a lot of opportunities for misunder-
standing, some of them may have an impact on the reliability
of an asset; others may not. By highlighting the possible areas
for misunderstanding, | am suggesting there is value in taking
steps to eliminate those areas of misunderstanding. It may be
impossible to make the sellers understand the owners’ business
needs or to convince them that the sellers are correct in their
approach. But it is possible to ensure that the sellers understand
the product requirements.

I am suggesting there is a value in using a process that will
make those misunderstandings moot. As an owner, | only care
about making sure the asset | am purchasing is provided in a
manner that it can fulfill the requirements of my business
model. Hopefully that will be consistent with the seller’s needs.
But if it is not consistent with the seller’s needs | really don’t
care. After all, I'm the customer.

Identifying Requirements

The process of DFR for owners begins with a clear identifi-
cation of their requirements. It concludes with a set of docu-
ments that clearly prove that those requirements have been met
by the design (or that they are being met to the best knowledge
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and effort of the sellers). The two ends of the process should be
clearcut. What is not so apparent is what comes in between.
Let’s consider an assumption that is implicit to the process.
This assumption is that the design will be iterative—there is no
straight path from beginning to end. Once the initial concept
for the asset design has been developed, the first step of the
DFR process will be completed. This first design is one that ful-
fills the general requirements for func-
tionality (e.g., production rate, product
quality, product characteristics), but that
is all. It is unclear how reliable, available,
or maintainable the asset will be. After
the first calculation of asset reliability is
made, we can assume it will be neces-
sary to change some element (compo-

nent choice or configuration) to achieve
the desired characteristics.

The same is true of the various characteristics viewed as a
part of the DFR analysis. In order to understand availability and
maintainability, it will be necessary to perform some form of
analysis to identify all the tasks that will be required over the
life of the asset. The identification of the tasks, their costs, their
frequency, their duration, and their effectiveness (ability to
extend the useful life or restore the inherent reliability) are all
parts of the information needed to perform the availability and
maintainability analysis. But when the results of those analyti-
cal steps identify a shortcoming when compared to the design
requirements, it will be necessary to change the component
selected or the configuration to deliver the required results.
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The Iterative Process For Design and Analysis

Once the component or configuration is changed during
the availability or maintainability steps, it will be necessary to
go back and redo the reliability calculations (see Figure 4.1).
When the reliability calculations are updated, the changes will
have an impact on availability and maintainability analysis.
They too must then be updated. By this time, the reader should
be getting a clear picture of the need for integration and for the
complexity and cumbersomeness that can be present if the sys-
tems being used to perform all aspects of the analysis are not
tightly integrated. (Some suppliers have organizational struc-
tures that make this tight integration impossible. Owners
should not have to suffer the consequences of the sellers” orga-
nizational weaknesses.)

Modify q Modify

Element to Element to
Achieve Achieve
Required Required

Availability Maintainability

Re-Perform
Reliability
Analysis

Figure 4.1 The iterative process

Generally speaking, owners should reinforce the expecta-
tion that the iterative steps in the DFR process be completed;
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they should ask the sellers to perform the analysis using systems

that help streamline that integration. Start with an expectation

that the sellers perform and provide the owners with the prod-
ucts of the following analysis:

1. Reliability Block Diagram analysis to calculate the expected
asset reliability using data specific to the final configuration
and the specific components that have been used in the final
delivered product.

2. Reliability Centered Maintenance analysis to identify all the
predictive maintenance (PdM), preventive maintenance
(PM), replacement and repair maintenance, and overhauls
or renewals needed to maintain the inherent reliability over
its entire life.

A number of software developers provide software pack-
ages that include both of these analytical tools. The benefit of
choosing a single source for both tools is that information can
be shared. Performance simulations can be more easily com-
pleted if changes update both systems.

Assumptions about the Analysis

A basic assumption is that the analysis will require an RBD
simulation and an RCM analysis. Another assumption is that
the analysis will be far less complex if a software package that
includes both tools is selected to perform the analysis. Inherent
to both of these assumptions is a third—that the sellers have
personnel capable of performing the analysis and using the
selected software. Another implicit assumption is that the
analysis is being done concurrently with the conventional
design and, furthermore, that findings from the DFR analysis
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are being integrated into the design.

It may seem obvious that the products of the DFR would be
integrated into the design. Yet, there are many examples where
they were not. My own experiences with project managers
(including myself when | was one) suggest that they like to
make decisions, then put those decisions behind them and
move onto the next thing. Requirements—like DFR—that intro-
duce numerous situations where choices need to be reconsid-
ered, and apparently completed work must be reworked, go
against the instincts of those project managers. As a result, they
will push to put long-lead time components on order, even
when their capabilities in terms of reliability, availability, or
maintainability have not been verified.

It is important that all of the assumptions described above
be verified as more than just assumptions. They need to be
determined to be facts and a part of the process that will be
used in the design of the new asset.

The Reliability Analysis step begins with a thorough under-
standing of how the remainder of the overall DFR will be con-
ducted. It is critical to understand all design requirements as
they relate to reliability, availability, and maintainability. It is
important to understand how the Availability Analysis and
Maintainability Analysis steps will be conducted. Reliability,
Availability, and Maintainability analysis depend on each other
for data. If not conducted in a closely-integrated manner, then
additional, unnecessary work may be required. It is important to
understand which of the available analytical tools (software) will
be used. It is important to know as well that the sellers have the
skills within their staff to conduct the analysis and to properly
use the analytical tools that were selected. Without this knowl-
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edge, it is possible that the sellers could provide a lot of infor-

mation and reports that are nothing more than “eye-wash.” They

will not ensure the required performance or help the owner

maintain the desired performance over the life of the asset.

Steps of Reliability Analysis

Determine Owners Requirements

L

The life cycle—Is the asset expected to last fifteen, twenty, or
thirty years? Is it an accepted fact that the reliability and
capacity will reduce as the asset ages or is it expected that
the asset will have the same performance over its entire life?
The utilization cycle—Is the asset expected to operate at full
rates and in the harshest service for its entire life or will there
be periods of lighter load or milder service?

The operating environment—Where
will the asset operate? What are the
weather conditions? Will it be subject to
salt spray from the sea? How about
blowing snow and sub-zero conditions?
The way an asset is operated—Are the

operators well qualified? Will the asset
be manned in a manner that operators
will take good care of the asset? Or will the asset be used in
a remote location where there is little or no human atten-
tion?

The way an asset is maintained—Are the maintenance
crews highly qualified or not? Is it likely that on-going main-
tenance and repairs will be done in a professional manner
or will the work be done by “backyard mechanics”?
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¢ When an asset should be renewed or overhauled—\What
interval is expected between overhauls? If the device has a
thirty-year life, will it require two overhauls or three?

¢ The raw materials—If the asset is an operating plant, what
are the properties of the raw materials it will process? If the
asset includes an engine, what kinds of fuel and lubricants
will be used? The importance of identifying raw materials is
not simply to make a list. The importance is to understand
the characteristics of the raw materials that will result in
some adverse affect. In some cases, this is not obvious. An
example is sulfur content in fuel. From an environmental
standpoint, this change is good. From the standpoint of acid-
gasses being produced, this is a positive change. From the
standpoint of inherent lubricity, the change is not good.

¢ The expectations of the seller’s role—Are the sellers expect-
ed to provide on-going and on-site service until all require-
ments have been met? If expectations have been met for
some period, but change and no longer meet expectations,
what is expected of the sellers?

¢ The expectations of the owner’s role—The owners have
some idea of the role they should have to play over the life
of the asset. It may be that they simply push a start button,
then sit back and let the cash roll in. If this is the case, the
owners should be clear to the sellers so there is no confusion
concerning how the asset should operate and the owners’
role in achieving that level of operation.

¢ The sellers’ view of the owners’ business model—Sellers
may view the owners’ business model as containing an on-
going income stream for the sellers (to provide parts and serv-
ice for the life of the asset). If this is wrong, it is best to find
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out early.

¢ The owners’ view of the sellers’” business model—Owners
may believe that sellers have included sufficient cost in the
initial price of the asset to provide on-going support for the
remainder of the asset life. If this is wrong, it is best to find
out early.

¢ The owners’ and sellers’ view of their long-term relation-
ship as it pertains to the asset—Sellers may view the sale of
an asset as being similar to a marriage in which the owners
are tied to the sellers for the life of the asset. Owners might
view the purchase of an asset as either a “one-night-stand”
or the purchase of an indentured servant. In any case, it is
best to know how long the relationship will last, what it will
cost, and what services will be provided.

Complete Conventional Design—First Round

¢ Depending on the kind of asset and where the specific
model or version fits in the on-going evolution of the gener-
ic form, the conventional design process can have a variety
of differing steps. Considering the example of an automo-
bile, the design process for a simple upgrade from the prior
year model will be quite different from the design process
needed to develop the company’s first hybrid. Generally
speaking there are a variety of specialized areas of design
when starting from scratch, including:

¢ Functional design ¢ Structural design
¢ Thermal design ¢ Aesthetic design
¢ Design of control systems e Etc.
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¢ In order to allow the Reliability step of the DFR to proceed,
it is important that the first round of the conventional design
be substantially complete. It is necessary that the entire con-
figuration be described (so it can be modeled) and the initial
component choices are made (so their assumed reliability
performance can be used).

Create Model

¢ If an RBD technique is used as a basis to calculate the relia-
bility (and by now you should realize you are being strong-
ly pushed in that direction), the next step is to assemble a
model that closely resembles the function of the product.
This step should be fairly easy for the individuals involved in
the product design. If not, you should question how well
they understand the product they are designing and how it
functions.

¢ If sellers choose to use another approach (like a reliability
allocation approach), it will be important to understand how
they will address redundancy or the need for redundancy in
the design. Another area of concern is the ability to evaluate
where best to make improvements. RBD will describe
specifically where changing a component will have greater
or lesser impact. On the other hand, the mathematical
impact of upgrading any of the components in a reliability
allocation method is all the same. When using a reliability
allocation method,changes can occur in subsystems where
the current design is beyond the current allocation rather
than where they are most needed or will be most cost effec-
tive. A final concern is the benefit of simulations in RBD.
Simulations will allow failures to occur wherever they may.
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Some years may have more failures and other years may
have less.

Reliability allocation assumes failures are evenly spread. If
failures are clustered in the first year of operation, owners may
go broke before ever getting started. If real-life failures happen
to be closely grouped in any later period, owners may not be
able to meet production commitments for that period. This kind
of problem is far more likely to be identified using simulations
than strictly an allocation method. It is important for owners to
be involved in the selection of the modeling approach that will
be used and the software. These choices must fulfill the owners’
requirements as well as the sellers’.

Apply Data

¢ Once the RBD or other model is complete, the next step is
to apply the data needed to support the simulations. The
data can come in a variety of sources but needs to accurate-
ly represent the anticipated performance of the device rep-
resented by each field. The most accurate form of informa-
tion is probably failure data coming from a similar asset cur-
rently being operated by the owner. This data tends to blend
in some reality based on how the owner currently operates
and maintains the device. In some cases, the treatment pro-
vided by the owner can result in an extended life. In other
cases, it can reduce the life when compared to the expecta-
tions of the supplier.

¢ In addition to the reliability data applied for each compo-
nent, data is needed to describe the environment or system
in which the asset operates. If the asset will be in a remote
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location and the owners do not plan to provide a local sup-
ply of spare parts, it is likely that the MTTR or Mean Time To
Repair will be much greater than for owners who are either
close to warehouses or have a substantial inventory of spare
part.s

¢ As with other elements described herein, the selection and
use of data must be agreed by the owners. There are occa-
sions when data for the precise proposed element is not
available. In those cases, it is critical for the owners to see
that the data being used does not misrepresent or intention-
ally misrepresent the anticipated performance. The data
should not cause the model to produce convenient results or
results that seem to have been the objective before the
model was constructed.

Produce Initial Results

¢ Assume that an RBD model is being used to provide simula-
tions of the life of the proposed asset. For assets that have
reliability measured in terms of mission success, each simu-
lation will represent a typical mission. For most other assets,
the simulation and calculated reliability will be based on
some specific time period. In many cases, a year is the time
interval being simulated. A year might be the best choice if
it is consistent with annual service intervals or regular main-
tenance that can be most easily understood and budgeted
when described on a yearly basis. Because most owners per-
form key forms of financial analysis on an annual basis,
using an annual basis for reliability analysis will assist in
determining how reliability related costs will affect financial
performance.
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¢ Most significant is the number of intervals or the entire life
being analyzed. If the asset has a thirty-year life, then 30
one-year intervals will be used in the simulation. If the
required life is shorter, a smaller number of intervals can be
selected. The point is that the number of intervals and the
total life is based on the owners’ requirements and not those
of the sellers.

¢ Another consideration is the number of simulations that
should be completed. With the computing power of current
computers, it makes sense to complete more simulations
rather than fewer. The main concern is to complete a suffi-
cient number of simulations to arrive at an acceptable con-
fidence level. Start with at least one hundred simulations.

Conduct Availability and Maintainability Analysis

¢ Availability and Maintainability analysis will be discussed in
greater detail in Chapters 5 and 6. The reason for mentioning
them here is that the overall DFR process is an iterative
process. It will be necessary to complete one or more cycles
of availability and maintainability analysis before the final
cycle or reliability analysis can be completed. Those analyti-
cal steps may result in changes in component selection or
configuration that will ultimately affect the reliability analysis.

Iterate Conventional Design and DFR based on Findings

¢ As mentioned in the last bullet, if the designer is really try-
ing to include reliability considerations in the design, the
analysis is likely to result in a number of iterations in the
design process. The initial conventional design will produce
the first pass at a workable product. When performing the
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DFR analysis, it is likely that some portion of the initial

design will display one or more of the following problems:

The overall asset will not provide the required level of
performance. Therefore, one or more components will
need to be changed or the asset configuration will need
to be changed. It is possible that the model will drive the
owner to make changes in the operating environment,
like additional redundancy or shelf spares that reduce
the expected down time.

The overall asset does not provide the required level of
availability so either components or configuration will
need to be changed.

Components or other elements of the current design do
not have the required life or the required performance
over the entire life.

Components or other elements require more mainte-
nance or replacement over the entire life and therefore
have a higher Total Cost of Ownership than is accept-
able.

Some portion of the asset is not maintainable because it
cannot be maintained in a ratable period of time.
Furthermore, some portion of the asset is not maintain
able because there is no assurance that the inherent re-
liability will be restored using simple and clearly
described maintenance steps.

When any of these issues have been identified, the next step

will be to change them in the conventional design to correct

the observed weakness.

Once the basic design has been changed and the new com-

ponents or revised configuration has been integrated into the
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conventional design, it will be necessary to repeat the DFR
steps to ensure the design requirements are being achieved.

Finalize Design

¢ Once the design for the basic functions and the required
reliability, availability, and maintainability are complete, it
will be time to finalize the design. This step is more than
going out after work and taking a victory lap around the
local saloon. It means that all the characteristics critical to
both the functionality and the reliability performance are
locked in. The concept of a design being “locked in” comes
with one most-basic consideration: At this point in time, all
changes are halted. The procurement department should
stop looking for cheaper components. Programmers should
stop tweaking software, adding features that may introduce
defects. The customers should have stopped asking for
changes sometime in the distant past. If they have not, this is
certainly the time for halting owner-requested changes.

Create Report

¢ Referring specifically to the characteristic of reliability, it is
now possible to produce the DFR Reliability Report. It is
most important that this report be clear and usable by the
owner. Sellers will frequently produce “proprietary” reports
of various kinds of failure or risk analysis that are hundreds
or thousands of pages long. Narrative reports of this kind are
of little use to anyone, in particular the owners. The detailed
data in this report should be provided in a database. Then
the database can be quickly sorted and scanned for the spe-
cific data when needed.
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¢ The first piece of information that is needed is the overall or
macro-reliability of the overall asset by year (or discrete
operating period) for the entire life of the asset. The report
should show the number of reliability-related incidents dur-
ing each period, the device that is expected to fail, and the
failure mode that is expected. This information will be need-
ed in the next part of the analysis to quantify the availabili-
ty. It will identify the number and kind of events leading to
the unplanned portion of unavailability.

¢ The second piece of information that is needed is the relia-
bility for each component. This information should include
three things:

e The reliability including a description of assumed failures
during each period of the asset’s life. This description will
include both the failures that will cause an interruption of
the entire asset and those that result in only a component
failure.

e The maintenance required to ensure the inherent reliabili-
ty of the component is preserved. Both predictive and
preventive maintenance should be described.

eThe timing at which it is expected this component will
need to be replaced in order to maintain adequate perform
ance.

Keep in mind; the DFR analysis for Owners is intended to
do two things:

1. It is intended to provide a mechanism to ensure that sellers
have performed an adequate level of DFR and that the
analysis conducted has led to a product that meets the own-
ers’ needs.
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2. It also provides a mechanism for the sellers and owners to
share all the information pertaining to reliability in an effi-
cient and effective manner.

Keeping the second item in mind, it is important for the
sellers to tell the owners anything that may not be obvious from
the reliability analysis. Probably the most important kind of
information will be data pertaining to things we take for grant-
ed. My experience has been that subtle issues concerning re-
sourced items—Iike piston rings or piston skirts or other com-
ponents of that type—have caused the most unexpected prob-
lems because they were changed and the importance of the
change was not recognized. When changes of these kinds
occur and are not communicated directly from the sellers to the
owners, the credibility of the seller can come into question.
Based on personal experiences, the reader should be assured
that all the excuses in the world do little to restore the owner’s
confidence.

Conclusion

| hope that by now you clearly understand the level of
owner engagement in the design process needed to achieve the
desired results. If owners choose to remain aloof and rely on
sellers to provide a reliable asset, they will receive an asset that
meets the seller’s requirements and definition of reliability. For
the asset to meet their own requirements, owners must be
deeply involved through every step of the design process.
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Chapter 5

Availability Analysis

Few things help an individual more
than to place responsibility upon him,
and to let him know that you trust him.

Booker T. Washington

Availability analysis can be performed in a variety of ways.
Some of them are closely linked to the manner in which the
Reliability analysis is performed. In fact, some computer pro-
grams used to perform Reliability analysis also provide an esti-
mate of the anticipated availability, based on the unavailability
associated with events caused by poor reliability. This chapter
focuses on a way to analyze Availability that will be meaning-
ful to the long-term owner.

Although the software programs described above provide a
starting point, they ignore both planned unavailability and
many of the logistical and real life restraints that cause the actu-
al unavailability to be far greater than the number that is calcu-

135
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lated. Suppose your car breaks down at a place where servic-
ing and parts are readily available. The resulting event will
cause far less of an interruption than if it breaks down at some
location where neither are readily available. We can see, then,
that Availability analysis must clearly represent the environ-
ment in which the owner operates. It must also present the
results in a manner that the owner can understand and can
enforce if not meet.

Defining Availability

Availability is defined as the portion of time that a system
or plant is able to perform its intended function. Conversely,
Unavailability is the portion of time that an asset is not able to
perform all the functions deemed critical. For example, the crit-
ical functions of a car are those pertaining to its ability to pro-
vide transportation and specifically its ability to provide safe
transportation. Clearly that function includes a car’s ability to
move passengers to their desired destination and to do so safe-
ly. The important systems include those that provide motive
power, steering, and braking.

On the other hand, most cars are equipped with radios for
entertainment. However, this function is not considered a criti-
cal one; if the radio stops working, the asset has not suffered a
loss of availability. There are other systems that do not prevent
the car from providing transportation, but may be viewed as
borderline functions. Exterior lighting is one of these systems.
You may get a warning ticket if head lights or brake lights are
not functional, but would their failure prevent you from using
the vehicle? Although you would have them repaired as soon
as conveniently possible, few people would park their car until
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the lights are replaced. You would continue to use your vehicle,
even if the heating and air conditioning systems are not func-
tional. But what if your sole use is for trips through the desert,
or through wintery conditions, and you need to transport an
elderly, infirm passenger or a new baby? In these cases, the
functions defined as being critical may be different from other
cases.

It is obvious that an asset cannot perform its function if it is
completely shut down. There may be other periods as well that
it is unable to perform its intended functions. For instance, if
the function is to produce a product of a specific quality, but
the system is unable to meet that quality, the asset may not be
performing its function despite the fact it is operating and pro-
ducing product.

Calculating Availability

The following equation can be used to calculate
Availability:

Availability = Total Time in Operating Cycle — Downtime X 100%

Total TIme in Operating Cycle

In this calculation, | use the term Total Time in Operating
Cycle to refer to the maximum period covered by any non-
repetitive event. Suppose every ten years an overhaul is need-
ed that is somewhat longer than any other maintenance activi-
ty. (It may be to allow for an in-depth inspection or repair that
requires more extensive disassembly than on any other occa-
sion.) The Operating cycle would be ten years or 3,650 days.
Selecting a cycle duration that includes all forms of mainte-
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nance event, specifically the longest, ensures that the calculat-
ed availability is representative of the overall life cycle.

The equation above applies to assets that are required to
provide their functions on a continuous basis. If the asset pro-
vides support for a series of specific missions (like a space shut-
tle), the calculation would be based on the asset’s readiness to
complete the mission whenever scheduled. For example, a per-
son’s car might be required to fulfill a series of discrete mis-
sions. Nevertheless, most cars are expected to be available to
transport the owner 24-hours per day and seven days per week,
whenever and wherever the owner wants to go. As a result, a
failure is not simply viewed as the number of times the vehicle
fails during a trip. A failure is also any occasion when the vehi-
cle is not ready to perform when called upon.

Calculating Downtime

In calculating the downtime, two categories should be
considered. One is unscheduled downtime resulting from
unanticipated reliability related events. The other is scheduled
downtime resulting from scheduled or planned outages. In
determining the period of downtime for both categories, all
aspects must be considered including time for operating steps,
logistics, and any other cause of delays.

Ultimately, the calculated or modeled reliability tells the
number of failure events or the likelihood of a specific failure
event that can be expected during any given period. In addition
to knowing how many events occur, it will be necessary to esti-
mate how long will be required to recover from each event. If
an RBD analysis has been used to determine the reliability, the
statistical reliability of each component or equipment item will
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provide an idea of which component is most likely to fail.
Once it is known which items are most likely to fail, it is nec-
essary to apply first-hand experiences to estimate how long will
be required to make repairs and return the asset to full produc-
tion. This subtlety is important. The unavailability resulting from
a specific event may vary widely from location to location and
from owner to owner. If an asset is in a remote location and the
owner does not choose to maintain the resources needed for a
quick recovery, the availability impact might be far greater than
for an unexpected interruption in a “convenient” setting.

For instance, if the overall reliability of a facility is 90%,
there is a 10% likelihood of failure in any year. If the operating
cycle is ten years, there is likely to be one failure event in each
operating cycle. Suppose it is determined that the most vulner-
able component is the major recycle compressor and experi-
ence says it takes 30 days to recover from a failed compressor.
You can then estimate the unscheduled loss due to poor relia-
bility at 30 days in every 3,650 days. This calculates to .82%
unscheduled unreliability.

For other assets (like locomotives or heavy mobile equip-
ment), the owners may choose to specify the maximum or
allowable unreliability. They may desire calculations that pro-
vide data in terms such as FLY (Failures per Locomotive Year) or
the number of failures that each asset in a fleet will experience
in a complete one-year period.
For instance, a requirement of =
“One FLY” performance means
that a maximum of one failure
(or loss of critical function) is
allowed for each locomotive in
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a fleet per year. If there are fifty locomotives in a fleet and the
fleet is made up of “One FLY” locomotives, the owner should
expect 50 failures per year or nominally one per week.

Once the anticipated frequency is known, and the typical
outage duration is determined based on the most likely form of
failure, it will be possible to calculate the likely unavailability
resulting from unplanned or unscheduled causes. For instance,
reviewing all the possible unreliability events, if the average
“time to recovery” is five days, the unavailability for the case
listed above would be five days per year for each item.

Run Limiters and Duration Setters
The next area to address is the amount of time lost due to
scheduled outages. The total impact of a scheduled outage
should be identifiable well in advance. Two characteristics of
any complex physical system are useful in identifying the fre-
quency and impact of each scheduled outage on system avail-
ability. They are:
¢ Run Limiters—A specific component or circumstance
that limits the maximum interval between outages.
¢ Duration Setters—The specific component or condition
that sets the minimum critical path duration for a
specific outage.

Run-limiters can be regulatory requirements or system lim-
itations. An example of a regulatory requirement is a state reg-
ulation that mandates internal boiler inspections. Some states
require annual internal inspections. Some states allow intervals
as long as four years between internal inspections with external
inspections during intervening years. An example of a system
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limitation is catalyst life. Some forms of fixed bed catalyst will
remain effective a maximum of one or two years. In these
cases, the catalyst must be replaced or regenerated on the max-
imum interval or suffer from reduced effectiveness. The follow-
ing are other examples of issues that can create run-limiters:
¢ Corporate requirements based on age of unit or other
issues
¢ Half-Life of pressure retaining equipment wall thickness
Wear and tear resulting in reduced performance for key
equipment
¢ Need for cleaning because of contamination build-up
(e.g., fouling of heat exchangers)

Regulatory requirements to renew
operating certificates may seem subjective
and unnecessarily costly. Nonetheless, they
establish the maximum interval between

outages for elements like boilers that have
been the source of catastrophic failures at
some time in the past. It is best not to ignore the knowledge that
was learned by the painful experiences of others and have to
relearn it hrough first-hand experiences.

Duration-setters are those components that result in the
longest sequence of tasks that must be accomplished once the
asset is shut down. For operating plants, the string of events can
include shutdown, isolation, decontamination, inspection,
repair, re-commissioning, isolation removal, and start-up.
Although there might be some exceptions, an accepted prac-
tice has been to use the current critical path duration for simi-
lar equipment as a surrogate for the expected duration for new
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plants of a similar design. Owners
who do not have equipment similar
to that being designed will have to
depend on the knowledge of the
designer, benchmarking of compa-
nies with similar facilities, or a high-
level critical path plan.

A simple way to identify the run-
limiters and duration-setters for any
facility is to create a spreadsheet

showing the following characteristics
for each major sub-system in the unit (see Figure 5.1).
Sub-system name

Run-limiter

Maximum life

Duration-setter

* & & o

Minimum outage duration

After compiling the required information for each and
every major sub-system, the last step is to select the Run-limiter
with the shortest life and the Duration-setter with the longest
duration. The interval between outages and the outage duration
determined by these two items will set the Availability based on
scheduled outages.

Figure 5.1 shows a System XYZ that contains three sub-sys-
tems. Note that the maximum interval between outages is
determined by Component 2 in Sub-system B. The duration of
the outage is determined by Component 4 in Sub-system A.

If a specific plant requires outages of different kinds for dif-
ferent reasons, it will be necessary to identify the frequency and
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System XYZ
. Duration Minumum
Maximum System
Sub-System ) Neededto Outage
Sub-System | Component | Run-Length T Maximum ) i _
Run-Limiter . Maintain Duration
(Years) Life (Years)
(Days) (Days)
A 1 3.5 3.5 15
A 2 4 20
A 3 4.5 17
A 4 S5 25 25
B 1 3.7 22
B 2 3.2 3.2 3.2 23
B 3 4 12
C 1 4 4 15
C 2 S5 17
C 3 4 4 20
C 4 6 18

Figure 5.1 Working with run-limiters and duration-setters

outage duration of each kind. For instance, if a plant depends
on a steam boiler for operation and processes a corrosive mate-
rial, there might be annual outages to address the boiler inspec-
tions and less frequent outages to address deterioration result-
ing from corrosion. Note that a separate spreadsheet like the
one described in Figure 5.1 will be needed for each kind of out-
age the asset must experience. The interval between outages
and the maintenance of all components that must be addressed
during each kind of outage will determine the timing and dura-
tion of each outage.

In this situation, the interval between boiler outages is
known. The duration of boiler inspection outages is simply the
critical path duration of the steps needed to access boiler inter-
nals and perform the annual inspection.

The interval between corrosion-related outages is not so
simple. Companies having either internal rules or abiding to
American Petroleum Institute standards may conduct outages
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based on the “half-life” of the device where combined effects
of corrosion rate and remaining corrosion allowance result in
the shortest interval. (The half-life is the amount of time need-
ed to corrode halfway through the corrosion allowance.) A sig-
nificant amount of analysis is needed to understand these
issues and calculate the anticipated interval between outages.
In this case, the outage duration is not easy to determine
because it depends on the amount of time needed to perform
the inspection, take metal thickness readings, determine
remaining life, and take corrective action if needed. If the
remaining half-life is less than the amount needed to allow the
desired run length, it will be necessary to replace the corroded
component or replace corroded areas with weld metal.

This may sound like a lot of analysis to be accomplished
before the asset is constructed. However, if it is not done, it will
be impossible to:

1. Determine the actual expected availability.
2. ldentify which components should be built in a robust
manner or from a higher alloy material.

Although much of the attention thus far has been focused
on operating plants, the same kind of philosophy applies to
other kinds of assets like mobile equipment for instance loco-
motives. In the case of a locomotive, there is an obvious need
for a major overhaul event every eight-to-eleven years. In addi-
tion, modern locomotives may require a “maintenance event”
on a more frequent interval to address wearing elements like
switchgear. These components need to be maintained on a reg-
ular basis, but would extend a routine maintenance interval by



Availability Analysis 145

too much if crammed into a normal maintenance event. As a
result, extended maintenance events may be planned on inter-
vals between overhauls. The Availability Analysis needs to
account for all these forms of outage.

Make It Easy to See and Understand

After the tasks of identifying the frequency and duration of
all the outages have been completed, it will be possible to
assemble a bar chart showing the nominal timing and down
time during each outage. This chart can then be used to deter-
mine the number of days the unit will be down during any
complete operating cycle. (Before the conclusion of this chap-
ter, we we will also show how this approach should be used to
describe the availability over the entire useful life of the asset.)

As an example, let’s assume:

1. The unit contains a single boiler that must be inspected
every year, resulting in a seven-day outage.

2. The unit requires a limited outage for catalyst change
and exchanger cleaning every five years that entails 30-
days downtime.

3. The unit requires a more extensive outage every ten years
for replacement of corroded components that entails 45-
days downtime.

The bar chart in Figure 5.2 represents the total downtime
for each year in the ten-year operating cycle. As long as the
maintenance intervals or durations do not change, this chart
can be used on a repetitive basis to represent the planned out-
age time.
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Figure 5.2 Outage Days

In total there will be 131 days of scheduled downtime
every ten years. The “scheduled” availability will be:

A =3650-131/3650=96.4%

Keep in mind there is also an Availability debit of .82% due
to reliability (rounded to .8%). The anticipated Availability due
to both scheduled and unscheduled causes is:

Availability = 96.4% — .8% = 95.6%

If the owners had specified an Availability greater than this
number, they will be disappointed. As with the RBD analysis
described in the last chapter, performing this analysis during the
design process gives the owners the opportunity to require
changes before the design is complete and the plant is built. In
the case of Availability, the designer can improve Availability by:

1. Selecting a more reliable design (reducing unscheduled
outages).
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Figure 5.3 Percent Availability without Restorative Measures
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2. Selecting Run-limiters that will allow longer runs
between outages.

3. Selecting Duration-setters that allow for shorter outages.

4. Creating a configuration that may completely eliminate
some of the outages (like a spare boiler in the example).

Several events might happen over the life of an asset that
will adversely affect its Availability. For instance, several years
ago, OSHA 1910.119 was placed into effect; it created a new
“lock-out-tag-out” requirement that increased the amount of
time required to isolate equipment during outages. This kind of
change can increase the unavailability. When events like this
occur, it is important for planners and schedulers to get back to
work finding ways to reduce the time required by other activi-
ties so the overall unavailability remains the same or is
improved.

Many assets have an expected life of twenty or thirty years.
If left unaddressed, the reliability and availability will degrade
over time. Therefore, it is important for the sellers to provide a
graph that portrays the availability (and unavailability) over the
entire life. If it is expected that some greater investment in “out”
years will be required than in early years, the sellers should
describe where the investment will be required and how much
it will be (in present day dollars).

For instance, Figure 5.3 shows a sample availability bar
chart for a thirty-year life if restorative measures are not taken.

On the other hand, the thirty-year life may look life the
chart in Figure 5.4 if some restorative investment is made at the
fifteen year point.

If investment is required to keep cash flow at the expected
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rate, the sellers should tell the owners so they can build this
information into their business model. The owners will either
need to make the investment or accept the reduced production
rate resulting from increased unavailability.

The name of the game is Return on Investment. Owners
need to begin operations with a good idea of the amount of
return they have a right to expect for their investment. The sell-
ers are in a much better position to understand the issues that
are likely to have a negative impact on this issue than are the
owners. After all, the sellers are in the business of making and
selling the asset, whereas the long-term owner is in the busi-
ness of using the device to produce some other product for
which they are the expert.

Conclusion

It is critical that the owners be able to rely on the sellers’
knowledge of their product and of each and every component
that goes into building their product to determine the expected
availability. When owners find they cannot depend on the sell-
ers to provide this knowledge, the owners typically decide they
must become “experts” for the sellers’ product as well as their
own. When that happens, sellers suddenly find owners know-
ing more about their products than they do. This position is an
uncomfortable one to be in. It is good for neither the sellers nor
the owners. In this situation, sellers find themselves struggling
to stay a few steps ahead of the owners’ knowledge of their
product, its weaknesses, and the source of the components
from which it was built. Owners who find themselves in the
position of being unable to obtain needed information from the
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sellers must spend lots of extra time and resources dealing with
the problem.

It is best for owners to know and specify their requirements
to the sellers and, in turn, for the sellers to provide the engi-
neering and information needed to assure that those require-
ments are met.
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Chapter 6

Maintainability Analysis

Management means, in the last analysis,
the substitution of thought for brawn and muscle,
of knowledge for folkways and superstition,
and of cooperation for force.

Peter F. Drucker

What Is Maintainability?

Maintainability measures the ability to restore the Inherent
Reliability in a ratable period of time.

Inherent Reliability

The first of two abstract concepts that are used in the defi-
nition of maintainability is Inherent Reliability. The inherent
reliability of any device or system is the highest level of relia-
bility that can be achieved based purely on the configuration
and robustness of included components. If a system is well

153
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designed, has redundancy where needed,
and uses robust components, it is likely to
have good inherent reliability. (A robust
component is one that performs its intended
function while surviving extremes of envi-
ronment and misuse.) To achieve full inher-
ent reliability, it will be necessary to apply

the best possible operations and the best
possible maintenance. Poor operations or maintenance will
result in a level of performance at something less than the full
inherent reliability.

Ratable Period of Time

The second abstract concept is that of a ratable period. A
ratable repair is simply one that can be accomplished in a
known, well-defined period of time. If the sequence of events
needed to perform the repair is full of surprises or steps with
unclear durations, the maintenance activity is not ratable.

Suppose you take your car to a mechanic, who says, “I can
have your car done in two hours, but | don’t know how long it
will last.” Your car is not maintainable. If the mechanic says, “I
don’t know how long it will take, but when I get done it will be
as good as new,” it is again not maintainable. To be maintain-
able, the mechanic will need to be able to say, “I can complete
the work in X hours and it will be as reliable as new.”

Identifying Maintenance Needs for the Entire
Life Cycle

The process of evaluating the maintainability of any system
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or plant begins with knowing what maintenance will need to
be accomplished over its entire lifetime. There are several ways
to determine the specific tasks that will need to be done over
the life of an asset. One is to review the list of tasks that are
being done to maintain similar assets that currently exist.
Access to an asset with similar needs tends to make the main-
tainability analysis fairly simple.

On the other hand, let’s assume that the asset being consid-
ered is either new or such a departure from earlier assets that
past experience is not meaningful. In this case, the best and
most thorough way to approach the chore of identifying all the
required tasks is to perform a streamlined Reliability Centered
Maintenance (RCM) analysis.

The seller could choose to perform a conventional RCM
analysis rather than a streamlined method, but it is more time
consuming and resource intensive. As a result, it is less likely to
be completed in a timely manner. | understand that there is an
on-going battle between those people who feel that streamlined
RCM is akin to blasphemy and should never be used and those
who think streamlined RCM is fine. In this case, | will call upon
my experiences in attempting to convince organizations to per-
form any form of RCM. The argument against performing RCM is
that it consumes too many resources and does not produce an
immediate return on investment. If RCM requires too many
resources and takes too long, it simply will not be done. Because
som form of analysis needs to be done to produce a reasonably
accurate and complete list of tasks, | recommend using a stream-
lined form of RCM for this application. The streamlined forms of
RCM will produce acceptable results and can be done with the
least amount of resources in the shortest time.
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Proactive and Reactive Tasks

When the RCM analysis is complete, the finished product
will be a list of both proactive and reactive tasks that will occur
on a regular basis over the life of the asset. The proactive tasks
(PM/PdM) will be identified directly. The reactive tasks will be
identified by default. When the economic analysis used as a
part of RCM identifies a “run-to-failure” situation, by default, it
is identifying a reactive or repair task that will be required dur-
ing the life of the asset.

Using the complete list of tasks produced by the RCM
analysis, the reliability engineer involved in performing DFR
during the design of the asset should perform a mental (and if
possible physical) walk-through of each task. The walk-through
needs to answer two questions:

1. Is it possible to perform this task in a manner that will
restore the Inherent Reliability the first time and every
time thereafter?

2. Can this task be done in a ratable period of time?

First, consider examples that might lead one to answer
“no” to the first question:

¢ The task requires diagnostics of an electronic device (like
a computer board) and there is no way of testing the
device.

¢ The task requires some form of connection or fastening
that is impossible to perform in the field in the same
manner it was during manufacture.

¢ The task envisions cleaning that cannot possibly remove
all the debris.
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¢ The task envisions addressing deterioration in a manner
that cannot possible renew the component to like new
condition.

In order to ensure that the asset is maintainable, it will be
necessary to find a way to make a “yes” from each “no” that is
identified.

Now consider examples that might lead one to answer
no? to the second question:

¢ The access panel is too small.

¢ The craft performing the task will require scaffolding or
fall protection where none readily exists.

¢ The repair requires soldering or welding in an awkward
position or by individuals who are generally not quali
fied.

¢ The task requires the person performing the work to be
in an awkward position or confined area.

Again, the list of problems that can make the time required
to complete a task unsure are too numerous to list. As before,
it will be necessary to find a way to make it a “yes” from each
“no” that is identified.

Turning No to Yes
Rather than attempting to pro-

vide a comprehensuve list of ways to
turn each “no” into a “yes,” | will provide a smgle example that
covers a variety of issues.

Military assets used in difficult environments frequently
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depend on exchange of complete modules to ensure that “like-
new” reliability is restored in a ratable period. An example is
the communication radio on war ships. When signs of incipi-
ent failure are detected, the radio module is replaced with a
“Hot-running-spare” that is known to be functioning perfectly.

This military example may apply to relatively few instances
in private industry, yet it serves as a useful example of what is
possible. Despite any arguments about the costs or applicabil-
ity of having hot-running-spares available, it is still important to
ensure that mechanics do not need to stand on their heads to
complete the needed repairs.

Conclusion

In my own experience, “maintainability reviews” began to
be conducted 20-25 years ago. When the concept was first
introduced, no one knew how to perform one. Typically, the
review consisted of making sure that the most remote or diffi-
cult crane lift could be accomplished by the largest crane in the
plant. Another consideration was that the smallest manway in a
new plant was able to accommodate the largest craftsperson. (I
recall having to use Crisco shortening to help retrieve a partic-
ularly large person.) Ultimately, those early reviews did very lit-
tle good.

Plants that were reviewed as described in the last para-
graph ultimately continued to suffer from poor reliability and
poor availability. If the objective is good reliability, the
approach used to conduct maintenance must also restore the
inherent reliability. If the objective is good availability, the
approach used to conduct maintenance must be handled in a
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well-controlled manner for which the time to repair is known.

Although the process for ensuring maintainability
described in this chapter is more cumbersome than the old
approach, it will certainly deliver better results.
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Chapter 7

Organizing for Concurrent
Engineering

If you want to build a ship, don't herd people together
to collect wood and don t assign them tasks and work,
but rather teach them to long for the
endless immensity of the sea.

Antonio De Saint-Exupery

The first time | tried to introduce DFR as a part of the design
process for a new plant, | arranged a meeting with the Project
Manager to explain the concept to him. At the conclusion of
that meeting, he said it sounded like a good idea, but that for
the current project, | was too early in the design process and
should come back later. | returned after a few weeks and was
told that | was too late. He said it was unfortunate that | was too
late, but that with the current staffing, the introduction of an
additional step would result in rework and unacceptable
delays.

161
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As you might expect, the application of DFR to the design
process is neither simple nor easy. The DFR process introduces
new steps to the design process and frequently causes changes
to be made. One characteristic that seems to be common to
most Project Managers is that they do not like change.

Risky Investments Without Assurance of
Reliability

Nonetheless, companies that are investing hundreds of mil-
lions—or, in some cases, billions of dollars—in new assets are
increasingly demanding to be assured they will operate in a
reliable manner when complete.

Much smaller companies are at even greater risk. Many
small interests who build renewable energy facilities of one
kind or another are really in the Return On Investment busi-
ness. In other words, they assemble a certain amount of capital
from their investors with the expectation that the capital will
provide investors with a reliable income each year. These small
companies choose to invest in an ethanol plant, bio-diesel
plant, or wind farm, not only because of their reliable income,
but also because they provide a way for investors to support
their own community.

When these small interests are “sold a bill of goods” con-
cerning what they have a right to expect from their investment,
the impact is far more dramatic than with a large company that
may have other sources of cash to fall back on. It is critical for
these small interests and the investors who support them to
receive exactly what they expect. As a result, the design
process used to develop the equipment they purchase must
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address all the elements needed to provide a sound and reli-
able product. These small business owners need to know what
their assets will produce and how much it will cost to keep
those assets producing.

This chapter begins by emphasizing the diametrically
opposed positions between the need of the customers and the
willingness of the design agency or the sellers to meet that
need. My objective is to show you clearly what you are con-
fronting when you begin demanding the analysis and docu-
mentation needed to ensure reliability. On one side, reliability
is the single issue that causes many businesses to either survive
or fail. On the other side, organizations involved with the
development, design, and sale of assets are often unwilling to
change the way they do things to address the needs of their cus-
tomers. When discussing the subject of this chapter—creating
the organization needed to conduct DFR—the first challenge is
getting past this disagreement. DFR
requires resources. Furthermore, those
resources need to be in the right place at
the right time to make a difference.

Making DFR a Required Part of
the Design

The three characteristics that are critical in determining
how the new assets will perform over their entire life span are
Reliability, Availability, and Maintainability. As a result, owners
are increasingly asking for these characteristics to be addressed
during the design stage of a new asset. If the owners have some
experience with the steps needed to ensure the delivery of
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these requirements, they include a requirement for DFR in their
design specifications.

Most design specifications already contain some wording
that can be interpreted as requiring that the product contain
some semblance of these three characteristics. If the specifica-
tions require some amount of robustness be built into the asset,
that robustness will be accompanied with a certain ability to
survive. If the specifications call for fasteners that meet SAE stan-
dards or for materials that meet certain ASTM standards, those
requirements will accompany some assurance that the inherent
quality of components meets some minimum standard.

Yet, those forms of specifications do very little to ensure
that either the overall asset or the components from which it is
made are capable of specific performance levels in the areas of
reliability, availability, and maintainability. If they do, it is more
a matter of luck than science or engineering. To ensure that reli-
ability, availability, and maintainability issues are addressed in
a scientific manner using engineering techniques during the
design, it is mandatory that individuals having the skills to per-
form DFR be involved during all phases of the design process.

It would be a mistake to assume that the same personnel
who perform conventional design activities can or will perform
the DFR analysis. Although individuals assigned to perform the
process design, the hydraulic design, the thermal design, the
control system design, or the structural design are knowledge-
able of their aspects of the design process, they typically have
neither the experience with DFR nor the time to perform DFR
when it needs to occur during the design process. As a result, a
separate group of individuals need to be assigned and held
accountable for the reliability design.
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Concurrent Engineering

Concurrent engineering is another term used to describe
the process of addressing reliability aspects during a system
design. This term is particularly well suited to describe the DFR
activities during the design of a new system. To be effective,
DFR must occur at the same time or concurrently as other
aspects of the design. The term is also useful because it tends to
emphasize the importance of the timing of DFR analysis. It is
difficult for stubborn Project Managers to say they thought it
could be done at any time if, from the very start, they are told
it is a concurrent activity.

DFR cannot be left until after the plant is laid-out, with pip-
ing designed and equipment selected. It needs to occur while
the initial design is in process. Changes can then be made
when it is still cost effective and time-efficient to do so. If too
much progress is made to the conventional design (e.g., equip-
ment locations are determined, piping is laid out, equipment is
selected), it will be difficult and costly to change. Conventional
design steps and DFR are accomplished in an iterative man-
ner—the conventional design offers initial concepts and DFR
determines if those concepts are consistent with the Reliability,
Availability, and Maintainability requirements that have been
set by the owner. Reliability, Availability, and Maintainability
must be confirmed before the design can be “cast in concrete.”

It is critical that the individuals assigned to perform the spe-
cific elements of DFR be onboard and part of the design team
from the very start of the design process. Their participation is
important for avoiding the “too early” or “too late” quandary
mentioned at the very start of this chapter. Reliability,
Availability, and Maintainability performance requirements
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need to be clearly identified as part of the design requirements.
The resources specifically accountable for delivering those
requirements must be identified at the same time.

Making the Case for Added Resources

Let's begin by tackling the argument that many Project
Managers might have when told that the reliability personnel
need to come on-board at the same time as the rest of the engi-
neering team. The Project Manager might argue, “If they come
on board from the very beginning, they won't have anything to
work on. It will be a waste of money until the engineering team
has produced something for them to analyze.”

It turns out that very few things being designed are com-
pletely brand new. Most products are an extension of some-
thing that preceded it. The product is simply larger (or smaller),
or performs its functions in a slightly different way or adds a
new function. Therefore, the opportunity to begin performing
Change Point Analysis is introduced as soon as the decision is
made to begin the development of the new asset.

The current asset has some quantifiable performance level
in the areas of reliability, availability, and maintainability. The
performance in those areas either meets the new requirements
or it does not. If not, work can begin on identifying what needs
to change to meet the new requirements. In addition, the new
product has a specific list of changes from the current asset (like
the current model of sensor being used is no longer made). For
all the changes, it will be necessary to identify the elements of
design that are critical to achieving the required performance.

It is naive to believe that little can be done from the start of
a design to ensure adequate reliability performance. History is



Organizing for Concurrent Engineering 167

a good teacher when it comes to this subject. Even products
that are part of the evolution of a long line of very reliable prod-
ucts often turn out to have their own reliability problems
because subtle changes have been missed.

Designers can miss the point that changing or improving a
simple and reliable design may introduce stresses that did not
exist in earlier models. As products evolve, suppliers may
choose to make their own improvements; some of these may
improve one aspect of their manufacturing process while harm-
ing others. Changing from mechanical to electrical and then to
electronic to microprocessor-based controls may seem to be
obvious improvements that go with the evolution of technolo-
gy. But if these changes are not adequately engineered, prob-
lems can result.

This initial change point analysis by the reliability engi-
neers will ultimately be useful for other members of the engi-
neering team. The analysis will help focus their attention on
areas of potential risk and opportunities for improvement.

Once the other members of the engineering team have
begun to make progress—either developing the configuration
of the new product or selecting candidate components to fill
out the gaps in the system—the reliability engineers can begin
modeling the proposed systems or evaluating the reliability per-
formance of proposed components. The integrated design team
and design for reliability team needs to make every effort to
avoid the traps inherent to many fast-track projects. For exam-
ple, they must see that all analysis is complete before equip-
ment and components are placed on order. It is difficult and
costly to back away from long lead time orders once they have
been placed. This is particularly true when the equipment cur-
rently on order will fulfill functional requirements and it is
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“only” the reliability-related requirements that will not be met.
Anyone who has been in the reliability engineering business for
any substantial period of time can point to a number of exam-
ples where just that choice needed to be made and it was made
in favor of expediency over reliability.

Another question concerning the design organization has
to do with just how many reliability engineers are needed to
keep up with the design team without becoming the excuse for
delays. Once the need for a reliability engineering presence on
the design team is recognized, and the other design team mem-
bers begin to understand the function of the reliability engineer,
it will become more apparent:
¢ What needs to be done
¢ When it needs to be done ,

¢ How many resources are need 5
ed to perform the reliability

manner

Very large projects need multiple individuals performing
the reliability analysis function. Projects that are dependent on
highly-specialized types of equipment will benefit from having
reliability engineers with specific experience using that kind of
equipment. Suppose your project includes a world-scale, high-
speed centrifugal compressor. It would make sense to have a
reliability engineer experienced with those kinds of machines
to work with the rotating equipment engineer who is selecting
it. Although some folks may say that the rotating equipment
engineer should be able to adequately perform the reliability
analysis, | have found that not to be the case. Many specialists
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fail to view their equipment from a systemic standpoint. For
instance, a pump may be robust in and of itself, but when oper-
ating as part of a complex system, the “pumping system” may
be inadequate. Someone must ensure the overall system is reli-
able. That someone is most frequently a reliability engineer
who is accountable for the overall system performance.

On one occasion, the rotating equipment engineer speci-
fied a system with far more redundancy that was justified by the
value of the risk of failure. On a second project of the same kind
and size of plant, the reliability engineer’s analysis was able to
reduce the cost of a specific system by nominally one-third. In
almost every situation, the project will benefit from the applica-
tion of the various elements of the DFR process. On some occa-
sions, the timing and the application may seem painful, but that
is only for lack of familiarity and understanding.

Using the System Engineering V-Model to
Reduce Resource Requirements

Although the reliability and long-term performance of cap-
ital intensive assets are critical to every owner, not all owners
have the same amount of resources or the same ability to
address this important issue. The most effective approach might
be to devote full-time and fully qualified assets to be “embed-
ded” on-site with the seller’s designers and builders for the
entire duration of the development process. However, that is
not always possible. As a result, it is important to identify alter-
native ways to achieve adequate results.

Once again, the system engineering V-model provides a
useful tool in understanding how best to leverage limited
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resources to achieve the best results. Figure 7.1 provides some
basic suggestions of ways an owner can obtain the greatest
impact with limited resources. Appropriate involvement at key
points in the design process can help identify when character-
istics that will determine the system reliability, availability, or
maintainability are getting off-track.

As was discussed earlier, the individuals pursuing
improved reliability need to understand clearly what is
required and how the requirements are to be achieved at each
level. With this approach, owners must build an expectation
that the sellers will provide proof of conformance and act in a
very open and forthcoming manner. As with any trust-based
approach, the assumption is that the entity being trusted will
act in a way that shows it is deserving of the trust. Furthermore,
the entity that is trusting must perform enough due diligence to
assure the trust is deserved. Any circumstance where trust is
found to be violated must necessarily result in some penalty.

As shown on the V-model in Figure 7.1, owners should
begin the oversight process by agreeing to a schedule of regular
meetings with the sellers. These meetings should begin with a
presentation by the sellers of a detailed description of their
design process and the schedule on which it will be completed.
This step might entail several iterations until the owners arrive at
the point they feel they understand the process and schedule in
adequate detail to ensure they can be “at the right place at the
right time” for all the key milestones through the design-and-
build process. The key difference between this approach and
other more resource-intensive approaches is that individuals
providing oversight are involved only a small part of the time
but at critical times. In other approaches that involve more
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resources, the individuals performing oversight are involved at
the right times because they are there all of the time.
The following points describe the owners’ part time

involvement in greater detail:

¢ Start by clearly understanding the sellers” design and devel-
opment process so you can plan your schedule for oversight.
Tell the sellers your plans so that they know that intentional-
ly deviating from the schedule is unacceptable.

¢ Begin by holding regular meetings. Although they may seem
cumbersome and time consuming, the routine will be useful
in providing an opportunity for identifying all issues and
milestones.

¢ Once the project and requirements have become clearer to
both the sellers and the owners, update the design develop-
ment schedule with more accurate events and dates.

¢ Begin holding event-based meetings. Rather than meeting
weekly or bi-weekly, meet whenever needed. To reduce the
resource requirements, use teleconferences and web-based
meetings for updates. Early on in the process, follow up with
an on-site audit to verify that everything is as expected. If
there are even minor differences, hammer out the expecta-
tions that information being shared must be absolutely can-
did. Hold follow-up audits until satisfied that all information
being provided is accurate.

¢ At this point, sellers must provide a schedule of critical
points that either must be held or will be covered up if not
observed in a timely manner. All inspectors or other individ-
uals with oversight responsibility have found themselves in a
position that one or more key points were missed. Generally,
those individuals are placed in a position they must either
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accept a condition on blind faith or they must demand that
work be undone and repeated. In most cases, the individu-
als are made to feel wasteful for asking that checkpoints be
uncovered or that they are a heel for not trusting their
“friends.” In any case, it is best to understand the schedule
and to avoid situations where individuals are asked to ignore
their responsibilities.

Once the product is ready for verification and validation, it
is best to agree to testing methodology, results, and docu-
mentation. With agreement about these elements, it is possi-
ble for owners to monitor results based on reviewing test
documentation. If documentation shows unacceptable
results, the path forward will require rework of earlier steps.
If the test documentation portrays only positive results, it
would be best to audit some of the results and to actually
participate in some of the testing first hand.

Reading the activities just described, you may be thinking,

“This sounds like a lot of work. I thought this was going to be

an approach that required limited resources.” My only response

is that nothing is free. It is possible to make some progress

toward the desired performance with fewer resources, but it is

not possible to accomplish much with no resources.

There is an old story about a farmer who was teaching his
cow to eat half as much each day as he did on the previous day.
As the farmer concluded, “Things were going well until | taught

him to eat nothing. Then he died.
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Conclusion

Application of DFR the first time may be somewhat painful
because of the steep learning curve. Yet for most members of
the engineering staff, the process will soon become second
nature. In addition, the results of adding DFR to the engineer-
ing development process will soon become such an integrated
element of design that folks will wonder how they ever got
along without it.
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Chapter 8

Obtaining the Cooperation of the
Seller

Promises are the uniquely human way of ordering
the future, making it predictable and reliable
to the extent that this is humanly possible.

Hannah Arendt

Chapter 7 focused on a situation in which the project team
acts as an extension of the owner’s organization. In that situa-
tion, the sellers” organization is required or compelled to fulfill
the owners’ objectives when designing a product for future
owners. In that situation, the persons designing the asset may
require some convincing to apply DFR methodology during the
design process. After all is said and done, however, if the indi-
viduals performing the design fail to take the appropriate
action, the resulting poor performance will reflect back on
them in some negative way. Depending on how close or con-

175



176 Chapter 8

tinuous the relationships between the owners and sellers are,
individuals who develop products that fail to meet the owners’
requirements may be disciplined or discharged.

The same dynamics are not present when owners are pur-
chasing a complete product from the sellers. In this case, the
sellers” agents may say their objectives are to meet the owners’
(their customers’) needs, but that may or may not be true. | have
never seen a sales representative or product manager fired or in
any way disciplined for producing or selling a product that did
not meet the customer’s requirements or had poor reliability. In
most cases, the issues leading to poor reliability typically led to
lower costs and greater profit so the individuals who made the
choices leading to the savings were typically rewarded.

Creating a Reliability Partnership

The question to be answered by this chapter, then, is, “How
do I convince the sellers of a product to design it in a manner
that it will provide the Inherent Reliability, Availability, and
Maintainability | need?”

The simple answer is to simply refuse to do business with
suppliers whose products do not meet requirements. Although
this approach is one alternative, it is not always possible. It is
often the best approach because, ultimately, the loss of busi-
ness will convince the sellers that improvements are mandato-
ry. It is not always possible because occasionally there is only
one supplier in a small market. Or if there are more suppliers,
it would not be wise to eliminate competition by choosing not
to do business with one of the few alternatives.

Therefore, we need to convince the sellers that applying
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DFR—and, specifically, DFR that meets the owners’ require-
ments (rather than just the sellers’)—will be good for both the
sellers and the owners. The ultimate objective is to create a
partnership between sellers and owners that result in products
that achieve both of their objectives.
When attempting to form this partnership, there are always
altruistic approaches like:
¢ The customer is always right.
¢ Making the customer successful will make the seller
successful.
¢ A reliable product is good for the economy, the
environment, the market place, etc.
¢ The first requirement of a quality product is to meet

requirements.

All of these arguments provide compelling reasons to
include DFR aimed at the owners’ requirements in the design
process. They are all true to one extent or another. Yet, many
sellers will not find them to be an adequate reason to comply.
So, what constitutes “an offer that they cannot refuse?”

The best and most simple approach is to build the require-
ments into the specifications. When sellers choose to bid on
your specifications, they are agreeing to provide a product that
meets the requirements included in the specifications. Make
certain the requirements clearly describe a DFR analysis that is
based on the owners’ requirements. Furthermore, the require-
ments described in the specifications should make it mandato-
ry that sellers deliver documentation describing the results of
the required DFR analysis before delivery of the product. Then,
it will be impossible to meet the specifications without per-
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forming the analysis and delivering the documents. If required
documentation is delivered prior to acceptance of the product
by the owners, the owners have an opportunity to refuse
acceptance of a product that does not meet their needs.
Although a refusal to accept delivery may not be realistic, own-
ers can withhold some portion of the payment until shortcom-
ings are corrected.

The main challenge is to find the right wording to describe
the analysis you wish to have accomplished and the documents
you wish to have provided to you before acceptance of the
product. Another challenge is to stand your ground when the
sellers take exception to the wording that establishes these
requirements. A further challenge is to include remedies (for
failing to meet the requirements) that are sufficiently distasteful
that the sellers will want to avoid them. If the requirements can
be ignored without fear of reprisal, it is likely they will be.
During contract negotiations, owners should take the position
that the DFR requirements are simply a standard part of any
comprehensive design process and should be a part of the nor-
mal costs. After all, the sellers have been making verbal guar-
antees for years that their products will be reliable and easy to
maintain, with a long, useful life. You are only trying to put
those guarantees in writing and document the required per-
formance in clear and unambiguous terms.

Keep Your Objectives in Sight Until
They are Achieved

In a recent situation, | spent a great deal of time and effort
building the case for using DFR during the design of an asset
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and doing it in a manner that met the
owners’ requirements. The sellers

L

expressed a significant amount of [

enthusiasm concerning the subject. VA/\W4
AA

They even created a presentation, a

sales pitch, and sales documents
describing their DFR process. In effect,
the seller said, “We understand what
you want and are ready to fulfill your
needs”.

As the time for finalizing the contract approached, the sell-
ers were asked to describe the DFR they would use. The DFR
process the sellers presented was one that ensured their own
requirements were met (not the owners’). Furthermore, they
had significant problems sharing any information concerning
components. Although most components are manufactured by
third-tier suppliers, they are supplied as replacement parts
through the OEM (seller). The sellers add a significant mark-up
when they sell the replacement parts. Therefore, they take great
pains to prevent the owners from developing a direct link to the
parts manufacturers. The sellers are also careful not to allow the
owners to have detailed reliability information about the com-
ponents. The suspicion is that the calculated performance for
the combination of parts being provided in the sellers” product
will not yield the overall reliability being guaranteed for the
asset. If the owners are provided the data, they will be able to
perform the analysis for themselves. But without the data, who
knows?

Once again we return to having the right wording in spec-
ifications to describe the analysis that must be completed to
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meet the owners’ requirements—but there is more. The appropri-
ate wording in the specifications forms the basis for obtaining the
desired results. But, it is always possible for the sellers to feign
confusion. As a result, there is a benefit in spending some time
with the sellers going through the specifications to the point that
confusion can no longer exist. As part of this discussion, have the
sellers repeat back the meaning of the specifications, providing
examples of the analysis they will perform and the reports they

will supply.

Eyes On-Sight

Another important element needed to ensure the desired
results is to embed a reliability engineer employed by the own-
ers at the sellers’ facility during the design and manufacturing
process. This may seem extreme in some situations. However,
think about the case in which several hundred copies of a single
model are being purchased. Suppose the owner is a railroad that
plans to purchase several hundred of a specific model of loco-
motive. It would make sense to provide an on-site resource to
overview the design and manufacturing process.

The embedded engineer needs to have the following charac-
teristics:
¢ Knowledgeable about the asset being designed
Familiar with how the asset will be used and maintained
Ability to juggle a number of issues simultaneously
Aggressive and demanding
The kind of person who cannot be frightened or flimflamme

*® & & o o

Comfortable dealing with senior executives and escalating
contentious issues
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By now, you are probably getting the idea that there isn’t a
great deal of trust in the design process when is comes to the
completion of DFR and integrating DFR findings in the final
product! Experience has shown two things:

First, many sellers say they go to great pains to ensure their
products are reliable, but many do not. Of the ones who do,
many proceed in a somewhat amateurish manner. Of the
ones who continue in a professional way, many proceed in
a manner that meets their own objectives and not those of
their customers.

Second, the business model of many sellers is dependent on
selling parts and service for the entire life of the products
they sell. Highly reliable, available, and maintainable assets
do not require either the number of replacement parts or the
amount of service of devices with poor reliability, availabil-
ity, and maintainability. Convincing sellers to do something
that will ultimately close a revenue stream is difficult. It is
not enough to obtain a commitment; you also need to mon-
itor progress.

The Long Path to Success

Depending on your industry, implementation of DFR in a

form that ensures the owners’ requirements are met may be an

undertaking that will require several years to complete. It is

likely to be a long and tedious effort that takes the following

path:

1. You try to get it started, but experience pushback.
2. You try again and receive some support, but mostly talk.
3. You try again and receive good support within your own
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company, but little acceptance from the sellers.

4. You try again and receive what appears to be support
from the sellers, but they find ways around your specifi
cations.

5. Then you try again and have plugged all the holes and
finally have a process that appears to be working—but
the product doesn’t turn out to perform as expected.

6. At last, everyone is working together and the product
comes out just like you wanted back at the start.

7. Then you retire.
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Chapter 9

After the Purchase is Completed

One of the saddest lessons of history is this:
If we’ve been bamboozled long enough,
we tend to reject any evidence of the bamboozle.
The bamboozle has captured us.
Once you give a charlatan power over you,
you almost never get it back.

Carl Sagan

The movie Funny Lady has a scene in which the male lead,
James Caan, is using a stop watch to time a man who is in his
office painting a wooden chair with a brush. The chair is sitting
on a table in the middle of the office where every aspect of the
task is clearly apparent. Although busy talking on the phone, he
carefully monitors the person performing the work to see that
he is not wasting time during this exercise. Finally when the
man finishes painting the chair, Caan stops his watch and goes
through some calculations. He finally tells the man that it took
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him X minutes to paint the chair. He has Y chairs he needs
painted and he is willing to pay him Z amount of money per
hour for painting the chairs. In total, he will pay the man X
times Y times Z for painting the chairs, and not one cent more.
The man agrees to paint the chairs for the agreed amount and
leaves. Once outside the office, the man who painted the chair
yells to someone off in the distance, “Spray ‘em.”

Changing Results Requires a Different
Approach

All too often we spend too much of our time and energy
procuring assets the same way the leading man did in the
example above. We invest all our efforts in arriving at a fair
deal. Then we ignore taking appropriate steps to see that we got
what we paid for. It would be very easy to take all the steps
described in the first eight chapters of this book and then move
onto the next project without ever determining if the asset we
obtained achieved our objectives. That would be a mistake—
for several reasons. First, much of the reliability of the asset you
purchased will come from finding and changing those compo-
nents and design elements that do not live up to expectations.
Second, if you do not monitor performance and hold the sup-
pliers’ feet to the fire, the next time you purchase an asset from
them, they will know that you don’t really mean business; they
can get away with taking short cuts.

Even if you have not applied all the steps described in the
first eight chapters, there are still steps you can take to see that
the asset you purchased meets some acceptable level of relia-
bility performance. Although obtaining the performance you
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desire may be more difficult if you have failed to take all the
right steps leading up to this point, there are generally-held
expectations for performance that can be used to enforce your
unwritten expectations.

Assuming that you do not wish to suffer the indignities of
being duped, the question remains, how can you best track
asset performance in a way that allows you to achieve either
what has been specified or what you believe you have a right
to expect? There is a classic saying that, “All politics is local.”
There should be an equally accurate saying that, “All reliabili-
ty is determined at the component level.” In other words, to
achieve your objectives, you need a system of monitoring reli-
ability that goes down to the component level.

You must begin by monitoring performance at the overall
asset level. If sellers have agreed to provide a plant that will
produce 30,000,000 gallons of a product per year, and your
plant actually produces that amount, then you have little to
complain about on the surface. However, if your plant only
produces 20,000,000 gallons per year, there is no argument
you have a valid complaint.

Suppose your plant produces the required 30,000,000 gal-
lons per year, but does so only after the investment of monu-
mental maintenance and engineering efforts on your part—do
you have a valid basis for complaint? You do if you can focus
on the specific elements of the plant that are providing unrea-
sonably poor or costly service, then show that they either do
not meet the design requirements or reasonable expectations.

The design requirements were established through the
design processes described in Chapters 1-8. Reasonable
expectations are based on common knowledge about the prod-
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uct or past experience. Suppose you purchase the third in a
series of plants that each produces 30,000 barrels per day of
gasoline. The first three plants are provided with an electrical
distribution system that supports near trouble-free perform-
ance. Let’s assume your purchase is based on a fixed price con-
tract that allows the sellers to keep the difference between the
contract price and their total costs. As a result, the sellers take
some shortcuts in the electrical distribution system, causing it
to be less reliable than the first two facilities. When you pur-
chased the third plant, your reasonable expectations were that
it would be much the same as the first two.

The real question is this: How do you track performance
after purchase to be able to get what you believe you paid for?
Tracking at the highest levels (e.g., total production and total
costs) is a useful starting point, but it is only a starting point.
Individuals who have had experience trying to prove the inad-
equacy of a product using only general measures of perform-
ance will tell you it is impossible. When the measures are gen-
eral in nature, the cause can also be very general. In other
words, it is impossible to tell if poor reliability is the result of
the sellers” inadequate design or the owners’ poor operation.

In my experiences, the only way to quickly drive resolution
and produce timely improvements is to maintain a thorough
and accurate tracking system. This system must closely track
performance in a way that links specific failure modes with the
costs and production losses they caused. The reliability engi-
neer must then match the costs and losses with characteristics
that were either specified or guaranteed during the DFR
process.

In an earlier book, Failure Mapping, | described an organ-
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ized system for defining and tracking the
steps leading to failures. This approach
allows us to learn from the experience so
we can address the specific defects leading
to the failures. As part of Failure Mapping,
the Malfunction Report is linked directly to
the Failure Mode that caused the event.

Using this approach, we are able to link
specific defects to the costs they cause.
In such a system, the Failure Mode is defined as the
Component that failed and its Condition. The practice of
recording the Failure Mode in this manner provides owners
with a number of capabilities they would not otherwise have.
If the Failure Mode for each event is recorded, the owners
will know how much money (in terms of repair costs and lost
production) each Failure Mode is costing them. As a part of DFR
during the design process, the sellers should have identified:
¢ The failure rate and reliability for the entire asset.
¢ The failure rate and reliability for each component and how
those quantities build into the overall asset reliability.

¢ The failure rate and reliability based on each Failure Mode
for each component, showing how the total of all Failure
Modes builds into the combined failure rate for each com-
ponent.

If information is gathered as described before, the owners
have the ability to quantify the past cost of failures, and then
compare those costs to the amount specified or expected. In
addition, if information describing both the Failure Mode for
each component and the timing of each failure is collected, it
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will be possible to perform failure growth analysis and forecast
how an asset will perform in the future. Future performance
expectations that are based on established analysis methods
provides owners with the ability to forecast poor performance
and take steps before the unacceptable performance occurs.

The most recognized form of statistical failure analysis is
Weibull analysis. One element of Weibull analysis is the per-
cent of the total population of a specific component that has
failed at any point in time. For instance, if you operate a fleet
of vehicles that contain a total of 50 of a specific device, every
time one of those devices fails, the percent of the total popula-
tion that has faied will increase by 2% or more, or one-fiftieth
of the population. A second element is the life at which each of
the failures occur.

These two measures are then plotted against each other on
logarithmic scales. Weibull analysis is useful in forecasting the
cumulative number of failures that should be expected at any
time. It is also useful in determining the usable life of a compo-
nent. The example below describe several simplified mock-ups
of Weibull charts and the information that is available from them.

An inherent weakness of Weibull analysis is its inability to
discern the failure rate resulting from various Failure
Mechanisms. That is the case, unless the failures resulting from
various Failure Modes are plotted individually.

In other words, if all the different kinds of failures of a com-
ponent are plotted together, the results of the analysis will point
to a cumulative failure rate. If the cumulative failure rate is the
result of several causes, then addressing only one of the causes
will result in only a partial improvement. If the different failure
modes are tracked separately, it will be possible to determine



After the Purchase is Completed 189

the portion of improvement that will result from addressing
each cause.

The following figures provide simplified mock-ups of
Weibull charts. Figure 9.1 represents the results the results that
would be portrayed if all Failure Modes are combined.

Log — Percent of Population Failed

Log — Age of Component at Failure

Figure 9.1 Combining all Failure Modes

Figure 9.2 shows the result of one portion of the failures in
Figure 9.1. For example, it might represent the random but rel-
atively constant failures due to wear that would be experienced
over the entire life of the component.

Figure 9.3 represents the other portion of failures. In this
case, the steep initial slope represents some form of infant mor-
tality. Once the early life failures are done, the relatively flat
region represents a long period of relatively few failures.

The value of distinguishing failure modes within the
Weibull graphs is the certaint you are making the right repairs
at the right times.
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Log — Percent of Population Failed

Log — Age of Component at Failure

Figure 9.2 Showing Random Failures over the Asset Life

Log — Percent of Population Failed

Log — Age of Component at Failure

Figure 9.3 Infant mortality followed by relatively few failures

Suppose a wire is in a service where it is occasionally over-
loaded, leading to failure. Assume the same wire has been
installed in a manner that exposes it to abrasion, causing wear
and ultimately failure. If a different larger wire were installed,
the portion of failures resulting from overload would be elimi-
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nated. If the new, larger wire was installed in the same manner
as the old wire, it would still be subject to abrasion, wear, and
failure. If repair work orders were closed by recording the parts
identification of the wire only, the analyst or troubleshooter
would be left to determine how best to address the problem.

If both the component name and the component condition
were recorded, it would be possible to identify both causes. For
instance, Current Supply Wire—Overheated would lead the
analyst to look for an overload condition. Also, Current Supply
Wire—Abraded would lead the analyst to look for signs of poor
installation or rubbing.

The statistical frequency of each Failure Mode would lead
analysts to look for two solutions if they wanted to completely
eliminate the problem.

For example, assume that over a ten-year period a specific
wire has experienced the failures described in Figure 9.4.

Ten-Year Wire Failure History
Vear Overheating [ Abrasion Cumulative
Failures Failures Total
1 2 S 7
2 3 6 16
3 4 7 27
4 2 S 34
5 1 4 39
6 4 6 49
7 5 S 39
8 3 8 70
9 2 3 75
10 1 ) 81

Figure 9.4 Ten-year wire failure history
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Figure 9.6 Overheating failures

Graphing the data from the table would result in the bar chart
seen in Figure 9.5.

If you looked only at the cumulative number of failures,
you would find an unacceptable number of failures, but you
would not know the source of failures. However, if you sepa-
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Figure 9.7 Abrasion failures

rated failures into the two distinct sources, as shown in Figures
9.6 and 9.7, you would have a much clearer idea of the source
of problems and where you should invest your efforts to elimi-
nate the failures.

Separating failure modes would show that the majority of
failures are resulting from abrasion or wear. A simple solution

might be simply to provide some protection or reroute the
wire.

Linking Failure Mapping to DFR

Now, let’s see how Failure Mapping links back to the man-
ner in which DFR is accomplished.

In this example, it is expected that neither the loss of
macro-reliability of the overall system nor the specific loss of
micro-reliability of the wire would be reflected in the reliabili-
ty calculations made by the sellers or the information provided
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by the sellers to the owners. Designing a wire for a smaller load
than is expected would be a design mistake. Also installing a
wire in a manner that would subject it to abrasion would be a
manufacturing error. Failures of either kind should “stick out
like a sore thumb” when the owners compare actual perform-
ance of the asset to the kinds of failures described in the relia-
bility analysis provided by the sellers. Because these kinds of
failures are typically not found in the analysis provided by sell-
ers, their impact is highly visible. Clearly, overheating of a wire
would signal a failure of one of the most basic engineering
steps. Also abrasion and wear of a wire would also signal a fail-
ure in the manufacturing process both during the assembly step
and during the quality control step.

Neither of these Failure Modes were included in the DFR
analysis (in terms of a reliability debit or owner cost). Therefore,
the owners would have a right to expect the sellers to correct
the problem at no cost.

On the other hand, some components are expected to have
a statistically small but still existent number of failures. An
example may be a pressure sensor. Modern pressure sensors
work as the result of a small microprocessor mounted on a flex-
ing diaphragm. As the diaphragm flexes, the properties and sig-
nal sent by the microprocessor changes. Because the
diaphragm continually flexes, it does not have an infinite life.
At some point, it will fail due to fatigue. Fatigue failures are a
kind of failure that is spread across a normal distribution, with
a few occurring early, the majority of the population occurring
toward the center of the distribution, and a few occurring late.

It would be reasonable to expect that some small number of
pressure sensor failures will occur early during the life of a pop-
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ulation of such devices. On the other hand, if more failures
begin to occur than is statistically reasonable, it is important to
understand if the expected life of the population is less than
expected or guaranteed. If so, the weakness should be identified
and the sensors exchanged with ones having an acceptable life.

Pressure sensors have a finite life that is associated with
the fatigue life of the internal diaphragm. However, they may
also be caused to fail for other reasons. For example, if the
annulus that contains the diaphragm becomes plugged with
debris, the sensor might fail due to plugging or even concen-
tration cell corrosion. If the stream where the sensor is located
is either more acidic or basic than expected, the diaphragm
may experience cracking if it is made from an inappropriate
material.

Again, the condition of the failed component must be
recorded with the component’s description when the repair job
is closed. Otherwise, it will be impossible to determine if the
Failure Mode is one of the types that were expected as a result
of the DFR analysis. If the number of failures resulting from an
expected failure mode is greater than the expected number or
if the Failure Mode is a type that was never considered during
the design, the owners need to know this fact. They can then
either seek corrective action from the seller or add some form
of PM/PdM to their proactive maintenance regimen to inter-
vene before failures can occur.

In the process of linking Failure Mapping to the DFR for the
Owners, it will be the responsibility of the owners to take the
following steps:

1. Obtain the macro-reliability from the sellers.
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2.

Obtain from the sellers the micro-reliability for all compo-
nents included in the calculation of the macro-reliability.
The seller should be able to tell the owners the specific
Failure Modes that are included in each component’s micro-
reliability.

. Closely track the Failure Mode using Component and

Condition when closing all failures to the asset.

. Calculate both the overall micro-reliability for each compo-

nent and the micro-reliability associated with for each
Failure Mode for each component. (This will be helpful in
identifying Failure Modes that the sellers did not take into
account when performing DFR.)

. Regularly compare the results of analysis completed in Step

4 above with the information provided by the sellers in Step
2. Report any inconsistencies back to the sellers.

. Depending on the significance and severity of the disparity,

ask the sellers to take corrective action.

. If the sellers do not take corrective action, the owners must

provide some form of PM/PdM to address the new or earlier
failure mode.

Few owners have an engineering staff equal to the organ-

izations that design and sell complex assets. It should be with-

in the capacity of the owner to identify situations when the

asset and component performance does not meet expectations

and requirements. Still, it is often outside the owner’s capaci-

ty to re-engineer the components. Linking expectations to per-

formance is a direct method of both achieving desired reliabil-

ity and forcing the sellers to provide the owners with what they
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have paid for.

One valid question is how best to achieve desired perform-
ance in situations when the owners did not do everything right
throughout the design process. In other words, if the designers
did not apply DFR during the design, how does they make
things right?

Despite the fact that DFR was not used to create a design
that met all the owners’ requirements, and despite the fact that
the data resulting from seller-performed DFR is not available to
the owners, it is possible to gather data and perform an analy-
sis to determine the capabilities of the system the owners
received. In most cases, owners are provided with data books
containing detailed descriptions of each key component or
equipment item. Increasingly, the data sheets contain the
results of reliability testing. They also provide both designers
and owners with the expected reliability and usable life of the
components. If the data books do not contain that information,
most suppliers have the data and will provide it when asked.

Although it is not a simple matter, it is possible to either
construct a simplified Reliability Block Diagram or a simple
reliability allocation scheme (sum of all individual failure rates
leading to a composite failure rate) using the individual com-
ponent reliability information described above. Doing so will
provide owners with a rough idea of the reliability they should
expect.

This information can be used in two ways. First, if the actu-
al performance is less than expected, it can spur the owner to
identify specifically which component or components are
underperforming. Once it is known which is underperforming,
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it is possible to determine if the component is:

1. Failing in the same manner as expected by the suppliers, but
at a higher rate.

2. Failing in an unexpected manner, one not used in the sup-
pliers’ failure analysis.

In either case, the owner can contact the component sup-
plier to find a solution that will lead to acceptable perform-
ance.

The second way the information coming from the RBD or
reliability allocation scheme can be used is to determine if the
device will achieve the owners’ requirements as currently con-
structed. The number coming from these calculations is some-
thing close to the inherent reliability. If properly operated and
properly maintained, the device will achieve a reliability per-
formance close to the calculated number. It will not exceed it
by much. If the calculated reliability is not adequate, the owner
can use the analysis to identify the components that must be
either supplied with redundancy or replaced with more robust
components to perform adequately.

Once the modification has been made, it is necessary to
use the information coming from the Failure Mapping system to
track actual performance of the individual components. If the
revised system does not perform up to expectations, it will be
necessary to identify which of the current components are not
performing up to expectations either because of anticipated
Failure Modes occurring at a higher than expected rate or unex-
pected Failure Modes. In either case, the owner will need to
return to either the system sellers or the component suppliers to
have the situation rectified.
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Another valid question is how do members of very small
organizations with limited resources make use of these recom-
mendations to improve reliability? This is one of those ques-
tions like asking how it looks on the other side of the mountain.
You won't know and may not believe me until you get there.

First, on the whole, it requires fewer
resources to be proactive than it does to be
reactive. It requires fewer resources to spec-
ify and purchase reliable assets than it does
to deal with unreliable assets after they are
delivered.

Second, concerning the time and effort
it requires to establish and to maintain the
information in a Failure Mapping based sys-
tem—again, once it is established, it takes

less time than your current systems.

Specifically:

¢ Once you have identified the possible Malfunction Reports
in terms of Impaired Function and Specific Behavior, it takes
less time and effort to report a failure than to write a para-
graph describing the failure.

¢ Once you have identified the small number of Failure Modes
that are associated with each Malfunction Report, it is far
easier for the person performing the repair to select the
appropriate Failure Mode from a list than it does to come up
with the words needed to describe the repair.

¢ Ultimately, the link between each Malfunction Report and
the possible Failure Modes provides information critical to
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accurate diagnosis, triage, and troubleshooting. The data
helps make your maintenance department more effective
and efficient.

¢ The data collected using Failure Mapping provides all the
information needed to perform accurate FMEAs, identify
specific component failure rates, perform component failure
growth analysis, and identify Failure Modes and Failure
Mechanisms.

When resources are most scarce, the effective use of infor-
mation to leverage their numbers is most important. | clearly
understand that initial implementation of these initiatives
requires more resources and those additional resources create
a “hump” in the way of progress. On the other hand, the view
on the other side of the hump is pretty sweet.

Conclusion

It so happens that | am writing this book during football
season. Being a football fan, | watch a lot of games and hear a
lot of the coaches being interviewed after their teams lose. It
seems one of the most common things that losing coaches say
is that their teams “failed to finish.” By that they mean that their
teams practiced well and played well through most of the game
but simply did not play all the way to the end of the game. This
chapter is intended to emphasize the things needed to proper-
ly “finish” the activity of procuring a new asset.

It is impossible to tell for sure that sellers have met their
commitments until you have operated the asset for some peri-
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od of time. By that time the sellers are likely to have “folded
their tents” and moved on—it will be difficult to gain their
attention once again if there is a problem. Despite the difficul-
ty, it is incumbent upon owners to do whatever is necessary to
obtain the product they believe they paid for.
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Chapter 10

Conclusion

The self is not something ready-made, but something in
continuous formation through choice of action.

John Dewey

At the beginning of any venture that entails the investment
of large amounts of capital into a complex asset, owners have
a certain vision in their mind. Clearly, they would not enter into
the venture and all the associated risk if this vision seemed like-
ly to end in losses and an uncertain future. The vision must
include an asset that:
¢ Costs an amount very similar to the amount originally
estimated
Is completed very close to the time described in the schedule
Produces the anticipated product at the expected rate
Costs very close to the anticipated amount to operate
Costs very close to the anticipated amount to maintain

® & & o o

Is reliable, available, and maintainable

203
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Questioning the Ability to Produce a Reliable
Design

Recently, | participated in a meeting discussing the need
for a major supplier to enhance the reliability of his product by
adding focus to his Design For Reliability process. In that meet-
ing, a senior executive of the company who had a technical
background asked if it was possible for the seller to perform the
analysis and describe the expected reliability (availability and
maintainability) performance over the entire life of the asset.
Although the seller tended to dance around and not really
answer the question, | found two elements of the issue quite
interesting.

First, the individual did not ask the 4”“‘;
' - S

all
A
vl

same kind of question concerning other
elements of the asset design. He did not
ask if the seller could perform the analysis
that would perform the needed functions

over its entire life or if the seller could pro-

duce an asset that could operate safely
over its entire life. Nor did he ask if the asset could be operated
and maintained at an acceptable cost over its entire life. He only
asked if the seller could perform the analysis needed to ensure
the various reliability related characteristics for its life.

| found this point intriguing because it highlights an
assumption that one’s ability to perform reliability analysis is
much less capable than design for other key asset characteris-
tics. There is an enigma in that assumption. If sellers are unable
to perform a design that assures reliability, they must also be
unable to perform a design that assures all those other charac-
teristics.
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Questioning the Ability to Sustain Performance
over the Entire Life

Second, there is another question hidden within the
responses expected of the first question. That question is:
“How accurately can you describe the reliability, availability,
and maintainability performance as time passes over the thirty
year life of the asset?”

This question is more intriguing than the first because it
highlights a number of other issues:

1. How accurate are these calculations? In many ways, the
analysis of reliability, availability, and maintainability are
like detailed budgets and project schedules. In the case of
both budgets and project schedules, it is clear that one is
attempting to provide a clear picture of how he expects the
future to look. In addition, both are providing a guide that
highlights a direction for future activities. (For instance, you
do not spend money on unbudgeted items or perform work
that is not on the schedule.) But most important, recognizing
that things change in real life, these tools for describing the
future provide a starting point from which real life events
can depart and one can measure the difference. Lacking a
starting point, it is impossible to tell how far one is off course
and why. The same is true of the products coming from reli-
ability, availability, and maintainability analysis. They pro-
vide a starting point for understanding how the asset should
perform and a tool to look for differences if and when it does
not. It provides a basis for improvement.

2. How will changes over time affect the accuracy? Clearly if
all the assumptions made during the DFR process remain
unchanged over the life of the asset and the asset does not
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perform as advertised, the owner will have the right to com-
plain. On the other hand, if the conditions in which the asset
is used change dramatically, the owner will have less of a
basis for complaining.

3. How will the sellers and the owners use the information
included in the forecasts? Many of us have worked with indi-
viduals and companies that always take the position the
other person is always wrong. If you did exactly as | asked
you to do and things went wrong, you should have been
smart enough to know that | gave you bad instructions. You
are the expert; you should have taken steps to keep me out
of trouble, so you are to blame. We also know people who
will find ways to reinterpret any words or any contract to
their advantage. If the sellers do not trust the owners to use
the DFR products in a mature and ethical manner, it is like-
ly they will withhold information or provide it only in a
manner that protects the sellers from future liability. This sit-
uation is likely to minimize the value of the information
being shared.

4. How willing are you to invest scarce resources on issues that
will not come into play for more than twenty years? During
economic downturns, many companies get into a position
where they do not spend resources unless they have a one-
or two-year payout. In other words, unless the Return on
Investment is large enough to provide pay back in the imme-
diately visible future, the investment is not made.
Unfortunately, repeated economic downturns have taught
some companies to operate in that manner, even when times
are good. This habit results in companies buying assets that
are capable of performing reliably for only a short period of
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time. Although the overall asset may be expected to be a part
of the thirty-year business plan, many of the decisions made
on key features of the asset will be based on much more
short-sighted analysis.

As for the executives’ question, “Is it
possible to perform the analysis that will
describe the reliability, available, and
maintainability for the thirty-year life of
an asset?? the answer is “Yes.” But that
response comes with several caveats,

including the following:

¢ All the participants need to play like mature adults. By this |
mean that representatives of both the sellers and the owners
must take into consideration the fact that no form of analy-
sis is perfect. It is possible that some aspects of the analysis
may be flawed; the reason is neither incompetency nor
unethical behavior. Although the businesses of the sellers
and the owners are different, it is in the best interest of both
to solve the problems and create an asset that is reliable,
available, and maintainable. Then both need to act in a
transparent manner and share all the available information.

¢ Everyone must recognize that the forecast has a number of
inherent assumptions. Some may not have been clearly writ-
ten down. However, that fact does not preclude the fact that
they exist and were a part of the design premises. Again, if
poor assumptions existed at any point in the design and they
led to problems, the best approach is complete candor.

¢ Key elements of the design and manufacturing process are
likely to change. Even with the best of intentions, someone
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in the supply chain or the manufacturing process will make
some change that will produce a negative result. When this
kind of change occurs, it is best to identify the change as
quickly as possible and to do whatever is needed to make it
right.

¢ When elements that affect the design or manufacturing
process but are beyond our control change, we will be best
off if we adapt. Progress is a constant. Sometimes progress
produces changes we would rather not see happen because
they make our lives more complicated. Although that is
unfortunate, it is a part of life. Your best response is to devel-
op resiliency to change. Adapting does not mean diluting
your requirements. Instead, it means meeting your require-
ments in a new way.

¢ The owners and sellers are in different businesses and have
different business models. Despite the fact they make money
in a different way, both the sellers and the owners can be
successful if things will work out best they choose to act like
partners and support the others business needs.

Reliability is All about the Owners and Their
Assets

As a final point, it is important to realize that some rather
large companies out there have decided that it is all about
them. These companies seldom find the midpoint in any form
of cooperation. It always has to be their way.

If you have no choice but to deal with this kind of a major
asset supplier, it is important to understand that you, as the
long-term owner, still need to demand your requirements are
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met. The relationship may not be as cordial as the one
described above, but you will live through it. In the end, you
may have a few less hairs and the ones you retain may be a lit-
tle more gray, but you will survive.
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Appendix 1
Detailed Description of Life Cycle
Cost Elements

This appendix describes several components of life cycle
costs. These descriptions should help the reader understand
elements that should be included in the various cost categories.

Initial Cost

For sellers, the initial cost of an asset is their opportunity for
success. Pricing for their products should include a valuation
for all the “good will” they have built over the years through
advertising and reputation. To the sellers, the sales price should
reflect the price being charged by competition and the relative
placement in the market enjoyed by each competitor.

In some cases, issues totally separate from asset value will
play a role in determining the price. For instance, if a company
is viewed as having a poor safety or environmental record

|//

might require a negative “good will” adjustment to pricing. In
effect, they must use the value of their products to buy back the
“good will” they have lost. It is incumbent upon the owners to
understand this issue if they are to benefit from it.

For the buyers, the asset being purchased is simply anoth-
er burden. The new asset provides an increased opportunity for
added production, but also introduces added risk of loss. The
investment in a costly asset is the final result of comparisons

with other investment opportunities. It includes an implicit
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assumption that the asset will perform as advertised, in terms of
both its ability to produce and its attendant costs. If the asset
fails to perform as expected, it would have been better to take
the money and put it in a bank account bearing some minimal

I

interest. The value associated with the sellers” “good will,” past
advertising, and reputation is of little or no importance when an
asset is costing more or producing less than the amounts used
to justify the investment.

First costs frequently seem far more tangible to the individ-
uals making purchasing decisions than the costs that come later
in the life cycle of an asset. It is important to introduce the con-
cept or LCC and Total Cost of Ownership (TCO) long before the
decision process on a new asset becomes necessary. Decision
makers need to be provided with clear examples of how short-
sighted decisions on smaller assets have introduced unneces-
sary costs.

Consider a supply organization that chose to purchase high
pressure fuel lines for a diesel engine from an unrecognized
supplier. Based on the number or these fuel lines being
replaced every year, the anticipated savings were expected to
be several thousands of dollars every year. It turned out that the
replacement fuel lines did not fit correctly, leading to fuel leaks
and ultimately engine fires. The cost of the engine fires totaled
several million dollars before the defective fuel lines could be
found and removed from service. It was impossible that the sav-
ings from this change could ever cover the costs of losses.

When meetings were held with the purchasing organiza-
tion to discuss this issue, the senior supply representative said
that their organization needed to continue looking for opportu-
nities like this one to reduce the Total Cost of Ownership. That
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comment served as an introduction to a long and fruitful dis-
cussion concerning the real meaning of TCO.

Operating Costs

All assets have some operating costs. Generally speaking,
the costs of operating expenses are part of what is assumed
when calculating the profitability of an asset. Although sellers
are typically not accountable for paying operating costs, they
may find themselves being held accountable if the operating
costs are different than was advertised or guaranteed. Assume
that poor reliability of a plant caused the owner to need to pro-
vide extra operators because of frequent shutdowns and start-
ups. The owner would have a basis for a complaint and either
compensation or corrective action by the seller. Assume that
you purchase a fleet of vehicles and their fuel and oil consump-
tion are far greater than advertised. Again, the owner would
have a basis for a complaint and the seller could be held
accountable. Both of the examples would depend on the
requirements set during the early phased of DFR and a docu-
mented agreement between seller and owner.

One might say that an element like the cost of fuel or raw
materials are not strictly a part of DFR and should already have
taken into account during conventional design steps. That
might be true. However, conventional design analysis frequent-
ly misses debits that are the result of poor reliability of the asset.
For instance, if the sensors that play a critical role in the effi-
ciency of an engine tend to drift as they age, the engine will
have reduced efficiency until they are replaced. The replace-
ment of these sensors is an addition to the TCO and the avail-
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ability of the asset while the engine is down for replacement of
the sensors in question.

Maintenance Costs

Some planes are known as “hangar queens” because they
spend a great portion of their lives in a hangar being main-
tained. In addition to the lost profit opportunity, an unusually
large amount of maintenance introduces unexpected costs.
Again, there are certain performance characteristics that are
openly discussed when negotiating the development of a new
asset. Occasionally, owners forget to discuss just how much
work will be required on their part to obtain that performance.
That omission is one that will be regretted for a long time.

In addition to quantifying the reliability, availability, capac-
ity, and efficiency of the asset, it is important to quantify the
amount of work that is necessary to deliver that performance.
The amount of work necessary includes required predictive and
preventive maintenance as well as anticipated repairs and over-
hauls. The seller will be accountable for a portion of these costs
during the warranty period. If the owner has taken the time to
clearly define requirements and the seller agrees, the seller may
also retain some significant portion of responsibility for these
costs for the long-term.

Occasionally, a significant component (e.g., piston rings,
main bearings, or connecting rod bearings) may have a usable
life that is significantly less than the overhaul interval. In that
case, the overhaul interval may need to be reduced, leading to
the seller being accountable for a significant portion of the
overhaul cost.
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The point if this discussion is to highlight the extent to
which owners and sellers should go in determining perform-
ance requirements and ultimate responsibilities for ensuring
those requirements are met. Silence on these issues during the
period of negotiation before a sales agreement is completed
works to the advantage or the seller. In these cases, the sellers
are responsible only for delivering the asset and little else
beyond that point.

Costs Related to Failures

The objective of discussing requirements associated with
reliability performance is clarity on the asset’s value in terms of
what the asset will be able to produce and the costs associated
with failures. If we were to analyze the total sales of assets in
the world, we would find that most assets are sold with little or
no agreement on the expected reliability. We would find a rel-
atively small portion for which requirements associated with
reliability are established. We would find an almost infinitesi-
mal portion for which the allowable costs associated with fail-
ures is addressed and for which responsibility is agreed. In most
cases, once an asset is sold, the owner is stuck with the cost of
failures—end of discussion.

Sellers will never become truly interested in reliability until
they are held accountable for the cost of failures. Some amount
of unreliability and a small number of failures are to be expect-
ed, and owners should plan for them in their business model.
However, when the quantity of failures exceeds a certain num-
ber and the downtime exceeds a certain amount, they go
beyond any realistic allowance in a business plan. In that case,
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either the sellers did not understand the owners’ requirements
or they did not provide an asset that met those requirements.

It is important for both the owners and the sellers to clear-
ly understand reliability requirements. It should be expected
that if these requirements are not met, action will be taken to
ensure correction is pursued.

Costs Related to Planned Outages or Overhauls

As discussed above, most capital assets have a time when
some form of overhaul or renewal is necessary. The cost of
these events in terms of lost availability and maintenance costs
make them significant elements of the owner’s business model.
If they are more expensive or more costly than envisioned, the
asset may not deliver the expected return on investment. It is
critical that the owner make requirements in this area clear to
the seller.

The importance of this requirement is particularly clear in
situations when owners are dealing with a one-of-a-kind man-
ufacturing facility where the world production of a commodity
stops when the unit is down. Although you may think this
would be a truly unusual situation, it happens more often that
one might expect. It also seems that the one-of-a-kind plants
are typically difficult to operate and hard to keep running. (If
they weren't, then everybody would be doing it.) As a result, it
is particularly important to ensure that facilities of this kind are
built in a robust manner to survive reliably from one overhaul
to the next.
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