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Chapter 1 - Background

1.1 Introduction

Reliability Centered Maintenance (RCM) is the process that is used to determine the most
effective approach to maintenance. It involves identifying actions that, when taken, will reduce
the probability of failure and which are the most cost effective. It seeks the optimal mix of
Condition-Based Actions, other Time- or Cycle-Based actions, or a Run-to-Failure approach, as
shown in Figure 1-1. The principal features of each strategy are shown below their block in
Figure 1-1. RCM is an ongoing process that gathers data from operating systems performance
and uses this data to improve design and future maintenance. These maintenance strategies,
rather than being applied independently, are integrated to take advantage of their respective
strengths in order to optimize facility and equipment operability and efficiency while minimizing
life-cycle costs. The elements of RCM are developed in Chapter 2 and the maintenance
strategies are defined and discussed in Chapter 3.

Reliability
Maintenance
Reactive I ‘ Preventive I ‘ Predictive I ‘ Proactive I

* Small items * Subiect to wear- * Random failure * RCFA
* Non-critical out patterns * Age
* Inconsequential * Consumable * Not subject to Exploration
* Unlikely to fail repllacement wearoI | * EMEA
. * Failure pattern * PMinduce
Redundant known failures

Figure 1-1. Components of an RCM Program

1.2 Historical Evolution of RCM

Analysis of maintenance policy in the airline industry in the late 1960's and early 1970's led to
the development of Reliability Centered Maintenance (RCM) concepts. The principles and
applications of RCM were documented in Nowlan and Heap's publication, Reliability-Centered
Maintenance.! The work demonstrated that a strong correlation between age and failure rate did
not exist and the basic premise of time based maintenance was false for the majority of
equipment. Additiona studies performed by the Department of Defense (DOD) and several
nuclear utilities confirmed Nowlan and Heap's work.

! F. Stanley Nowlan and Howard F. Heap. Reliability-Centered Maintenance. United Airlines and Dolby Press,
sponsored and published by the Office of Assistant Secretary of Defense, 1978.
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From approximately 1960 until the late 1980s, Preventive Maintenance (PM) was the most
advanced technique used by progressive facilities maintenance organizations. PM is based on
two principles- 1) astrong correlation exists between equipment age and failure rate, and 2)
individual component and equipment probability of failure can be determined stetistically, and
therefore, parts can be replaced or rebuilt prior to failure.

PM assumes that failure probabilities can be determined statistically for individual machines and
components and parts or adjustments can be replaced or performed in time to preclude failure.
For example, a common practice in the past was to replace or renew bearings after some number
of operating hours based on the assumption that bearing failure rate increases with timein
service. This has proven to be ineffective.

Figure 1-2 shows the failure distribution of a group of thirty identical 6309 deep groove ball
bearings installed on bearing life test machines and run to failure. The wide variation in bearing
life is obvious and precludes the use of any effective time-based maintenance strategy®. The X-
axisistheindividua bearing being tested while the Y-axis is the number of revolutions achieved
prior to fatigue failure of the individual bearing. It should be noted that the bearings are tested at
above-design loads to accelerate the failure rate. Thisis the standard procedure used to test
bearings in order to determine the expected life of a bearing.

In al the studies, it was noted that a difference existed between the perceived and the intrinsic
design life for the majority of equipment and components. In fact, it was discovered that in
many cases equipment bearing life greatly exceeded the perceived or stated design life. For
example, SKF Industries proposed changes in the method for evaluating bearing life - from the
original method (empirical) proposed by Lundberg and Palmgren® to one where "bearings exhibit
aminimum fatigue life; that is, 'crib deaths due to rolling contact fatigue are non-existent when
the aforementioned operating conditions (properly lubricated, mounted, operated and protected
from dirt and moisture) are achieved."* Thislack of a predefined fatigue life for bearings greatly
impacts the concept of a predetermined design life for rotating equipment where rolling element
bearings are used and provides the basis for extending the time between overhauls and
equipment replacement.

This process, known as Age Exploration (AE), was used by the U.S. Submarine Force in the
early 1970's to extend the time between periodic overhauls and to replace time based tasks with
condition based tasks. While the initial program was limited to Fleet Ballistic Missile (FBM)
submarines, it was continuously expanded until it included all submarines, aircraft carriers, other
major combatants, and ships of the Military Sealift Command (MSC). Furthermore, the Navy
has invoked the requirements of RCM and condition monitoring as part of new ship design
specifications.

It should not be inferred from the above that all interval based maintenance should be replaced
by condition based maintenance. In fact, interval based maintenance is often appropriate for

2 Eschmann, et al, Ball and Roller Bearings: Theory, Design, & Application, John Wiley & Sons, 1985

3G. Lundberg and A. Palmgren, Dynamic Capacity of Roller Bearings, Acra Polytech, Mechanical Engineering
Series 1, R.SA.E.E., No. 3,7, 1947.

*Tedric A. Harris, Roller Bearing Analysis, Second Edition, John Wiley and Sons, New Y ork, 1984
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those instances where an abrasive, erosive, or corrosive wear takes place, material properties
change due to fatigue, embrittlement, etc. and/or a clear correlation between age and functional
reliability exists.

Development of new technologies during the 1990's, including affordable microprocessors and
increased computer literacy in the work force, has made it possible to determine the actual
condition of equipment and not have to rely upon estimates of when the equipment might fail
based on age. These new cost effective technologies and the lack of correlation between age and
failure in many equipment items have increased the emphasis on condition monitoring.
Condition monitoring, commonly called Predictive Testing and Inspection (PT&1) within the
NASA facilities maintenance environment, has resulted in a need to review existing Preventive
(PM) and Programmed (PGM) Maintenance efforts and ensure that the most effective approach
isbeing used. RCM provides the structure for devel oping that approach.

Closely aligned with determining what maintenance approach to use are the subjects of who
should do the work and what parts and material will be needed to ensure that the work isdonein
the most cost efficient manner.

Most recently, RCM has taken on a prominent role in NASA's facility and equipment
maintenance and operations program. RCM principles have been integrated into the
SPECSINTACT (See Appendix K, Clauses with RCM Applications) wherein designs now have
requirements for designing to maintainability. PT&]I is used within the construction contractor's
quality control program before and during commissioning to ensure that there are no latent
manufacturing and installation defects at the time of equipment acceptance. PT&I and proactive

Thirty Identical 6309 Deep Groove
Ball Bearings Run to Fatigue Failure
Under Test Load Conditions

1 5 10 15 20 25 30

Bearing Number From: Ball and Roller Theory,
Design, & Application.

Eschmann, et al
John Wiley & Sons, 1985

Figure 1-2: Bearing Life Scatter

analyses are used as tools by NASA Quality Assurance Evaluators (QAES) to monitor the
contractor's compliance with the specific requirements of performance based contracts. RCM is
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used in developing Condition Assessments and in determining the Backlog of Maintenance and
Repair (BMAR). RCM principles and procedures are used every day in the maintenance of
NASA's facilities where methods, frequencies, periodicities and other criteria are identified in the
Annual, 5-Y ear, and more frequent Work Plans.

This guide isintended to provide detailed information for aiding in the implementation of RCM
concepts and supporting programs within the NASA facilities community. Intended users
include facility planners, designers, equipment procurement specialists, construction managers,
systems engineers, and maintenance and operations (M& O) contract planners and managers.
Figure 1-3 provides a visual representation of the RCM strategy and process relationship.

1.3 Purpose of This Guide
The purpose of this guide isto provide NASA Headquarters and Center (including Component
Facilities) personnel, Maintenance and Operations (M& O) contractor personnel, and others
involved in NASA facilities maintenance and/or construction a single reference document to be
used to identify the RCM requirements during the facilities life cycle. Thisguideisintended to
provide the following:

An Overview of RCM

An Introduction to Root Cause Failure Analysis

An Overview of PT&I Technologies

Guidelines for Establishing Monitoring Intervals

Requirements for the Certification of PT& | Personnel

In-service Criteriafor Facilities Equipment and Systems

Guidelines for Developing Procurement Specifications and Criteria

Contract Clauses for Planning, Design, Construction, and Maintenance

Guidelines for Performing Facilities Condition Assessment in an RCM
environment

1.4 Applicability and Use of This Guide

This guide, particularly its sample contract clauses, should be used for facilities planning, design,
new construction, modification, equipment procurement, and M& O contracts. It can also be
used in preparing any Requests for Proposals (RFPs) or Requests for Quotations (RFQs) for
facilities contracts and contract modifications. Its sister publication, the NASA Building and
Equipment Commissioning Guide, provides criteria based on RCM principles for equipment
acceptance. Other uses of this guide are recommended in the NASA Facility Maintenance
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Management Handbook®. Proactive techniques such as machinery aignment and balance
criteria, Age Exploration, and Facility Condition Assessment (FCA) are also addressed.

RCM Process
Maintenance

Performance Optimization

Determine who will perform the
maintenance and repair actions.

Outcomes

/ Time- or Cycle-Based actions
* including Inspection, Calibration,
and Condition Monitoring.

Condition-Based actions
including Overhaul and Repair.

Run-to-Failure of non-safety Proactive
related, low-cost, non-critical,

easy to repair items.

Develop standards to select, install,
and test systems and equipment.

Feedback to designers to improve the inherent
reliability, maintainability and supportability.

Spare Parts and
Materials

* Determine material inventory level.

Perform other activities to understand
the cause of failure in order to
eliminate it.

* Establish material holding location.

Figure 1-3. RCM Strategy and Process

> NASA NPG 8831.2, Facilities Maintenance Management Handbook
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Chapter 2 - Reliability Centered Maintenance (RCM)
Approach

2.1 Philosophy

The RCM philosophy employs Preventive Maintenance (PM), Predictive Testing and Inspection
(PT&]1), Repair (also called reactive maintenance) and Proactive Maintenance techniquesin an
integrated manner to increase the probability that a machine or component will function in the
required manner over its design life cycle with a minimum of maintenance. The goal of the
philosophy isto provide the stated function of the facility, with the required reliability and
availability at the lowest cost. RCM requires that maintenance decisions be based on

mai ntenance requirements supported by sound technical and economic justification. Aswith any
philosophy, there are many paths, or processes, that lead to afinal goal. Thisis especialy true
for RCM where the consequences of failure can vary dramatically.

Rigorous RCM analysis has been used extensively by the aircraft, space, defense, and nuclear
industries where functional failures have the potential to result in large losses of life, national
security implications, and/or extreme environmental impact. A rigorous RCM analysis is based
on adetailed Failure Modes and Effects Analysis (FMEA) and includes probabilities of failure
and system reliability calculations. The analysisis used to determine appropriate maintenance
tasks to address each of the identified failure modes and their consequences.

While this process is appropriate for these industries, it is not necessarily the most practical or
best approach to use for facilities systems maintenance. For these systems a streamlined or
intuitive RCM analysis process may be more appropriate. Thisis due to the high analysis cost of
the rigorous approach, the relative low impact of failure of most facilities systems, the type of
systems and components maintained, and the amount of redundant systemsin place. The
streamlined approach uses the same principles as the rigorous, but recognizes that not all failure
modes will be analyzed. NASA has reviewed the various processes in use and has determined
that the most economical and efficient approach is to use a combination of rigorous (formal) and
intuitive analysis depending on system criticality and failure impact. Candidates for rigorous
anaysisinclude, but are not limited to, wind tunnel drive motors, supercomputer facilities, and
mission support systems where single points of failure exist. In addition, a more rigorous
analysis may be needed for those systems and components where the streamlined or intuitive
RCM process has been utilized and the resultant reliability is still unacceptable in terms of
safety, cost, or mission impact.

2.2 RCM Analysis

The RCM analysis carefully considers the following questions:
What does the system or equipment do; what is its function?

What functional failures are likely to occur?
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What are the likely consequences of these functional failures?

What can be done to reduce the probability of the failure, identify the onset of
failure, or reduce the consequences of the failure?

Figures 2-1 and 2-2 illustrate the RCM approach and the interactive streamlined process.

- System Input

- System Output
- Resources

- Constraints

Identify System
and Boundary

-

Idendty To what level?
Sub-systems and — — — — I o
Components - Inconsequential

-

Active or Passive?

- Primary or support?
Examine Function == === === == | . Continuous or intermittent?

-

Failure Modes . )
- Potential Failure

Define Eail q Failure
eline Fafure and - — — - Hidden Failure

-

Environmental, Health, and Safety

_ Operational/Mission
Identify . Availability
Consequences of =— =—— =— — it
Failure ' Quar.1 iy
- Quality
Cost

Figure 2-1. RCM Analysis Considerations
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2.3 RCM Principles

The primary RCM principles are:

a

RCM is Function Oriented—It seeks to preserve system or equipment function,
not just operability for operability’'s sake. Redundancy of function, through
multiple equipment, improves functional reliability, but increases life cycle cost in
terms of procurement and operating costs.

RCM is System Focused—It is more concerned with maintaining system function
than individual component function.

RCM is Reliability Centered—It treats failure statistics in an actuarial manner.
The relationship between operating age and the failures experienced is important.
RCM is not overly concerned with ssimple failure rate; it seeks to know the
conditional probability of failure at specific ages (the probability that failure will
occur in each given operating age bracket).

RCM Acknowledges Design Limitations—Its objective is to maintain the
inherent reliability of the equipment design, recognizing that changes in inherent
reliability are the province of design rather than maintenance. Maintenance can, at
best, only achieve and maintain the level of reliability for equipment, which is
provided for by design. However, RCM recognizes that maintenance feedback can
improve on the original design. In addition, RCM recognizes that a difference
often exists between the perceived design life and the intrinsic or actual design life,
and addresses this through the Age Exploration (AE) process.

RCM isDriven by Safety and Economics—Safety must be ensured at any cost;
thereafter, cost-effectiveness becomes the criterion.

RCM Defines Failure as Any Unsatisfactory Condition—Therefore, failure may
be either aloss of function (operation ceases) or aloss of acceptable quality
(operation continues).

RCM UsesaLogic Treeto Screen Maintenance Tasks—This provides a
consistent approach to the maintenance of all kinds of equipment.

RCM Tasks Must Be Applicable—The tasks must address the failure mode and
consider the failure mode characteristics.

RCM Tasks Must Be Effective—The tasks must reduce the probability of failure
and be cost effective.

February 2000
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No

\ 4

Will the failure result

Will the failure have
a direct and adverse No
effect on +
environment, health,
safety?
Will the failure have
P a direct and adverse
Yes effect on Mission
Yes | (quantity or quality)?
i
Yes
) 4
Is there an No
effective PT&lI
technology or
approach?
Yes y v
Develop & Is there an No

schedule PT&I
task to monitor

in other economic
loss (high cost
damage to machines
or system)?

No

Candidate

effective Interval-
Based task?

For

condition.
Yes Yes
\ 4 \ 4 A 4
Develop Condition- Develop & Redesign system .
schedule Interval- or accept the Run-to-Fail?
Based task. : .
Based task. failure risk.

Figure 2-2. Maintenance Analysis Process

RCM Acknowledges Three Types of Maintenance Tasks - These tasks are time-
directed (PM), condition-directed (PdM), and failure finding (one of severd
aspects of Proactive Maintenance). Time-directed tasks are scheduled when
appropriate. Condition-directed tasks are performed when conditions indicate they
are needed. Failure-finding tasks detect hidden functions that have failed without
giving evidence of pending failure. Run-to-Failure is a conscious decision and is
acceptable for some equipment.

2-10
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K. RCM isaLiving System—It gathers data from the results achieved and feeds this
data back to improve design and future maintenance. This feedback isan
important part of the Proactive Maintenance element of the RCM program.

Note that the maintenance analysis process, asillustrated in Figure 2-2, has only four possible
outcomes:

Perform Interval (Time- or Cycle-)-Based actions
Perform Condition-Based actions
Perform no action and choose to repair following failure

Or determine that no maintenance action will reduce the probability of failure
AND that failure is not the chosen outcome (Redesign or Redundancy).

These approaches will be discussed further in Chapter 3.

A formal RCM analysis of each system, subsystem, and component is normally performed on
new, unigue, high-cost systems such as aircraft and spacecraft systems and structures. This
approach is rarely needed for most facilities and collateral equipment items because their
construction and failure modes are well understood. Regardless of the technique used to
determine the maintenance approach, the approach must be reassessed and validated. Figure 2-3
depicts an iterative RCM process that can be used for amajority of NASA facilities and
collateral equipment.

2.4 Failure

Failure isthe cessation of proper function or performance. RCM examines failure at several
levels: the system level, sub-system level, component level, and sometimes even the parts level.
The goal of an effective maintenance organization is to provide the required system performance
at the lowest cost. This means that the maintenance approach must be based upon a clear
understanding of failure at each of the system levels. System components can be degraded or
even failed and still not cause a system failure (A simple example is the failed headlamp on an
automobile. That failed component has little effect on the overall system performance).
Conversely, several degraded components may combine to cause the system to have failed even
though no individual component has itself failed.

2.4.1 System and System Boundary

A system is any user-defined group of components, equipment, or facilities that support an
operational requirement. These operational requirements are defined by mission criticality or by
environmental, health, safety, regulatory, quality, or other NASA-defined requirements. Most
systems can be divided into unigue sub-systems along user-defined boundaries. The boundaries
are selected as a method of dividing a system into subsystems when its complexity makes an
analysis by other means difficult.

February 2000 2-11



"TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

NASA Rd |ab| I |ty Cer]taaj Ma'ntmarluc DUIUC 1UL T auluco d iu vulialci al ..qUI pmeﬂt

Will failure of the facility or
equipment items have a direct and
adverse effect on safety or critical
mission operations?

NO YES
Istheitem Can redesign solve the
Expendable? problem permanently and cost
effectively?
YES | NO NO YES
L v L
Isthere aPT&I technology (e.g., vibration testing Redesign
or thermography) that will monitor condition and
give sufficient warning (alert/alarm) of an
impending failure?
NO | YES
IsPT&I cost
and priority-
justified?
NO | YES
A
lathere an effective PM task
that will minimize functional
failures?
NO | YES
A j
Is establishing
redundancy cost- and
Priority-justified?
NO | YES
A A A v
Accept risk Install redundant Define PM task Define PT&| task
unit(s) and schedule and schedule

Fiaure 2-3. Reliability Centered Maintenance (RCM) Decision Loaic Tree
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A system boundary or interface definition contains a description of the inputs and
outputs that cross each boundary.

The facility envelope is the physical barrier created by a building, enclosure, or
other structure; e.g., a cooling tower or tank.

2.4.2 Function and Functional Failure

The function defines the performance expectation and can have many elements. Elements
include physical properties, operation performance including output tolerances, and time
requirements such as continuous operation or limited required availability.

Functional failures are descriptions of the various ways in which a system or subsystem can fall
to meet the functional requirements designed into the equipment. A system or subsystem that is
operating in a degraded state but does not impact any of the requirements addressed in paragraph
2.4.1 (Systems and System Boundary) has not experienced a functional failure.

It is important to determine all the functions of an item that are significant in a given operational
context. By clearly defining the functions' non-performance, the functional failure becomes
clearly defined. For example, it is not enough to define the function of a pump to move water.
The function of the pump must be defined in terms of how much water, at what pressure, at what
efficiency, etc.

2.4.3 Failure Modes

Failure modes are equipment- and component-specific failures that result in the functional failure
of the system or subsystem. For example, a machinery train composed of a motor and pump can
fail catastrophically due to the complete failure of the windings, bearings, shaft, impeller,
controller, or seals. In addition, afunctional failure also occurs if the pump performance
degrades such that there isinsufficient discharge pressure or flow to meet operating
requirements. These operational requirements should be considered when devel oping
maintenance tasks.

Dominant failure modes are those failure modes responsible for a significant proportion of all the
fallures of theitem. They are the most common modes of failure.

Not all failure modes or causes warrant preventive or predictive maintenance because the
likelihood of their occurring is remote or their effect isinconsequential.

2.4.4 Reliability

Reliability is the probability that an item will survive a given operating period, under specified
operating conditions, without failure. The conditional probability of failure measures the
probability that an item entering a given age interval will fail during that interval. If the
conditional probability of failure increases with age, the item shows wear-out characteristics.
The conditional probability of failure reflects the overall adverse effect of age on reliability. Itis
not a measure of the change in an individual equipment item.
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Failure rate or frequency plays arelatively minor role in maintenance programs because it is too
simple ameasure. Failure frequency is useful in making cost decisions and determining
maintenance intervals, but it tells nothing about which maintenance tasks are appropriate or
about the consequences of failure. A maintenance solution should be evaluated in terms of the
safety or economic consequences it isintended to prevent. A maintenance task must be
applicable (i.e., prevent failures or ameliorate failure consequences) in order to be effective.

2.45 Failure Characteristics

Conditional probability of failure (Peong) curves fall into six basic types, as graphed (Peond VS.
Time) in Figure 2-4. The percentage of equipment conforming to each of the six wear patterns
as determined in three separate studies is also shown in Figure 2-4.

Type A - Constant or gradually increasing failure probability, followed by a pronounced
wear-out region. An age limit may be desirable. (Typical of reciprocating engines.)

Type B - Infant mortality, followed by a constant or slowly increasing failure probability.
(Typical of electronic equipment.)

Type C - Low failure probability when the item is new or just overhauled, followed by a
quick increase to arelatively constant level.

Type D - Relatively constant probability of failure at all ages.

Type E - Bathtub curve; i.e., infant mortality followed by a constant or gradually
increasing failure probability and then a pronounced wear-out region. An age limit may
be desirable, provided a large number of units survive to the age where wear-out begins.

Type F - Gradually increasing failure probability, but no identifiable wear-out age. Age
limit usually not applicable. (Typical of turbine engines.)

Types A and E are typical of single-piece and simple items such as tires, compressor blades,
brake pads, and structural members. Most complex items have conditional probability curves of
typesB, C, D, and F.

The basic difference between the failure patterns of complex and simple items has important
implications for maintenance. Single-piece and simple items frequently demonstrate a direct
relationship between reliability and age. Thisis particularly true where factors such as metal
fatigue or mechanical wear are present or where the items are designed as consumables (short or
predictable life spans). In these cases an age limit based on operating time or stress cycles may
be effective in improving the overall reliability of the complex item of which they are a part.
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Age Related Fail UAL  BROMBERG U.S.NAVY
ge relate allures 1968 1973 1982
Type E
/ 4% 3% 3%
Type A
2% 1% 17%
Type F
Time
Type C
7% 11% 6%
Type D
14% 15% 42%
Type B
68% 66% 29%
Time

Figure 2-4. Conditional Probability of Failure Curves.

Complex items frequently demonstrate some infant mortality, after which their failure
probability increases gradually or remains constant, and a marked wear-out age is not common.
In many cases scheduled overhaul increases the overall failure rate by introducing a high infant
mortality rate into an otherwise stable system. The failure characteristics shown in Figure 2-4
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were first noted in the previously cited book, Reliability-Centered Maintenance®. Follow-on
studies in Sweden in 1973, and by the U.S. Navy in 1983, produced similar results. In these
three studies, random failures accounted for 77-92% of the total failures and age related failure
characteristics for the remaining 8-23%.

2.4.6 Preventing Failure

Every equipment item has a characteristic that can be called resistance to or margin to failure.
Using equipment subjects it to stress that can result in failure when the stress exceeds the
resistance to failure. Figure 2-5 depicts this concept graphically. The figure shows that failures
may be prevented or item life extended by:

a Decreasing the amount of stress applied to theitem. Thelife of theitemis
extended for the period fo-f1 by the stress reduction shown.

b. Increasing or restoring the item’ sresistance to failure. Thelife of theitem is
extended for the period f1-f, by the resistance increase shown.

C. Decreasing the rate of degradation of the item's resistance to or margin to failure.
The life of the item is extended for the period f; - f3 by the decreased rate of
resistance degradation shown.

Stress is dependent on use and may be highly variable. It may increase, decrease, or remain
constant with use or time. A review of the failures of alarge number of nominally identical
simple items would disclose that the majority had about the same age at failure, subject to
statistical variation, and that these failures occurred for the same reason. If oneis considering
preventive maintenance for some simple item and can find a way to measure its resistance to
failure, one can use that information to help select a preventive task.

Adding excess materia that wears away or is consumed can increase resistance to failure.
Excess strength may be provided to compensate for loss from corrosion or fatigue. The most
common method of restoring resistance is by replacing the item.

The resistance to failure of asimple item decreases with use or time (age), but a complex unit
consists of hundreds of interacting simple items (parts) and has a considerable number of failure
modes. In the complex case, the mechanisms of failure are the same, but they are operating on
many simple component parts ssmultaneously and interactively so that failures no longer occur
for the same reason at the same age. For these complex units, it is unlikely that one can design a
maintenance task unless there are afew dominant or critical failure modes.

® F. Stanley Nowlan and Howard F. Heap, Reliability Centered Maintenance, United Airlines and Dolby Press,
sponsored and published by the Office of Assistant Secretary of Defense, 1978
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< Life Extension =P
Operating Age

Figure 2-5. Preventing Failure

2.5 Failure Modes and Effects Analysis

Failure Modes and Effects Analysis (FMEA) is applied to each system, sub-system, and
component identified in the boundary definition. For every function identified, there can be
multiple failure modes. The FMEA addresses each system function (and, since failure is the loss
of function, all possible failures), and the dominant failure modes associated with each failure,
and then examines the consequences of the failure. What effect did the failure have on the
Mission or operation, the system and on the machine?

Even though there are multiple failure modes, often the effects of the failure are the same or very
similar in nature. That is, from a system function perspective, the outcome of any component
failure may result in the system function being degraded.

Likewise, similar systems and machines will often have the same failure modes. However, the
system use will determine the failure consequences. For example, the failure modes of a ball
bearing will be the same regardless of the machine. However, the dominate failure mode will
often change from machine to machine, the cause of the failure may change, and the effects of
the failure will differ.
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Figure 2-6 provides an example of a FMEA worksheet. The key elements identified on the
worksheet reflect the items identified in the RCM analysis (see Figure 2-1). There are two new
terms identified in Figure 2-6: Criticality and Probability of Failure Occurrence.

2.5.1 Criticality and Probability of Occurrence

Criticality assessment provides the means for quantifying how important a system function is
relative to the identified Mission. Table 2-1 provides a method for ranking system criticality.

This system, adapted from the automotive industry’, provides 10 categories of
Criticality/Severity. It isnot the only method available. The categories can be expanded or
contracted to produce a site-specific listing.

Ranking Effect Comment
1 None No reason to expect failur_e to have any effect on Safety,
Health, Environment or Mission.
5 Very Low Minor disruption to fa_cility function. Repair to failure can
be accomplished during trouble call.
3 Low Minor disruption to facility function. Repair to fai_lur_e may
be longer than trouble call but does not delay Mission.
4 Low to Moderate disruption to facility function. Some portion of
Moderate | Mission may need to be reworked or process delayed.
5 Moderate Moderate disruption to facility function. 100% of Mission
may need to be reworked or process delayed.
6 Moderate | Moderate disruption to facility function. Some portion of
to High Mission is lost. Moderate delay in restoring function.
- High Hi_gh_dis_ruption to_fagi_lity function_. Some_portion o_f
Mission is lost. Significant delay in restoring function.
8 Very High disruption to facility function. All of Mission is lost.
High Significant delay in restoring function.
Potential Safety, Health or Environmental issue. Failure
9 Hazard ) . .
will occur with warning.
Potential Safety, Health or Environmental issue. Failure
10 Hazard . . :
will occur without warning.

Table 2-1. Criticality/Severity Categories

" Reliability, Maintainability, and Supportability Guidebook, Third Edition, Society of Automotive Engineers, Inc.,
Warrendale, PA, 1995.
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Figure 2-6. FMEA Worksheet
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The Probability of Occurrence (of Failure) is also based on work in the automotive industry.
Table 2-2 provides one possible method of quantifying the probability of failure. If thereis
historical data available, it will provide a powerful tool in establishing the ranking. If the
historical datais not available, a ranking may be estimated based on experience with similar
systems in the facilities area. The statistical column in Table 2-2 can be based on operating
hours, day, cycles, or other unit that provides a consistent measurement approach. Likewise, the
statistical bases may be adjusted to account for local conditions. For example, one organization
changed the statistical approach for ranking 1 through 5 to better reflect the number of cycles of
the system being analyzed.

Ranking Effect Comment
Remote probability of occurrence; unreasonable to
1 1/10,000 expect failure to occur.
> 1/5 000 Low failure rate. Similar to past design that has, in the
’ past, had low failure rates for given volume/loads.
3 1/2 000 Low failure rate. Similar to past design that has, in the

past, had low failure rates for given volume/loads.
Occasional failure rate. Similar to past design that has,
4 1/1,000 in the past, had similar failure rates for given
volume/loads.

Moderate failure rate. Similar to past design that has, in
5 1/500 the past, had moderate failure rates for given
volume/loads.

Moderate to high failure rate. Similar to past design that
6 1/200 has, in the past, had moderate failure rates for given
volume/loads.

High failure rate. Similar to past design that has, in the

! 1/100 past, had high failure rates that has caused problems.

8 1/50 High failure rate. Similar to past design that has, in the
past, had high failure rates that has caused problems.

9 1/20 Very High failure rate. Almost certain to cause problems.

10 1/10+ Very High failure rate. Almost certain to cause problems.

Table 2-2. Probability of Occurrence Categories

2.5.2 Cause of Failure

Once the function and failure modes are understood, it is necessary to investigate the cause of
failure. Without an understanding of the causes of potential failure modes it will not be possible
to select applicable and effective maintenance tasks. For example, the type and progression of
information collected for a chilled water system could look similar to Table 2-3.
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Each of the individual components that makes up the chilled water system would then have a
similar analysis performed, asillustrated in Table 2-4:

Function Functional Failure Failure Mode Sou_rce of
Failure

Provide chilled Electric Motor Failed 9
water at specified: Pump Failed E
Flow Rate Total loss of flow. Major Leak X
Temperature Blocked Line p
------------------- Valve out of position. &
The flow and Pump Cavitation

temperature Drive Problem

would be based
upon the use
requirement. For
example, if the

Insufficient Flow

Blocked Line

Valve out of position.

Instrumentation Error

Chiller Failure

chilled water :
system were Low _Refrlgerant
supplying a Cooling Tower
computer room, Problem _
what would the Water temperature | Valve out of position.
water flow and high or low. Fouled Heat
temperature Exchanger _

range be to Instrumentation Error
maintain the room

temperature?

Table 2-3. Chilled Water System Analysis
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Function

Functional Failure

Failure Mode

Source of Failure

Stator

Motor will not turn.

Insulation Failure

Open Winding

Insulation
contamination,
excessive current,
voltage spike,
phase imbalance,
excessive
temperature.

Rotor

Motor will not turn.

Insulation Failure

Motor turns at
wrong speed.

Excessive Vibration

Insulation
contamination,
excessive current,
excessive
temperature,
mechanical
imbalance.

Bearings

Motor will not turn.

Bearing Seized

Fatigue, improper
lubrication,
misalignment,
mechanical
imbalance,
electrical pitting,
lube
contamination,
excessive thrust,
excessive
temperature.

Motor Controller

Motor will not turn.

Contactor Failed

Motor turns at VFD Malfunction failure, cable
wrong speed. failure, loss of
power.

Contact failure,
control circuit

Power Supply

Motor will not turn.

Loss of Power

Supply failure,
excessive current,
excessive torque,
poor connection.

Table 2-4. Electric Motor Component Analysis

Table 2-5 focuses on one failure mode, the seized bearing. Similar information will be needed
for each failure mode. Thisinformation can become extensive for even the smplest of systems
and can require a significant amount of effort and expense to compile. Table2-5isan
abbreviated and simplistic compilation.
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Notice that through the iterative, albeit ssimplified, processillustrated above, the engineer or
technician performing the analysisis able to determine the root cause of the problem by
deducting non-indicative symptoms and conditions. Medical doctors follow similar reasoning in
their determination of patients' health problems - they eliminate the non-symptoms, then through
an iterative process, deduct each possible cause of the problem, starting with the most likely first.

Failure Mode Mechanism Reason Cause
Bearing seized Lubrication Contamination | Seal Failed
(this includes Supply Dirty
iseal_s, s_hlelds, Wrong Type Procedure or supply
ubrication information wrong.
system, and lock Too Little Oil leak.
nuts.
Procedure error.
Too Much Procedure error.
Fatigue Metallurgical Inherent
Excessive temperature.
Excessive Mechanical imbalance.
Load Misalignment
Wrong Application
(bearing not sized for the
load).
Poor Fit-up
Surface Distress | Installation Procedure error.
Storage Procedure error.
Electrical Insulation
Welding
Contamination | See Lubrication

Table 2-5. Cause of Motor Bearing Failure

2.6 Reliability Centered Maintenance Goals

The RCM goals are to identify for each system and equipment the failure modes and their
consequences and to determine the most cost-effective and applicable maintenance technique to
minimize the risk and impact of failure. This allows system and equipment functionality to be
mai nt8ai ned in the most economical manner. Specific RCM objectives as stated by Nowlan and
Heap"” are:

To ensure realization of the inherent safety and reliability levels of the equipment.

8 F. Stanley Nowlan and Howard F. Heap, Reliability Centered Maintenance, United Airlines and Dolby Press,
sponsored and published by the Office of Assistant Secretary of Defense, 1978
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To restore the equipment to these inherent levels when deterioration occurs.

To obtain the information necessary for design improvement of those items where
their inherent reliability proves to be inadequate.

To accomplish these goals at a minimum total cost, including maintenance costs,
support costs, and economic consequences of operational failures.

2.7 Program Benefits

2.7.1 Safety

Per NPD 8700.1, NASA Policy for Safety and Mission Success, NASA policy isto "Avoid loss of
life, personal injury or illness, property loss or damage, or environmental harm from any of its
activities and ensure safe and healthful conditions for persons working at or visiting NASA
facilities." By itsvery features, including analysis, monitoring, taking decisive action on systems
before they become problematic, and thorough documentation, RCM is highly supportive of and
an integral part of the NASA Safety policy.

2.7.2 Cost

Due to the initial investment required for obtaining the technological tools, training, and
equipment condition baselines, anew RCM Program typically results in a short-term increase in
maintenance costs. Thisincreaseis relatively short-lived. The cost of repair decreases as
failures are prevented and preventive maintenance tasks are replaced by condition monitoring.
The net effect is areduction of both repair and areduction in total maintenance cost. Often
energy savings are also realized from the use of PT&I techniques.

2.7.3 Reliability

RCM places great emphasis on improving equipment reliability, principally through the feedback
of maintenance experience and equipment condition data to facility planners, designers,

mai ntenance managers, craftsmen, and manufacturers. Thisinformation is instrumental for
continually upgrading the equipment specifications for increased reliability. The increased
reliability that comes from RCM leads to fewer equipment failures and, therefore, greater
availability for mission support and lower maintenance costs.

2.7.4 Scheduling

The ability of a condition-monitoring program to forecast maintenance provides time for
planning, obtaining replacement parts, and arranging environmental and operating conditions
before the maintenance is done. PT& I reduces the unnecessary maintenance performed by a
time-scheduled maintenance program which tends to be driven by the minimum “safe” intervals
between maintenance tasks.
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A principal advantage of RCM is that it obtains the maximum use from equipment. With RCM,
equipment replacement is based on equipment condition, not on the calendar. This condition-
based approach to maintenance thereby extends the operating life of the facility and its
equipment.

2.7.5 Efficiency/Productivity

Safety isthe primary concern of RCM. The second most important concern is cost-effectiveness.
Cost-effectiveness takes into consideration the priority or mission criticality and then matches a
level of cost appropriate to that priority. The flexibility of the RCM approach to maintenance
ensures that the proper type of maintenance is performed on equipment when it is needed.
Maintenance that is not cost effective is identified and not performed.

2.8 Impact of RCM on the Facilities Life Cycle

The facilities life cycle is often divided into two broad stages. acquisition (planning, design, and
construction) and operations. RCM affects all phases of the acquisition and operations stages to
some degree, as shown in Table 2-6.

Decisions made early in the acquisition cycle profoundly affect the life-cycle cost of afacility.
Even though expenditures for plant and equipment may occur later during the acquisition
process, their cost is committed at an early stage. As shown conceptually in Figure 2-7, planning
(including conceptual design) fixes two-thirds of the facility’s overall life-cycle costs. The
subsequent design phases determine an additional 29% of the life-cycle cost, leaving only about
5% of the life-cycle cost that can be impacted by the later phases.

Thus, the decision to include afacility in an RCM program, including PT& | and condition
monitoring, which will have a major impact on its life-cycle cost, is best made during the
planning phase. As RCM decisions are made later in the life cycle, it becomes more difficult to
achieve the maximum possible benefit from the RCM program.

Even though maintenance is arelatively small portion of the overall life-cycle cost, typically 3%
to 5% of afacility’s operating cost, RCM is still capable of introducing significant savings
during the M& O phase of the facility’slife. Savings of 30% to 50% in the annual maintenance
budget are often obtained through the introduction of a balanced RCM program.
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Life-Cycle Phase

Acquisition Implications

Operations Implications

Operation (M&QO)

Planning Requirements Validation Requirements
Contract Strategy Development
RCM Implementation Policy Modifications
Funding Estimates Alterations
Construction Upgrades
Equipment (Collateral/R&D) | A&E Scope of Work
Labor Funding Estimates
Training M&O Considerations
Operations Annual Cost
A&E Scope of Work Labor
Spare Parts
Design A&E Selection A&E Selection
Drawings Drawings
Specifications Specifications
Acceptance Testing Acceptance Testing
Requirements Requirements
Construction Contractor Selection Contractor Selection
Mobilization Construction
Construction Acceptance Testing
Activation
Maintenance and Not Applicable RCM Operations

Training/Certification

Table 2-6. RCM Facility Life-Cycle Implications

100%

) 75%
Life-

cycle
Cost 50%

25%

Blanchard, B.S., Design and
Manageto Life Cycle Cost,
Forest Grove, OR, MA
Press, 1978.

95%

66%
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Design Final
Design !
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Construction/
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Figure 2-7. Stages of Life-Cycle Cost Commitment
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Chapter 3—RCM Program Components

An RCM program includes reactive, preventive, predictive, and proactive maintenance. In
addition, a user should understand system boundaries and facility envelopes, functional failures,
and failure modes, al of which are critical components of the RCM program. The following
paragraphs describe these key RCM components.

Table 3—1 suggests the criteria to be used in determining RCM priorities.

Priority o
Number Description Hppliegen

1 Emergency Safety; mission impact.

2 Urgent Continuous operation of
facility at risk.

3 Priority Mission support/project
deadlines.

4 Routine Accomplish on “first
come, first served” basis.

5 Discretionary | Desirable, but not
essential

6 Deferred Needed but unable to

accomplish until more
resources available.

Table 3—1. Maintenance Priority Levels

3.1 Reactive Maintenance

Reactive maintenance also is referred to as breakdown, repair, fix-when-fail, or run-to-failure
(RTF) maintenance. When applying this maintenance technique, maintenance, equipment repair,
or replacement occurs only when the deterioration in the equipment’ s condition causes a
functional failure. Thistype of maintenance assumes that failure is equally likely to occur in any
part, component, or system. Thus, this assumption precludes identifying a specific group of
repair parts as being more necessary or desirable than others. If theitem fails and repair parts are
not available, delays ensue while parts are obtained. If certain parts are urgently needed to
restore a critical machine or system to operation, a premium for expedited delivery must be paid.
Also, there is no ability to influence when the failures occur because no (or minimal) action is
taken to control or prevent them. When thisis the sole type of maintenance practiced, a high
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percentage of unplanned maintenance activities, high replacement part inventories, and
inefficient use of maintenance effort typify this strategy. A purely reactive maintenance program
ignores the many opportunities to influence equipment survivability. Reactive maintenance can
be used effectively when it is performed as a conscious decision based on the results of an RCM
analysis that compares the risk and cost of failure with the cost of the maintenance required to
mitigate that risk and cost of failure.

Examples of components where RTF is applicable are non-critical electric motors less than 7.5
HP, comfort cooling, restroom exhaust fans, water heaters, and items where the consequences of
failure are negligible.

3.1.1 Reactive Maintenance Criteria

Table 3-2 suggest criteriato be used in determining the priority for repairing or replacing the
failed equipment in the reactive maintenance program.

Priority Criteria Based on
Consequences of
Equipment/System Failure

1 Emergency Safety of life or property
threatened.

Number | Description

Immediate serious impact on
mission.

2 Urgent Continuous facility operation
threatened.

Impending serious impact on
mission.

3 Priority Degrades quality of mission
support.

Significant and adverse effect
on project.

4 Routine Redundancy available.
Impact on mission insignificant.

5 Discretionary | Impact on mission negligible.
Resources available.

6 Deferred Impact on mission negligible.

Resources unavailable.

Table 3-2. Reactive Maintenance Priorities
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3.2 Preventive Maintenance (PM)

PM consists of regularly scheduled inspection, adjustments, cleaning, lubrication, parts
replacement, calibration, and repair of components and equipment. PM is also referred to as
time-driven or interval-based maintenance. It is performed without regard to equipment
condition.

PM schedules periodic inspection and maintenance at pre-defined intervals (time, operating
hours, or cycles) in an attempt to reduce equipment failures for susceptible equipment.
Depending on the intervals set, PM can result in a significant increase in inspections and routine
maintenance; however, it should also reduce the frequency and seriousness of unplanned
machine failures for components with defined, age-related wear patterns.

Traditional PM is keyed to failure rates and times between failures. It assumes that these
variables can be determined statistically, and therefore one can replace a part due for failure
beforeit fails. The availability of statistical failure information tends to lead to fixed schedules
for the overhaul of equipment or the replacement of parts subject to wear. PM is based on the
assumption that the overhaul of machinery by disassembly and replacement of worn parts
restores the machine to alike-new condition with no harmful effects. In addition, this renewal
task is based on the perception new components are less likely to fail than old components of the
same design. See Figures 1-2 and 2-3.

Failure rate or itsreciprocal, Mean-Time-Between-Failures (MTBF), is often used as a guide to
establishing the interval at which the maintenance tasks should be performed. The major
weakness in using these measurements to establish task periodicity is that failure rate data
determines only the average faillure rate. Thereality isfailures are equaly likely to occur at
random times and with a frequency unrelated to the average failure rate. Thus, selecting a
specific time to conduct periodic maintenance for a component with arandom failure pattern is
difficult at best.

For some items, while faillure is related to age, it is not equally likely to occur throughout the life
of theitem. In fact, the majority of equipment is not subject to wear-out (sharply increasing
conditional probability of failure at a specific operating age). Therefore, timed maintenance can
often result in unnecessary maintenance. In summary, PM can be costly and ineffective when it
is the sole type of maintenance practiced.

3.2.1 Preventive Maintenance Criteria

Preventive maintenance criteria reflect the age-reliability characteristics of the equipment based
upon the equipment history. They are not necessarily related to mission criticality. The
selection of maintenance tasks is made using the process shown in Figure 2—1. The selection
process guides the determination of the type of task which, will be done, but is less helpful in
establishing task frequency or periodicity.

3.2.2 Determining PM Task and Monitoring Periodicity

This section offers suggestions for selecting monitoring periodicities.
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3.2.2.1 PM Tasks

Although numerous ways have been proposed for determining the correct periodicity of
preventive maintenance tasks, none are valid unless the in-service age-reliability characteristics
of the system or equipment affected by the desired task are known. Thisinformation is not
normally available and must always be collected for new systems and equipment. PT&l
techniques should be used as an aid in determining equipment condition vs. age.

Careful analysis of similar kinds of hardware in industry has shown that, overall, more than 90%
of the hardware analyzed showed no adverse age-reliability relationship. This does not mean
that individual parts do not wear; they do. It means that the ages at failure are distributed in such
away that there is no value in imposing a preventive maintenance task. In fact, in alarge
number of cases, imposing an arbitrary preventive task increases the average failure rate through
“infant mortality.”

The Mean Time Between Failures (MTBF) is often used as the initial basis for determining PM
interval. This approach isincorrect in that it does not provide any information about the effect of
increasing age on reliability. It provides only the average age at which failure occurs, not the
most likely age. In many cases a Weibull distribution, as used by the bearing industry to specify
bearing life, will provide more accurate information on the distribution of failures.

The best thing that can be done if good information on the effect of age on reliability is not
available, isto monitor the equipment condition.

3.2.2.2 Equipment Monitoring

The factors above still apply, but with several important modifications. The aim in monitoring
equipment condition isto (1) determine equipment condition and (2) develop atrend with which
to forecast future equipment condition. For trending purposes, a minimum of three monitoring
points before failure may reasonably be expected are recommended. Using three data points
provides two to establish the trend and the third to provide confirmation. The following
techniques are recommended for setting initial periodicity:

a. Anticipating Failure from Experience.

For some equipment, failure history and personal experience provide an intuitive feel asto when
equipment failure may be expected. Inthese cases, failureistimerelated. The monitoring
periodicity should be selected such that there are at least three monitoring intervals before the
anticipated onset of failures. It is prudent in most cases to shorten the monitoring interval as the
wear-out age is approached.

b. FailureDistribution Statistics.

In using statistics to determine the basis for selecting task periodicity, the distribution and
probability of failure should be known. Weibull distributions can provide information on the
probability of an equipment exceeding some life. For example, bearings are normally specified
by their B10 life; i.e., the number of revolutions that will be exceeded by 90% of the bearings.
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Depending on the criticality of the equipment, an initial periodicity is recommended which
allows a minimum of three monitoring samples prior to the B10 life or, in less severe cases, prior
to the MTBF point. In more severe cases a B2 life; i.e., the number of revolutions that will be
exceeded by 98% of the bearings should be specified and the monitoring interval adjusted
accordingly.

c. Lack of Information or Conservative Approach.
The most common practice in industry is to monitor the equipment biweekly or monthly due to a
lack of information and poor monitoring techniques. This often results in excessive monitoring.
In these cases, significant increases in the monitoring interval may be made without adverse
impact on equipment reliability.
When indications of impending failure become apparent through trending or other predictive
analysis methods, the monitoring interval should be reduced and additional analysis should be
performed in order to gain more detailed information on the condition of the equipment.
3.3 Predictive Testing & Inspection (PT&I)
PT&, also known as predictive maintenance or condition monitoring, uses primarily non-
intrusive testing techniques, visual inspection, and performance data to assess machinery
condition. It replaces arbitrarily timed maintenance tasks with maintenance that is scheduled
only when warranted by equipment condition. Continuing analysis of equipment condition-
monitoring data allows planning and scheduling of maintenance or repairs in advance of
catastrophic and functional failure.

The PT&| data collected is used in one of following ways to determine the condition of the
equipment and identify the precursors of failure. The methods of analysis include:

Trend analysis

Pattern recognition

Data comparison

Tests against limits and ranges
Correlation of multiple technologies
Statistical process analysis

PT&I does not lend itself to all types of equipment or possible failure modes and therefore
should not be the sole type of maintenance practiced.

Refer to Chapter 4 for information on PT& | technologies.
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3.3.1 Data Correlation

Data acquired from the various PT &I techniques can and should be correlated with each other to
increase the probability of detection (Pd). The tablesin Appendix F provide correlation between
the various PT& | technologies:

Figure 3—-1 depicts asimplified Chilled Water System and the various components that can be
monitored using the aforementioned correlated PT& | technologies. For example, a chilled water
system would require the following PT& I techniques to be used for the entire system to be
evaluated:

a. Flow Rates—Flow would be measured using precision, non-intrusive flow detectors.

b. Temperature—Differential temperature would be measured to determine heat
transfer coefficients and to indicate possible fouling of tubes.

c. Pressure—Differential pump and chiller pressures would be measured to determine
pressure drops and pump efficiency.

d. Electrical—Motor power consumption and motor circuit testing would be used to
assess the condition of the motor circuits and to correlate with pump efficiencies.

e. Ultrasonic Thickness—Pipe wall thickness would be measured to determine erosion
and corrosion degradation.

f. Vibration—\Vibration monitoring would be used to assess the condition of the rotating
components such as pumps and motors. Additionally, structural problems would be
identified through resonance and model testing.

g. Lubricant Analysis—Oil condition and wear particle analysis would be used to
identify problems with the lubricant and correlated with vibration when wear particle
concentrations exceed pre-established limits.

h. Fiber Optics—Fiber optic inspections would be used in response to indications of
component wear, tube fouling, etc.

i. Thermography—Thermography scans would be used to check motor control centers
and distribution junction boxes for high temperature conditions. Piping insulation should
be checked for porosities.

j. Eddy Current—Eddy current would be used to determine and locate |eaking tubes.

k. Airborne Ultrasonics—Airborne Ultrasonics would be used to detect leaking air
from control system and compressor leaks.
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Figure 3 — 1. Sample System

3.4 Proactive Maintenance
Proactive maintenance employs the following basic techniques to extend machinery life:

Specifications for new/rebuilt equipment

Precision rebuild and installation

Failed-part analysis

Root-cause failure analysis

Reliability engineering

Rebuild certification/verification

Age Exploration

Recurrence Control

Proactive maintenance improves maintenance through better design, installation, maintenance
procedures, workmanship, and scheduling.
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The characteristics of proactive maintenance are:

Using feedback and communications to ensure that changes in design or
procedures are rapidly made available to designers and managers.

Employing alife-cycle view of maintenance and supporting functions.
Ensuring that nothing affecting maintenance occurs in isolation.
Employing a continuous process of improvement.

Optimizing and tailoring maintenance techniques and technologies to each
application.

Integrating functions that support maintenance into maintenance program
planning.

Using root-cause failure analysis and predictive analysis to maximize mainte-
nance effectiveness.

Adopting an ultimate goa of fixing the equipment forever.

Periodic evaluation of the technical content and performance interval of
maintenance tasks (PM and PT&I).

A proactive maintenance program is the capstone of the RCM philosophy. The seven most
commonly recognized proactive techniques listed above are described in the following.

3.4.1 Specifications for New/Rebuilt Equipment

The design and fabrication of many new types of equipment too often fail to provide the
capability to obtain reliable equipment condition data easily while the equipment is operating. It
has been alleged that this oversight might result from design using CAD/CAM systems that
require little practical experience on the part of the designers. Existing standards, often 25 to 30
years old and not reflective of changes in technology, are usually inadequate, typically
addressing only general or minimal performance criteria. Additionaly, the life-cycle costs and
failure histories of families of equipment are rarely documented for purchasing and contract
personnel who, bound by regulation, procure conforming products based on least cost.

To solve this problem, reliability engineers must write proper specifications, test the equipment
of different vendors, and document problems. These specifications should include, as a
minimum, vibration, alignment, and balancing criteria. Documenting historical data, so
engineers can write verifiable purchasing and installation specifications for new and rebuilt
equipment, is the basis of this proactive technique. Performance testing is then conducted (1) in
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the factory prior to shipment, (2) as the equipment isinstalled prior to acceptance, and (3) to
establish a performance baseline as the equipment begins operation.

In addition, the use of PT& I for measuring equipment condition are not normally contained in
the procurement specifications. It israre to see a banded-vibration criteria, a quantifiable
alignment/ balance specification, or a complex phase impedance for an electric motor.

3.4.2 Precision Rebuild and Installation

Equipment requires proper installation to control life-cycle costs and maximize reliability. Poor
installation often results in problems routinely faced by both maintenance personnel and
operators. Rotor balance and alignment, two common rework items, are often poorly performed
or neglected during initial installation. The adoption and enforcement of precision standards can
more than double the life of a machine. For example, the contract specification for leveling
equipment being installed should include a maximum acceptable slope of the base and the frame;
e.g., amaximum slope of 0.001 inch per foot. The specification aso should include the type and
accuracy of the instrument used for measuring the slope; e.g., a 12-inch machinist’s level
graduated to 0.0002 inch per foot. After the criteria have been included in the contract
specifications, the installation should be checked to ensure that the mechanic has complied with
the specification.

3.4.2.1 Balance

Bearings are the machine components that support and transfer the forces from the rotating
element to the machine frame. This results in the perception that bearings are inherently a
reliability problem due to the fact that only 10% to 20% of rolling element bearings achieve their
design life. One of the leading causes of premature rolling element bearing failure is parasitic
load due to excessive vibration caused by imbalance and misalignment. The resulting parasitic
loads result in increased dynamic loads on the bearings. The design formulas (SKF, 1973) used
to calculate theoretical rolling element bearing life are:

a. Ball Bearings

. 16,667 C.
Life Hours= X (=
L1o ( RPM ) (P)
b. Roller Bearings
) 16,667 C. 1w
LifeHours= ’ X (=
Lio ( RPM ) (P)9

Where, L9 isthe number of hours 90% of a group of bearings should attain or exceed under a
constant load (P) prior to fatigue failure; C is the bearing load which will result in alife of one
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million revolutions; and P is the actual bearing load, static and dynamic. C isobtained from a
bearing manufacturer’ s catalogue and P is calculated during equipment design.

As shown, bearing lifeis inversely proportional to speed and more significantly, inversely
proportional to the third power of load for ball and to the 10/9 power for roller bearings.

3.4.2.2 Balance Calculations®

Precision balance of motor rotors, pump impellers, and fansis one of the most critical and cost
effective techniques for achieving increased bearing life and resultant equipment reliability. Itis
not usually sufficient to smply perform a single plane balance of arotor to alevel of 0.10 in/sec
or 1.0 nor, isit sufficient to balance arotor until it achieves low vibration levels. Precision

bal ance methods should also include the calculation of residual imbalance. The following
eguation can be used to calculate residual imbalance:

\z
U= xIM|

Ve
Where U, is the amount of residual imbalance, V. is the actual imbalance, V. isthe trial mass
imbalance, and M isthe trial mass. This equation can be expressed as follows:

Residual Imbalance = (Trial Wt.)(Trial Wt. Radius)(Amplitude After Balance)
(Trial Wt. Effect)

Permissible imbalance is related to equipment type and rotor mass. In general, the greater the
rotor mass, the greater the permissible imbalance. The following equation can be used to
determine the relationship between permissible residual imbalance (Upe) based on the rotor mass
(m) and arequired or target permissible imbalance (eper):

U per
m

€per —

The relationship between speed and imbalance can be expressed by the following equation:

€per XW = a constant

where, wis the rotor angular velocity at maximum operating speed.

Table 3-3 below contains the 1S01940/1-1986 balance quality grades for various groups of
representative rigid rotors.

*The following equations and discussion of permissible imbalance is based on 1SO 1940/1, Mechanical vibration—
Balance quality requirements of rigid rotors. 1986
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Balance

Quality
Grade

Product of
The
Relationship
(Eper X 0 Lz
mm/s

Rotor Types—General Examples

G4,000

4,000

Crankshaft/drives® of rigidly mounted slow marine diesel
engines with uneven number of cylinders*

G1,600

1,600

Crankshaft/drives of rigidly mounted large two-cycle
engines

G630

630

Crankshaft/drives of rigidly mounted large four-cycle
engines

Crankshaft/drives of elastically mounted marine diesel
engines

G250

250

Crankshaft/drives of rigidly mounted fast four cylinder
diesel engines’

G100

100

Crankshaft/drives of rigidly mounted fast diesel engines
with six or more cylinders”

Complete engines (gas or diesel) for cars, trucks, and
locomotives®

G40

40

Car wheels, wheel rims, wheel sets, drive shafts
Crankshaft/drives of elastically mounted fast four-cycle
engines (gas or diesel) with six or more cylinders
Crankshaft/drives of engines of cars, trucks, and
locomotives

G16

16

Drive shafts (propeller shafts, cardan shafts) with special
requirements

Parts of crushing machines

Parts of agricultural machinery

Individual components of engines (gas or diesel) for cars,
trucks and locomotives

Crankshaft/drives of engines with six or more cylinders
under special requirements

G6.3

6.3

Parts of process plant machines

Marine main turbine gears (merchant service)
Centrifuge drums

Paper machinery rolls: print rolls

Fans

Assembled aircraft gas turbine rotors
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Product of
Balance The
Quality | Relationship Rotor Types—General Examples
Grade | (eperx [ M2
mm/s

Flywheels
Pump impellers
Machine-tool and general machinery parts
Medium and large electric armatures (of electric motors
having at least 80 mm shaft height) without special
requirements
Small electric armatures, often mass produced, in
vibration insensitive applications and/or with vibration
isolating mountings
Individual components of engines under special
requirements
Gas and steam turbines, including marine turbines
(merchant service)
Rigid turbo-generator rotors
Computer memory drums and discs
Turbo-compressors

G25 25 Machine-tool drives
Medium and large electric armatures with special
requirements
Small electric armatures not qualifying for one or both of
the conditions specified for small electric armatures of
balance quality grade G6.3
Turbine-driven pumps
Tape recorder and phonograph (gramophone) drives

Gl 1 Grinding-machines drives

Small electric armatures with special requirements

GO.4 0.4 Spindles, disc, and armatures of precision grinders
Gyroscopes

Table 3-3. Balance Quality Grades for Various Groups of Representative Rigid Rotors (ISO

1940/1-1986)

Notes:
1. w=2pn/60»n/10, if nis measured in revolutions per minute and wis in radians per
second
2. For alocating the permissible residual unbalance to correction planes.
3. A crankshaft/drive is an assembly which, includes a crankshaft, flywheel, clutch,
pulley, vibration damper, rotating portion of connecting rod, etc.
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4. For the purposes of this part of 1SO 1940, slow diesel engines are those with a piston
velocity of lessthan 9 m/s; fast diesel engines are those with a piston velocity of
greater than 9 m/s.

5. n complete engines, the rotor mass comprises the sum of all masses belonging to the
crankshaft/drive described in note 3 above.

3.4.2.3 Effect of Imbalance

As discussed earlier, imbalance forces make a major contribution to decreased bearing life. For
example, consider arotor turning at 3600 RPM with 1 oz. of unbalance on a 12" radius.

Calculate the amount of centrifugal force due to imbalance as shown below, where:
2
F = mA= mrw?= @) _ 5102mrt2
g

Force

imbalance (1bs)

radius of imbalance (in)
rotationa speed (Hz)
386.4 in/sec”

@ == 3™

Substitute 1 oz. (1/16 1b.), 12", 3600 RPM (60 H2):

F=0.102 x(1—16) X(12) x(60 )*= 275Ibs.

Thus, 1 oz. of imbalance on a 12" radius at 3600 RPM creates an effective centrifugal force of
275 |bs. Now calculate the effect of this weight on bearing life. Suppose that the bearings were
designed to support a 1000 Ib. rotor. The calculated bearing life is less than 50% of the design
life as shown below.

) . ) 1000 3
Actual Life= (Design Life) x(————
Lo ( anqo ) X ( 1000+ 275 )

=0.48 Design | Life

3.4.2.4 Alignment

The forces of vibration from misalignment also cause gradual deterioration of seals, couplings,
drive windings, and other rotating elements where close tolerances exist. The use of precision
equipment and methods, such asreverse dial and laser systems to bring alignment tolerances
within precision standards, is recommended. Contrary to popular belief, both laser alignment
and reverse dial indicator equipment offer equal levels of precision; however, laser alignment is
considerably easier and quicker to learn and use. Recommended specifications for precision
alignment are provided in Table 3-4.
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Tolerance
: Maximum : , Angularity
Coupling Type Horizontal & Vertical .
Speed (RPM
peed (RPM) Parallel Offset (IN.) (nch/10 inch of
Coupling Dia.)
600 0.005 0.010
900 0.0053 0.007
_ 1200 0.0025 0.005
Short Coupling
1800 0.002 0.003
3600 0.001 0.002
7200 0.0005 0.001
600 0.005 N/A
Coupling with 900 0.0018 N/A
(Sl\ﬁager 1,200 0.0012 N/A
easurement
is per inch of 1,800 0.0009 N/A
spacer length) 3,600 0.0006 N/A
7,200 0.00015 N/A

Table 3—-4. Recommended Coupled Alignment Tolerances (General Motors, 1993)

In addition to the alignment specifications, Table 3-5 contains the following additional tolerance

recommendations.

Parameter Tolerance
Soft Foot 0.002" max
Foot Centerline Deformation (No load to full oad) 0.001" max
Single Steel Base Plate Thickness 1.0" min
Foot Movement Caused by Pipe Flange Tightening 0.002" max
Total Shim Pack 5
Minimum Shim Pack Size 0.125" min
Axia Shaft Play 0.125" max

Table 3-5. Alignment Related Tolerances (General Motors, 1993)
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3.4.2.5 Alignment Effects

Based on data from a petrochemical industry survey, precision alignment practices achieve:
Average bearing life increases by a factor of 8.0.
Maintenance costs decrease by 7%.
Machinery availability increases by 12%.

Table 3-6 and Figure 3-2 provide limitations and effect of misalignment on rolling element

bearings, respectively. The maximum acceptable misalignment is based on experience data in
bearing manufacturers' catal ogs.

Misalignment Angle
Bearing Type ) :
Minutes Radians
Cylindrical Roller 34 0.001
Tapered Roller 34 0.001
Spherical Roller 30 0.0087
Deep Groove Ball 12-16 0.0035-0.0047

Table 3—6. Limitations on Rolling Bearing Misalignment (Harris,1984)
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Figure 3 — 2. Effects of Misalignment on Roller Bearings
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3.4.3 Failed-Part Analysis

This proactive process involves visually inspecting failed parts after their removal to identify the
root causes of their failures. More detailed technical analysis may be conducted when necessary
to determine the root cause of afailure.

Bearings are generally the weakest equipment components. Only 10 to 20 percent of bearings
achieve their design life. The root causes of bearing failures may relate to improper installation,
poor lubrication practices, excessive balance and alignment tolerances, or poor storage and
handling techniques. Failed-bearing analysis provides methods to categorize defects such as
scoring, color, fretting, and pitting and to relate these findings to the most probable cause of
failure.

Over half of all bearing problems result from contamination or improper installation. While
indicators of contamination normally appear on the internal surfaces of bearings, indicators of
installation problems generaly are evident on both internal and external surfaces.

3.4.4 Root-Cause Failure Analysis (RCFA

In some cases, plant equipment fails repeatedly, and the failures are accepted as a normal
idiosyncrasy of that equipment. Recurring problems such as short bearing life, frequent seal
fracture, and structural cracking are symptoms of more severe problems. However, maintenance
personnel often fix only the symptomatic problems and continue with the frequent repairs.
Repeated failures result in high costs for parts and labor and in decreased customer goodwill and
mission support reliability. Further, unreliable equipment may pose a continuing personnel
safety hazard.

While a PT&I program can identify most equipment faults at such an early stage that they never
lead to an equipment failure, the program often does not include discovering the underlying
reason for the faults. For example, a bearing may fail repeatedly because of excessive bearing
loads caused by an underlying misalignment problem. PT& I would most likely predict a bearing
failure and thus allow the bearing to be replaced before it fails, but if no one recognizes the
misalignment and eliminates it, conditions causing the failure will remain and failures will recur
and continue to require unnecessary corrective work and downtime.

RCFA proactively seeks the fundamental causes that lead to facility and equipment failure. Its
goals areto:

Find the cause of a problem quickly, efficiently, and economically.
Correct the cause of the problem, not just its effect.
Provide information that can help prevent the problem from recurring.

Instill a mentality of “fix forever.”

February 2000 3-43



TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

NASA Rd |ab| I |ty Ceﬂ'[efed Ma'ntmarluc DUIUC 1UL T auluco d iu vulialci al ..qUI pmeﬂt

3.4.5 Reliability Engineering

In combination with other proactive techniques, reliability engineering involves the redesign,
modification, or improvement of components or their replacement by superior components.
Sometimes a compl ete redesign of the component isrequired. In other cases, upgrading the type
of component metal or adding a sealant is all that isrequired. Progressive maintenance
organizations include areliability engineer assigned this responsibility on either afull or part
time basis depending on the size of the facility.

3.4.6 Reliability Calculations
a. Mean Time Between Failure (MTBF)
MTBF should be calculated from data collected from machinery history information stored in the
Computerized Maintenance Management Software. Other sources of MTBF data are operator
logs, parts usage, and contractor records. Reliability can be expressed by the following
reliability function:

R(t) =1-F(®)
where F(t) is the probability the system will fail by timet. F(t) is basically the failure distribution
function, or the “unreliability” function. If the random variablet has a density function of f(t),
then the expression for reliability is:

Rt)y=1-F@t) = f(t)dt
Assuming that the time to failure is described by an exponential density function, then

f(x) = 1/L(et)

where L isthe mean life, t is the time period of interest and e is the natural logarithm base
(2.7183...). Thereliahility at timetis:

R(t) = 1/L(e?t)=eWt

Mean life (L) isthe arithmetic average of the lifetimes of all items considered. The mean life (L)
for the exponentia function is equivaent to mean time between failures (MTBF).

R(t) = e-t/M = e-F/t

Where, F is the instantaneous failure rate and M isthe MTBF. If an item has a constant failure
rate, the reliability of that item at its mean life is approximately 0.37. In other words, thereis a
37% probability that a system will survive its mean life without failure. Mean life and failure
rates are related by

Fr=1/L
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b. Failure Rate

The rate at which failures occur in a specified timeinterval is called the failure rate
during that interval. The failure rate (Fr) is expressed as:

Fr = No. of failures/Total operating hours

Example:
Unit Failed at time (operating hours)
1 75
2 125
3 130
4 325
5 525

All five units operated for 525 hours following failure for atotal of 2,625 hours. In addition Unit
1 experienced failure at 75 hours, Unit 2 at 125 hours, Unit 3 at 130 hours, Unit 4 at 325 hours,
and Unit 5 at 525 hours.

Thisresultsin atotal operating hours of:

2,625 Total operating hours after failure.
75 Unit 1 operating hours before failure.
125 Unit 2 operating hours before failure.
130 Unit 3 operating hours before failure.
325 Unit 4 operating hours before failure.
525 Unit 5 operating hours before failure.
3,805 Total operating hours.

Thus the failure rate (Fr) is the reciprocal.

Fr=5/3805= .001314 failures/hr.
Assuming an exponentia distribution, the system mean-life or MTBF is:

MTBF = 1/Fr = 1/.001314 = 761 hours
When assuming the negative exponential distribution, the failure rate is assumed to be relatively
constant during normal system operation if the system design is mature. That is, the system is
operating beyond the infant mortality period of decreasing failure rate and either before the wear

out region of increasing failure rate, or as in the majority of cases a period of increasing failure
rate does not exist.
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C. Reliability Component Relationships
1. Seriesnetworks

In a series network each component is asingle point of failure. For example, thereis
normally only one labeler for each packaging line. If the labeler fails, the line stops.

Reliability (R) = (Ra)(Rs)(Rc)

If aseries configuration is expected to operate for a specified time period, its overall reliability
can be derived.

Rs = e-(+H +.+)t
2. Parallel networks

In aparallel network, multiple redundant equipment exists. For example, parallel packaging
lines and/or redundant chilled water pumps.

Reliability (R) = Ra + Rs - (Ra)(Rg) 2 component network
(R) =1 - (1-Ra)(1-Re)(1-Rc) 3 component network
R)y=1-(@A-R) n identical components

3. Series-parallel networks
Figure 3-3 provides examples of how to calculate network reliability for series and parallel
components within a system. Aswith electrical circuits, analyze the parallel portions to create

an equivalent and then complete the analysis by combining all components and equivalents
seridly.

d. Related Reliability Factors
1. Availability (A)
(@ Inherent Availability (A)
(1) The probability that a system or equipment, when used under stated

conditionsin an ideal support environment, will operate satisfactorily at
any point in time as required.
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Network Reliability

B.81
— 0.9, 0.9 f— .
Series Reliability Rt= Ra x Rb
0.9
A
B.99
Rt= Ra+Rb - (Ra x Rb)
0.9 o Rt= 1 - (1-Rx),

Parallel Reliability

8.9 g g.891
—— 0.9, A
8.9 c Rt= Ra x Rbc

Combination Reliability

Figure 3 — 3. Determining Network Reliability

(2) Excludes preventive or scheduled maintenance actions, logistics delay
time and administrative delay time.

(b) Achieved Availability (A,

(1) The probability that a system or equipment, when used under stated
conditionsin an ideal support environment, will operate satisfactorily at
any point in time.

(2) Preventive (scheduled) maintenance is included.

(3) Excludeslogistics delay time and administrative delay time.

c.  Operationa Availability (Ao)

(1) The probability that a system or equipment, when used under stated
conditions in an actual operational environment, will operate satisfactorily
when called upon.

(2) Includes active maintenance time, logistics delay time and administrative
delay time.
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e "Weibull Distributions

The Welbull distribution is generally used to determine probability of the failure due to fatigue.
The original work was conducted in 1933 and titled, A Satistical Theory of the Strength of
Materials. While the origina work was not directly related to bearings, it was modified in 1947
by Lundberg and Paimgren (Lundberg, 1947) to account for the effectiveness of the lubricant
and the fact not all cracks propagate to the bearing surface.

The importance of the Weibull distribution is that the fatigue behavior of a group of identical
bearings can be assessed and changes in the failure distribution used to identify the introduction
of new sources of fallure, i.e., changes in operating condition, lubrication/installation practices,
etc.

The Welbull distribution is;

F(t) = 1- "

where, F(t) isthe failure probability, T isthe point in time at which 63.2% of the bearings have
failed, and k is corresponds to the gradient. The value of k for bearingsis 10/9 for ball bearings
and 27/20 for roller bearings. In addition, F(t) for bearings should be in the range of 0.07-0.60.

In order to use the Weibull distribution to determine failure probability for bearings, it is
necessary to have a minimum of ten (10) identical bearings operating under as close to identical
conditions as possible.

3.4.7 Rebuild Certification/Verification

When new or rebuilt equipment isinstalled, it is essential to verify that it is operating properly.
To avoid unsatisfactory operation and early failure, the equipment should be tested against
formal certification and verification standards.

3.4.8 Age Exploration

Age Exploration (AE) is akey element in establishing an RCM program. AE provides a
methodology to vary key aspects of the maintenance program in order to optimize the process.
For example, a vendor recommends open and inspection of a chiller at certain intervals. During
the open and inspect, the technician notes the condition of various components of the chiller.
The condition evaluation sheet is then correlated with performance data from the Energy
Management and Control System (EMCYS), vibration data, and oil analysisdata. Asaresult of
this analysis, the decision is made to change the interval of the open and inspect until monitored
conditions indicate degradation has occurred.

The AE process examines the applicability of all maintenance tasks in terms of the following:

a. Technical Content—The technical content of the tasks are reviewed to ensure all

3-48 February 2000



TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

NASA RClluulllLy LCHILCE CU IV di il ian ise ouiuc 101 lellt'% and CO||a[efa| EQUI pmmt

identified failure modes are addressed and that the existing maintenance tasks
produce the desired amount of reliability.

b. Performance Inter val—During the AE process, the task performance interval is
continually adjusted until the rate at which resistance to failure declinesis
determined. For example, identical motors with significantly different amplitudes
of vibration could result in different monitoring intervals.

C. Task Grouping—Tasks with similar periodicity are grouped together to improve
the amount of time spent on the job site and minimize outages.

3.4.9 Recurrence Control

This section provides a systematic approach using technical analysis of hardware and/or material
failures for dealing with repetitive failures. Events warranting RCFA are an end result or
product of implementing the following methodol ogy.

Repetitive failures are defined as the recurring inability of a system, subsystem, structure or
component to perform the required function, i.e.:

Repeated failure of an individual piece of eqquipment;

Repeat failures of various equipment within a system or subsystem; or

Failures of the same or similar components in severa different systems.
The following items should be considered when analyzing failures:

Systematically address the failures of systems, structures and components

Provide a means to evaluate failures

Contribute to long term improvements in plant operation and safety

Efficiently allocate resources to the investigation and correction of failures that
are most critical

The following process for conducting an analysis of repetitive failluresis provided:
Monitor plant or equipment performance
| dentify repetitive system/component failures using aform similar to Figure 3—4
Establish priorities for solution and allocation of resources

Assign problems for analysis
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Analyze problems/determine root cause
Recommend corrective action

Select corrective action

Implement selected corrective actions

Evaluate results of implemented corrective actions

In addition to developing a process for evaluating repetitive failures, a systematic approach
similar to the following should be established:

a. Monitor performance and identify failures by reviewing Trouble Calls and machinery
history contained in the CMMS and PT& | databases.

1.

Extend PT&I| monitoring activities as widely as possible across the Facility
consistent with the concepts of RCM.

Encompass the Facility's critical components as identified by RCM. Include
safety-related systems and components and include systems and components
that support safety systems.

b. Monitor the performance of both systems and components because;

1.

System monitoring will identify potential loss of equipment due to aging,
corrosion, wear, design or operational problems.

Component monitoring will identify possible generic failure problems that may
affect multiple plant systems.

c. Sources of repetitive failure data are:

1.

2.

Number of maintenance man-hours by system or component
Number of maintenance work orders by system or component
Maintenance backlog (by system)

Control instruments out of service

Achievement of maintenance performance goals. i.e,

Safety system unavailability
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Number of inadvertent safety system actuations
Number of unplanned facility shutdowns

Lost mission or production time

Forced outage rate

Number of Incident Reports

d. Establish priorities by performing the following:

1.

2.

Ranking identified problems using Pareto Analysis.
Providing a framework for the allocation of resources.

Focusing attention on problems identified as the most important to the
achievement of the Facility's operational and safety goals.

Considering the following in the ranking process:
Overdl plant performance goals
Reliability Centered Maintenance (RCM) studies
Plant Safety Analyses/Technical Specifications

Costs in hours, dollars, exposure or lost production due to recurring
failures

e. Assign problems for analysis based on the following:

1.

2.

Match the problems to available resources (staffing and money).
Determine the complexity of the problem.
Provide a clear definition of the problem

Provide the expected improvement in performance (standard by which to
measure possible solutions)

Select the size and composition of the problem solving team.

Provide a schedule which allows for effective feedback and timely completion
of the task.
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f. Analyze the problem and recommend corrective action based on the following:

Collect all relevant data (CMMS, PT&I, etc.).
Analyze the component and/or system failure.

Determine the root cause of failure.

A WD P

Develop alist of potential corrective actions.

g. Select corrective actions for implementation

1. Evauate and prioritize the possible corrective actions.
2.  Factorsto consider are:

Achievement of the improvement goals

Ease of implementation

Resources required (labor, cost, schedule) to implement the corrective
action

Time necessary to implement the corrective action

Design bases and regulatory requirements

h. Implement selected corrective actions by performing the following:

1. Assign corrective actions to individuals, departments or teams for
implementation.

2. Establish schedules and milestones.

3. Review schedule periodically to ensure adequate progress is being made.

4. Adjust schedule and/or resources if necessary.

i.  Monitor impact of implemented corrective actions by performing the following:

1. Monitor system performance (PT& | and process data should be used).
2. Determine whether the improvement goals have been met.
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Failure Analysis Form

Reliability Centered Maintenance

Equipment Identification:  Unit #: Equip. Type:

Ser #: L ocation:

Name of Person(s) Responding:

Timethe Equipment Failure: Date: Time:

Time Equipment Returned To Service: Date: Time:

Brief Description of Failure:

Probable Cause of Failure:

Corrective Action Taken:

Parts Replaced:

Previous Failures (review CMMYS):

Date Last PM was Perfor med: Associated WO #:
Direct Cost Data: In-house Contract Subtotal
Labor: $__ $ $
Material: $ $ $
Total Cost: $
Failure Analysis Report completed by: Date:

Figure 3 — 4. Failure Analysis Form
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3.4.10 Facilities Condition Assessment

The Facilities Condition Assessment (FCA) process should be considered as a continuous
process and not as a series of discrete independent events. This can be accomplished by using
the existing CMMS and PT& | databases, customer inputs, and Facility or Building Manager
periodic inspections.

Individual system reliability and M& O costs, number of Trouble Calls normalized to operating
hours and plotted over service life can be tracked by the CMMS. Equipment condition relative
to other similar equipment can be tracked by reviewing the PT& | data and statistically
determining the selected component relationships with respect to the mean and standard
deviation. For example, afacility has X number of centrifugal water pumps of similar but not
identical design in the range of 15-25 Hp. All of the pumps receive quarterly vibration
monitoring, which includes a visual inspection, and annual insulation resistance check or motor
circuit test. The insulation resistance checks are temperature corrected so they may be trended.
In addition, where possible, flow and/or discharge pressure are noted during the vibration
surveys and trended.

Each pump/motor combination is assigned avalue of 1, 4, or 9 based on its relationship with the
mean. For example, asillustrated in Figure 3-5, 50% of the equipment would be in better
condition than the mean, 68.3% better than the mean plus 1 s (sigma), 95.4% better than the
mean plustwo s (sigma), and 99.7% better than the mean plusthree s (sigma).

Mean Mean + 1 sigma
\’ / Mean + 2 sigma
| / Mean + 3 sigma
| /
I

£(x)

I
I
I
I
X

Figure 3—5. Mean and Standard Deviation
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For example, if the vibration amplitude is below mean + 1s (sigma) the unit would be scored as
1, below mean + 2s it would be scored as 4, and above mean + 2s it would be scored asa 9.
Table 3—7 provides an example.

For more complex equipment and/or for equipment where more PT& | technologies are used, the
table would be expanded. In addition, similar Tables should be prepared for Trouble
Calls/Repairs normalized to operating hours, M& O costs, PT& | alarms normalized to operating
hours, Availability, etc. The sum of al the Tableswill result in arank ordering of the equipment
in terms of condition. This approach will address the functional condition in terms of availability
and cost to maintain function.

Pump/Motor Vibration Value Resistance Value Total
1 1 1 2
2 1 1 2
3 4 4 8
4 4 1 5
5 9 1 10

Table 3—7. Equipment Condition Classification Based on PT&I Data

Structures can be treated in a similar manner. In these cases, a periodic inspection by the Facility
Manager of the common spaces, hallways, equipment rooms, roofs, and grounds combined with
PT&I data from thermography, airborne ultrasonics, etc.

While the preceding technique is appropriate for equipment and structures, private spaces, such
as offices, should be handled by the user. A form similar to Figure 3-6 can be used to obtain user
input and address more subjective issues related to morale and appearance.

The office user should fill out aform similar to Figure 3 — 6 on an annual or semiannual basis to
identify problems with the space. Thisinformation isthen used to generate a work order which,
can be prioritized and tracked.
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OFFICE CONDITION FORM

LOCATION: Fecility No. Room No. DATE:

NO CHANGE SINCE LAST INSPECTION [ ]

Inspected By: Phone No.

SKETCH OFFICE HERE

DESK

Please indicate the following on the above office outline:

Celling Tiles: No. Missing Windows. Mark Locations
No. Broken Cracked or Broken
No. Stained Leaks
Electrica Outlets and Switches: Mark Location Doors. Mark Locations
Missing Handle, Hinges or Lock
Cracked
Wadls:  Paint Lighting: Good Poor
Cracks
Ventilation: Airflow Air Qudity Temperature Control
Carpet: Stains Rips Frayed
Resilient Titles:  No. Cracked No. Stained:
Overal Appearance: Good Fair Poor
Comments:

Work Control No.
Date Received
Date Cleared

Signature

Figure 3-6. Office Assessment Form
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Chapter 4— Predictive Testing & Inspection (PT&)
Technologies

4.1 Introduction

This chapter describes each of the primary PT&I technologies in terms of its purpose,
techniques, application, effect, equipment required, operators, training available, and cost.

A variety of methods are used to assess the condition of systems/equipment to determine the
most effective time to schedule and perform maintenance. The information below provides an
introduction on how the technologies are currently utilized and their respective benefits. These
technologies include both intrusive and non-intrusive methods as well as the use of process
parameters to determine overall equipment condition. The data acquired permits an assessment
of system/equipment performance degradation from the as designed and/or required condition.
In addition, these technigques should also be used to assess the quality of new and rebuilt
equipment installations and operational checks. The approaches covered include:

Vibration Monitoring & Anaysis
Infrared Thermography

Ultrasonic Noise Detection

Lubricant and Wear Particle Analysis
Electrical Condition Monitoring
Non-Destructive Testing

Figure 4-1 provides information on the applicability of the technologies to various facility and
production components. Data should be correlated as described in Section 3 and Appendix F.

4.1.1 Alerts and Alarms

Alerts and alarms are set to meet specific user requirements. Common methods used to
determine aert and dlarm values are:

a Arbitrary Value—Set an arbitrary value for change from a baseline value. In this
situation an increase in the reading by a predetermined amount over the initial
reading is used to determine maintenance requirements. This approach was widely
used by the U.S. Navy submarine force until the middle 1980s at which time it was
abandoned in favor of amore statistical approach as described below.

b. Alert Value—Set an alert value to indicate a statistically significant deviation
(usually 2 sigma) from the mean asawarning or aert level. Anaarmvaueis
established at 3 sigma. This approach should alow sufficient time between the
alert and dlarm levels and failure in order to schedule repairs.
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Figure4-1. PT&I Applications
C. Failure Analysis—Refine the alert and alarm values by performing analysis of the

failed parts and then correlating the as-found condition to the PT&I data. Thisis
why it isimportant to document trends, the values at which failures occur, and the
operating environment for future reference. Changing the alert and alarm valuesis
the mechanism to fine tune the condition monitoring process and should be based
on the best information available.
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4.2 Vibration Monitoring & Analysis

Analysis of system and equipment vibration levelsis one of the most commonly used PT&
techniques. Vibration monitoring helps determine the condition of rotating equipment and
structural stability in asystem. In addition, vibration monitoring aids in the identification and
localization of airborne noise sources.

Machinery and system vibration is the periodic motion of a body about its equilibrium position.
For example, imagine driving a car at a constant speed through a series of potholes with each one
being larger than the last. The shock and resulting vibration increases with each encounter until
at some point it destroys the suspension, wheel, or tire. This analogy depicts what occurs as
bearing and gear defects begin and then increase in size with each additional impact.

4.2.1 Applications and Techniques

Applicable to al rotating equipment; e.g., motors, pumps, turbines, compressors, engines,
bearings, gearboxes, agitators, fans, blowers, shafts, etc. In addition, modern data loggers
support resonance testing, equipment balancing, and airborne noise measurements.

4.2.1.1 Conditions Monitored

Wear, imbalance, misalignment, mechanical |ooseness, bearing damage, belt flaws, sheave and
pulley flaws, gear damage, flow turbulence, cavitation, structural resonance, fatigue, etc.

4.2.1.2 Detection Interval

Narrowband vibration analysis can provide several weeks or months of warning of impending
failure. Basethetimeinterval on the experience of the analyst and the type, quantity, and quality
of data collected.

4.2.1.3 Accuracy

Studies by the U.S. Navy have found probabilities of detection as high as 0.92 and aslow as
0.76. The corresponding false alarm rate was found to be 0.08. Selecting the appropriate
monitoring intervals and alarm criteria optimizes probability of detection and false alarm rates.

4.2.1.4 Overall Vibration

Overal measurement is the sum of all vibration energy produced across afiltered bandwidth.
Overal measurement provides an easy indicator of the major sources of vibration but does not
provide a complete picture of a systems condition. A modern maintenance program will not
depend solely on an overall measurement approach to vibration analysis.

4.2.1.5 Spectrum Analysis and Waveform Analysis

Spectrum analysis of the frequency domain is the most commonly employed anaysis method for
machinery diagnostics. The spectrum analysisis used to identify the majority of all rotating

February 2000 4-59



TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

NASA Rd |ab| I |ty Ceﬂ'[efed Ma'ntmarluc DUIUC 1UL T auluco d iu vulialci al ..qUI pmeﬂt

equipment failures (due to mechanical degradation) prior to failure. Waveform analysis, or time
domain analysis, is another extremely valuable analytical tool. While not employed as regularly
as spectrum analysis, the waveform often aids the analyst in a more correct diagnosis of the
machine problem.

4.2.1.6 Torsional Vibration

Often utilized to detect the vibration associated with gear vibration and shaft torque. It proves
most helpful in situations where, due to transmission path attenuation, the casing vibration signal
has a signal-to-noise ratio insufficient to detect the problem. Torsional vibration measurement is
especially effective in situations where unsteady forces excite the resonance of the structure or
housing. Torque is measured by using pairs of matched sensors spaced at an interval. Thisis
done to take advantage of the phase difference in the signals due to shaft twisting, which isa
function of shaft stiffness and load.

4.2.1.7 Multi-Channel Vibration Analysis

Offers severa extremely powerful methods for machinery analysis such as force-response
analysis, cross-coupling phase analysis, analysis of resonance mode characteristics, and multi-
plane balancing. Additionally, coherence functions offered by multi-channel analyzers allow for
checking the quality and linearity of data collected with typical dataloggers.

4.2.1.8 Shock Pulse Analysis

Sometimes used to detect impacts caused by contact between the surfaces of the ball or roller and
the raceway during rotation of antifriction bearings. The magnitude of these pulses depends on
the surface condition and the angular velocity of the bearing (RPM and diameter). Spike energy
issimilar in theory to shock pulse.

4.2.1.9 Vibration Sensor Mounting

The use of alow mass accelerometer (100mV/g) and arare earth super magnet attached to an
accelerometer is the recommended approach to monitor most facilities machinery. In some
cases, the use of a permanently mounted accelerometer is required. The permanently mounted
accelerometer will provide the best signal transfer but it is not usually the most cost effective
method. The use of a magnet mounted accelerometer, and a smooth mounting surface has been
proven by the U.S. Navy to provide a usable upper frequency limit of 5 kHz. By utilizing specia
purpose accel erometers and a couplant between the accel erometer, magnet, and mounting disc,
accurate measurements to 20 kHz are possible. Figure 7—1 provides a recommended frequency
response curve for a properly mounted accelerometer.

The practice of using a hand-held probe severely limits the upper vibration frequency that can be
accurately measured. When combined with the failure to mark the measurement points and the
use of different individuals to collect data, the repeatability of the vibration data analysis
significantly decreases.
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SOUND DISC DIAGRAM
The discs are to be manufactured from a magnetic stainless steel such as aloy 410 or
416.
One (1) inch
diameter 3/8inch
thick
TOP VIEW SIDE VIEW
Surface finish to be 32-125 Faces to be parallel within one
micro-inches RMS. (1) degree. Sharp edgesto be
removed from corners.

Figure 4-2. Sound Disc Diagram

|dentify each monitoring point and epoxy magnetic corrosion resistant steel discs (sound discs)
at every location. Sound discs should be a minimum of one inch in diameter and 3/16 to 3/8 inch
thick. The discs can be purchased™ with prices ranging from $0.25 to $6.00 each or can be
manufactured by fly cut from 1" aloy 410 or 416 bar stock. Figure 4-2 provides a dimensional
drawing of a sound disc. The surface finish should be a minimum 63 micro-inch. Good
frequency response is more related to placing the magnet on a clean surface with a lubricant
between the magnet and the disk than a highly polished surface. When using a stud to mount the
accelerometer directly to the disk or finished surface, the minimum surface finish is 32 micro-
inch. The disk or surface face must be level to prevent the magnet from rocking. Surface must
be level within 1 degree or .001 inch.

Use atested epoxy such as Hysol Gray Epoxy Patch (available from Structural Adhesives) or
Loctite Depend 330 to adhere the sound disc to the equipment. Prepare the surface for the epoxy
by grinding or spot facing with a portable milling machine and wiping down with a solvent. If
the portable milling machine is used to spot face the surface, ensure that the face diameter is
Yainch in diameter larger than the disc diameter. The use of superglue type adhesivesis not
recommended, the sound discs do not adhere well when this type adhesive is used. Wielding the
discs to the machine is a'so an option, but it is not recommended because of possible damage to
the machine and distorting of the disc surface.

As an dternative, the monitoring locations may simply be the spot faced area machined on the
equipment surface. The same conditions identified for the sound disc apply to the machined
surface.

19 Michoud Assembly Facility gets inexpensive sound discs from awasher supplier. They simply specia order the
washers without holes. Supplier is Phoenix Speciaty Mfg.. Co., PO Box 418, Bamberg, SC 29003 Phone 800-845-
2813, fax 803-245-5734. Be sure to specify "washers with no holes.”
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The sound disc or machined surface should be marked (using alabel or plate) "Vibration data
collection point - Do Not Paint"

4.2.2 Limitations

The effectiveness of vibration monitoring is dependent on sensor mounting and resolution, the
anayst’s knowledge and experience, machine complexity, and data collection techniques.
Complex, low speed (<120 RPM), variable speed, and reciprocating machinery are extremely
difficult to monitor effectively.

Additionally, single channel analysis cannot always accurately determine the source of the
vibration on complex machines.

4.2.3 Logistics

4.2.3.1 Equipment Required

Vibration analysis systems include micro-processor data collectors; vibration transducers,
equipment-mounted sound discs, and a host personal computer with software for analyzing
trends, establishing alert and alarm points, and assisting in diagnostics.

4.2.3.2 Operators
Requires personnel who have the ability to understand the basics of vibration

theory and who have a basic knowledge of machinery and failure modes.

Staffing requirements are site specific

4.2.3.3 Training Available

Equipment vendors and independent companies provide training. See Appendix
C for training sources.

The Vibration Institute has published certification guidelines for vibration
anaysts. These guidelines are used by the various vibration equipment vendors
and independent trainers. Passing a written examination is required for
certification asalLeve I, I1, or I1I analyst.

4.2.3.4 Cost (1998)

$20,000 to $120,000 for narrowband systems, software, and introductory training. The high-
priced systems are for a basic multi-channel, installed system which can be expanded at a cost of
$500-$1,000 per additional sensor. Portable analyzers appropriate for use are approximately $25
—$32,000, which includes all hardware, software, and training.
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4.3 Infrared Thermography

Infrared Thermography (IRT) is the application of infrared detection instruments to identify
pictures of temperature differences (thermogram). The test instruments used are non-contact,
line-of-sight, thermal measurement and imaging systems. Because IRT is a non-contact
technique, it is especially attractive for identifying hot/cold spots in energized electrical
equipment, large surface areas such as boilers and building walls, and other areas where “stand
off” temperature measurement is necessary. Instruments that perform this function detect energy
in the short wave (3 to 5 microns) and long wave (8 to 15 microns) bands of the electromagnetic
spectrum. The short wave instrument is the best choice for facilities inspections due to the
varied inspections (electrical, mechanical, and structural) encountered. However, the short wave
instrument is more sensitive (than long wave) to solar reflections and the inspector will need to
be aware of this when performing outdoor inspections such as in substations and switchyards.

To be effective in facilities applications, the instruments must be portable, sensitive to within
0.2°C over arange of temperatures from -10°C to +300°C, and accurate within +3%. In addition,
the instrument must be capable of storing an image of the thermogram for later use.

IRT inspections are identified as either qualitative or quantitative. The quantitative inspection is
interested in the accurate measurement of the temperature of the item of interest. To perform a
quantitative inspection requires detailed knowledge and understanding of the relationship of
temperature and radiant power, reflection, emittance, environmental factors, and the detection
instrument limitations. This knowledge and understanding must be applied in a methodical
fashion to properly control the imaging system and obtain highly accurate temperature
measurements. Quantitative inspections are rarely needed in facilities applications.

The qualitative inspection is interested in relative differences, hot and cold spots, and deviations
from normal or expected temperature ranges. The knowledge and understanding discussed
above is needed in order to perform a meaningful inspection. However, qualitative inspections
are significantly less time consuming because the thermographer is not concerned with highly
accurate temperature measurement. What the thermographer does obtain is highly accurate
temperature differences (D T) between like components. For example, atypical motor control
center will supply three-phase power, through a circuit breaker and controller, to a motor.
Current flow through the three-phase circuit should be uniform which means that the
components within the circuit should have similar temperatures, one to the other. Any uneven
heating, perhaps due to dirty or loose connections, would quickly be identified with the IRT
imaging system. Because the many variables that influence the quantitative inspection
(reflection, emittance, etc.) are the same between like components, the thermographer can
quickly focus on the temperature differences. The factors so important to a highly accurate
temperature measurement have very little influence on the temperature differences between like
components.

4.3.1 Applications
IRT can be utilized to identify degrading conditions in facilities electrical systems such as

transformers, motor control centers, switchgear, substations, switchyards, or power lines. In
mechanical systems, IRT can identify blocked flow conditions in heat exchanges, condensers,
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transformer cooling radiators, and pipes. It can aso be used to verify fluid level in large
containers such as fuel storage tanks and identify insulation system condition in building walls
and roof or refractory in boilers and furnaces. Temperature monitoring, infrared thermography
in particular, is areliable technique for finding the moisture-induced temperature effects that
characterize roof leaks and for determining the thermal efficiency of heat exchangers, boilers,
building envelopes, etc.

Deep-probe temperature analysis can detect buried pipe energy loss and leakage by examining
the temperature of the surrounding soil. This technique can be used to quantify energy losses
and their cost. IRT can also be used as a damage control tool to locate mishaps such as fires and
leaks. Unless requested otherwise, the thermographer will normally only provide an exception
report consisting of finds/faults.

In-service condition for electrical and mechanica systems can be assessed and work prioritized
based upon the temperature difference criteria (DT) guideline. IRT criteriaare provided in
Section 8.2.3.

4.3.2 Limitations

Thermography is limited to line of sight. The infrared camera has limited ability to see through
material. Most items that are usually considered transparent to the human eye, such as glass and
plastic, are opagque to the infrared camera. Errors can be introduced due to type of material,
material geometry, and by environmental factors such as solar loading and wind effects.

4.3.3 Logistics

4.3.3.1 Equipment Required

Equipment ranges from simple, contact devices such as thermometers and crayons
to full color imaging, computer-based systems that can store, recall, and print
thermal images.

The deep-probe temperature technigque requires temperature probes, analysis
software, and equipment to determine the location of piping systems.

4.3.3.2 Operators

Operators and mechanics can perform temperature measurements and analysis
using contact-type devices with minimal training on how and where to take the
temperature readings.

Because thermographic images are complex and difficult to measure and analyze,
training is required to obtain and interpret accurate and repeatable thermal data
and to interpret the data. With adequate training (Level | and Level I1) and
certification, electrical/mechanical technicians and/or engineers can perform this
technique.
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Maintenance personnel can apply deep-probe temperature monitoring after being
trained, although this service is often contracted.

4.3.3.3 Training Available

Training is available through infrared imaging system manufacturers and vendors.

The American Society of Non-destructive Testing (ASNT) has established
guidelines for non-destructive testing (NDT) (Level 1, 11, or I11) thermographer
certification (Appendix C). These guidelines, intended for use in non-destructive
testing, may be useful for thermography in PT&|I if appropriately adjusted.
General background, work experience, thermographic experience, and
thermographic training are all considerations for certification. The
thermographer’s employer normally pays for any training and for making the
decision to certify the thermographer. The trainer provides course completion
certificates and recommends certification criteria, but the ultimate certification
decision is the employer’s.

4.3.3.4 Cost (1998)

Noncontact infrared thermometers/scanners start at approximately $1,000. Full
color microprocessor imaging systems with data storage and print capability range
from approximately $15,000 to $60,000.

Digital IR Still Camera technology which operates in the long wave band is
available at approximately 1/4™ the cost of a cooled focal plane array camera and
provide agood entry level system.

Average thermographic system rental is approximately $1,500 per week.
Operator training costs approximately $1,250 per week.

Thermographic contractor services cost approximately $1,000 per day. Contract
services for deep-probe temperature analysis cost from $1,500 to $2,000 per day,
with $5,000 to $6,000 for the first day.

4.4 Ultrasonic Noise Detection

Ultrasonic noise detection devices operate in the frequency range of 20kHz—100kHz and
heterodyne the high frequency signal to the audible range. This allows the operator to be able to
hear changes in noise associated with leaks, corona discharges, and other high frequency events
such as bearing ring and housing resonant frequency excitation caused by insufficient lubrication
and minor defects.

4.4.1 Applications and Procedures

The following applications are applicable to all airborne ultrasonic devices.
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4.4.1.1 Gas Pressure and Vacuum Leaks

The most common application of the ultrasonic noise detector is examining in-service gas
systems for leaks. The detector is used in the non-contact mode and is effective for both pressure
and vacuum systems.

4.4.1.2 Heat Exchangers

Perform a general scan of the equipment with the sensitivity set to maximum in the fixed band
mode. Asthe search areais reduced, attach the rubber probe hood and reduce the equipment’s
sensitivity. Heat exchangers may be tested by either of the following methods:

a Tone Generator—An ultrasonic source is placed inside the area to be tested (one
tone generator required for each 4,000 cubic feet of volume), the instrument is set
on scanning mode, log position, and fixed band. The tone generator can be
attached to an adapter at the end of a pipe to flood the pipe, heat exchanger shell,
or tube bundle with ultrasonic noises. A scan is then performed on the pipe or
tubes.

b. Differential Pressure M ethod— Gas pressure difference between the inspection
area and the scanning location. Perform a general scan of the area. When
checking the tubes, block the tubes, one at atime, and note differencesin
readings. Mark any tubes suspected of leakage.

4.4.1.3 Boilers

Boiler casing surveys should be performed using the blowdown valves; the test equipment’s
fixed band, and the contact probe.

4.4.1.4 Steam Traps

Implementation of a steam trap monitoring program often has significant financial benefit. The
following method can be used to calculate potential cost avoidance. Initia steam trap™* surveys
in the petrochemical industry revealed that 34% of the steam traps inspected had failed, mostly in
the open position. Assuming a nominal steam pressure of 100 psig and the back pressure on the
trap is atmospheric, the following information can be used to calculate leak rates:

For facilities with a periodic steam trap monitoring program, the following distribution of
degradations were discovered during each survey:

Five steam leaks (other than traps) per 150 traps
Two leaking valves per 150 traps

Twenty of the 150 traps leak

1y arway Technical Note STA-9
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The numbers above can be used to estimate the number of leaks for afacility and combined with
the datain Table 4 — 1 then used to approximate the total steam loss due to the steam leaks.

Leak Diameter Steam L oss per Month
(inches) (Ibm)
1/64 3,300
1/32 6,650
1/16 13,300
1/8 52,200
14 209,000
12 833,000

Table 4 — 1. Estimated Steam Loss

Once the estimated amount of steam loss is calculated, the cost of producing or buying a pound
of steam should be calculated. The following should be considered when calculating the cost of
producing steam:

Cost of fuel

Operator cost

M aintenance cost

Chemical treatment cost
Depreciation of steam plant

Steam traps should be monitored on the downstream side of the trap using the test equipment’s
contact mode, if applicable, in the 25kHz band and the log position. Each type of steam trap
produces a distinct sound as briefly described below. To gain experience with the difference in
the sound produced by steam and condensate, the operator should listen to a condensate and a
steam line.

a. Intermittent Traps—The operator will hear an opening and closing sound. The trap
normally failsin the open position, producing a continuous, rushing sound.

b. Inverted Bucket—A normal trap sounds as if it isfloating; afailed trap sinks,
producing a continuous flow noise.

c. Thermostatic—Ultrasonic testing results of thistype of trap vary. The noise
produced by these traps can be continuous or intermittent and will produce different
sounds accordingly.

d. Float and Thermostatic (Continuous L oad)— Flow and noise associated with these
traps are usually modulated. Failed traps are normally cold and silent.
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e. Continuous Flow—This type of trap, when operating normally, produces the sound
of condensate flow only. If it hasfailed in the open position, a continuous flow sound
should be heard.

4.4.1.5 Corona Discharge

Coronaisthe polarization of air molecules due to electrical energy and is normally associated
with high voltage distribution systems. Coronais produced as a result of a poor connection or an
insulation problem. It produces noise in the ultrasonic region and ultraviolet light in the
electromagnetic spectrum (which is not normally detectable using thermography). Because the
inspection of high voltage systems is done at a safe distance, a parabolic hood is often attached to
the detector to direct and shield other noise sources.

4.4.1.5 Bearings

Airborne ultrasonics can be used to detect bearing problems but it is not the preferred method.
Vibration analysis is recommended.

4.4.2 Limitations

Airborne ultrasonics are subjective and dependent on perceived differencesin noises. To
maximize the usefulness of this technology, care should be taken when setting test equipment
controls for frequency ranges, sensitivity, and scale. Additionally, the operator should be
cognizant of the fact that piping bends and the presence of moisture and solids may dissipate
and/or block the ultrasonic signal.

4.4.3 Logistics

4.4.3.1 Equipment Required

Ultrasonic monitoring scanner for airborne sound or ultrasonic detector for contact mode through
metal rod.

4.4.3.2 Operators
Maintenance technicians and engineers.
4.4.3.3 Training Available

Minimal training required with the exception of multi-channel Acoustic Valve Leak Detectors
(AVLDS).
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4.4.3.4 Cost (1998)

Scanners and accessories range from $1,000 to approximately $8,000. Complex acoustic valve
leak detection systems are approximately $100,000.

4.5 Lubricant and Wear Particle Analysis

4.5.1 Purpose

Lubricating oil analysisis performed for three reasons: to determine the machine mechanical
wear condition, to determine the lubricant condition, and to determine if the lubricant has
become contaminated. There are awide variety of tests that will provide information regarding
one or more of these areas. The test used will depend on the test results sensitivity and accuracy,
the cost, and the machine construction and application. Note that the three areas are not
unrelated as changes in lubricant condition and contamination, if not corrected, will lead to
machine wear. Because of the important relationships, commercia analysis laboratories will
often group several testsin cost effective “packages’ that provide information about all three
areas.

45.1.1 Machine Mechanical Wear Condition

The criteriafor analyzing the lubricating oil to determine the machine’s condition is similar as
analyzing the vibration signature. That is, all machines with motors of a selected size (for
example, 7.5 HP or larger), critical machines, or high cost machines. Generally the routine
sampling and analysis periodicity will be the same as the vibration analysis periodicity (when
using a portable vibration data collector). For machines that have a condition history (ayear or
more of data), thisistypicaly performed quarterly or semi-annually.

45.1.2 Lubricant Condition

Lubricating oil is either discarded or reconditioned through filtering and/or replacing additives.
Analyzing the oil to determine the lubricant condition is therefore driven by costs. Small
reservoirs, usually one gallon or less, have the oil changed on an operating time basis. An
automobile is the most common example of time based lubricating oil maintenance. In this
example, the costs to replace the automobile oil (the replacement oil, labor to change the oil, and
disposal costs) are lower, through economies of scale and competition, than the cost to analyze
the oil (sample materias, labor to collect the sample and the analysis). Generally speaking,
discard the machine lubricating oil if it is cheaper than analyzing it. When making this decision,
keep in mind that the costs for sample materials and collection labor is a cost for each sample
collected and that each sample is used to perform many tests.

45.1.3 Lubricant Contamination

Lubricating oil can become contaminated due to the machine' s operating environment, improper
filling procedures, or through mixing different lubricants. The routine sasmpling and analysis
periodicity will be the same as discussed for machine condition. In addition, a periodic analysis
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following “topping off” or reconditioning the oil is performed. The root cause of any oil
contamination needs to be determined and eliminated in order to avoid machine damage.

Lubricating oil analysisis performed on in-service machines to monitor and trend emerging
conditions, confirm problems identified through other PT& | and observations, and to
troubleshoot known problems. As previously discussed, lubricating oil analysisis performed for
three reasons: to determine the machine mechanical wear condition, to determine the lubricant
condition, and to determine if the lubricant has become contaminated. Tests have been
developed to address indicators of these conditions and vary in cost dependent upon time and
materials needed to accomplish the testing. The tests selected for use in the PT& | program must
bal ance the need for understanding the lubrication condition and the cost of the testing.

4.5.2 Standard Analytical Tests

Lubricating oil and hydraulic fluid analysis should proceed from ssimple, subjective techniques
such as visual and odor examination through more sophisticated techniques. The more
sophisticated (and expensive) techniques should be used when conditions indicate the need for
additiona information and the equipment cost or criticality justifies the cost.

45.2.1 Visual and Odor

Simple inspections can be performed weekly by the equipment operator to look at and smell the
lubricating oil. A visual inspection looks for changes in color, haziness or cloudiness, and
particles. Thistest isvery subjective but can be an indicator of recent water or dirt
contamination and advancing oxidation. A small sample of fresh lubricating oil, in a sealed,
clear bottle, can be kept on-hand for visual comparison. A burned smell may indicate oxidation
of the oil and other odors could indicate contamination. Odor is more subjective than the visual
inspection because sensitivity to smell is different between people and there is not an effective
way to compare the odor between samples. The operator must be careful not to introduce dirt
into the system when taking a sample.

4.5.2.2 Viscosity

Indicates oil flow rate at a specified temperature. An increase or decrease in viscosity over time
measures changes in the lubricant condition or lubricant contamination. Viscosity can be tested
using portable equipment, or more accurately in alaboratory using ASTM D445 procedure.
Viscosity is measured in Centistoke (cSt) and minimum and maximum values are identified by
ISO grade. Testing isusually part of acommercial laboratory standard test package.

4.5.2.3 Water

Water in lubricating oil and hydraulic fluid contributes to corrosion and formation of acids.
Small amounts of water (less than 0.1%) can be dissolved in oil and can be detected using the
crackletest or infrared spectroscopy (minimum detectable is .05% or approximately 500 PPM;
both methods), the ASTM D95 distillation method (minimum detectable is .01%/100 PPM), or
the ASTM D1744 Karl Fischer method (minimum detectable is.001%/10 PPM). Greater than
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0.1% water, if suspended or emulsified in the oil, will appear cloudy or hazy. Free water in oil
collects in the bottom of reservoirs and can be found by draining from the bottom.

45.2.4 Percent Solids/Water

A smple, inexpensive test is used to provide a gross estimate of solids and/or water in the oil. A
sampleis centrifuged in a calibrated tube and the resulting volume is measured. Thetestis
effective for amounts in the range of 0.1% to 20% of volume and is usually part of acommercial
laboratory standard test package.

4.5.2.5 Total Acid Number (TAN)

Tota acid isan indicator of the lubricating oil condition and is monitored relative to the TAN of
new oil. In some systemsthe TAN will aso be used to indicate acid contamination. TAN is
measured in milligrams of potassium hydroxide (KOH) per gram of oil (mgKOH/g). KOH is
used in atitration process where the end point is indicated by color change (ASTM D974) or
electrical conductivity change (ASTM D664).

4.5.2.6 Total Base Number (TBN)

Similar to TAN in test method, this test measures alkalinity (ability to neutralize acid) of the ail
sample. Thetest isused on oil with high detergent additives such as diesel and gasoline engines.
KOH isused in atitration process and the end point isindicated by electrical conductivity
change (ASTM D664 or ASTM D2896). When comparing test results (for example, against
baseline data from the oil supplier), ensure that the same test method is used as results can vary
between test methods.

4.5.2.7 Spectrometric Metals

Also known as emission spectroscopy, this technique examines the light (spectrum) emitted from
the oil sample during testing and identifies up to 21 metals. Metals are categorized as wear,
contaminate, or additive metals. The procedure identifies both soluble metal and metal particles
up to 5 to 10 microns (5-10 mm). The test is moderate in cost and is usually part of acommercial
laboratory standard test package. Other techniques, such as absorption spectroscopy and X-ray
spectroscopy, are also used by some laboratories to identify metals.

4.5.2.8 Infrared Spectroscopy

Also known asinfrared analysis, infrared absorption spectroscopy or spectrophotometry, and
Fourier Transform Infrared (FTIR) spectroscopy. The technique examines the infrared
wavelength that is absorbed by the oil sample. The test is used to identify non-metallic
contamination (see Water, discussed earlier) and lubricant conditions (such as oxidation and anti-
oxidant and other additive depletion). Ongoing work is coupling computer expert system
analysis with known oil spectrums to produce highly accurate diagnosis of small changesin the
oil condition. Costs vary depending on the level of sophistication required. Infrared
spectroscopy is usually part of acommercial laboratory standard test package.
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4.5.2.9 Particle Counting

Particle counting is used to identify metal and non-metal particles over 5 microns and up to 40 to
50 microns. Two methods are used and each has advantages and drawbacks. Both methods
result in particle counts (parts per milliliter) by size category. For example, the ISO size
categories are greater than 5, 10, 15, 25 and 50 microns. The visual method of particle counting
is time consuming and depends on the analyst skill. The benefit of the visual method is that the
analyst is able to identify the types of particles such as dirt, seal material, and metal. The
electronic counting method is much faster and does not depend on the analyst’s ability but it does
not distinguish or identify the particle make up. A commercial laboratory will quote electronic
particle count; visual particle counting is only done on request and costs more.

4.5.2.10 Direct-Reading (DR) Ferrography

Ferrography, the analysis of ferrous material, uses a magnetic technique to separate wear
particles from the oil sample. Inthe DR process the wear particles are further separated into
small (5 to 15 microns) and large (greater than 15 microns) categories. Thisresultsin two
values, aratio of large to small particles and atotal particle concentration. Both values can be
tracked and trended and indicate increases in wear and type of wear. Test is moderate cost and
supplements spectrometric metals test. Note also that test identifies large wear particles that are
not identified in spectrometric metals test.

4.5.2.11 Analytical Ferrography

More detailed than DR ferrography, analytical ferrography is often initiated based on changes in
DR, spectrometric metal increases, or increased particle count. The analysis is sometimes
performed on aregular basis on high cost or critical machines. Processis labor intensive and
involves the preparation of sample and then examination under magnification. Results depend
on analysts capability but the procedure can provide detailed information regarding wear
material such as wear type (rubbing, diding, cutting), color, particle types (oxide, corrosive,
crystalline), and other non-ferrous particles. This detailed information can be critical in finding
the root cause of wear problems. Costs are moderately high; test is performed on a fixed price
basis (per sample) from a commercial |aboratory.

4.5.3 Special Tests

Special tests are sometimes needed to monitor lubricant conditions on some high cost or critical
systems. Usually the special test is monitoring a lubricant contaminate, a characteristic or
additive depletion. This section identifies some of the special tests available. Special tests are
rarely needed for routine monitoring of lubricants and the tests listed here are provided as
samples. Test procedures are constantly being developed and refined. The annual ASTM
Standards™? provide a description of current test methods.

12 Annual Book of ASTM Standards, Section 5, Petroleum Products, L ubricants, and Fossil Fuels, American Society
for Testing and Materias
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4.5.3.1 Glycol Antifreeze

Glycol contamination can be detected using infrared spectroscopy (see Infrared Spectroscopy,
discussed earlier) at levels greater than 0.1% (1,000 PPM) which is usually adequate for
condition monitoring. However, additional tests can be specified to identify if small amounts of
glycol are present. ASTM test D2982 will indicate if trace amounts are present. ASTM D4291
uses gas chromatography to quantify small amounts of glycol.

45.3.2 Karl Fischer Water

Water contamination can be detected using infrared spectroscopy (see Infrared Spectroscopy,
discussed earlier) at levels greater than 0.05% (500 PPM) which is usually adequate for
condition monitoring. Using atitration process with a Karl Fischer reagent, low levels of water
can be quantified. Thetest, ASTM D1744, is useful when accepting new oil or evaluating clean
up efforts. Cost of the test is moderate.

4.5.3.3 Foaming

Some oil may have anti-foam agents added to improve the lubrication capability in specific
applications such as gearboxes or mixers. ASTM test D892 can be used to test the oils foam
characteristics. The test blows air through a sample of the oil and then the foam volume is
measured. Cost of the test is moderately high.

4.5.3.4 Rust Prevention

Some systems are susceptible to water contamination due to equipment location or the system
operating environment. In those cases, the lubricating oil or hydraulic fluid may be fortified with
acorrosion inhibitor to prevent rust. The effectiveness of rust prevention can be tested using
ASTM D665 (or ASTM D3603). Results are pass/fail and the cost of thetest is high.

4.5.3.5 Rotating Bomb Oxidation Test (RBOT)

Also known as Rotary Bomb Oxidation Test, ASTM D2272, is used to estimate oxidation
stability and, therefore, identify the remaining useful life of oil. The test smulates aging to
identify when rapid oxidation takes place indicating that anti-oxidants have been depleted. Test
IS not a one-time test; it must be performed over time, including a baseline test with new oil, in
order to develop atrend line. Because of the high cost, and the multiple tests required, thistest is
usually only performed on large volume reservoirs or expensive oil.

4.5.4 Application

All machines with motors 7.5 HP or larger, and critical or high cost machines should be
evaluated for routine lubricating oil analysis. The analysis schedule should be adjusted in the
same way that the vibration analysis schedule is adjusted. It isimportant that there is a dynamic
process for addressing the adjustment of periodicity for al equipment in both the PM and PT&I
programs. Analyze more frequently for machines that are indicating emerging problems; less
frequently for machines that have stable conditions and are not run on a continuous basis. A new
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baseline analysis will be needed following machine repair or oil change out. All hydraulic
systems, except mobile systems, should be analyzed on a quarterly basis. Mobile systems should
be considered for analysis based upon the machine size and the cost effectiveness of performing
the analysis. Generally speaking, it is more cost effective in mobile equipment to maintain the
hydraulic fluid based upon the fluid condition. However, for small systems, the cost to flush and
replace the hydraulic fluid on atime basis may be lower than the cost to analyze the fluid on a
routine basis. Grease is usually not analyzed on aregular basis. Although most of the testing
that is done on oil can also be done on grease, there is a problem getting a representative sample.
In order to get arepresentative sample- one that is a homogeneous mixture of the grease,
contaminants, and wear- the machine must usually be disassembled. Analysis of grease to
diagnose a failure can sometimes be useful.

A concern common to all machines with lubricating oil systems is keeping dirt and moisture out
of the system. Common components of dirt, such as silica, are abrasive and naturally promote
wear of contact surfaces. In hydraulic systems, particles can block and abrade the close
tolerances of moving parts. Water in oil promotes oxidation and reacts with additives to degrade
the performance of the lubrication system. Ideally, there would be no dirt or moisture in the
lubricant; this, of course, is not possible. The lubricant analysis program must therefore monitor
and control contaminants. Large systems, with filters, will have steady state levels of
contaminates. Increases in contaminates indicate breakdown in system integrity (leaksin seals,
doors, heat exchangers, etc.) or degradation of the filter. Unfiltered systems can exhibit steady
increases during operation. Operators can perform aweekly visual and odor check of lubricating
systems and provide afirst alert to contamination. Some bearing lubricating systems have such a
small amount of oil that a weekly check may be impractical.

4.5.4.1 Motors, Generators, Pumps, Blowers, Fans

For those machines that have been selected for monitoring (as discussed in Section 2) and have
less than 5 gallons in the lubrication system, the analyst is mostly concerned with machine
condition. Lubricant condition and contamination are of interest in that they contribute to
machine condition i.e. viscosity, percent solids/water, and spectrometric metals. Monitor trends
and discard or refresh the oil when viscosity changes 10% from the baseline. Viscosity normally
increases above the baseline with the oil servicetime. If the viscosity decreases below the
baseling, it usually means that the oil is contaminated, probably from adding the wrong makeup
oil. There should be no water present (minimum detectable with the percent solids/water test is
0.1%). If there iswater, the source of the water needs to be identified and corrected.

For machines with more than 5 gallons of oil in the system, add infrared spectroscopy (minimum
amount of water detectable is.05%) and particle counting. Changes in particle count can
indicate increased contamination or increased wear; correlate particle count with spectrometric
metals. The rate of particle count change indicates how quickly the lubricant is degrading.
Visua particle counting can be used to identify the source of the contamination. In addition,
perform DR ferrography for high cost or critical machines. In al machines, changesin
spectrometric metals or DR should be investigated further using analytical ferrography and
correlated with vibration analysis.
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4.5.4.2 Gearboxes

Same as above, with the following additions. For all gearboxes, including those with less than 5
gallons of ail, add particle counting. Include DR ferrography for high cost or critical gearboxes.
Monitor trends and correlate with vibration readings.

4.5.4.3 Chillers

In addition to the items identified above, add TAN and Direct Read ferrography.

4.5.4.4 Diesel Engines

Same as chillers except substitute TBN for TAN when oil has high detergent additives. A
decrease in viscosity below the baseline may indicate fuel contamination. Coolant leakage
(glycol and other characteristics) isidentified from the infrared spectroscopy analysis.

4.5.4.5 Compressors

Centrifugal compressors; same as chillers. Reciprocating compressors; same as diesel engines.
4.5.4.6 Hydraulic Systems

Same as gearboxes. Monitor particle count by SO category. Each hydraulic system will have
limiting clearances that will determine critical particle sizes. Note that some hydraulic systems
use fluids other than oil (water or glycol). Particle control isthe same for these systems. See
Table7-09.

4.5.4.7 Large Reservoirs

For reservoirs over 500 gallons, consider performing an RBOT to assess the oxygen stability.
Cost isusualy the deciding factor. At least three tests are needed to develop atrend and then
additional retesting at least once ayear. Benefit is derived when replacement or refreshing of a
large volume of ail (or smaller volume of expensive ail) can be deferred.

4.5.4.8 Lubrication Analysis

Figure 4-3, Lubrication Analysis Chart, summarizes the various lubricant tests, monitoring
interval, and application.
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A Lube Condition

. Lube Contamination

Perform additional quantitative tests if oil is dirty or

> Weekly: Subjective, effectively a no-cost test.
hazy.

Quarterly: Low volume systems (less than 5
gallons). Adjust testing frequency based on
machine conditions.

Quarterly: For systems with more than 5 gallons,
perform these tests in addition to above tests.
Perform particle counting on all gearboxes and
hydraulic systems. Adjust testing frequency based
on machine conditions.

Quarterly: High cost/critical machines. Adjust testing
frequency based on machine conditions.

Quarterly: Chillers, diesel engines, compressors.
Adjust testing frequency based on machine
conditions.

Usually diagnostic only; may consider for time-
based analysis for high cost or critical systems.
Perform if triggered by particle count, DR, or
spectrometric metals.

Examples of lubrication special tests. There are
many more. Special tests are usually selected to
monitor the condition of lubricant characteristics or
additives. Costs vary, but are typically moderate to
high. Perform tests only on selected equipment.

Cost per Sample

$ Low, less than $15
$% Moderate, $15 to $50
353 Moderately High, $50 to $ 100

$$$$  High, greater than $100

Figure 4 — 3. Lubrication Analysis Chart
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4.5.5 Sampling

Oil samples must be collected safely and in a manner that will not introduce dirt and other
contaminates into the machine/system or into the sample. It may be necessary to install
permanent sample valves in some lubricating systems to do this. The oil sample should be
representative of the oil seen in the machine. The sample should, therefore, be collected from a
mid-point in reservoirs and prior to filtering in circulating systems. Sample collection bottles
and tubing can be procured through testing laboratories. The testing laboratory will also be able
to provide guidance as regards to the cleanliness level needed. Oil sample pumps for extracting
oil from reservoirs must be used properly to avoid contamination. Samples must be collected
from the same point in the system in order to assure consistency in the test analysis; therefore,
the maintenance procedure must provide detailed direction on where and how to collect samples.

The equipment operators can collect sasmples. Each sample is marked with the system/machine
name, sample location point (the system may have multiple sample points), date, el apsed
operating time for the system/machine, and other comments such as last “topping off” or filtering
operation. The analyst will also need to know the amount of oil in the reservoir in order to make
recommendations to correct abnormalities.

Additional information on sampling points and techniques is contained in Section 7.1.9.
4.6 Electrical Condition Monitoring

A major portion of afacility’s capital investment is represented by electrical equipment. From
the power distribution system to electric motors, the electrical systems efficient operation is
crucial to maintaining operational capability. Electrical condition monitoring encompasses
several technologies and techniques that provide critical information so a comprehensive system
evauation can be performed.

Monitoring key electrical parameters provides the information to detect and correct electrical
faults such as high resistance connections, phase imbalance and insulation breakdown. Since
faultsin electrical systems are seldom visible, these faults are costly (increased electrical usage),
present safety concerns (fires) and life cycle cost issues (premature replacement of equipment).
According to the Electric Power Research Institute™®, voltage imbalances of as little as 5% in
motor power circuits result in a 50% reduction in motor life expectancy and efficiency in 3 phase
AC motors. A 25% increase in motor temperatures can be generated by the same 5% voltage
imbal ance accel erating insulation degradation.

4.6.1 Techniques

Infrared Thermography
Insulation Power Factor Testing
Insulation Oil Analysis

3 EPRI is a nonprofit membership corporation, established by U.S. electric utilities, to manage a national research
program on behalf of its members.
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Gas-in-Oil Analysis

Megohmmeter Testing

High Potential Testing (HiPot)
Airborne Ultrasonics

Battery Impedance Testing

Surge Testing

Motor Circuit Analysis (MCA)
Motor Current Signature (Spectrum) Analysis
Very Low Frequency Testing (VLF)
Circuit Breaker Timing Tests
Circuit Breaker Contact Resistance

(Note: HiPot and surge testing should be performed with caution. The high voltage applied
during these tests may induce premature failure of the units being tested. For that reason these
tests are normally performed only for acceptance testing, not for condition monitoring.)

4.6.1.1 Infrared Thermography

Infrared thermography has widespread application in electrical systems, because of its ability to
be used safely on energized equipment, to detect temperature differences and overheating of
circuits. Seethe discussion earlier in this section for more information.

4.6.1.2 Insulation Power Factor

Insulation Power Factor, sometimes referred to as dissipation factor, is the measure of the power
loss through the insulation system to ground. It is a dimensionless ratio, which is expressed in
percent of the resistive current flowing through an insulation to the total current flowing. To
measure this value a known voltage is applied to the insulation and the resulting current and
current/voltage phase angle is measured. Figure 4-4 shows the phase relationships of the
resulting currents. Iristhe resistive current, I isthe capacitive current, I+ is the resultant, or
total current, and V isthe applied voltage.

Usually, Ir isvery small compared to I+ because most insulation is capacitive in nature. Asa
comparison, look at the similarities between a capacitor and a piece of electrical insulation. A
capacitor istwo current carrying plates separated by a dielectric material. An electrical coil,
such as would be found in a transformer or motor, is a current carrying conductor, with an
insulation material protecting the conductor from shorting to ground. The conductor of the coil
and ground are similar to the two conducting plates in the capacitor, and the insulation of the cail
islike the dielectric material of the capacitor. The dielectric material prevents the charge on
each plate from “bleeding through” until such atime that the voltage level of the two plates
exceeds the voltage capacity of the dielectric. The coil insulation prevents the current from
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flowing to ground, also until such atime that the voltage level exceeds the voltage capacity of
the insulation.

: l
A
) A
N P
|/ AN V = Applied Voltage
c I+= Total Current
e | = Resistive Current
—_ | = Capacitive Current
ju} Dissipation Factor = tanA
U Power Factor = cos
. IR
0
A
[}
\
)
Pt — T T
Voltage Applied (V)

Figure 4 — 4. Power Factor Current/Voltage Relationship

Referring back to Figure 4 - 4, it can be seen that Ir isin phase with the applied voltage V and Ic
is leading the voltage by a phase angle of 90 degrees. The total current is the resultant
combination of both Iz and Ic. The tangent of the angle between the applied voltage and
resultant current is called the dissipation factor and the cosine of the angle between the resultant
current and the capacitive current is called the power factor.

As the impedance of the insulation changes due to aging, moisture, contamination, insulation
shorts, or physical damage the ratio between I and I will become less. The resulting phase
angle between the applied voltage and resultant current then becomes less, and the power factor
will rise. Consequently, the power factor test is primarily used for making routine comparisons
of the condition of an insulation system. The test is non-destructive, and regular maintenance
testing will not deteriorate or damage insulation. It isone of the best electrical PT&I tests.

4.6.1.3 Insulation Oil Analysis

High and medium voltage transformers, some high and medium voltage circuit breakers, and
some medium voltage switches are supplied with mineral oil as an insulation medium.
Performing an analysis of that insulating oil can yield awealth of information as to the
operational history and current condition of the equipment. Below are listed available tests, the
ASTM standard number™* (note that several of these standards were discussed in the lubricating
oil section), and a brief description of what each test revedls.

4 Annual Book of ASTM Standards, Section 5, Petroleum Products, L ubricants, and Fossil Fuels, American Society
for Testing and Materias
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a. Karl Fischer, ASTM D-1533-88—Tests for water in insulating fluids. This test
reveals total water content in oil, both dissolved and free. High readings could indicate
aleak in the equipment housing or insulation breakdown.

b. Dielectric Breakdown Strength, ASTM D-877 and D-1816—Tests for conductive
contaminants present in the oil such as metallic cuttings, fibers, or free water.

c. Neutralization Number, ASTM D-974—Commonly called the acid number, this
measurement indicates the amount of acid in the oil. Acidity isaresult of oxidation of
the oil caused by the release of water into the oil from insulation material due to aging,
overheating, or operationa stresses such asinternal or through faults. Acidity is
measured as the number of milligrams of potassium hydroxide (KOH) it takes to
neutralize the acid in one gram of oil. An increase in acidity indicates a deterioration of
the oil. This process causes the formation of sludge within the windings which in turn
can result in premature failure of the unit.

d. Interfacial Tension(IFT), ASTM D-971—Measures the tension at the interface
between two immiscible liquids, oil and water. It isexpressed in dynes/centimeter.
Thistest is extremely sensitive to oil decay products and contamination from solid
insulating materials. Good oil will have an IFT of 40 to 50 dynes/cm, and will
normally “float” on top of water. Astransformer and breaker insulation ages,
contaminates such as oxygen and free water are released into the oil. The properties
that allow the oil to “float” on top of the oil then begin to break down and theresult isa
lower IFT. Along with the neutralization number, the IFT can reveal the presence of
dludge in insulating oils.

e. Color, ASTM D-1524—as insulating oilsin electrical equipment age, the color of the
oil tendsto gradually darken. A marked color change from one year to the next could
indicate a deteriorating oil.

f. Sediment, ASTM D-1698—indicates deterioration and/or contamination of the oil.

g. Power Factor, ASTM D-924—taken at 25 ° C, thistest can revea the presence of
moisture, resins, varnishes, or other products of oxidation or foreign contaminates such
as motor or fuel oil. The power factor of new oil should always be below 0.05%.

h. Visual Examination, ASTM D-1524—insulating ail is clear and sparkling, not cloudy
and dull. Cloudiness indicates the presence of moisture or other contaminates. Thisis
agood “quick look” field test and can be used to trigger a Karl Fischer or Dielectric
Breakdown test.

4.6.1.4 Gas-in-Oil Analysis
Gas-in-oil analysis, also called dissolved gas analysis, is probably the best predictive test for oil

filled transformers. As transformers age small amounts of combustible gases are formed,
however when insulation systems are subjected to stresses such as fault currents and overheating
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combustible gas generation can change dramatically. In most cases these stresses can be
detected early on; the presence and quantity of the individual gases can be measured and the
results analyzed to indicate the probable cause of generation.

A small oil sample (50cc) is drawn from a transformer with a glass syringe®. To obtain a
reliable reading this must be accomplished with the unit energized. A transformer cools after
being taken off-line. Asthe transformer cools, dissolved gases in the oil will migrate into the
windings so the sample must be taken when the transformer is energized and at operating
temperature.

The oil isanalyzed using ASTM D-3612-90, Standard Test Method for Analysis of Gases
Dissolved in Electrical Insulating Oil by Gas Chromatography. While there are over 200 gasses
present in insulating oils there are only nine that are monitored. They are:

Nitrogen (N2)

Oxygen (O,)

Carbon Dioxide (CO,)
Carbon Monoxide (CO)
Methane (CH,)

Ethane (C:Hg)

Ethylene (CoH,)
Hydrogen (H>)
Acetylene (C:Hy)

Different combinations of these gasses reveal different conditions. Large amounts of CO and CO;
indicates overheating in the windings, CO, CO,, and CH,4 show the possibility of hot spotsin the
insulation, Hy, C,He, and CH4 are indicative of corona discharge, and C;H; isasign of internd
arcing. Variousindustry publications exist to help determine potentia problems.

4.6.1.5 Megohmmeter Testing

A hand-held generator (battery powered or hand cranked) is used to measure the insulation
resistance phase-to-phase or phase-to-ground of an electric circuit. Readings must be
temperature-corrected to trend the information. Winding temperatures affect test results. An
enhanced technique compares the ratio of the Megohmmeter readings after one minute and ten
minutes. Thisratio isreferred to as the polarization index.

> ASTM D3613 provides a detailed procedure. D3613, Standard Test Methods of Sampling Electrical Insulating
Qilsfor Gas Analysis and Determination of Water Content, American Society for Testing and Materials.
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4.6.1.6 High Potential Testing (HiPot)

HiPot testing applies a voltage equal to twice the operating voltage plus 1000 volts to cables and
motor windings testing the insulation system. Thisistypically ago/no-go test. Industry practice
calls for HiPot test on new and rewound motors and on new cables. Thistest stresses the
insulation systems and can induce premature failures in marginal insulation systems. Due to this
possibility, HiPot is not recommended as a routinely repeated condition monitoring technique,
but as an acceptance test. An alternative use of the equipment isto start with alower voltage and
increase the applied voltage in steps and measure the change in insulation resistance readings. In
repaired equipment, if the leakage current continues to increase at a constant test voltage this
indicates the repair is not to the proper standard and will probably fail soon. In new equipment,
if the equipment will not withstand the appropriate test voltage it indicates the insulation system
or construction method is inadequate for long term service reliability.

4.6.1.7 Airborne Ultrasonic Noise

Electrical arcing and discharges create noise in the upper, or ultrasonic frequency ranges,
sometimes long before a failure occurs. Things like corona discharges in switchyards, loose
switch connections, and internal arcing in deadfront electrical connections can all sometimes be
heard with an ultrasonic noise detector. Also see the additiona information in Section 4.4.

4.6.1.8 Battery Impedance Testing

Batteries are DC energy storage devices with many shapes, sizes, capacities, and types. All
batteries have a storage capacity which is dependent on the terminal voltage and internal
impedance. A battery impedance test set places an AC signa between the terminals of the
battery. The resulting voltage is measured and the impedance then calculated. This
measurement can be accomplished without removing the battery from service since the AC
signal islow level and "rides" on top of the DC voltage of the battery. Two comparisons are
then made: first, the impedance is compared with the last reading for that battery: and, second,
the reading is compared with other batteries in the same bank. Each battery should be within
10% of the others and 5% of its last reading. A reading outside of these values indicates a cell
problem or capacity loss. Additionaly, if the battery has an internal short the impedance tends to
go to zero. If thereis an open the impedance will try to go to infinity, and premature aging due
to excessive heat or discharges will cause the impedance to rise quickly.

There are no set guidelines and limits for this test. Each type, style, and configuration of battery
will have its own impedance so it is important to take these measurements early in a battery's
life, preferably at installation. It should take less than an hour to perform this test on a battery
bank of 60 cells.

4.6.1.9 Surge Testing

Surge Testing utilizes equipment based on two capacitors and an oscilloscope to determine the
condition of motor windings. Thisis acomparative test evaluating the difference in readings of
identical voltage pulses applied to two windings simultaneously. Like HiPot testing, the applied
voltage equals two times operating voltage plus 1000 volts. Thistest also is primarily an
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acceptance, go/no-go test. Datais provided as a comparison of waveforms between two phases
indicating the relative condition of the two phases with regard to the insulation system (short
circuits). Because of the repeated stress of the insulation system, Surge testing is not
recommended for routine condition monitoring.

4.6.1.10 Motor Circuit Analysis

The motor circuit analysis technology packages several motor tests into asingle unit. The test
device will check the following test parameters in a motor circuit: resistance to ground,
capacitance to ground, resistive imbalance, inductive imbalance, rotor influence, and will
perform a polarization index. The tests are performed with the motor de-energized and use low
voltage that does not over stress the insulation system. Datais collected by the unit and enables
trending and comparing with similar motors.

The total resistance of a conductor is the sum of its resistance, capacitive and inductive
impedance. Accurate measurement of the conductor’s impedance allows minor degradationsin a
motor to be detected and addressed prior to afailure. The condition of the insulation system can
be determined by measuring the capacitance between each phase and ground. The presence of
moisture or other conducting substance will form a capacitor with the conductor being one plate,
the insulation the dielectric, and the contaminate forming the second plate. Maintaining proper
inductive balance is imperative to efficient operation and realizing full lifetime of electrical
equipment. An electrical imbalance |leads to elevated winding temperatures and reduced
insulation life.

4.6.1.11 Motor Current Signature (Spectrum) Analysis (MCSA)

MCSA is aremote, non-intrusive, on-line method of testing motor driven equipment. Current
and voltage probes provide the signal data used for analysis to detect equipment degradation. It
can be compared to vibration analysis in the methods both use to analyze data. Motor current
spectrums in both time and frequency domains are collected with a clamp-on ammeter and FFT
analyzer. Rotor bar problems will appear as side-bands around the power supply line frequency.
MCSA allows for diagnosis of power circuit, motor and driven end component.

MCSA can be performed in an indirect manner by measuring the magnetic flux produced by the
motor and analyzing the data using the FFT process to identify the presence of electrical fault
frequencies.

4.6.1.12 Very Low Frequency Testing

A Very Low Frequency (VLF) Test Set isan AC test that operates at 0.1 HZ. The low frequency
allows for the portability of aDC test set (light weight, less input current) without the destructive
capability of aHiPot. The primary application of VLF testing isfor partial discharge and over
potential testing of large rotating machines, power cables, and other high capacitance apparatus.
The results can be trended to monitor degradation. The high cost of a VLF test set limitsits use
to facilities with large electrical systems.

February 2000 4-83



TECHNICAL LIBRARY

ABBOTTAEROSPACE.COM

NASA Rd |ab| I |ty Ceﬂ'[efed Ma'ntmarluc DUIUC 1UL T auluco d iu vulialci al ..qUI pmeﬂt

4.6.1.13 Circuit Breaker Timing Tests

Thisisamechanical test to monitor the speed and position of breaker contacts before, during,
and after an operation. The first timing devices, called Drop-Bar Recorders, recorded their
results on arotating drum. Developed in the late 1930s, it was the instrument of choice until the
coming of rotary motion, vacuum, and high-speed breakers in the mid 1970s.

For in-service circuit breakers, adigital contact and breaker analyzer can be used to measure the
contact velocity, travel, over travel, bounce back, and acceleration to indicate the condition of the
breaker operating mechanism. A voltage is applied to the breaker contacts and a motion
transducer is attached to the operating mechanism. The breaker is then closed and opened. The
test set measures the timeframe of voltage changes, and plots the voltage changes over the
motion waveform produced by the motion transducer. The numbers are normally printed out
from the test set, and the chart is stored in memory for downloading into a computer.

Analyzing and trending this information allows for adjustments to the breaker operating
mechanism when necessary. Thistest is not applicable to molded case breakers or low voltage
breakers.

4.6.1.14 Circuit Breaker Contact Resistance

Thistest is used to determine the contact condition on a breaker or switch without visual
inspection. The results of thistest can be trended over time to help in scheduling maintenance
activities before the contacts degrade significantly.

Most manufacturers of high and medium voltage circuit breakers will specify a maximum
contact resistance for both new contacts and in-service contacts. The contact resistanceis
dependent on two things, the quality of contact area and the contact pressure. The contact
quality can degrade if the breaker is called upon to open under fault conditions. The contact
pressure can lessen as the breaker springs fatigue due to age or alarge number of operations.

To measure the contact resistance a DC current, usually 10 or 100 amps, is applied through the
contacts. The voltage across the contacts is measured and the resistance is calculated using
Ohms law. Thisvalue can be trended and compared with maximum limits issued by the breaker
or switch manufacturer. It should be noted that for ail filled breakers, using a 100 amp test set is
recommended because oil tends to glaze on contact surfaces and, in some cases, 10 amps is not
enough current to overcome the glaze.

4.6.2 Additional Techniques and Troubleshooting

There are numerous electrical tests that, while not forecast orientated, provide indications of the
system condition.

4.6.2.1 Time Domain Reflectometry

A voltage spike is sent through a conductor. Each discontinuity in the conductor path generates
areflected pulse. The time difference between initial pulse and reception of the reflected pulse
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indicate the location of the discontinuity. This technology is used for power cables to help locate
faults within a cable run. Thetest is performed with the cable de-energized.

4.6.2.2 Power Factor and Harmonic Distortion

Maintaining optimum power factor maximizes the efficient use of electrical power. Power factor
istheratio of real power to reactive power usage. Dual channel data-loggers are used to
determine the phase relationship between voltage and current, then calculate the power factor.
Addition of power factor enhancing capacitorsis then evaluated as a means of improving power
system power factor.

Harmonic distortion is aresult of having non-linear loads on the power system. These loads
include laser printers, desktop computers, and SCRs found in variable speed motor controls.
High levels of harmonic current cause excessive heating in transformers and cables, which
reduce service life and cause spurious tripping of circuit breakers, which can be a major
inconvenience. A harmonic analyzer is used to measure the harmonic current and identify the
source. Filters can then be placed on the circuit to minimize the impact. Thistest is performed
with the system energized.

4.6.2.3 Motor Starting Current and Time

Starting current in electric motors can routinely exceed five times full load running current. The
amount of starting current combined with the duration of the starting surge can indicate the
condition of electrically driven equipment. Higher starting current and longer duration of the
surge can indicate mechanical problems such as increased friction due to misalignment of the
mechanical components of the equipment. Alternatively, coastdown tests using timing devices
and vibration monitoring equipment can verify the presence of magnetically induced vibrations
or mechanical friction.

4.6.2.4 Transformer Turns Ratio (TTR)

This test measures the turns-ratio of atransformer and is mainly used as an acceptance test. It
can also be used as a trouble shooting tool when other electrical tests revea a possible problem.
During routine maintenance tests a TTR can be performed to identify short circuited turns,
incorrect tap settings, mislabeled terminals, and failure in tap changers.

Thetest is performed by applying a voltage across the primary windings and measuring the
resulting voltage across the secondary winding. The ratio of active windings can be cal cul ated.
This measurement can be used to determine the condition of the transformers inductive
capability. The turns ratio measurement can show that a fault exists but can not determine the
reason or location of the fault. Thistest is done with the transformer de-energized.
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4.6.3 Applications

4.6.3.1 Equipment to be Monitored

Specific equipment that can be monitored by electrical condition monitoring techniques are listed
below:

a. Electrical Distribution Cabling— Megohmmeter, VLF Testing, Time Domain
Reflectometry, HiPot, Infrared Thermography (if visible) and Airborne Ultrasonics.

b. Electrical Distribution Switchgear and Controllers— Breaker Timing, Insulation
Power Factor Testing, Visual Inspection, Infrared Thermography and Airborne
Ultrasonics.

c. Electrical Distribution Transformers—OQOil Analysis, Turns Ratio, Power Factor
and Harmonic Distortion.

d. Electrical Motors—Motor Current Signature Analysis, Motor Circuit Analysis,
Megohmmeter, HiPot, Surge Test, , Starting Current and Coast Down Time, Infrared
Thermography, Airborne Ultrasonics.

e. Generators—Megohmmeter, VLF Testing, and Coast Down Time.

f. Distribution System—Infrared Thermography, HiPot, Airborne Ultrasonics, Power
Factor and Harmonic Distortion.

4.6.3.2 Conditions Monitored

Temperature, voltage, current, resistance, complex impedance, capacitance, insulation integrity,
phase imbalance, mechanical binding, and presence of arcing.

4.6.3.3 Detection Interval

Monitoring intervals of several weeksto severa years for various technologies will provide
sufficient condition information to warn of degrading equipment condition. Specific
expectations of the length of warning provided should be factored into developing monitoring
intervals for specific technologies. Additionally, some monitoring intervals will depend on
outage cycles. Some of the electrical condition monitoring can be done with the system
energized. Severa of the technologies outlined are aso effective when used for acceptance
testing and certification.

.4.6.3.4 Accuracy

Accuracy is dependent on the testing technique applied and rating of the instrument.
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4.6.3.5 Limitations
The technologies presented can be divided into two categories:

a. Energized— Those technologies that can safely provide information on energized
systems and require the system be energized and operational. These technologies
include Infrared Thermography, Airborne Ultrasonics, Motor Current Readings
including Starting Current, Motor Current Spectrum Analysis, VLF Testing, Power
Factor and Harmonic Distortion, Battery Impedance Testing, Insulation Oil Analysis
(Including Gas-in-Oil).

b. De-Energized— Technologies that require the circuit to be de-energized include
Surge Testing, HiPot Testing, Time Domain Reflectometry (TDR), Megohmmeter,
Motor Circuit Analysis, , Circuit Breaker Timing, Transformer Turns Ratio, and
Insulation Power Factor Testing.

Each technology will require specific initial conditions to be set prior to conducting the test. For
instance, prior to an Infrared Thermography survey, typical equipment powered through the
switchboard should be running to bring the distribution equipment to normal operating
temperatures. Higher load accentuates problem areas. Conducting the survey at low load
conditions may allow a problem to remain undetected.

4.6.4 Logistics

4.6.4.1 Equipment Required

A comprehensive electrical testing program includes: Infrared Camera, ultrasonic noise detector,
multi-meters/volt-ohmmeters, clamp on current transformers, Insulation Power Factor test set,
Time Domain Reflectormery test set, Breaker Timing test set, Contact Resistance (micro-
ohmmeter) test set, Battery Impedance test set, VLF test set, motor current signature analysis
soft-ware, and integrated motor circuit analysis testers.

4.6.4.2 Operations

Electricians, electrical technicians, and electrical engineers should be trained in electrical PT&I
techniques such as motor current signature analysis, motor circuit analysis including complex
phase impedance and insulation resistance readings and analysis.

4.6.4.3 Training Available

Equipment vendors and independent companies provide training. See Appendix C for training
sources.
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4.6.3.4 Cost

a. Equipment—Equipment costs vary from $20 for a simple multi-meter to
approximately $40,000 for integrated motor-current analysis (MCA) testers. A full
inventory of electrical testing equipment can cost in excess of $100,000.

b. Training—Training averages between $750 and $1,000 per week per person trained
for each technology.

4.7 Non-Destructive Testing

Non-Destructive Testing (NDT) evaluates material properties and quality of manufacture for
high-value or critical components or assemblies without damaging the product or its function.
Instead of statistical sampling techniques that use only surface measurements or require the
destructive testing of selected components from a production lot, NDT is used when these testing
techniques are cost prohibitive or ineffective (see Figure 4-5). Typically, NDT has been
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associated with welding of large high stress components such as pressure vessels and structural
supports. Process plants such as refineries or chemical plants use NDT techniques to assure
integrity of pressure boundaries for systems processing volatile substances.

4.7.1 Techniques

a

Radiography—Detection of deep sub-surface defects. Radiography or x-ray is one of
the most powerful NDT techniques available in industry. Depending on the strength of
the radiation source, radiography can provide a clear representation (radiograph) of
discontinuities or inclusions in materia severa inchesthick. X-ray or gammaray
sensitive film is placed on one surface of the material to be examined. The radiation
“source” is positioned on the opposite side of the piece. The source may be either a
natural gamma emitter or a powered X-ray emitter. The source is accurately aligned to
assure the proper exposure angle through the material (Figure 4-6). When all
preparations and safety precautions are complete, radiation source energized or
unshielded. The gamma or x-rays passing through the material to the film expose the
film.

By developing the film in a similar manner to photographic film, an image of defects or
inclusions in the materia is produced. More advanced radioluminescent film does not
reguire photographic processing. Multiple “shots’ from varying angles provide a
complete picture of the thickness of the material. Dual angles are required to determine
the size and orientation of an inclusion.

Once the type, size and orientation of each inclusion are defined, these can be classified
into either acceptable inclusions or unacceptabl e defects.

Defects in the material must be accurately located to facilitate minimal material
removal, yet assure the defect has been completely eliminated. Minimizing material
removal also supports reduction in repair cost and reduces the likelihood of additional
defects created by the repair. The repair isthen re-evaluated to assure the defect
removal and subsequent repair were conducted properly.

Radiography, though a versatile tool, is limited by the potential health risks. Use of
radiography usually requires the piece be moved to a specia shielded area (Figure 4-6)
or personnel evacuated from the vicinity to avoid exposure to the powerful radiation
source required to penetrate several inches of dense material. Temporary shielding may
also be installed, but the installation and removal of thousands of pounds of lead is
labor intensive. Radiography technicians are trained in radiation health physics and
material properties. These technicians can visualy distinguish between welding slag
inclusions, porosity, cracking and fatigue when analyzing radiographic images.

Ultrasonic Testing (Imaging)—Detection of deep sub-surface defects. Ultrasonic
(UT) inspection of welds and base materia is often an aternative or complementary
NDT technique to radiography. Though more dependant on the skill of the operator,
UT does not produce the harmful radiation encountered with radiography. UT
inspection is based on the difference in the wave reflecting properties of defects and the
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Figure 4 — 6. Shielded Radiography Enclosure

surrounding material. An ultrasonic signal is applied through a transducer into the
material being inspected. The speed and intensity with which the signal is transmitted
or reflected to a transducer provides a graphic representation of defects or
discontinuities within the material. A couplant fluid is often used to provide a uniform
transmission path between the transducer, receiver and the material of interest.
Transducer configurations differ depending on the type of system used. Some systems
use a single transducer to transmit and receive the test signal. Others utilize a
transmitting transducer in conjunction with a separate receive transducer. Dual
transducer systems may be configured with both transducers on the same surface of the
material or with transducers on the opposite surfaces of the material.
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Three scan types are most commonly used; A Scan, B Scan and C Scan. A-Scan
systems analyze signal amplitude along with return time or phase shift as the signals
travel between a specific surface and discontinuities. B Scan systems add signal
intensity modulation and capability to retain video images. C Scan systemsinclude
depth gating to eliminate unwanted returns.

UT inspection is a deliberate process covering a small area (four to eight square inches)
at each sampling. Consistency in test method and interpretation of resultsis critical to
the reliable test results. Surface preparation is also critical to reliable UT results. Any
surface defects such as cracks, corrosion, or gouges will adversely affect the reliability
of UT results.

Due to the time and effort involved in surface preparation and testing, UT inspections
are often conducted on representative sites such as high stress, high corrosion areas and
large welds. By evaluating the same sites at regular intervals, monitoring of the
condition of the material can be accomplished. 100% UT inspection is typically
reserved for original construction of high stress components such as nuclear reactor
vessels or chemical process vessels.

c. Magnetic Particle—Detection of shallow sub-surface defects. Magnetic Particle
Testing (MT) techniques are useful during localized inspections of weld areas and
specific areas of high stress or fatigue loading. MT provides the opportunity to locate
shallow sub-surface defects. Two electrodes are placed several inches apart on the
surface of the material to be inspected. An electric current is passed between the
electrodes producing magnetic lines. While the current is applied, iron ink or powder is
sprinkled in the area of interest. The iron aligns with the lines of flux. Any defect in
the area of interest will cause distortions in the lines of magnetic flux, which will be
visible through the alignment of the powder, see Figure 4—7. Surface preparation is
important since the powder is sprinkled directly onto the metal surface and major
surface defects will interfere with sub-surface defect indications. Also, good electrode
contact and placement is important to assure consistent strength in the lines of magnetic
flux.

A magjor advantage for MT isits portability and speed of testing. The electrodes are
hand-held which allows the orientation of the test to be changed in seconds. This
allows for inspection of defectsin multiple axes of orientation. Multiple sites can be
inspected quickly without interrupting work in the vicinity. The equipment is portable
and is preferred for on-site or in-place applications. The results of M T inspections are
recordable with a high quality photograph or transfer to tape. Fixing compounds are
available to “glue”’ the particle pattern in-place on the test specimen. Interpretation of
results is dependent on the experience of the operator.
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Figure 4 — 7. Magnetic Particle Testing

Dye Penetrant—Detection of surface defects. Dye Penetrant (DP) inspections provide
a simple method for detecting surface defects in non-porous materials. DP allows large
areas to be quickly inspected. Once the surface has been cleaned, a penetrating dye
(magenta or fluorescent color) is sprayed liberally on the entire surface. Thedyeis
allowed to penetrate for several minutes. The excess dye is then wiped from the
surface leaving only the dye that has been drawn into surface defects. A developer
(usually white) is sprayed on the entire surface (same area as the dye application). The
developer draws the dye from the defects producing a visual indication of the presence
of surface defects. The defective areas are then identified for repair and the remaining
dye and developer are removed.

Hydrostatic Testing—Detection of breeches in a system’ s pressure boundaries.
Hydrostatic Testing (Hydro) isan NDT method for detecting defects that completely
penetrate pressure boundaries. Hydros are typically conducted prior to the delivery or
operation of completed systems or sub-systems that act as pressure boundaries. Asthe
name implies, hydrostatic tests fill the system to be tested with water or the operating
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fluid. The system is then sealed and pressure increased to approximately 1.5 times
operating pressure.

This pressureis held for a defined period. During the test, inspections are conducted
for visible leaks as well as monitoring pressure drop and make-up water additions. |If
the pressure drop is out of specification, the leak or leaks must be located and repaired.
The principle of hydrostatic testing can also be used with compressed gases. This type
of test istypically called an air drop test and is often used to test the integrity of high-
pressure air or gas systems.

f. Eddy Current Testing—Detection of surface and shallow sub-surface defects. Also
known as electromagnetic induction testing. Eddy Current testing provides a portable
and consistent method for detecting surface and shallow sub-surface defects. This
technique provides the capability to quickly inspect metal components for defects or
homogeneity. By applying rapidly varying AC signals through coils near the surface of
the test material, eddy currents are induced into conducting materials. Any
discontinuity that affects the materials electrical conductivity or magnetic permeability
will influence the results of thistest. Component geometry must also be taken into
account when analyzing results from this test.

A set of magnetizing coils are used to induce electrical currents (eddy currents) into the
component being tested. The induced currents produce magnetic fields, which are then
detected by a set of sensing coils. Typically the two sets of coils are combined into a
single probe. In some systems Hall effect devices are used instead of sensing cails.

The frequency of the AC signal used (5 to 10M Hz) determines the depth of penetration
through the material for the eddy currents. Lower excitation frequencies increase the
penetration depth and improve the effectiveness in detecting deeper defects. Higher
frequencies are utilized to enhance detection of surface defects. Analysis equipment
senses several parameters including magnitude, time lag, phase angles and flow
patterns of the resulting magnetic fields. Automated analysis methods reduce the
reliance on operator experience for consistent results.

4.7.2 Location & Intervals

Prior to implementing an NDT program, aformal plan should be developed detailing the type of
technique to be used, location, frequency, number and orientation of samples, information to be
gained form each sample and failure mode that each sample addresses. This plan will point out
excessive testing and omissions from the NDT Program. Two of the more difficult variables to
address are location and interval (time period) between inspections.

4.7.2.1 Intervals

When establishing sample intervals or frequency, several factors must be weighed. Operating
cycle of the system, historical failure rate, type of container material, type of contained
substance, chemistry control, major corrosion mechanisms, expected corrosion rate, erosion
mechanisms, expected erosion rate, proximity of existing material to minimum wall thickness,
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consequences of system breach and type NDT techniques applicable to the situation will affect
the inspection interval (Table 4-2). Other factors may enter into consideration, if warranted.

American Petroleum Institute (API 570) recommends the following criteria for establishing

intervals for NDT inspection.

Piping Circuit Thickness External Visual
Classification M easur ements I nspection
Class 1 5Years 5Years
Class 2 10 Years SYears
Class 3 10 Years 10 Years
I njection Points 3Years By Class
Soil-to-Air Interfaces — By Class

Table 4-2. Recommended Maximum Inspection Intervals (APl 570)

In-place corrosion rates in conjunction with remaining life calculations.

Remaining life = tactua - tmin
annual corrosion rate

Remaining life = Number of years until thickness reaches minimum
tactuar = Actua minimum thickness at time of most recent inspection
tmin= Minimum allowable thickness for the limiting section

Piping service classification where Class 1 has the highest potential of resulting in an immediate
emergency and Class 3 has the lowest potential if aleak were to occur.

Relevant regulatory requirements must be taken into account when determining NDT inspection
intervals. With the multitude of professional codes and government regulations this section will
not attempt to cover specific regulations. Many government regulations provide sufficient
leeway for the experts within an organization to set intervals in accordance with technically
sound methods. Some regulations simply require a technically sound plan that the organization
follows.

Before accepting what seems like an unreasonable interval simply in the name of regulatory
compliance, investigate the document that originates the requirement. In industry, many
regulatory requirements have been needlessly made more stringent by the philosophy, “If alittle
isgood, alot must be better.” In an effort to avoid falling afoul of regulatory inspectors,
inspection costs were significantly increased without a corresponding increase in plant safety or
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reliability. Investigate basic requirements; if these are unclear ask the originating agency for
clarification of their expectations.

After the base inspection intervals have been established based on corrosion rate, class and
regulatory requirements; specific system intervals can be modified based on actual conditions,
historical data and operating parameters. Evaluate intervals based on operating conditions,
previous history, current inspection results or other indications of other than normal conditions.
By conducting statistical analysis on historical NDT results and failure rates, intervals can be
refined with a higher level of confidence. Pareto and Weibul analysis techniques can be applied
to indicate systems where unusual failure rates are occurring. Coupons can be utilized to provide
specific information on the corrosion rate, allowing further refinement of inspection intervals.

Process parameters can be used as a“trigger” for specific NDT inspections (Figure 4-8). As
thermodynamic properties change, they can provide an indication of increased corrosive product
deposits. Analysis of fluids transported within the system can aso indicate changes in corrosion
activity allowing NDT inspection schedules to be appropriately adjusted. Procedures for
addressing adverse events such as over-pressurization and out of specification temperatures
should include the requirement for more frequent or immediate NDT inspections. Details of
type, location, parameter of concern and acceptable value should be indicated to facilitate a safe
and expeditious recovery from the incident.

4.7.2.2 Locations

The following should act as guidelines for locating NDT sampling points:

Abrupt changes in direction of flow (elbows) and changes in pipe diameter will
cause turbulence that may accelerate many corrosion mechanisms.

Presence of “Dead-Heads’ that can create turbulence or stagnant areas where
material may accumulate and set up corrosion cells.

Junctions of dissimilar metals. Galvanic corrosion is prevalent in these areas
unless specific steps are taken to prevent it.

Stressed areas, welds, high stress fasteners and areas that undergo cyclic
temperature, pressure, or flow changes.

Some applications may warrant specifying top, middle or bottom of pipe or areas
where more than one phase of a substance is present.

Areas where accelerated corrosion/erosion mechanisms have been identified.

Areas susceptible to cavitation.
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4.7.3 Applications

a

Radiography—Radiographic techniques are readily applicable to metal components
including weld deposits. Specialized applications for plastics or composite materias
are possible, though typically these materials are not most economically inspected
with radiography. For thick cross-sections, radiography is often the only reliable
method for inspection.

Ultrasonics—UT techniques are readily applicable to metal components including
weld deposits. Specialized applications for plastics or composite materials are
common. Whenever possible, UT is a preferred method over radiography for in-place
applications, due to expense and safety precautions required by radiography. UT is
especialy useful sinceit only requires access to one surface of the material.
Ultrasonic techniques provide excellent penetrating power for thick cross-sections.

Magnetic Particle—MT techniques are applicable only to materials that conduct
electric current and magnetic lines of flux. Only shallow defects are detectable with
MT inspection. Typically these techniques are most effective on welded areas. The
speed of testing allows multiple inspections to be conducted along different axes to
detect defects in different orientation planes.

Dye Penetrant—DP inspections are applicable for any non-porous material that is
chemically compatible with the dye and developer. Thisisthe smplest NDT
technique in which to gain proficiency.

Hydrostatic Testing—Hydros test the integrity of pressure boundaries for
components and completely assembled systems that contain pressurized fluids or
gases. |dentification of defects that penetrate the entire pressure boundary is the
primary application for hydrostatic testing.

Eddy Current—Eddy current techniques are used to detect internal defects such as
cracks, seams, holes or laminations separation on both flat sheets and more complex
cross-sections as well as monitoring the thickness of metallic sheets, plates and tube
walls. Portable systems are used extensively in the condition monitoring of installed
heat exchanger and chiller tube wall thickness. Where coating thicknessis an
important factor, there is sufficient difference in electrical or magnetic properties
between the base material, and the coating. Eddy Current Testing can determine the
actual coating thickness. In more production-oriented applications, installed systems
can determine material composition, uniformity and thickness of materials being
produced.

4.7.4 Limitations

a

Radiography—Effective use of radiography mandates expensive equipment,
extensive safety precautions and skilled technicians to interpret the images.
Expensive tracking and security for radiation sources is mandatory. Safety
precautions often demand evacuation of areas adjacent to the piece being examined or
installation of extensive shielding.
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Even with these limitations, radiography is often the most effective method of
assuring integrity of critical welds, structural members and pressure boundaries. As
material thickness increases, radiography is often the only acceptable method to
achieve a 100% penetration.

Ultrasonics—UT techniques are one-dimensional. Unless special techniques are
applied, defects that parallel the axis of the test will not be apparent. Components
constructed using laminate techniques or layered construction present special
problems for UT techniques, since the boundary between each layer may be
interpreted as a defect. The thicker the layers of base material, the more likely UT
will provide usable results.

Magnetic Particle—MT techniques are applicable only to materials that conduct
electrical current and influence magnetic lines of flux. The difference in the influence
of the lines of flux between base material and the defect is the basisfor MT
inspection. Only small areas (30 square inches) between the two electrodes can be
inspected.

Surface preparation is important, though not as critical aswith UT. Consistent
electrode contact is critical. Loose contact will weaken the magnetic lines of flux to
the point where the influence of a defect may not be visible in the filing pattern.
Operator skill isimportant, though thisis arelatively smple technique. No historical
record is produced for each test, unless specific steps are taken to photograph the
result of each test.

Dye Penetr ant—M inute surface discontinuities such as machining marks will
become readily apparent. The inspector must be trained to distinguish between
normal surface discontinuities and defects that must be repaired. The dye and
developer are usually sprayed or painted on the piece to be inspected, so over-spray
and protection of internal surfaces are prime concerns for systems with stringent
chemistry and cleanliness control. Product cleanliness standards may prohibit the use
of DP inspection.

Hydrostatic Testing—Cleanliness and chemistry control of the fluid must be
consistent with the operating standards of the system. Close attention should be given
to controlling system thermodynamic parameters during the test to prevent over-
pressurization of the system. Over-pressurization could lead to unintended damage to
the system. Individual component hydros do not assure system integrity. A final
hydro of the completed system is used to assure the integrity of the assembled

system’ s pressure boundary.

Hydros will not identify defects that are present, but have not completely penetrated a
pressure boundary. The pressure applied to the system is generally not sufficient to
enlarge existing defects to the point of detection by the test. Hydrostatic testing
requires a pressure source capable of expeditiously filling and pressurizing the
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system, extensive instrumentation and monitoring equipment along with a sufficient
quantity of fluid to fill the system. A method of isolating pressure relief devices and
connecting the pressure source to the system must be provided.

f.  Eddy Current—Eddy Currents tend to flow parallel to the surface to which the
exciting field is applied. Some orientations of laminar discontinuities parallél to this
surfaces tend to remain undetected by this method. Eddy Current Testing will not
penetrate deeply into the material of interest, so it islimited to shallow sub-surface
and surface defects.

4.8 Photography

Videotaping is often used to record complex machines during operation. The tapeis played back
at aslow speed in order to what is happening. Thisis especially good tool for analyzing and
troubleshooting packaging machines.

Monitor - Broadcast industry quality is recommended.

b. VCR - A unit with 4 heads and shutter control to alow tape movement one frame at a
time. Thisiscritical to viewing slow motion. It also is capable of recording and
playing back in Super VHS that allows for clearer recordings.

c. Camera- Minimum 10 - 1 zoom lens, low light capability, Super VHS capability and
a shutter speed of at least 1000.

d. Lights-The stand alone Tungsten work lights are recommended.

e. Digital Camera— Sufficient memory to store twenty pictures. The highest resolution
available is recommended.

f.  Approximate Cost - $2,500
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Chapter 5—RCM Requirements during Facilities Acquisition

This chapter discusses RCM requirements during the acquisition stage of the facilitieslife cycle;
i.e., during facilities planning, design, and construction.

5.1 Planning

Early in the planning of a new facility, consideration must be given to the extent RCM analysis
and PT& I techniques will be used to maintain the facility and its equipment. Thisislikely an
issue that crosses organizational lines (i.e. between operations, maintenance and engineering)
which should be addressed in the SOP with prior commitment from managers in those
organizations. The fundamental determination is the amount of built-in condition monitoring,
data transfer, and sensor connections to be used. It is more economical to install this monitoring
equipment and connecting cabling during construction than later. Planning, designing, and
building in the condition monitoring capability ensures that it will be available for the units to be
monitored. Continuously monitored equipment tied into performance analyzers permits
controlling functions and monitoring degradation. In the future, on-line monitors will become
increasingly capable and important. Installed systems also reduce manpower requirements as
compared with collecting sensor data with a portable data collector. However, for many uses,
portable condition monitoring equipment does provide the advantages of lower cost and
flexibility of application as compared with post-acquisition installed systems.

5.2 Design

The following should be considered during the design phase:

5.2.1 Maintainability and Ease of Monitoring

In recent years great strides have been made in designing new equipment to ensure a high level
of reliability. By extending this approach to the maintainability and ease of monitoring of
equipment during design, one further enhances reliability and ensures improved maintainability
for the life of the equipment.

a. Maintainability factors that are within the control of the designer are:

1. Access - Equipment, its components, and facilities should be accessible for mainte-
nance.

2. Material - Choose materials for durability, ease of maintenance, availability, and
value (optimal cost vs. special requirements trade-offs).

3. Standardization - Minimize use of special or one-of-a-kind materials, fittings, or
fixtures. Maximize commonality of equipment component parts. Choose standard
equipment for multiple uses where feasible.
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b.

4. Quantitative Maintenance Goals - Use quantitative measures of maintenance (i.e.,
mean-time-between-maintenance (M TBM), maintenance downtime (MDT), etc.) to
set goals for maintainability which will influence design.

Ease of Monitoring factors within the control of the designer are:

1. Access - Provide clear access to collect equipment condition data with portable data
loggers or fluid sample bottles.

2. On-line Data Collection - Installed data collection sensors and links (wire, fiber
optics, or radio frequency (RF) links are possible) may be justified for high-priority,
high-cost equipment or inaccessible equipment.

3. Metrics- Management, or performance indicators (Metrics) are discussed in Chapter
10. For an RCM program, the Metrics and the analysis methods are incorporated into
the system design. Often the performance parameters monitored for equipment or
system control may be used to monitor equipment condition.

4. Performance Measures- RCM performance measures such as operating time or
equipment loading are directly equipment related. The data to be used and the
collection method are incorporated into the system design.

5.2.2 Technology Review

As mentioned earlier, the technology review should be a part of the SOP for new facilities and/or
equipment design and acquisition and should address the following six areas.

a

PT& I Review - Conducting a PT& | technology review at an early stage of the design is
necessary to establish which technologies are to be used in the RCM program.

Maintenance Review - A continuing review of other maintenance programs for new and
emergent predictive technologies assists in keeping the program current by incorporating
the latest technological developments.

Feedback - Update or improve the design based on feedback, prior experience, and
lessons learned.

Scope of Work - Clearly establish in the Architect & Engineering (A& E) contract scope
of work that RCM maintainability and ease of monitoring requirements must be met.

Qualification - Contractor qualifications should provide for a demonstration of
familiarity and/or understanding of the PT& 1 technologies planned for the RCM program.
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f. Specificationsand Drawings -

1. Thedesigner has a mgjor impact on the life-cycle cost of the equipment by
incorporating the RCM lessons learned from the history of similar or identical
equipment.

2. The design specifications should address the use of condition-based maintenance in
lieu of interval-based maintenance and its effect on manufacturer’ s warranties.

3. Specifications for equipment procurement should incorporate maintainability and
ease of monitoring requirements. Maintainability requirements should be specified in
terms of an appropriate combination of measurements. The attainment of these
requirements is an important aspect of equipment performance.

4. Construction contracts should specify the type of acceptance testing to be performed
on building materials and equipment prior to shipment to the building site. The
designer also should specify the PT&I technologies to be used and the related
acceptance criteria as part of the post-installation acceptance testing for all collateral
equipment and structures and for determining if a building is ready for occupancy.

5.3 Construction

During the construction phase, amajor concern is to monitor the progress and quality of
construction to ensure that the planning and design work from earlier phasesis effectively
implemented. This includes monitoring for conformance to specifications, drawings, bills of
material, and installation procedures. The following important steps should be taken during
construction:

a. Training—Thetraining of personnel in the use of PT& I technologies and equipment
should start during construction.

b. RCM Analyses—It isduring this phase that RCM analyses are done, the maintenance
program tasks should be chosen, and maintenance procedures and instructions should be
written.

c. O& M—Operations and maintenance personnel should take advantage of the construction
phase to become familiar with the details of construction which will no longer be easily
accessible after the facility is completed.

d. Inspectors—The construction inspectors should assure that the construction contractor
properly installs, aligns, and checks the equipment in accordance with the contract
specifications and the equipment manufacturer’ s recommendations. Incorrect installation
can void the manufacturer’ s warranty and cause early equipment failure.
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e. Equipment—When equipment is specified by performance rather than proprietary name
(which is preferable), the contractor should be required to submit catalog descriptions of
the equipment he intends to provide for approval by the Government. The equipment
should be approved by the Government (including the RCM technol ogists) to ensure that
it satisfies the requirements of the contract specifications. If the contract specifications
require that the contractor establish a vibration and thermographic baseline for the
equipment, the Governmant should ensure that thisis done and that the baseline
information is properly documented and turned over to the Government with the
equipment technical manuals and other information required from the contractor.

5.4 Maintenance and Operations (M&O)

How the facility and its equipment will be operated and maintained must be considered during
the planning, design, and construction phases. During these phases, M & O needs are best
served by carefully and realistically identifying and defining the PT& | requirements. Although
the performance of M & O tasks occur during the operations stage of the life cycle of the
equipment or facility, some preparatory activities may be carried out during the latter part of the
acquisition stage. These activities include personnel selection, PT&I training, procedure
preparation, review of specifications, and the collection of nameplate data.
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Chapter 6 - RCM Considerations during Facilities Operation

This chapter discusses RCM requirements during the operational stage of the facilities life cycle
(maintenance and operations).

6.1 RCM Program Data

The need to maintain an adequate level of funding is a continuing requirement during the life
cycle of afacility. Asaresult, thereisarecurring need to input RCM program datainto an
Annua Work Plan (AWP) and/or other budgetary planning documents. To support these
periodic requirements, the collection of data for justification purposesshould not be left to chance
or to the last minute.

It is important for RCM maintenance costs, cost avoidance, and program savings to be
documented as they occur. A good Computerized Maintenance Management System (CMMYS)
has the capability to track thisinformation. Direct maintenance program savings are usually
apparent, but maintenance personnel must become attuned to recognizing and documenting the
less obvious “costs avoided.” This data also becomes akey part of the Continuous Improvement
(CI) processin that it is the feedback that reinforces the behavior created by the RCM
organization.

One use of maintenance data isin tracking the maintenance burden; i.e., the man-hours and/or
labor costs expended for all types of maintenance on a particular equipment. By identifying the
equipment on which maintenance effort is spent and categorizing the type of maintenance (i.e.,
RM, PM or PT&I), the maintenance burden may be allocated to end use. With labeled
maintenance man-hour expenditures, both the high burden items and the distribution of the
burden within the facility can be tracked over time. The use of Pareto analysis, or some other
method of prioritization of maintenance resource assignment, will permit the easy identification
of areas that demand attention from the standpoint of maintenance effectiveness or the need for
modification to improve reliability. Astheintensive PT&I efforts take hold, the effects on
themaintenance burden can be analyzed to determine their costs and relative values, especialy as
increased availability and improved quality impacts each activity.

The task of maintaining and updating drawings and specifications to keep facility documentation
abreast of the modifications and alterations should not be neglected. If not already part of the
Standard Operating Procedures (SOP), it should be added. The effectiveness of the facility and
the RCM program will reflect the degree to which this updating is accomplished.

6.2 Maintenance Feedback

During the life of the facility and its equipment, a continual effort is required for modifications
and alterations to the design as operators and maintenance personnel gain experience with the
facility. Sometimes these changes result from an expanded or modified facility mission. Asthe
facility matures, new methods and tools become available to accomplish the mission and tasksin
amore efficient or cost-effective manner. This need for changes and modifications must be
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documented and returned to the designers as feedback. Again, this needs to be a part of the
operating culture and should be added to the SOP.

An important function of feedback during the life cycle of any facility isto improve and optimize
the performance of the equipment. The RCM organization can be tasked with this function and,
if done properly, will become a crucial asset to future designs. As shown in Figure 6-1, design
improvements from one generation of equipment to the next can have a significant effect on
reliability. The feedback that the designer integrates into each successive generation yields
lower overal failure rates and extended equipment life. These improved characteristics reduce
maintenance costs as well, thus contributing to a lower life-cycle-cost, which is one of the goals
of the RCM and Continuous Improvement process.

6.3 Maintenance and Operations (M&O) Considerations
The following are RCM considerations during the M& O activity:

a. Labor Force—The RCM program requires alabor force with the special skills
necessary to accomplish the program'’ s reactive, preventive, and PT& | tasks
successfully. The quality of the maintenance accomplished is reflected in the equipment
post-maintenance, infant mortality rate. The quality of maintenance is influenced by: 1)
the skill of the maintenance technicians, 2) their workmanship, 3) the quality of
supporting documentation and procedures, and 4) the technologies in use.

b. System Experts—The responsibility for condition monitoring, predictive analysis, and
maintenance planning should be assigned to someone not subject to random or frequent
reassignment. To maintain continuity of effort, to gain experience for asingle
individual or group, and to ensure a consistent technical approach, a single person
should be assigned maintenance oversight responsibility for a given equipment or group
of similar equipment.

The involvement of a single person in al maintenance actions for the equipment or
system(s) for which they are responsible is the heart of the system expert concept and is
an excellent way to provide continuity of experience and expertise with regard to the
equipment and systems. The system expert is the person responsible for monitoring and
analyzing the maintenance data for an assigned equipment or system. The system expert
should receive al the related data, work requests, and test documents for review,
analysis, and filing. The system experts designated to maintain expertise and provide
continuing oversight, analysis, and continuity for designated facility systems or
equipment. The system expert concept resultsin a significant contribution to better
overall management of facility maintenance and provides the critical el ements of the
organization’s memory and its analysis.
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Figure 6 — 1. Design Improvements through Maintenance Feedback

The system expert is not intended to replace or supplant the technical expertise normally
found within the design organization of the original equipment manufacturer (OEM), the
facility, or at the Center or NASA headquarters. The system expert is expected to be a
member of the facility maintenance team who is conversant with the maintenance
history of their assigned equipment and systems. The system expert is also involved
with integrating maintenance support from facility resources outside of the normal

mai ntenance organi zation.

c. Training—Training plays a mgor role in reaching and maintaining the required RCM
workforce skill level. Thetraining is both technol ogy/equipment specific and of a more
general nature. Management and supervisory personnel benefit from training which
presents an overview of the RCM process, its goals, and methods. Technician training

includes the training on specific equipment and technologies, RCM analysis, and PT&|
methods.
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Maintenance Root Cause/ Technology/
Position/Title Overview RCM/PT& I Predlctl_ve Equipment
Analysis
Manag(_ers/ X X X
Supervisors
System
Experts X X X X
Mal nt(_an_ance X X X X
Technicians
Support
Personnel X
(Logistics)

Table 6-1. Maintenance Training

d. Equipment—During the operation of the facility and its equipment, a Continuous

Improvement program should be in place. The need for equipment modifications and
aterations is documented by feedback from the operators and maintenance personnel.

An important function of feedback during the life of the facility is to improve the
performance of the facility and its equipment. The M& O-to-designer linkage is crucial
in thisimprovement process. As shown in Figure 6-1, design improvements from one
generation of equipment to the next have a significant effect on operability,
maintainability and reliability.

e. Maintenance History—An important function of the CMMS s to collect, organize,

display, and disseminate maintenance data. The CMMS provides the facility’s
maintenance history, which is critical to the success of the RCM program because:

1. It containsinformation to establish whether an age-reliability relationship (wear-
out) exists for equipment, and if so, what is the critical failure-onset age.

2. It contains the data that is analyzed to trend and forecast equipment failure.

3. Itformsthe basisfor analysis of long-term equipment and system performance
trends.

4. It provides the statistics used to determine the failure rates, which influence spare
part stock levels.

5. It contains test results, performance data, and feedback information used to
improve equipment performance and document equipment condition.
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