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CHAPTER I 

INTRODUCTION 

Existing planned maintenance for complex machinery such as those 

used on ships and aircraft, in power plants, and in processing plants, 

is viewed as time consuming and sometimes leads to unnecessary mainte-

nance actions being performed. Moreover, such maintenance practices 

have become expensive and are not effective for keeping complex 

machinery functioning with maximum efficiency. There is additionally a · 

lack of adequate information (historical data) on operating machinery 

conditions with little feedback to determine the cause of machinery 

breakdown. 

To improve existing planned maintenance, the implementation of 

condition monitoring systems is a very important consideration. As 

maintenance becomes more diverse and complex, diagnosis and performance 

monitoring become more difficult and costly. Development of modern 

maintenance monitoring techniques to provide machinery operating status, 

levels of performance, failure detection and prediction, and 

determination of maintenance requirements based on Reliability Centered 

Maintenance1 can off er immediate benefits by improving energy 

1w. R. McWhirter, A Shipboard Machinery Performance Monitoring System 
Conce t, David Taylor Naval Ship Research and Development Center 

DTN RDC) PAS-78/30, February, 1979, Annapolis, Md. 

1 
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utilization and machinery performance, and by decreasing maintenance 

costs. 

Reliability Centered Maintenance is by definition a maintenance 

concept of making operating machinery more dependable through 

imp 1 ementat ion of condition monitoring programs and execution of 

preventive maintenance as a result of knowledge of the condition of an 

equipment from routine or continuous monitoring. The objective of this 

concept is to high 1 ight the need for development of an automated system 

for monitoring operating machinery degradation/failures with enough lead 

time to improve maintenance planning. With machinery operating at its 

optimum, energy is conserved and equipment availability is increased. 

This concept represents a new solution to machinery maintenance that· 

will be performed mostly on demand rather than regularly scheduled. Its 

implementation will also require an on-line machinery monitoring system 

to detect equipment degradation and identify to maintenance personnel 

the appropriate equipment in a timely manner. By monitoring critical 

machinery parameters, we can (a) conserve energy when running machinery 

in optimum conditions, (b) better plan shutting down and rework of 

machinery under stress, (c) improve safety conditions in machinery 

spaces, and (d) the on-line machinery monitoring system can aid in 

training personnel. 

Present maintenance procedures are structured as shown in Figure 1; 

usually referring to preventive, and corrective. This method of 

accomplishing planned maintenance relies upon time based open-and-

inspect procedures. This method does not allow for the variable life of 

sever a 1 equipments of the same make or mode 1. A 1 so, it has been found 
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that each open-and-inspect operation increases the chance of future 

failure of the equipment due to accidental improper reassembling prac-

tices. 

The subject of system failure diagnosis and performance monitoring 

is rather broad for a single report like this. It is also developing 

too rapidly for any one author to claim to be authoritative or to be un-

challenged. Accordingly this report provides only an overview and 

understanding of the activities and practices of the subject matter. 



CHAPTER II 

SYSTEM DEVELOPMENT 

System Requirements 

The following is a list of requirements for a performance moni-

toring and diagnostic system: 2' 3 

(1) The system must produce diagnostic and failure prediction 
information in a timely manner before serious problems occur 
on the machines monitored. 

(2) When equipment shutdown becomes necessary, diagnostics must be 
precise enough to accomplish problem identification with 
minimal downtime. 

(3) The system should be useable and understood sufficiently by 
low skilled personnel. 

(4) The system should be simple and reliable and with minimal 
downtime for repairs, routine calibration and checks. 

(5) The system must be cost effective; namely, it should cost less 
to operate and maintain than the expenses resulting from loss 
of production and machinery repairs that would have resulted 
if the machinery was not under monitoring and predictive 
surveillance. 

(6) System flexibility to allow for the incorporation of 
improvements in the state of the art is desirable. 

~McWhirter, op.cit., p. 5. 
National Bureau of Standards, NBS Special Publications 433 through 436, 

Proceedings of the 21st Meeting of the Mechanical Failures Prevention 
Group, November, 1974. 

5 
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(7) System expansion capabilities to accept projected increases in 
installed machinery or increases in number of channels must be 
considered. 

(8) The use of excess capacity in a computer system available at 
the plant can result in considerable savings in equipment 
costs. System components that mate with the existing computer 
system may, therefore, be a necessary prerequisite. 

System Components4' 5 

(1) Instrumentation and Instrumentation Mountings. 

(2) Signal Conditioning and Amplifiers for Instrumentation. 

(3) Data Transmission System; Cables, Telephone Linkup, or 
Microwave. 

(4) Data Integrity Checking, Data Selection, Data Normalization 
and Storage. 

(5) Baseline Generation and Comparison. 

(6) Problem Detection. 

(7) Diagnostics Generation. 

(8) Prognosis Generation. 

(9) Onsite Display. 

(10) Systems for Curve Plotting, Documentation and Reporting. 

Figure 2 is a schematic representation of a typical system. 

Classes of Diagnostic Measurements 

Diagnostic data collected for individual devices fall into six 

categories: 6 

4McWhirter, op.cit. 
5NBS Special Publications, op.cit. 
6L. F. Pau., Failure Dia nasties and Performance Monitorin Control and 
S stems Theor Vol. 11 , Marcel Dekker, Inc., New York, 1981, p. 39. 
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(1) Design parameters and operational specifications; nominal 
values for signals and tolerance as defined for each 
operational mode. 

(2) Measurements provided by the monitoring process. 

(3) Maintenance parameters; maintenance records, mean time between 
failure (MTBF), mean time between unscheduled repairs, 
overhauls. 

( 4) Measurements provided during off-1 i ne nondestructive testing 
and by automatic test equipment. 

(5) Settings and tunings, calibration requirements. 

(6) Observations and measurements related to individual failures 
or degradations, including failure mode and effect analysis 
(FMEA) data. 

The main phenomena affecting the quality of these measurements are 

the following: 

(a) Measurement errors, lack of sensitivity, improper bandwidth 
adjustments. 

(b) Equipment variability affecting the quality of the learning 
data. 

(c) Condition variability of individual components from test to 
test and physical memory effects. 

(d) Insufficient knowledge of the mission, of the actual environ-
ment, and of the controls applied to the equipment. 

(e) Poor accessibility of some test or measurement points. 

The diagnostic measures, (1) through (6) used in a specified case 

should be chosen to comply adequately with the quality requirements, (a) 

through ( e). 

Human Factors: Man-Machine Interface 

An Engineering Maintenance Center (EMC) 7, see Figure 3, is neces-

7McWhirter, op.cit., pp. 10-15 
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sary to allow the human operator assisted by an on-line monitoring sys-

tem to document machinery operation in a suitable format to implement 

Reliability Centered Maintenance Program. The EMC functions are: 

(1) Energy conservation 
(a) Machinery performance optimization, 
(b) Resource management, 
(c) Reliability centered maintenance, 
(d) Inventory control. 

(2) Ancillary functions 
(a) Equipment status, 
(b) Data base management, 
(c) Computer aided training, 
(d) System configuration, 
(e) Failure mode analysis. 

EMC operations will be centered around interactive techniques using 

terminals for input-output. A printer or hard copy unit will be. 

required for recording permanent records of tasks such as alarm mes-

sages, machinery historical data, and documenting maintainer's activity. 

CRT alphanumeric/graphic type displays will be used to evaluate machi-

nery performance and to efficiently perform the EMC functions. 

Increases in the size and complexity of operating machinery systems 

has necessitated the design of new on-line monitoring systems that can 

process large amounts of information. This new system had to be devel-

oped taking into consideration the experience and limitations of a human 

operator. A digital computer acts as the link between operator and 

machine. This link is implemented in software allowing for improved 

flexibility and upgrading capability. Also, the complexity of the 

machinery is handled by the computer software which converts the multi-

tude of machinery sensor inputs into data directly interpretable by the 

monitoring system operator. The operator is only confronted with the 
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data necessary for making a decision. The machinery operating data has 

to be presented to the operator in a format easily adapted to his level 

of expertise and understanding. 

A similar display principle has been adopted in the EMC. The main-

tainer is responsible for the running condition of the machinery. Such 

a duty requires the access to machinery parameters and the knowledge of 

possible failure causes, to forecast a correct diagnosis. These re-

quirements are easily achieved with the help of a computer where large 

amounts of information can be processed. A step-by-step computer-aided 

procedure will guide the maintainer through the complexity of the detec-

tion, diagnostic and prognostic phases. 

Using computers in the new maintenance methodology will allow for· 

efficient computer aided tasks such as training and inventory control. 

Typical machinery failure scenarios, e.g. computer simulation, could be 

designed in the system to render the training more realistic and adapted 

to the level of the trainee. 

The increasing complexity of operating machinery is being absorbed 

by a computer controlled interface whose function is to assist the main-

tainer in its detection, diagnostic and prognostic task. The prognostic 

capability of the EMC is a unique function that can cause a noticeable 

reduction in the number of emergencies/catastrophic failures by opti-

mizing the performance of maintenance of machinery. 

Computer and microprocessors constitute the needed technology to 

give maintainer accurate and timely responses, as well as the capability 

of processing large amounts of data. However, such an advantage would 

be cancelled if the interface between computer and maintainer is too 
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complex. The level of sophistication of monitoring techniques has been 

rising at an accelerated pace while man has changed little. Therefore, 

a special emphasis should be given to the conception of displays that 

are adapted to the operator instead of having the operator adapt to 

fancy but ineffective displays. 

Information on display techniques and major on-line monitoring sys-

tems are described below. These applications were developed from exten-

sive industrial research in man-machine interface, and reinforces the 

fact that the quality of the display determines the maintainer's ability 

to successfully perform his search and identifying tasks. 

In order to successfully design display systems, an appreciation 

for the role of man, in the system and his human information processing 

capability is, required. The human factor is a function of several 

variables: (1) complexity of information displayed, (2) operator tasks, 

(3) environmental factors, (4) operator characteristics, and (5) display 

characteristics. 

The complexity of the information to be displayed and the opera-

tor's tasks are usually predetermined and therefore, cannot be control-

led when designing a display. Likewise, the environmental factors and 

operator characteristics are virtually uncontrollable. However, in 

order to generate an effective display, the designer must take into 

account all these variables when selecting the final display character-

istic. 

These display characteristics include: (1) display techniques, 

(2) coding techniques, (3) color selection, (4) density of information, 

(5) symbol size and resolution, and (6) luminance. 
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Display Technigues. 8' 9 Display techniques deal with the manners in 

which information is organized within the overall display. All displays 

can be categorized into four major groups: alphanumeric, graphic, 

representational and combinational, i.e., a mixture of two or all of the 

others. 

Alphanumeric displays are most useful while performing diagnostic 

functions. They use strictly textual (alphanumeric) and numeric coding. 

Search times wi 11 be longer due to the amount of detai 1 on each 

display, but this can be tolerated in light of the beneficial informa-

tion received. However, there is no requirement for these displays to 

be arranged in a purely columnar form. Related parameters may be 

oriented on the screen in a logical manner to enhance search. 

Graphic displays are usually used for prognostic functions. They 

include line or bar charts to indicate trending or historical informa-

tion. They are relatively clean and very easily understood. 

Representational displays are most useful while controlling or 

monitoring a system. Symbols denoting major system components indicate, 

in Figure 4, the overall functioning of a gas turbine power control sys-

tem. Key parameters (e.g., temperature, pressure ••• ) that affect over-

all system operations could also be displayed and used to evaluate per-

f ormance. 

8 M. J. Krebs, J. D. Wolf & J. H. Sandvig, Color Display Design Guide, 
Office Naval Research, Report No. ONR 13-136-2F, October, 1978, 
pp. 8-25. 
9B. Shneiderman, Human Factor Experiments in Designing Interactive Sys-
tems, IEEE Computer, December, 1979, pp. 9-19. 
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Frame Density.lo, 11 Frame density involves determining how much 

data can be placed on the screen before the amount begins to adversely 

affect the operator's ability to perform his basic task. An analysis of 

existing CRT displays that were qualitatively judged 11 good 11 revealed a 

loading on the order of 15 percent. The remaining area constitutes 

11 white space" that is essential for clarity in any display. Further-

more, the amount of variable data in these displays never exceeds 

75 percent of the total active area. The product of these limits dic-

tates that no more than 18.75 percent of the screen should contain 

information of continued interest to the operator. 

Density within the display is also an important consideration. One 

would like to know the maximum number of characters, the appropriate 

symbol size, and proximity to other information areas. 

Display Luminance. The appropriate overall or average luminance of 

any display depends upon the viewing conditions, which include: 

(1) background luminance, (2) ambient illuminance, (3) symbol size, and 

(4) display colors. 

If the display is used in a dark room, and the observer is gen-

erally dark adapted, then the display luminance should be between 10 and 

100 foot-lamberts. In lighted areas, or under normal room illuminance, 

the display average brightness should be on the order of 100 foot- lam-

berts. The advantage of a brighter display is the improvements in vis-

ual acuity of the eye. However, if the display is too 11 bright 11 for the 

i~Krebs, op.cit., p. 16. 
Schneiderman, op.cit., p. 12. 
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given viewing conditions, then the display appears as a glare source and 

is quite annoying to the operator and generally fatiguing. 

Coding Technigues. 12 , 13 In choosing coding technique, a designer 

must decide how to best code information to perform a given task. To 

accomplish this, the designer must evaluate several factors, including: 

(1) space available for coding, (2) type of information to be coded, 

(3) coding function (i.e. identification), and visibility for coding 

(i.e. resolution, contrast, luminance and illumination). 

Coding techniques can be divided into five different methods: 

numeric, shape, color, blink and textual (alphanumeric). In general, 

color coding is very useful when searching or locating a class of object 

which is most important. Color coding is described in more detail in· 

the next section. Textual, or alphanumeric, coding is most useful when 

identification is desired; symbols/shapes are useful coding devices when 

qualitative objectives are represented. Blinking is used almost exclu-

sively as an alarm or warning signal. 

As few coding levels as absolutely necessary should be used to 

specify levels within each code type, e.g. when using color coding it is 

recommended that no more than eight co 1 ors be used. Increasing the 

coding levels beyond these recommended values will have an adverse 

effect on the operator accuracy. 

Color Selection:14 , 15 The most effective color display is one in 

which color is used sparingly, only when needed, and where it uniquely 

i~Krebs, op.cit., p. 18. 
14Schneiderman, op.cit., p. 14. 
15Krebs, op.cit., p. 22. 

Schneiderman, op.cit., p. 17. 
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conveys information that other codes cannot or do not provide. The 

criteria for selecting a specific set include: (1) maximum wave length 

separation, (2) high color contrast, {3) high visibility in specific 

application, (4) compatability of use with conventional meanings, 

{5) legibility and ease of reading, and {6) high saturation {i.e., the 

two colors labeled pink and red have approximately the same hue but the 

red would be highly saturated and the pink would be low in saturation or 

desaturated. Zero saturation colors are black, gray and white). 

Additional Performance Monitoring and Diagnostic Techniques 

The following list provides some additional hardware and software 

requirements which have to be fulfilled to make diagnosis and perform-. 

ance monitoring possible:l6, 17, 18, 19 
(1) Time Meter or Cycle Counter: Any subsystem which can be 

activated separately should be equipped with a meter or cycle 

counter. This can be replaced by a multi p 1 exed meter which 

periodically tests the operating status of all subsystems. 

(2) Accessibility of the Main Test or Measurement Points: It is 

necessary to ensure by design the accessibility of all 

measurement points selected for those failure modes which are 

monitored. To the largest extent possible, group access by 

arrays or clusters should be provided in order to minimize the 

number of different connectors. In the case of electrical 

~~NBS Publications, op.cit. 
18L. F. Pau, op.cit., p. 62. 

B. S. Dhillon and C. Singh, Engineering Reliability: New Techniques 
and Applications, J. Wiley, 1981. 
19P. D. T. O'Connor, Practical Reliability Engineering, Heyden and Son, 
Ltd., 1981. 
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measurements, impedance and bandwidth mismatch should be 

avoided. All junctions should be packaged for protection 

against humidity and vibrations, and the connectors should be 

reliable. 

(3) Measurement Calibration and Filtering: All transducers should 

be properly calibrated and should ideally allow for automatic 

testing and calibration. Analog adjustable filtering should 

be used as much as possible subject to bandwidth requirements 

and noise constraints. 

(4) Narrow Band Spectral Monitoring of an Analog Signal: In many 

cases, it is useful to extract and monitor the root mean 

square (rms) amplitude in some fixed spectral bands. Often· 

this can be easily implemented using a set of a parallel 

narrow band analog filters of order 2, 3, or 4 (also called a 

vocoder). The vocoder outputs, possibly amplified or 

digitized, should be included in the measurement point panel 

or connector leads. Protection against 50-Hz and/or 400-Hz 

parasites should be provided for 1n the vocoder design. 

(5) Multiplexing and Economic Temporary Data Storage: 

(a) Whether the system under surveillance is autonomous or 

not, an analog to digital multiplexing (as well as 

sample-hold circuits) will often be required before data 

transmission via cable or radio link. 

(b) If the monitoring data acquisition rate is low (a day or 

more), data transmission may become irrelevant, 

especially for slowly varying parameters. On-site 
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temporary data storage is a convenient solution; it can 

use either a memory or a recorder operating as follows: 

1. The measurements are multiplexed at adequate rates 
before recording. 

2. A measurement is recorded on 1 y if it exceeds some 
tolerance; this can be detected by comparison via a 
small commercial detector circuit (eight 16-bit 
words). 

3. In the case of actual recording or a measurement, 
the value is packed together with the clock and 
channel readings. 

4. The storage device has a cyclical run, so that one 
keeps at most a fixed number of past measurements; 
this number should be large enough to observe trans-
ients or malfunctions prior to deterioration or 
failure. 

5. The multiplexer and recorder should be protected 
against system failure. 

(6) Histogram Estimation: Commercial special-purpose histogram 

readers can be very usef u 1; the register contents shou 1 d be 

dumped periodically into a read-and-write, rolling memory. 

( 7) Sensor and Tranducer Redundancy and Power Supp 1 i es: A 11 sen-

sors or tranducers should have separated power supplies. 

Redundant sensors are recommended for critical measurements. 

The diagnostic system must have at times the prestored cali-

bration curves of each individual sensor. 

(8) Wear-Measuring Sensors: Wear-measure sensors measure directly 

the amount and rate of bearing and friction surfaces (wear: 0 

to 3 mm; precision: 1 m) via a thin film resistor embedded in 

a plug of material similar to that of the bearing. The design 

should make provision for implementing such sensors when 

needed. 



CHAPTER II I 

RELIABILITY, MAINTENANCE AND FAILURE DATA COLLECTION AND ANALYSIS 

Basic Events 

A system failure is a condition (or state) characterized by the in-

ability of a material, structure, or system to fulfill its intended pur-

pose (task or mission), resulting in its retirement or replacement from 

usable service. Due to priorities among tasks, there may be a classifi-

cation of failures. A system degradation is an event that impairs or 

deteriorates the system's ability to perform its specified task or mis-

sion. A malfunction is an inability to operate in the normal manner or 

at the expected level of performance. A malfunction may be intermitt-

ent. It can be due to either failures or degradations. A system 

failure mode is a particular manner in which the omission of an expected 

occurrence (or performance of a task) happens. In other words, how will 

the equipment fail, and under what operating or environmental conditions 

is the equipment subjected to when the failure occurs? It is, thus, a 

combination of failures and degradations. Failure detection is the act 

of identifying the presence of a failure mode in a system, resulting in 

a malfunction. If the outcome of failure detection is positive, then 

failure localization designates the materials, structures, components, 

or subsystems that have had a malfunction. Failure diagnosis is the 

20 
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process of identifying a failure mode (or condition) from an evaluation 

of its signs and symptoms (such as performance monitoring measurements). 

The diagnostic process extents failure detection to the detection of 

different failure modes and their causes. 

Any diagnostic system can make errors. Each of the following types 

of errors can be specified either for a specific failure mode or (in the 

expected sense) for the set of all possible failure modes. 20 

(1) Probability of an Incorrect Diagnosis: This is the probabil-

ity of diagnosing a failure mode to be different from the 

actual one. 

(2) Probability of a Rejection (Gr miss, or nondetection): This 

is the probabi 1 ity of not diagnosing or detecting a failure 

mode when it is present. 

(3) Probability of False Alarm: This is the probability of 

diagnosing that a failure mode is present when no failure has 

occurred (the system is in its normal condition). 

(4) Probability of Correct Detection: This is the probability of 

correctly detecting a failure mode when it is present. If 

there is only one possible failure mode, this is the comple-

ment of the probability of a false alarm. 

Maintenance Policies for Systems Under Continuous Monitoring 

Main Maintenance Policies. The four main maintenance policies applying 

20L. F. Pau, op.cit., p. 38. 
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to systems under continuous monitoring are: 21 ' 22 

(1) Age Maintenance Policy: Overhaul or replace the whole system 

when a predetermined age or number of life cycles is attained. 

(2) Block Maintenance Policy: Overhaul or replace subsystems at 

equally spaced points in time, independent of the failure 

history. 

( 3) Opportunistic Maintenance Po 1 icy: Overh au 1 or make replace-

ments either at some well-defined points in time or when some 

other conditions related to the failure history are fulfilled. 

(4) Unscheduled Maintenance Policy: Overhaul or replace the sub-

systems only after a failure or degradation has been observed. 

Preventive Maintenance and Condition Maintenance. Preventive mainte-

nance and condition maintenance cover the first three of the preceding 

policies and aim at reducing high costs due to unscheduled maintenance, 

as follows: 

(1) In the case of items which are subject to continuous surveill-

ance so that a failure or degradation is in principle easily 

detectable, we may wish to replace or overhaul an item before 

an expected failure in order to prevent the extra costs 

associated with a random failure, though as a result we then 

lose the value of the remaining lifetime. 

(2) The key issue is then to use all monitoring measurements and 

to set up rules by which one may decide to carry out 

preventive maintenanGe. 

~~NBS Special Pub~ications, ca.cit. 
L. F. Pau, op.cit., pp. 41- 4. 
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(3) The classical approach is not to use these measurements and to 

base the timing rule only on an priori model of the 

deterioration process. The basic theory for these models is 

to assume that the transitions between different states of 

deterioration obey Markovian laws or Poisson distributions. 

(4) The modern approach, also called condition maintenance, is to 

carry out a manual or automatic inspection and diagnosis 

process in order to discover the actual state of the system 

and then to decide which maintenance action to take. It is 

evident that a prerequisite to condition maintenance is a 

joint performance monitoring and diagnostic capability;. 

failure localization is not always necessary to make the 

maintenance decision. 

Criteria Applying to Preventive and Condition Maintenance Decisions. 

Any of the following maintenance decision rules can be considered: 
(1) Overhaul or replace the system if it is found to be in a state 

of deterioration exceeding a control limit. 
(2) Minimize the cost per service time unit when the cost of 

replacement or overhaul and the costs of being in the various 
degraded states are taken into account (including inspection 
costs). 

(3) Maximize the time between replacements or overhauls subject to 
the assumption that the reliability does not exceed some lower 
limit. 

(4) Minimize the life cycle costs per item, including procurement, 
testing, maintenance, inspection, and operations. 
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Relationships among Reliability, Maintenance Decisions, and the 

Probability of Incorrect Diagnosis23 • 24 

Independent of the techniques used for failure diagnosis or detec-

tion, it is worthwhile illustrating the relationship between the opera-

tional availability of a system, maintenance decision, diagnostic per-

formances, and system reliability. Because of errors in the diagnostic 

(or detection) one may also wish to maximize (apart from the availabil-

ity) the probability of initiating the proper maintenance action when 

actually needed. 

Assumptions. The system is assumed to operate continuously during its 

intended mission until one of the following circumstances happens: 

(1) A failure, the failure rate being~, 

(2) A pulldown, with the following possible diagnostics and main-

tenance outcomes: 

{a) The system is found to be in good condition, and the 
pulldown was therefore unjustified. 

(b) The systeiil is found to be in bad condition (failure) and 
is repaired after a correct diagnosis. 

(c) The system is found to be in bad condition {failure) and 
is repaired after an incorrect diagnosis, keeping it in 
bad condition. 

Define 't\' as the probability of incorrect diagnosis. The criter-

ion J to be minimized is the global probability of either carrying out 

~il. F. Pau, op.cit. 
E. Cinlar, Introduction to Stochastic Processes, Prentice Hall, Inc., 

1975, p. 283. 
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an unjustified pulldown or per.forming a bad repair. The equivalent 

criterion to be maximized is the global probability of carrying out only 

justified pulldowns and of performing a subsequent good repair. This, 

1n turn, 1s similar to maximizing availability for a given system 

reliability level. 

At any given time t, the system is in one of the following four 

states: 

s1 • system 1n service and in operational status 

s2 • system in operational status but improperly pulled down 

s3 • system with failure and improper repair 

s4 • system with failure and properly repaired 

Let P; (t) be the probability for the system to be 1n state Si at 

the time t (i = 1, 2, 3, 4), and define the following transition 

probabilities: 

o(1At: ~r (51--.S.. #~~~l t,t.tlt.): S'"'~"" 51 Q.~ -t..) 
d..zAt: Pr(~s, d&.WNj [.-t:,t+f1-t:]~~i~t.N 5z'-~ t.) 

'ffllt = Pr (S·i7S3 d~t«~ [.-t. ,-t:+b-tJ ~ 9,"~~ s 1 .. ~ -t:.) 
(1- ~"At:,.-t= p.,.(S&S, clv.l.l.&jlt,-t+b.-t:.) ~ 8h1e~ 5 1 ~ -t:..) 

µ 1lt.= Pr ( s3s,_ cl'4aa~9r.~.-t+ ~t.J ~-'tv~~ 65 ~~ -t) 

JAl:~t ~ Pr ( s"_..s, ~"~N9lt: , -t: + b.t..) ~ 8'\le.tJ s~ a.t -c:.) 

Results. It can be shown that the evolution of the pi (t), 1 • 1, ••• , 

4, are governed by: J p 
- 1 -::-(~,+)..)"D+o(2.~ +-f\z'PA at r, 2 "T 

d\''Z. d 
~-:: o<., t\- o(.2. f>l.. J ~ ~ tn"')..~ - JA 0 cl. t. I I I"' ' \,3 
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c\:: = <' --tt\) .. r, -t fl ,13 -A2 r4 
If the system is operational at t = 0, 

l,(o):: i J ;>':I.lo) :: -p~{o) -: 'f4. (~) = o 

The differential system must fulfill the ergodicity25 requirements 

~ dfl =o , i = 1, ••• , 4 independently of P; (O) 
t-oD dt:. 

It is then possible to compute the exact transient solution via 
Laplace transfonn techniques. The steady-state solution is the 
following: 1 

?,=--~~~--- ~ ~ 
l ~\ +A. 2 +Q..l'+I J l-z.: ,f=\ 

~ = ~2 'Pi 

"~o<.t 
""1 - -

0(.1-

' 

The criterion to be optimized takes the value 
J ~ ?. [ ) ?'2. + 'P3 = .,. 5 2 (ot:>) + S.;, cce) /s, (o) -:. 'P. -

. ' 

Maximizing the availability (minimizing J) for a given reliability 
can thus be achieved by one of the following means: 

(1) Minimizing the number of unjustified pulldowns (reducing t(1). 

(2) Increasing the use of spare systems (increasing o< 2_). 

25Ergodic theory is a mathematical theory which attempts to show that 
the various possible microscopic states of a system are equally 
probable. 
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(3) Minimizing the probability of incorrect diagnosis (reducing 
Ii(). 

(4) Increasing the testing and quality control capabilities after 
maintenance (increasing jA 1). 

A most interesting qualitative result is that the availability is 
equally (marginally) sensitive to: 

(1) A change in the rate of unjustified pulldowns or a change in 
Ii\"~' 

(2) A change in the rate of use of spare systems and in the rate 
which testing and quality control are successful. 

This demonstrates the importance of efforts aimed at improving 
diagnostic performance in order to reduce the total maintenance time and 
maximize the availability. 

Reliability and Maintenance Data Management 

General. One of the aims of any diagnostic procedure is to identify a 

failure or a joint occurrence of failures (also called a syndrome) on 

the basis of the following: 

(1) Information regarding the past history of the equipment, 
including maintenance operations already carried out, and its 
operational utilization. Such information provides learning 
data which are generally stored in a reliability and mainte-
nance data bank and are updated periodically. 

(2) Information regarding the circumstances of degradations and 
failures, visual inspections of the equipment, and the results 
of nondestructive tests. 

When the system fails, a search for correlations between the symp-

toms described by the feature vector and the learning data will, hope-

fully enable it to be classified as being in one of the possible failure 

modes (which are assumed to be in a finite number). The final classifi-

cation decision will be made using a predesigned decision rule. Because 

of the important part played in such a diagnostic procedure by a priori 
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information (here called learning data), it is important to state 

several general rules for compiling data about the maintenance and 

reliability of a family of similar devices. 

Data Items. Choice of the subsystems, components, and parameters to be 

monitored by the data collection system. 

{l) It is recommended that the largest possible number of the 

following be considered as candidates: 

(a) Subsystem or components appearing on users' inventory 
lists or identified in the failure mode and effects 
analysis {FMEA) report. 

{b) Parameters that are accessible using the existing sensors 
or are likely to be recorded if they are mission criti-
cal. 

( 2) Subsystems, components, and parameters shou 1 d then be grouped 

by general mission categories or operational functions. This 

enables later classification of failure-related information 

and comparison of equipment under similar operating conditions 

even if specific mission profiles vary within each category. 

{3) If other systems use similar components or subsystems under 

equivalent conditions, this information can be included. 

Users of similar systems or subsystems can exchange informa-

tion and compare relevant operational and maintenance charac-

teristics. We should consider a wide range of operating dura-

tions; in particular, data on early failures should be accumu-

1 ated. 

Data collection and information system. Efforts in data collection must 

be oriented in two main directions: 

(1) Data related to failures of equipment in normal operation and 
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under maintenance; this study lead to general statistical 
analysis. 

(2) Detailed documentation of operations, failures, and mainte-
nance of subsystems or components chosen for specific 
analysis. 

The accuracy and data requirements for these two cases are dis-

tinctly different. Information useful for general statistical analysis 

is stored in the main data bank as standardized cards or reports files. 

Such information and corresponding analyses are used to identify the 

most interesting subsystems or components from the reliability, 

diagnosis, or maintenance viewpoints. These subsystems and components 

are then specifically analyzed. The main data bank contains information 

about all subsystems and components, under mission or function-oriented · 

categories. For each failure or degradation mode occurring in a listed 

subsystem or component, a file card containing information similar to 

that in Table 1 should be supplied. 

Information which is useful for certain special analyses can be 

extracted from different files avail able in design departments, user 

departments, and maintenance workshops and compiled in a secondary data 

bank. Of particular interest· are complete reports on breakdown, expert 

analyses of damage, test results, and descriptions of the circumstances 

under which the failure or degradation is observed. 

To minimize costs due to the variation in the presentation of 

information, one should either: 

(1) Require all subscribers to the data bank to use the same 

follow-through cards, codes, dates, and collection procedures 

(this may require significant financial resources which the 

data bank might contribute toward on a pro rata basis). 
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TABLE I Contents of a subsystem or component follow-through card in 
the main data bank, following failure, degradation, or repair 
intervention 

1. System description 

1.1 Designation 

1.2 Model/type, user's codes 

1.3 Nomenclature, item number 

1.4 Number of operating hours between inspections and dates of the 
inspections or general/partial overhauls 

1.5 Nominal operational specifications for the mission under con-
sideration 

1.6 Designation of the workshop carrying out repair and names of 
the persons responsible for repair work and editing of the 
report 

2. Identification of the subsystem or component 

2.1 Part name and location 

2.2 Part number and main adjustments (numerical values) 

2.3 Function 

2 .4 Readings on the hour-meter of the subsystem and of the eye le 
meter (power on, aircraft landings, etc.) 

2.5 Modifications, previous treatments 

2.6 Description of all previous maintenance operations carried out 
on the part {preventive, corrective) and corresponding dura-
tions 

3. Description of the failure or degradation 

3.1 Origin of the part or subsystem and its history up to the time 
that the system failure was noted 

3.2 Current settings 

3.3 Accurate designation and values of measurement points 
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TABLE I (continued) 

3.4 Diagnosis: failure or degradation mode and supposed cause as 
determined after necessary corrective action has been carried 
out, the duration required for diagnosis, whether the failure 
cause lies in the equipment or not 

3.5 Recent operating parameters and the operational environment 

3.6 Actions taken: repair, replacement, adjustment, modification, 
forwarding to the specialized maintenance unit, etc; corres-
ponding durations; possible zero resetting of the hour-meter; 
newly evaluated potential life span 

4. Comments, visual observations: recounted clearly 

5. Administrative information 

5.1 Date and hour of repair intervention 

5.2 Date of file encoding 

5.3 Billing of equipment and parts used for repairs; management of 
the spare parts used 

5.4 Maintenance manual used 

5.5 Organization requesting the intervention 

5.6 The number of the preceding follow-through file card 

SOURCE: L. F. Pau, Failure Dia nasties and Performance Monitorin Con-
trol and S stems Theor Vo . , Marcel Dekker, Inc., New 
York, 98 , pp. 0 - 08 
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(2) Allow each subscriber to process and compile his or her own 

data; the subscribers need to agree upon a common format for 

presentation of intermediate aggregated results. Follow-

through cards assigned to the secondary data bank must be 

added if the need arises. 

Combined coding and maintenance instruction manuals must also be 

published in large numbers and updated. 

Based on the needs of data bank subscribers, general statistical 

analyses will require the followings: 

(1) Standard statistical programs. 

(2) Estimation programs for the reliability, failure, or hazard 

rates (properly defined), with calculations of the correspond-

ing confidence intervals. 

(3) Selective sorting and retrieval programs. 

(4) Tabulation programs for dealing with component-by-component 

analyses, or with subsystems and components considered to be 

critical and designed for later special analysis. 

Overall results include the following: 

(a) The number of breakdowns per subsystem or component in 

the latest period under consideration as a function of 

time and as related to the cumulated operating hours. 

(b) The number of breakdowns per mission category and its 

distribution as a function of time relative to the number 

of cumulative operating hours for missions of this type. 

(c) Evolution of the equipment fleet by subsystem or compo-

nent number. 
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( d) The proportion of breakdowns and interventions of each 

type which have given rise to outage of the system or to 

cancellation of the mission. 

(e) The failure rates with confidence intervals, and the pre-

dicted and nominal failure rates; these parameters are 

calculated at the system and major subsystem levels. 

(f) Classification of systems by failure rates in operation. 

(g} Classification of systems by maintenance load per hour of 

operation, by the number of interventions per hour of 

operation. 

(h) Classifications of systems by the proportion of interven-

tions which require the unit to be sent back to the manu-

facturer or to a specialized workshop. 

( i) Estimates of the mean time between failure per system, 

subsystem, or component after selection of those break-

downs which specifically arise from the equipment. 

(j) Estimates of conditional failure or degradation probabil-

ities of the various subsystems which are used in 

diagnostic procedures; for quantity measured by T with 

value T(k), one must estimate the probabilities 

P E;fT (k) That the subsystem can be identified as 

being in condition Ei, given T (k). 

The exploitation of general and specific analyses should be organ-

ized and carried out in compliance with all relevant standards, specifi-

cations, or governmental instructions, such as the following: Standards 

MIL-STD-785, Reliability Program for Systems and Equipment Development 
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and Production; MIL-STD-756-B, Reliability Prediction Procedures; MIL-

STD-781-C, Reliability for Exponential Failure Distribution; MIL-STD-

470, Maintainability Program Requirements (for systems and equipments). 

All presentations of results should account for variations in the number 

of systems in service. 

Reliability and maintenance data bank can be found among users of 

the following: 

(1) Naval ship and aerospace components or systems. 

(2) Electronic and microelectronic components. 

(3) Telephone systems. 

(4) Mechanical systems and components. 

(5) Nuclear power plants and other energy systems. 

(6) Pneumatic systems and parts. 

(7) Hydraulic systems and parts. 

(8) Military vehicles. 

There are also general-purpose systems for data exchange and 

failure rate estimation e.g. the Government and Industry Data Exchange 

Program (GIDEP). 

Failure Data Collection and Analysis 

Analysis of Degradation Models. The analysis of degradation process is 

an area that is essentially experimental. Experiments are usually 

designed for a specific system which is matched to an appropriate 

degradation model. 26 , 27 , 28 Before any learning data are collected, it is 

~~L..F. Pau, op:cit., pp. 85-92. 
280~1llon, op.c1~., pp. 110-115. 

0 Connor, op.cit., pp. 79-88. 
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absolutely necessary to carry out a careful FMEA or FMECA, (failure 

mode, effect and criticality analysis) in order to establish a list of 

the failure modes and their characteristics. This list must include the 

following: 

(1) Major failure modes observed during operational tests; 
these tests should agree with the profiles of typical 
tasks or missions. 

(2) Failure modes identified at the quality control level 
(mostly due to component variability). 

In the case of multicomponent systems, it is essential to remember that 

there are usually many infrequent failures (occurring in only a few of 

100 failure cases). 

From general experience, the most typical classes of failures or. 

degradations are the following: 

(1) Underestimation of the characteristics of the operational 
environment. 

(2) Improper technical specifications. 

(3) Component and equipment variability. 

(4) Design errors. 

(5) Human errors and misuse. 

(6) Fabrication, testing, or installation errors. 

(7) Packing or casing errors. 

(8) Maintenance errors, including: 

(a) Pulling the wrong part 
(b) Pulling a good part from a good system 
(c) Improper installation or adjustment 
(d) Omitting prescribed actions 
(e) Applying incorrect material 

Because the failure localization procedures used by the 

maintenance personnel sometimes tend to be inefficient, it is worthwhile 
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to periodically record those failure modes listed above which are 

recalled to have occurred. It is necessary to search for fai 1 ure modes 

with a significant probability of occurrence and also for those which 

tend to be forgotten. When compiling the list of failure modes, it is 

useful to simultaneously identify the measurements or tests considered 

to be best suited for detection of the failures or deteriorations. 

In the design of a diagnostic system, a critical phase is the 

selection of a reduced list of failure modes {4 to 15 per system decom-

position level) around which the system will be designed. Another con-

straint is to select only those failure modes for which monitoring and 

nondestructive testing procedures are efficient. 

Equipment designed to have up to a few hundred hours of mean 

time between failures should be tested for an accumulated operating life 

of 20 to 50 times the planned MTBF. Most errors during the early 

testing stages are due to systematic failures which cannot be predicted 

by design or reliability analysis. For all these reasons, the reduced 

list of failure modes should not be selected until after extensive 

developmental testing, supplemented by results from burn-in testing of 

some major subsystems. 

Classical Degradation Models. The following models are mentioned 

because of their implications and the possibility of incorporating them 

in failure diagnosis procedures: 

(1) Theory of extremes: 

(a) Distribution of the maximum of a sequence of independent 
random variables. 

{b) Distribution of the maximum of a sequence of dependent or 
independent random variables. 
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(2) The weibull distribution as a deterioration or fracture pro-

cess. 

(3) Accumulated damage, stochastic fatigue models. 

(4) Nonlinear deterioration process due to random normal stresses. 

(5) Branching poisson processes. 

Test Sequencing for Failure Localization. Diagnosis becomes sequential 

when module inspections and tests are done in some order. A series of 

test or module inspections done in a predetermined order is called a 

test sequence. The aim is to determine if the system is operational, 

and if it is not, to locate the failed module. A sequence for each new 

test. Diagnosis proceeds vi a iterative deductions; the test sequence 

can be represented by a graph or a test tree. 

A tree of tests and inspections should allow one to do the follow-

ing: 

Requirement A: Find a sequence which minimizes the expected cost 

(or the expected time) required to locate a possible breakdown. 

Requirement B: Select the tests to be made at each stage in the 

sequence in accordance with their contribution to the final diagnosis. 

The fault-tree approach is widely used for the computation of systems 

reliability. Test and fault trees also provide good representations of 

failure localization procedures. 

Fault Trees. Suppose that all test outcomes are binary and that the 

states of individual subsystems are represented in binary {operating or 

failed). The many failure localization procedures can be described by a 

tree without cycles: 
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(1) The nodes are labeled by tests; each node can be 
interpreted as a state of ignorance, called an ambiguity 
subset; the root node, or full set, corresponds to a 
state of total ignorance. 

(2) The branches that are descendant from a node make up the 
ambiguity subset of that node. 

A test applied at a node serves to partition the associated 

ambiguity subset, thus reducing the ambiguity of the failure location. 

Failure Localization with Cost or Time Minimization. When designing a 

failure localization procedure which can be represented as a fault tree, 

one must simultaneously optimize: 

(1) The tree structure in terms of joint tests of several 
subsystems at a time. 

(2) The choice of which tests, among all these possible, are 
to be carried out. 

(3) The test sequence, that is, the order in wh.ich the tests 
are made. 

In most circumstances, the only possible design approach is to list 

all feasible procedures and select the one minimizing the expected total 

cost (or time). The expected cost of a node is the product of its test 

costs by the probability of reaching that node (which is simply the sum 

of the probabilities of a 11 descending branches). The expected cost C 

of the whole procedure is the sum of a 11 expected cost at the nodes. 

When testing subsystems or components individually, 

(1) Each test has a cost. 

(2) Each test has an associated probability of passing a 
failed component. 

( 3) Each test outcome depends on the outcome of a 11 previous 
tests. 

It is advantageous to administer first those tests which are least 
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expensive, thus 11 weeding out" failures before more expensive tests are 

needed. It is also desirable to start with tests having the highest 

discriminatory power, thus minimizing the expected number of tests to be 

administered. 

Failure and Maintenance Data Analysis. Different data analysis methods 

have been developed to process different kinds of statistical informa-

tion containing a great number of correlations. These methods are 

especially intended to reveal the casual relations and parametric struc-

tures best explaining observed phenomena. Analysis is used to determine 

independent stochastic variables (or casual factors) which express the 

information structure in a condensed way. Most of the causal relations 

can then be interpreted. The validity of these interpretations depends 

on the sample size. Data analysis also make possible quantitative 

assessment of the relative importance of factors. Suppose that the 

observed data are known to arise from one of a class of models. Factors 

extracted from the data may allow for identification of the appropriate 

model and calculation of its most likely parameter values. In this way, 

data analysis methods generalize regression analysis. Data analysis can 

achieve the following objective: 

(1) Elimination of most redundant observations or tests. 

(2) Selection of tests and observations giving the best possible 
discrimination between failure causes and determination of 
equipment condition. 

(3) Simplification of follow-through cards and reports for users 
and repair people, thus saving time. 

(4) Elimination of imprecise symptoms and minor breakdowns. 

(5) Accurate and effective display of compressed learning data for 
diagnostic purpose; these methods may aid in the simultaneous 
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display of observed syndromes, the corresponding breakdowns, 
operational conditions, and maintenance actions. 

(6) Easy updating of the learning data, so that data gathered 
during recent interventions are considered. 

All of this means reduced costs in the gathering and processing of 

information and improved equipment availability resulting from the 

higher probability of correct diagnosis. 

The following are examples of data analysis methods: 

(1) Normalized principle components analysis 
(2) Discriminant analysis 
(3) Canonical analysis 
(4) Dynamic clusters method 

Applications. Failure analysis and diagnosis usually concerns a 

population of identical systems that are observed through a systematic 

compilation of all kinds of information. Experience shows that users 

are rarely organized to use the many reports and studies which contain 

information about equipment performance, maintenance, and changes 

following corrective interventions. 

Data analysis methods especially correspondence analysis methods, 

when applied can provide the following results from automated follow-up 

cards (or damages and repairs) retrieved from data banks: 

(1) Direct plotting of reliability curves per component, subsys-

tem, or device (with a restriction relating to the available 

sample sizes). 

(2) Location of functional zones or operational conditions that 

threaten to cause breakdowns due to design or manufacturing 

errors (throughout the entire operational lifetime of the 

device or during certain intervals). 
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(3) Identification of systematic anomalies in the coding of 

failures or maintenance operation; updating the contents of 

the maintenance manual. 

(4) Critical evaluation of certain maintenance operations and 

their scheduling manual. 

(5) Incorporation of an increased number of etiological parameters 

(for example, parameters recorded in flight or outputs of an 

automatic test system (ATS)). 

(6) Elimination of all redundant test and measurements through 

selection of those giving the best discrimination among 

failure causes; it must be remembered that there will always 

be external factors reducing the effects of process 

redundancies (such as fluids, maintenance actions, human 

factors and the environment). 

(7) More precise study of the five common types of maintenance 

errors: 

(a) 

(b) 

(c) 
(d) 
(e) 

Removing and repairing parts not responsible for the 
breakdown. 
Removing and repairing a good part in a device in working 
condition. 
Erroneous setup or adjustments 
Neglecting some reactivation actions 
Using incorrect material (wrong oil, etc.) 

(8) Invariance of computation and interpretation procedures with 

regard to the equipment under study. 

(9) Easy updating of learning data. 

( 10) Imp 1 ementat ion of diagnostic procedures by nonexpert person-

ne 1. 

(11) Design reviews and modification proposals. 
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(12) Display of all causal relations, to be confirmed (if needed) 

by statistical tests. 

Failure analysis and diagnosis using statistical information have 

only limited diagnostic efficiency in purely digital or logical systems. 

However, they remain indispensable for the following: 

(1) Acquiring systematic understanding of poorly characterized 

degradation processes. 

(2) Effectively diagnosing damages in mechanical, electronic, con-

trol, and other types of systems whose conditions are charac-

terized by continuous random parameters; it is assumed that 

the number of breakdown and deterioration modes is relatively 

limited. In these two cases, statistical failure analysis and 

diagnosis yield results which are actually used in operational 

conditions. 

It is assumed that from coded follow-up cards about a given equip-

ment type, a set of learning data can be compiled in one of the follow-

ing formats: 

(1) An explicit format, which provides data about one specific 
event, is required for diagnostic purposes and each time a new 
record is compared with learning set. 

(2) An implicit format is preferable for overall analysis of the 
operational behavior of a fleet of similar equipments. 

Automated Failure Diagnosis by Pattern Recognition 

Principles of automated diagnosis by static measurements. 29 , 3° Failure 

29 NBS Special Publications, op.cit. 
30L. F. Pau, Dia nosis of E ui ment Failures b Pattern Reco nition, 
IEEE Reliability R-23 3 , August, 1974, pp. 202-208. 
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aiagnosis is usually based on the statistical analysis of available 

information about a system's operation and environment prior to the time 

of failure. This statistical analysis could be automated, with 

dismantlement of the equipment used only as a last resort in identifying 

the failure cause. If the failure cause is determined without 

dismantlement, it may also be possible to determine which subsystems are 

damaged. 

Only when the automatically determined failure causes do not 

include the actual cause is dismantlement necessary for diagnostic and 

maintenance purposes. In engineering applications, automated failure 

diagnosis (for a given device) can be carried out using a special-

purpose processor with a stored fixed program or an arithmetical unit 

running in the time sharing mode. Automated statistical diagnosis can 

be defined as the recognition of possible failure causes from observed 

symptoms and previous operating history. An extreme example is 

classification by simple association of symptoms to a failure cause; in 

this case a simple symptom-failure matrix is used. If these symptoms 

are into a measurement vector, this vector is a pattern, in the 

terminology of pattern recognition. In this case, an automated 

diagnosis is the automatic recognition of a symptom pattern from the set 

of all observable patterns (divided into failure modes). Recognition 

assumes preliminary learning, with or without compress ion of observed 

patterns, to speed up diagnosis formulation. 

It is important to understand that the goal of automated 

statistical diagnosis is not the localization of the damaged elements. 

On the contrary, the objective is to determine the most probable failure 
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causes (or modes), given the observation. Causes might be internal or 

external to the equipment; this is why a symptom-failure table is 

inadequate. Such a selection among possible causes allows a reduction 

in maintenance costs and shortening of equipment unavailability times. 

Automated statistical diagnosis is particularly suitable for 

complex failure situations, involving wear, multiple failures, and the 

consequences of external working conditions. This approach is useful 

when direct measurements and logical tests proved inadequate, but it 

demands numerous equipment tests to obtain learning data about all 

possible equipment conditions. These data can be obtained in part when 

the equipment is damaged during operations. Automated statistical 

diagnosis has been used successfully in engineering applications. 

Besides logical and statistical diagnosis, there is a third 

approach to the problem. This involves developing an analytical and 

physical understanding of the relations among the conditions of a piece 

of equipment, the parameter variations governing it, and the degradation 

processes. 

Knowing the relations between symptoms and failures, it is possible 

to anticipate breakdowns and to ensure the best possible choice of 

adequate measurements. This approach is not contradictory to 

statistical diagnosis; - on the contrary, it can be considered an 

indispensable tool for improvement of the learning data, through a 

reduction in the number of preliminary trials required and a selection 

of condition variables closely linked to actual equipment breakdowns and 

degradation. 

Basic Notions in Pattern Recognition. The patterns contemplated for 
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automated diagnosis are vectors, with coordinates composed of 

measurements describing breakdowns, previous history, and the 

environment of the equipment. The following basic notions apply: 

Pattern. We define a pattern to be a uniformly observable element 
in the set spanned by these vectors. A pattern is either static or 
dynamic and can be 11 described 11 (i.e., communicated from human to 
machine or from machine to machine). 

Object Space. The object (or measurement) space is a specified 
subspace of the physical world; an object has a meaning only within 
this space, via its physical appearance. The object space is often 
a vector space, characterized by the unitary vectors associated 
with each physical measurement and with each coordinate (continuous 
or discrete) of the pattern vectors. It should be stressed that 
the object space is only partially known in practice. 

Concepts. Pattern 
of an abstract 
physicomathematical 
11 appearance modes 11 

consideration. 

recognition and learning presume the existence 
concept; the pattern constitutes its . 

rea 1 i zat ion. The concept symbo 1 i zes all the 
of a pattern in the object space under 

Learning. Recognition implies a complete and precise description 
of each class in the object space. This operation, the 
materializing of a concept in the object space, is called learning. 

Classification. Suppose that we have preliminary information or 
important experience about each class in numerical form. These 
priori data are called the learning data. To recognize a pattern 
produced by a sensor is to place it in the pattern class having 
representative patterns that are the "most similar" to it. 

The Processing of Learning Patterns and Data Compression. The learning 

data generally consists of a large number of patterns, termed learning 

patterns. Two circumstances can arise: 

(1) These learning patterns have previously been assigned to 
learning classes; this is supervised learning. 

(2) They have not been classified previously; this is unsupervised 
learning. 

Supervised learning can be limited to selected representatives of 

each class, sometimes called strong patterns, for instance, the average 
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of the class learning patterns or the extreme patterns. 

In the case of unsupervised learning, taxonomy algorithms must be 

utilized. Some of these are called clustering methods. Using no 

preliminary hypothesis other than a similarity measure, these algorithms 

group or cluster together the "most similar" patterns, sequentially 

constructing a set of natural classes; then the problem becomes one of 

supervised learning. 

In the preceding, the dimension of the learning patterns is 

identical to that of the observed patterns (supplied by the sensors). 

This is generally high. A fundamental aspect of pattern recognition is 

the compression of observed patterns into patterns of smaller 

dimensions. Instead of storing (strong) learning patterns, ·only 

previously compressed (strong) learning patterns are stored. 

Similarily, instead of classifying observed patterns on the basis of the 

complete learning patterns, compressed observed patterns are classified 

on the basis of compressed (strong) learning patterns. 

The performances of a data compress ion method are measured by the 

following characteristics: 

(1) Real-time operations on any observed pattern. 

(2) Elimination of pattern redundancy or, in probability terms, 
minimization of the stochastic dependencies between the 
pattern coordinates. 

(3) Ability to discriminate the patterns belonging to all differ-
ent classes, that is, to preserve a maximum of the discrimina-
tory information; techniques for achieving this particular 
property are called feature extraction methods. 

Classification Methods in Pattern Recognition. After learning is com-

pleted and a compression method is chosen, the recognition process 

divides into several phases. 
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(1) Discrimination. which is the choice of a similarity measure 
between a compressed pattern and a learning class. 

(2) Decision. which involves assigning the observed pattern to 
one of the learning classes or rejecting it on the basis of 
previously calculated similarities. 

{3) Diagnosis. which may include display and control of a 
process; standby equipment might be put into service or the 
failed device disconnected (both operations are part of an 
overall system reconfiguration). 



CHAPTER IV 

CASE STUDY: PERFORMANCE ~NITORING AND DIAGNOSTIC 

OF TURBO-MACHINERY 

Introduction 

To achieve effective monitoring and diagnostics of turbomachinery 

it is necessary to gather and analyze both the mechanical and 

aerothermal operating data from machines. The instrumentation and 

diagnostics must also be custom tailored to suit the individual machines 

in the system, and a 1 so to meet the requirements of the end users. The 

reasons for this are that there can be significant differences in 

machines of the same type or manufacturer because of differences in 

installation and operation.31, 32, 33 

Data Inputs 

Obtaining good data inputs is a fundamental requirement, since any 

analysis system is only as good as the inputs to the system. A full 

audit of the various trends to be monitored must be made in order to 

obtain optimum instrumentation selection. 

The factors that need to be considered are the instrument type, its 

~~McWhirter, op.cit. 
33NBS Special Publications, op.cit. 

SAWYER 1 s Turbomachinery Maintenance Handbook, Vol. II & III Turbo-
machinery International Publications, 1980. 

48 
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measurement range, accuracy requirements and the operational 

environmental conditions. These factors must be carefully evaluated to 

select instruments of optimum function and cost to match the total 

requirements of the system. For instance, the frequency range of the 

vibration sensor should be adequate for monitoring and diagnostics and 

should match with the frequency range of analysis equipment. Sensors 

should be selected to operate reliably and accurately within the 

environmental conditions that prevail, for example, when used on high 

temperature turbine casings. Resistance temperature sensors with their 

higher accuracy and reliability as compared to thermocouples may be 

necessary for analysis accuracy and reliability. Calibration of 

instrumentation should be conducted on a schedule established after 

reliability factors have been analyzed. 

All data should be checked for validity and as to whether they are 

within reasonable limits. Data that is beyond predetermined limits 

should be discarded and flagged for investigation. An unreasonable 

result or analysis should set up a routine for identification of 

possible discrepant input data. 

Monitoring/Diagnostic System 

It is essential that the instrumentation requirements be tailored 

to the requirements of the machine being monitored. However, the 

fol lowing instrumentation requirements should exist to cover the 

requirements for both vibration and aerothermal monitoring. 

Any existing instrumentation should be used if found to be 

adequate. While there are advantages in the use of non-contacting 
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sensors built into the machine for measurement of journal displacements, 

this instrumentation is often impossible to install in existing 

machinery. Suitably selected and located accelerometers can adequately 

cover the vibration monitoring requirements of machinery. 

Accelerometers are often an essential supplement to displacement sensors 

to cover the higher frequencies generated by gear mesh, blade passing, 

rubs and other conditions. 

(1) Instrumentation 
Machine34 

Typical 

(a) Accelerometer 

Minimum Requirements 

1. At machine inlet bearing case, vertical. 

for 

2. At the machine discharge bearing case, vertical. 

3. At machine inlet bearing case, axial. 

(b) Process Pressure 

1. Pressure at machine inlet 

2. Pressure at machine discharge 

(c) Process Temperature 

1. Temperature at machine inlet 

2. Temperature at machine discharge 

(d) Machine Speed 

1. Machine speed of all shafts 

(e) Thrust Bearing Temperature 

Each 

1. One thermocouple or resistance temperature element 
embedded in forward and aft thrust bearing 

(2) Instrumentation-Desirable-Optional 

34Locations and type of sensors would depend on the type of machine 
under consideration. 
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(a) Non-contacting eddy current vibration displacement probe 
adjacent to: 

1. Inlet bearing, vertical 

2. Inlet bearing, horizontal 

3. Discharge bearing, vertical 

4. Discharge bearing, horizontal 

{b) Non-contacting eddy current gap sensing probe adjacent 
to: 

1. Forward face of thrust bearing collar 

2. Aft face of thrust bearing collar35 

(c) Process flow measurement at inlet or discharge of 
machine. 

(d) Radial bearing temperature-thermocouple or resistance 
temperature element embedded in each bearing, or 
temperature at lube oil discharge of each bearing. 

(e) Lube oil pressure and temperature. 

(f) Dynamic pressure transducer at compressor discharge for 
indication of flow instability. 

Figures 5 and 6 shows possible instrument locations for an 
industrial gas turbine and centrifugal compressor. 

Criteria for the Collection of Aerothermal Data 

Turbomachinery operating pressures, temperatures and speeds are 

very important parameters. Obtaining accurate pressures and 

temperatures will depend not only on the type and quality of the 

transducers selected, but also on their location in the gas path of the 

machine. These factors should be carefully evaluated. The accuracy of 

35The non-contacting sensor in its role of measurement 
voltage is sensitive to probe and driver temperature 
Careful evaluation must hence be conducted of sensor type, 
and location, for this measurement. 

of gap-D.C. 
variations. 

its mounting 
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pressure and temperature measurements required will depend on the 

analysis and diagnostics that need to be performed. Figure 7 presents 

some criteria for selecting of aerothermal instrumentation of pressure 

and temperature sensors for measurement of compressor efficiency. Note 

that the percentage accuracy requirements are more critical for 

temperature sensors than pressure sensors. The requirements are al so 

dependent on the compressor pressure ratio. 

Vibration Instrumentation Selection 

The type of vibration instrumentation, its frequency ranges, its 

accuracy and its location within, or on the machine, must be carefully 

analyzed with respect to the diagnostics required to be achieved. 

Figure 8 presents guidelines on the selection of vibration sensors. 

The displacement non-contacting eddy current sensor is most 

effective for monitoring and measuring vibrations near rotational and 

subrotational speeds. While the displacement sensor is capable of 

measuring vibration frequencies well above 2kHz, the amplitude of 

vibrational displacement levels that occur at frequencies above lkHz are 

extremely small, and are usually lost or buried in the noise level of 

the readout system. The acceleration sensor is best suited for 

measurements at high frequencies, such as blade passing and gear meshing 

frequencies; however, the signals at one rotational speed are usually at 

low acceleration levels, and may be lost in the noise level of the 

measurement system monitoring. Low pass filtering and additional 

amplification stages may, therefore, be necessary to bring out the 

rotational speed signals when measurements are made with accelerometers. 
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COMPRESSOR PRESSURE '2_ SENSITIVITY T1 SENSITIVITY 
RATIO ~/~ PERCENT PERCENT 

6 0.704 0.218 

7 0.750 0.231 

8 0.788 0.240 

9 0.820 0.250 

10 0.848 0.260 

11 0.873 0.265 

12 0.895 0.270 

13 0.906 0.277 

14 0.933 0.282 

15 0.948 0.287 

16 0.963 0.290 

Tabulation showing percent changes in Pz.and Tz.need to cause one-half 
percent change in air cc)mpressor efficiency. Ideal gas equations are 
used. 

Figure 7. Criteria for Selection of Pressure and Temperature 
Sensors for Compressor Efficiency Measurements. 
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Velocity sensors, because of their limited operational frequency 

range of usually from lOHz to 2kHz, are not recommended for application 

in a diagnostic system for high speed machinery. Velocity sensors have 

moving elements and are subject to reliability problems at operational 

temperatures above 250°F. Gas turbine engine casing temperatures are 

usually in the 500°F level or above, hence sensor locations must be 

carefully examined for temperature levels. Accelerometers for these 

higher temperatures are more easily available than velocity sensors. At 

these elevated operational temperatures, high frequency accelerometers 

(20kHz and above) are available from only a few selected manufacturers. 

Selection of Systems for Analysis of Vibration Data 

The overall vibration level on a machine is satisfactory for 

initial or rough check. However, when a machine has a seemingly 

acceptable overall level of vibration, there may be hidden under this 

level some small levels of vibrations at discrete frequencies that are 

known to be dangerous. An example of this is subsynchronous 

instabilities in a rotor system. 

In the analysis of vibration data, there is most often the need to 

transfonn the data from the time domain to the frequency domain or, in 

other words, to obtain a spectrum analysis of the vibration. The 

original and inexpensive system to obtain this analysis is the tuneable 

swept filter analyzer. Because of inherent limitations of this system, 

this process, despite the use of automated sweep, is time consuming when 

analyzing low frequencies. When the spectrum data needs to be digitized 

for computer inputing, there are further limitations in capability of 
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tuneable filter analysis systems. 

Real Time Spectrum Analyzers using "Time Compression" or the "Fast 

Fourier Transform" (FFT) techniques, are extensively used for performing 

vibration spectrum analysis in computerized diagnostic systems. The FFT 

analyzers use digital signal processing, and hence are easier to 

integrate with the modern digital computer. FFT analyzers are often 

hybrids using micro-processors and FFT dedicated circuitry. 

The FFT can be implemented in a computer using the FFT algorithm 

for obtaining a pure mathematical computation. while this computation 

is an error free process, its implementation in a digital computer can 

introduce several errors. To avoid these errors, it is essential to. 

provide signal conditioning, upstream of the computer. Such signal 

conditioning minimizes the errors such as, aliasing and signal leakage 

introduced in sampling and digitizing the time domain. Such signal 

conditioning systems will introduce considerable expense and complexity 

in effecting the mathematical FFT in a computer. The computerized FFT 

is also slower than a dedicated FFT analyzer. It also has limitations 

in frequency resolution. Hence, the use of a dedicated FFT analyzer is 

considered to be most reliable and cost effective means for performing 

frequency spectrum analysis and plots in a computerized system for 

machinery diagnostics. 

Careful analysis must be made of the type of spectrum analysis 

systems and the computational techniques used in vibrational analysis. 

There are several factors which must be considered, some of which are: 

(a) Frequency analysis ranges. 

(b) Single or multi-channel analysis. 
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(c) Dynamic range. 

(d) Accuracy of measurements necessary. 

(e) Speed at which analysis are required to be made. 

(f) System portability, especially if the analysis system is 
required for both lab and field use. 

(g) Ease of integration with the host computer system. 

The vibration baseline for machine can be defined as the normal or 

average operating condition of a machine. It can be represented on a 

vibration spectrum plot showing vibration frequency on the X-axis and 

vibration amplitude (peak-to-peak displacement, peak velocity, or peak 

acceleration) on the Y-axis. Since the vibration spectrum will be 

different at different positions, the spectrum must be associated with a 

specific measurement position or sensor location on the machine. When 

portable vibration measurement equipment is used, it is essential to 

ensure that the sensor is relocated at exactly the same point on the 

machine each time vibration readings are taken. Changes of baseline 

with machine speed and process conditions should be investigated and 

where necessary, baseline should be generated for set ranges of speeds 

and process conditions. When the operating vibrations levels exceed the 

baseline levels beyond set values, an alert signal should be activated 

for investigation of this condition. 

In addition to the vibration baseline spectrum, a machine also has 

an aerothermal performance baseline or its normal operating point on the 

aerothermal characteristic. Significant deviation of the operating 

point beyond its base point should generate alert signals. When a 

compressor operates beyond its surge margin, a danger alert should be 
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Figure 9. 
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A typical compressor characteristic is presented in 

Some of the other monitoring and operating outputs are loss 

in compressor flow, loss in pressure ration and increase in operating 

fuel cost due to, for instance, operating at off design conditions or 

with a dirty compressor. 

Since the aerothermal performance of compressors and turbines are 

very sensitive to inlet temperature and pressure variations, it is 

essential to normalize the aerothermal performance parameters such as, 

flow, speed, horsepower, etc. to standard day conditions. When these 

corrections to standard conditions are not applied, then a performance 

degradation may appear to occur when in fact it was a performance change 

resulting merely from ambient pressure and temperature changes. Some of 

the equations for obtaining correction to standard day conditions are 

given in Figure 10. 

The data received should first be corrected for sensing errors. 

This usually consists of sensor calibration correction. The trending 

techniques essentially involves evaluating the slope of a curve derived 

from the received data. The slope of the curve is calculated for both a 

long-term trend, about 168 hours, and a short-term trend, based on the 

last 24 hours. If the short-term slope deviates from the long-term 

slope beyond a set limit, it means that the rate of deterioration is 

change and the maintenance schedule will be affected. Thus, the program 

might take into account the biasing of the long-term slope by the short-

term slope. Figure 11 shows a schematic of this type of trending. 

Numerous statistical techniques are available for trending. 

Trended data is used to obtain predictions which would be helpful 



DATA INPUT: 

DIAGNOSTICS OUTPUTS: 
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Ambient Pressure 
Inlet Pressure 
Discharge Pressure 
Inlet Temperature 
Discharge Temperature 
Speed 
Inlet or Discharge Flow 

Compressor Efficiency Lower than Design 
Compressor Approaching Surge Conditions 
Compressor Approaching Choke Conditions 
Dirty Compressor 

CONDITION MONITORING OUTPUTS: 
. 

Loss in Compressor Flow 
Loss in Compressor Pressure Ratio 
Fuel Cost Penalty 
Projected Increase in Fuel Cost After 

One Month Operation 
Surge Point Deterioration Trend and Anticipated 

Outage Data 

Figure 9. Aerothermal Condition Monitoring for Compressors 
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FACTORS FOR CORRECTION TO STANDARD DAY TEMPERATURE 

AND PRESSURE CONDITIONS 

Assumed Standard Day Pressure - - - - - - - - - - - - 14.7 Psia 
Assumed Standard Day Temperature - - - - - - - - - - 690F (520 °R) 

Conditions of Test 
0 Inlet Temperature - - - - - - - - - - - - - - - - - - Ti R 

Inlet Pressure - - - -

Corrected Temperature = 
Corrected Pressure = 
Corrected Speed = 

- - - - - - - - - p. psia l 

(Observed Temperature) • ( 520 /Ti) 

(Observed Pressure)• (14.7/Pi) 

(Observed Speed)-,/ S20/T i .y 

Corrected Air Flow = (Observed Flow)· (14.7/Pi)~ T ;f520 '( 

Corrected Horsepower = (Observed Power) • ( 14. 7 /Pi )-v= 520/T; 

Figure 10. Gas Turbine Aerothermal Performance Equations for 
Correction to Standard Day Conditions. 

v 
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in the scheduling of maintenance. Referring to Figure 12, for example, 

it is possible to estimate when compressor cleaning will be necessary. 

This figure was prepared by recording the compressor exit temperature 

and pressure each day. The points are then joined and a dotted line is 

projected to predict when cleaning will be required. In this case, two 

parameters were monitored, but since their rates differed, the cleaning 

was based on the first parameter to reach the critical point. However, 

using a trend of both temperature and pressure provides a cross-check on 

the validity of the diagnostics. 

Compressor Aerothennal Characteristics and Compressor Surge 

Figure 13 shows a typical performance map for a centrifugal 

compressor, showing efficiency is 1 ands and constant aerodynamic speed 

lines. The total pressure ratio can be seen to change with flow and 

speed. Usually compressors are operated on a working line separated by 

some safety margin from the surge line. 

Compressor surge is essentially a situation of unstable aper_ ion 

and should, therefore, be avoided in both design and operation. Surge 

has been traditionally defined as the lower limit of stable operation of 

a compressor and involves reversal of flow. 

This reversal of flow occurs because of some kind of aerodynamic 

instability within the system. Usually it is a part of the compressor 

that is the cause of the aerodynamic instability though it is possible 

that the system arrangement could be capable of magnifying this 

stability. Usually, surge is linked with excessive vibration and an 

audible sound; yet, there have been cases in which surge problems which 
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are not audible have caused failures. 

Diagnosis 

Problem evaluation in turbomachinery is complex, but with the aid 

of performance and mechanical signals, solutions can be found to 

diagnose various types of failures. This is done by using several 

inputs and a matrix. A sample of some of the problems are given in the 

next few sections. 

(1) Compressor Analysis 

Compressor analysis is done by monitoring the inlet and exit 
pressures and temperatures, the ambient pressure, vibration at 
each bearing, and the pressure and temperature of the . 
lubrication system. Table II shows the effect various 
parameters have on some of the major problems encountered in a 
compressor. Monitoring these parameters allows the detection 
of the following problems: 

(a) Clogged Air Filter: A clogged air filter may be detected 
by noting an increase of the pressure drop through the 
filter. 

(b) Compressor Surging: Surge may be detected by noting a 
rapid increase in shaft vibration, along with a discharge 
pressure instability. If more than one stage is present, 
the probes located within the bleed air chambers are 
useful in locating the problem stage by checking for 
pressure fluctuations. 

(c) Compressor Fouling: This is indicated by a decrease in 
pressure ratio and flow accompanied by an increase of 
exit temperature with time. The change in the 
temperature and pressure ratio tend to show a decrease in 
efficiency. If a change in vibration has occurred, the 
fouling is critical, since it indicates excessive build 
up of deposits on the rotor. 

(d) Bearing Failure: Symptoms of trouble include a loss of 
lubrication pressure, an a increase in the temperature 
difference across the bearing, and an increase in 
vibration. If oil whirl or other bearing instabilities 
are present, there will be a vibration at subsynchronous 
frequency. 



TABLE II 

COMPRESSOR DIAGNOSTICS 

,,, 

Comnrcsso: 
N P2/Pl T2/Tl Fluid Vibration c Mass Flow 

Clogged \ ~· Filter -- --
' I ~ 

lligh.!.y Surge Variable Fluctuating - I 
Fouling 

J i t ~ ' 
J ' ' ~ \ Damaged 

Blade 

I Bearing t I Failure -- -- -- -

T 
Bear in CJ 

. 
-
\ 
-
-

. t 

Bearing Bleed Charr.!:e: 
Pressur~ Pressure 

• 

- -, llic;hly 
Fluctuating 

- -I 
'.lig!ily - Pluctuating 

i - I 

°' 00 
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(2) Combustor Analysis 

In the combustor, the only two parameters which can be 
measured are fuel pressure and evenness of combustion noise. 
Turbine in 1 et temperatures are not usually measured, due to 
very high temperatures and limited probe life. Table III 
shows the effect of various parameters on important functions 
of the combustor. 

(a) Plugged Nozzle: This is indicated by an increase in 
conjunction with increased combustion unevenness. This 
is a common problem when residual fuels are used. 

(b) Cracked or Detached Liner: This is indicated by increase 
in an acoustic meter reading and a large spread in 
exhaust temperature. 

(c) Combustor Inspection or Overhaul: This is based on 
equivalent engine hours which are based on number of 
starts, fuel and temperature. Figure 14 shows the effect 
of these parameters on the life of the unit. Note the. 
strong effect that fue 1 and number of starts has on the 
life. 

(3) Turbine Analysis 

To analyze a turbine, it is necessary to measure pressures and 
temperatures across the turbine, shaft vibration, and the 
temperature and pressure of the lubrication system. Table IV 
shows the effect various parameters have on important 
functions of the turbines. Analysis of these parameters will 
aid in the prediction of the following: 

(a) Turbine Fouling: This is indicated by an increase in 
turbine exhaust temperature. Change in vibration 
amplitude will occur when fouling is excessive and causes 
rotor imbalance. 

(b) Damaged Turbine Blade: 
increase accompanied 
temperature. 

This results in a large vibration 
by an increase in the exhaust 

(c) Bowed Nozzle: The exhaust temperature will increase, and 
there may be an increase in turbine vibration. 

(d) Cooling Air Failure: Problems associated with the blade 
cooling systems may be detected by an increase in the 
pressure drop in the cooling line. 

(e) Turbine Maintenance: This should be based on "Equivalent 
Engine Time" which is the function on temperature, fuel 



TABLE III , 
COM13USTOR DIAGUOSTICS 

Fuel Pressure Uneveness of 
.. Combustion Sound 

Clogginq of Fuel 

r t Nozzle 

Combustor 

' Fouling -
I Cross over Tube 

I 
Failure 

- . 

Dctacned or Cracked t Liner 

~ 

' 

Exhaust Temperature 

Spread 

1 
i 

-

-

-......) 
0 
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used, and number of starts and fuel is substantial. 
Figure 15 shows the correction that can be applied to 
running hours for intermittent duty units with high 
start/stop operation. 

(4) Turbine Efficiency 

With the current high costs of fuel, very significant savings 
can be achieved by monitoring equipment operating efficiencies 
and correcting for operational inefficiencies. Some of these 
operational inefficiencies may be very simple to correct such 
as wash or clean of the compressor on a gas turbine unit. In 
other cases, it may be necessary to develop a load 
distribution program that achieves maximum overall efficiency 
of the plant equipment for a given load demand. Figure 16 
shows the significant dollar cost penalties that occur when 
operating a turbine at a very small percentage efficiency 
degradation. Figure 17 shows a load distribution program for 
a 87 .5 MW power station comprising of steam turbines and gas 
turbines. The selection of equipment and their loading for 
the most efficient operation can be progrart111ed when the 
efficiency of individual units are monitored. The program 
selects the units which should be operated to provide the 
power load demand at the maximum overall efficiency of the 
combination of units. 

Mechanical Problem Diagnostics 

The advent of new, more reliable and sensitive vibration 

instrumentation such as, the eddy current sensor and the accelerometer 

coupled with modern technology analysis equipment such as the real time 

vibration spectrum analyzer and low cost computers gives the mechanical 

engineer very powerful aids in achieving machinery diagnostics. 

A chart for vibration diagnosis is presented in Figure 18. While 

this is a general criteria or rough guideline for diagnosis of 

mechanical problems, it can be developed into a very powerful diagnostic 

system when specific problems and their associated frequency domain 

vibration are logged and correlated in a computerized system. With 

extensive memory capability of the computer system, case histories can 
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DL!:CRlPTlC'~ C1F' tJ'.rJ LJ 'IY n.;..:~TS t:J;ITS 

EFFJCI:EJ:cy 1'T 
TURBINE DESlG!l Ot;TPUT 

f DESlr.?: ,,,., 
~ .. ' ' T'YPL POJ~<'.1 

2.5 Steam 22 
2.5 Stearn 22 
5.0 Stc;a::i 24 
5.0 Ste an. 24 
s.o Steam 24 
i.5 Steam 25 

15 Steam 30 
15 Ste arr. 23 
15 Gas 21 
15 Gas 21 

COMEJK!..'j'}O~; OF l1~lTS TO YIELD EFFlCIEl:T 
POl'iEi: LOJ..D DlS~R!Ei:";lON FOR DIFFEF.E?~T DEl·~.!:D LO;..os 

U~ITS ~OT WORXING l~ ASCENDING ORDER l,4,9 

EFF I c I L~T PO\-:ER !.Ol.D Dl STF.J Li.."?l o:~ PnOGR.?J-: 

30. 00 1-lW TOTAL DE!·!hlID= 

TOT~.L OUTPUT SUPPLJED= 30.0C l·:W TOTAL OUTPUT St;PPL!ED= 

Units No't \\or king"' l 4 9 0 Units Not Working= l 4 
llr. it l= 0.(10 ·0.00. Unit l= 0.00 
ur.i t 2= o.oo ·o. oo Ur.it 2"" 2.so 
Unit 3= 2.50 21.00 Unit 3= s.oo 
Unit 4= o.oo o.oo Unit 4= 0.00 
Unit 5= s.oo 24.50 Unit 5= s.oo 
Ur.it f.= 7.50 25.19. Unit 6= 7.50 
Ur.it 7== 15.00 29.91 Unit 7= 15.00 
Unit B= o.oo o.oo Ur.it 8= o.oo 
Unit 9= o.oo o.oo Unit 9= o.oo 
Unit 10= o.oo o.oo Unit 10= 15.00 

50. oo rn; 

~c.oo M.; 

0 0 
0.00 

22. Cl 
24.50 
0.00 

24.50 
25 .19 
29.Bl 

o.oo 
o.co 

21.00 

MhXlMUM OVERALL EFFIClENCY=27.04 MAXIMUM OVERAl.L EFFlCU:NCY=25. 02 

Power .Demands s MW(Max. Oemand=Si.5) 

. Figure 17. Load Shari~') ProgJa:n 
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Cause of Vibration 

Loose assembly of bearing 
liner, bearing casing, or 
casing and support. Loose 
rotor shrink fits. Frcition 
Induced Whirl. Thrust Bearing 
Damage. 

Bearing Support Excitation. 
Loose Assembly of Bearing 
Liner, Bearing Case, or Casing 
and Support. Oil Whirl. 
Resonant Whirl. Clearance 
Induced Vibration. 

Initial Unbalance. Rotor Bow. 
Lost Rotor Parts. Casing 
Distortion. Foundation 
Distortion. Misalignment. 
Piping Forces. Journal & 
Bearing Eccentricity. Bearing 
Damage. Rotor Bearing System 
Critical. Coupling Critical. 
Structural Resonance. Thrust 
Bearing Damage. 

Loose Casing and Support. 
Pressure Pulsations. Vibration 
Transmission. 

Gear Inaccuracy. Valve 
Vibration. Dry Whirl. Blade 
Passage 

Figure 18 Vibration Diagnosis 
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be recalled and efficient diagnostics achieved. 

Data Retrieval 

In addition to being valuable as a diagnostic and analysis tool, a 

Data Retrieval program would also provide an extremely flexible method 

of data storage and recovery. By careful design of a condition 

monitoring system, an engineer or technician could compare the present 

operation of this unit with the operation of the same machine, or of 

another machine, under similar conditions in the past. This could be 

done by selecting one, or several limiting parameters and defining the 

other parameters which are to be displayed when the limiting parameters 

are met. This would eliminate the necessity of sifting through large 

amounts of data. A few examples of how this system would be used are: 

(1) Retrieval by Time: In this mode, the computer would 
retrieve data taken during a specified time period, thus 
enabling the user to evaluate the period of interest. 

(2) Retrieval by Ambient Temperature: The failure of the gas 
turbine may occur during an unusually hot or cold period, 
and the operator may wish to determine how his unit has 
functioned at this temperature in the past. 

(3) Retrieval by Turbine Exhaust Temperature: The exhaust 
temperature can be an important parameter in failure 
investigations. An analysis of this parameter can verify 
the existence of a problem with either the combustor or 
turbine. 

(4) Retrieval by Vibration Levels: Inspection of data 
provided by this mode can be useful in determining 
compressor fouling, compressor or turbine blade failure, 
nozzle bowing, uneven combustion and bearing problems. 

(5) Retrieval by Output Power: In this mode, the user should 
input the output power range of interest and wou 1 d thus 
obtain only data applying to that particular power 
setting. In this manner, he would only have to consider 
the pertinent data to pinpoint the problem areas. 
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(6) Retrieval by Two or More Limiting Parameters: By 
retrieving data with limits on several parameters, the 
data can be eva 1 uated and wi 11 be even further reduced. 
Diagnostic criteria can then be developed. 

Case SulllTlary 

(1) The monitoring of mechanical characteristics of turbomachinery 

such as vibrations, has been extensively applied this past decade. The 

advent of the accelerometer and the real time vibration spectrum 

analyzer has required a computer to match and utilize the extensive 

analysis and diagnostic capability of these instruments. 

(2) The high cost for machinery replacement and downtime makes 

machinery operational reliability very important, however with currently 

prevailing and projected future increases in fuel costs, aerothermal 

monitoring has become very important. Aerothermal monitoring can 

provide not merely increased operational efficiency for turbomachinery, 

but when combined with mechanical monitoring, provides an overall, more 

effective system than one that monitors only the mechanical functions or 

aerothermal functions. 

(3) The systematized application of modern technology 

instrumentation, both mechanical and aerothermal, low cost computers and 

turbomachinery engineering experience will result in the development and 

application of cost effective systems. 



CHAPTER V 

SUMMARY 

System failure diagnosis and performing monitoring have become 

essential components of on-condition maintenance, thereby leading to 

greater equipment availability, and the increasing safety of this 

equipment. Early detection and identification of system component 

malfunction is the key to reducing ever rising operation and maintenance 

costs of systems and equipment. Systems and their components are . 

subject to a number of adverse conditions during operation, some of 

which are controllable and some of which are not controllable. These 

conditions can result in degradation or major failure of a single 

component which, if not detected, can cause additional component 

failures and added cost of repair, or even affect safety. An additional 

factor that often contributes to maintenance costs is the inability of 

existing planned maintenance to detect and identify which component in 

the system is in a condition or state leading to failure. 

The implementations discussed in the report are for systems with 

very high availability and safety requirements and typically with 

substantial proportions of mechanical and electromechanical components. 

The case study describes and presents a real-life example which serves 

to exp 1 a in the major techniques presented in the report, to point out 

key issues; and to transform the theory into application oriented 

material for the reader. 
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SYSTEM FAILURE DIAGNOSIS AND PERFORMANCE M)NITORING 

by 

EDGARDO P. RIVERA 

{ABSTRACT) 

In general, this report discusses the techniques and applications 

of failure diagnosis and performance monitoring and provides a case 

study to demonstrate condition monitoring of a mechanical system and 

associated controls. 

Relationships with respect to system reliability, availability, 

safety, and maintenance and the impact of good failure diagnosis per-

formance on several operational characteristics of mechanical systems 

are presented in this report. Guidelines are provided for the 

development and design of reliability and maintenance data banks and the 

use of data collected. Failure analysis is discussed in a descriptive 

manner and covers not only diagnostics but also performance monitoring 

and statistical analysis of failure information. 

The objective of the report is to pro vi de an overview and under-

standing of the activities and practices of the subject matter and 

familiarize the reader with this rather broad topic. 
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