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Abstract

Studies have shown tha i in large physical syste ms. it is possible 10e liminate or

reduce costly mach ine fail ures. equi pment downtime. 1051 prod uction and dec reased

revenues by keeping abreast ot'the most erfecuveandcurrent rnainrenance techniques

ava ilable.

The purpose oft his thesis is 10 propose a mult i-fac eted approach to maintenance

which can add ress the sha n comin gs of convent ional approac hes 10 ma intenan ce .

The pro posed memodology co mbines the reliab ility-ce ntered ma intenance

technique (Re M) . a fault tree anal ysis. a database system. and the Weibull ana lysis. The

integration o f these techniq ues prod uces an innovat ive system which increases the

reliability and ava ilability ofthe system, To the author's know ledge. this integrated

app roach has nOI been done before.

As an exa mple. the heating . ventilating and air conditioning (HVAC l of large

build ings was used to illustra te this methodo logy . Failure data was co llected from the

Biotechnolo gy. Arts and Administr::uion Extension and Earth Reso urces Bui ld ings of



Memorial University ofNewtoundland (CERR ) ove r a six year period. The data included

the time to failure and fa ilure modes for each component within the centra l HVAC

system. The collected data wasused to quant ify the reliability of the system. A

probabilistic analysis based on the Weibull distribu tion was used to analyze the lime to

failure data.

Using reliability-centered maintenance 10 identify the causes and impact of

failures. the informat ion acqui red was used to develop fault trees. Failure modes

identified in the fault trees were coded as identifie rs to be used in a knowledge-based

system for improving the reliability and availability of the system and its components.

It was shown that system reliability can be improved by increas ing the reliability

of each compo nent utilizing the proposed mul ti-faceted approach. Failure data analys is

enabled us to quantify the reliability lor many sub-compo nents within the major

components that constitu te the HVAC system.

It is concluded Ihat the developed knowledge-based system ena bles us 10

troubleshoot causes o ftailure at a much fast er rate and this will decrease the down time

and increase the avai lability ofthe system.



Acknowledg ments

The author would like to gratefully ackno wledge the usc o f the facility o f the

College of the North Atlantic and the Fisheries and Marine Institute or Memorial

University. Input from faculty members of both institutions are hereby acknowled ged.

The author wou ld like to extend his dee p sense o f gratitude 10 Dr. M.R . Haddam .

lo r his kindness and generosity. Without his patience and understand ing. in addition 10

careful guidance. this project would not have been completed . Special thanks are also due

10 members of supervisory comm ittee. Dr. ~U. Hinchey. and Dr. G.C.W. Sabin tor thei r

encouragement and advice during the COUTS<: of this study .

In add ition. the admin istrative coo peration from the Schoo l of Gradua te Studies

and the Faculty uf Engineeri ng end Applied Science are greatly apprec iated.

It is a great pleasure (0 remem ber the help of many friends. who have directly or

ind irectly assisted me at times o f need. whose names an: too numerous to mentio n but it

woul d be unfair to omit the timely and voluntary help o fM r. Paul Walsh and Mr. Ray

Green ofH oneywel l Inc., Dr. Ian McMaster. Mr. Everett Fancey. Ms. Linda Mu rphy, and

Ms . Sandra ClUCH.

ii i



Finally a specia l word of appreciation goes to my wife, Berty . and sons. Anthon y

and Jonathan, lor the sacn fices they made and the privations they endured Juring the

tenure of the thes is.

iv



Acknowledg ments .

List of Figur es

Contents

. . . . i

" iii

... xi

Lis t c f Table s xiii

List of Symbols. Abbrtv illtions. lllnd Acron yms .

C hap ter 1 Int roduc tion .

\ .1 ProblemIdentification .

. xviii

• . • • 1

. ... 1

1.1. \ Need fer an Integrated App roach to tho:Maintenance of Large

Systems . . • 1

I.I.:! Current Problemswith HVAC Systems .

1.1.3 MaintenanceAspectsof HVAC Systems

1.1 Aims and Objectives

1.3 Outline of Thesis .

C hapter 2 Re\-ie'" of Luerature .

1. \ Maintenance Cost .

2.2 Reliability-Centered Maintenance (ReM) . .

2.2.1 Overview

Develcpmen t cr' Rr' M _

2.2..3 What is Reliability-Centered ~Iai ntenanc('? .

•. . -1

... . 6

. . . 8

. ..... IU

. .. 10

• 1-1

••.• 1-1

. IS

.... . . 19



2.2A Differe nce Between RCM and Planned Maintenance 21

2.2.5 Extending the RCM Method 10 Ouier Com plex andCritical

Systems _ .. 25

2.2.6 MathematicalAspec ts cfR eliability-cenrered Maintenance . ... 26

2.2.7 Comb ining Total Productive Maintenance and RCM . 26

2.2.8 Maintenance ~1ana.geml: n1 - A New Paradigm . . '27

2.3 Fault Tree Analysis (FTA) . . ~9

2A Root Cause f ailure Analysis (RCFA) . . 31

2.5 Expert Systems . . 32

~ .6 lrnegra ted Mathe matica l and Knowledge-based System . . 37

2.7 Op timiza tion 38

5.1 Network Mode lling Concepts

5.1.1 Series Systems .

Cha pter 3

Chapler -l

C hapter 5

:\ ppIiClilion or ReM

.-\pplicalion or h ult Tree Ana l)'sis (fTA)

\hithemal inl 'iotiel and Optim izat ion ... ..

. . . ~ 5

.. 58

.. 65

. . . . . . .. . . . . . 65

••
5.1.2 Parallel Systems . . . 66

5.1.3 Complex Systems 67

5.2 Mathemat ical Model for Compone nts 67

5.2.1 Model for Fresh Air Intake Louver .

5 .2.~ Model for Fresh Air Damper Failure .

5.2.3 Model for Air Filler Failure

vi

.. 68

..,
.. b9



5.2.4 Model for Freeze Protection Failure .. .. . . . . . . 70

5 .~.5 Model lor Fan Failure 71

5 .~ .6 Mood lor Computer Control System Failure . . . .. . . . . . • 73

5.2.7 Mood lo r System Healing System Failed to Heat Supply Air to

Required Temperature . . 7~

5.2.8 Model for Coo ling System Failed to Coo l Supp ly Air to Required

Temperature . . 7:5

5.1.9 Modeltee System Reliabllitv

5.1. \ 0 Limitations of Reliability Predictions ..

5.j WdbullAnalysis

5A Opumtzad on • Availability .

Chapter 6 ..\ Kno"lcdg~8:1SnI Ded siun Suppa" S)'ue m . .

76

. 76

.. 77

. ... !U

. . ..• !S6

6.1 Advan tages of Incorporating RC~I Applications into a Knowledge-Based

S~ stem ~Iethodology . . lS6

6.2 How Can This Unification BeAchieved? . . . . !S7

6.3 So ftware Package for the Knowledge-Based System . . lnl

6A Adding RCM Failure Modes and Faull Trees into the Kno wledge-Based

System . •. .

6.4.1 Causes .

6.4.2 Problems .

6.-U Symptoms ..

6.·t 4 Events

•• • !It}

. .. 90

• • l)~

. 96

.. . . . . 97



6.5 Adding the Weibull Analysis into the Knowledge -Based System . . .. . . 103

6.6 Des ign of the ReM Knowledge -Based Decision Suppon System . . 105

6.6.1 Tables Design . . . . . . . . . . . . . . . . 108

6.6.2 Query Design . . . 110

6 ,6.3 Output . .. . . .. . .. 116

Cha pin 7 ~IUN HVAC Case Sludy . . 118

7. 1 Data Collection . 118

7.2 Data Analysis . . . . . . . . . . . . . . . . 119

7.3 :'vkthodology .

C ha pter 8 Result s and Dis(u ssKtft.

. 12 1

. ... 123

8.1 RC~t 114

8.2 Fault Tree . . 127

8.3 Failu re DataAnalysis . . [28

IU .I Failureof Fresh Air Intake louver . . 128

. 136

8.3 2 Failure of linka ge in Fresh Air Damper

8.3.3 Failure of Pre-Filters and Filters ..

8.3A Fa dureof Hecung Cotl .

8.3.5 Failure of Freeze Protection System

8.3.6 Failure of Cooling Coil .

K.3.7 Failure of Humidifi ers .

lU .S Fan Failure .

8.3.9 Failure of Electric/Pne umatic lE P) Rday .

. . . . . . 129

. ... 130

. . . . . . 133

137

. 139

. 146

viii



SA Mathernancal Model ..

8.5 Knowledge-Based System .

~ .6 RCFA .

Cha pu:r 9 Conclusions, Contrib utio ns and Find incs

9.1 Condusion .

. 1 ~8

. 155

. 136

.. 158

. ... I$S

9.2 Contributions 160

. .. . .• . . ..... . ::!31

9.3 Findings derived from the MUN HVAC case study .

C hapter IU Rccumm~ndations .

Rererenccs .

Appe nd ices .

Ap pentli'( A: RCMln(onnlllion Works hee t, . .

Appentli'l B: hult Tree Anlilysi.s .

Appcntlh C: Weib ull Anlilysis for Compo nent' .

Appentlil: D: Knowlrdge--B~ System

Appcndh E: Biotn:bDology Buildiag l.rorm alion

Appc ndil: F: Art s and Ad ministration [siension Building

Informlilio n .

. . . 16::!

167

... 17-4

.. 179

. 180

•• . .. . ::!63

. ::!SO

. • ::!S2

Appcndi'l G : Eart h Resource (CER R) Buildina; Informlltio n . . . . .. ::!86

Appe ndix H: [,isling Pra ctice for the Arts /Ell. Biotn:hn ology and CE RR

Buildings .

8ibliograph~' .

ix

.. . . ::!90

. .. . . • . . . . . . . . . . ::!9::!



Implementing RC~ in Eight Logical Steps (after Tesdahl &

Tomlinl!son.I997) -16

Figun::2.1

Fig.ure2.2

Figure :2.3

Figure 2A

Figure 3.1

List of Figur es

Lifo:Cycle Costs

P·F Curve . . . . __ .

Procedure lor Building an Expert System .

Faiture Panems .

. . . . . . . . . . . 13

. 35

. . . ·u

Heating System Failed to Heat Supply Air to RCl.luiml

Temperature: . . 216

System Failure due to Freeze Protection System being Activated

.. .217

Figure 3.2

Figurc: -Ll

Figurc:4.2

Figure 6. 1

Figure B ·-1.3

Figure B > A

Figurc B .5

Figure B - 4.6

Air Handling System Without Return Air . .

Fundamental structure otc fault tree .

Fresh Air Intake Louver Failure .

Relational Database .

Fresh Air Damper Failure .

Air Filter Failure .

.. 57

.. .... 6!

.... 63

.. 106

.. .. ~I -I

. 215

Figure B • .... .7 Cooling System Failed to Cool Supply Air to Required

Temperature ~ 18

Figurc B · -1 .8 Space Humidity High ! Lew 219



Fan Does Not Operate ::27

CDF Graph for Fan Assembly Failure Analysis . . 250

CDF Graph lor Fan Motor Failure Analysis 154

CDF Graph tor EP Relay Failure Analysis 260

EPRelay Failed _.. 230

COF Graph for Fresh Air Damper Failure Analysis 2J3

CDF Graph for Fan Belts Failure AnaI)'sis . . _ _.. __238

CDF Graph for vo rtex vanes Failure Analysis . 1-12

Unable to Supply or Remove the Required Amount ofCo nditioned

Air at an Acceptable Noise Level to M¢l:1the Inside Condition of

the Occupancy . 220

The Supply Air Noise is too High 221

Insufficient Air Flow . . .,.,.,

CFM High too much Air Flew .. . 223

.. ::::ll

. .. ::-16

.. 225

. . . 226

. .. .. . . .... 224

... . . .... . . .. . . 219

CDF Graph tor Fan Bearing Failure Analysis .

Premature Failure .

Computer Control System Failure

Static Pressure l oss ..

Static Pressure High CFM Low

Power Consumption High .

Figure B· ·U O

Figure B - 4.11

Figure B - 4.12

Figure B -4.13

Figurl: B - 4.14

Figure B - 4.15

Figure B - 4.16

Figure B - 4.17

Figure B - 4.18

Figure B - 4.19

Figure C - 5.1

Figure C - 5.2

Figure C - 5.3

Figure C - 5A

Figure C - 5.5

Figure C - 5.6

Figurc C - 5.7

Figure B - 4.9

xi



Tabl e ::!: .1

List of Ta bles

Co mpariso n o f Planned maintenance. CBM. and Redesign (Atler

Gate Symbo ls . . . . . 59

Compariso n of Old and New Paradi gms tat ter Mc ubrayI . . 27

Fresh Air Intake Louver RC'I Information Worksheet . 5 ~

Example for calcula tion of F(t) based on Weibull Param eters \O..J

Cause s Identific ation . . 108

Problem ldenrificarion . . IOq

Symptom ldentificnion . . . . . . . . . . . . . . . . . 110

Events . . 110

Query by Symp tom . . 112

Que ry by Problem and Symptom . . 115

Report Output for Symptom 0 ) .. . 117

Table ~ .:::

Fable j .l

Tab k4. l

Tablc= 6.1

Tab lc= 6.2

Tabk 6J

TJ.bl..:o,4

TJ.ble6.5

Table 6.6

Table 0.7

Tab l..:6.H

Tabko.q

Table 6.10

Tabk6.11

Tab k 6.1::!:

f abk8 .1

Table 8.2

Table 8J

Tabk8,4

Wolfson. 1998)

Cause s ldentifi caucn .

Problem ldentificaricn ..

Sym ptoms lden tificnicn .

Failure Data for Fresh Air Damper .

Failure Data fo r Pre-fi lter . .

Failure Data lor Air Filter

Failure Da13.for Heating Coil

xii

. ... . ... . . ... .. . .... 24

. . . . . . . . . . . . . . . . 90

........ q4

. W>

. . q7

129

.. Jj\

. D2

. . 133



Distribution Analysis (Regression] lor Fan Belts using 2 Parameter

Weibull.3 Parameter Weibull. logNormal. and Normal

Tabk &.5

Table:&.6

Table: 8.7

Table:&.&

Tabk& .9

TabId .10

TabId_ II

rabl~ !I.11

Table: 8.13

Tabh:S .I-I-

Failure Data for Freeze Protection .

Failure Data for Cooling Coil

Failure Datator Humidifiers .

Failure Data for Fan Belts .

Failure Datafor vo rtex Vanes

Failure Dam for Fan Bearing .

Failure:Data tor Fan Assembly .

Failure Data for Fan Motor .

Failure Data lor EP Reluys .

Distribution .

. ) ) 5

...... 137

... 138

••••....•.•••.... 1...'

.. ''''2
. 1"'3

. 1 -1-

. 145

. . .. . 147

.. 150

Tabl\: 8.15

Tabl~8.16

Tabh: 8.17

Weibull Optimum Replacement 100en";1IIor Fan EkIIS IS.:!

Distribution Analysis (Regression] For vorte x V~ using .:!

Parameter Weibull. J Parameter Weibull.lo gNormal. and Normal

Distribution 153

We:ibull Optimum Replccement tnterval tor vo rtex v anes ... 15-1

Freeze Protection System ReM Information Worksheet ..... 185

Tabk.-\- 3.2

Tabl.:A ·3.3

TableA-jA

TableA·j.5

Tabk :\-3.6

Fresh Air Damper ReM Information Worksheet .

Pre-Filter RCM Information Worksheet .

Filter RCM Information Worksheet .

Healing Coil ReM lnformarion Worksheet .

. 181

.. 182

.. .. 183

. . . 18-1

xiii



Tab le A - 3.7 Cooling Coil .

Tab le A - 3.8 Humidifier RCM Informatio n Workshee t

Table A - 3.9A I Fan ReM Information Worksheet .

Table A· 3.9;\1 Fan RCM Informa tion Worksheet .

Table A· 3.9A3 Fan RC\ l lnfomlation Worksheet .

Tab le A - 3.9A4 Fan RCM Information Worksheet .

Tab le A - 3.9A5 Fan RCM Information Worksheet .

Tab le A - 3.9A6 Fan RCM Information Worksheet .

Table A · 3.9A7 Fan RCM lnfo rmaticn Worksheet .

Fable A - 3.9B l Fan RCM Information Worksheet .

Tab le A · 3.9B2 Fan RCM Informat ion Workshee t

Table A· 3.9B3 Fan RCM Information Worksheet

Table A • 3.9B4 Fan RCM Information Worksheet

Table A · 3.9C l Fan RCM lnfc rmanon Worksheet

Tabk A · 3.90 1 Fan RCM Information Workshee t

Table A • 3.902 Fan RCM Information Worksheet

Table A· 3.903 Fan ReM Information Workshe et . .

Table A - 3.9E I Fan RCM Information Worksheet .

Table A - 3.9E 2 Fan ReM Informat ion Worksheet .

. ... .. 186

.. . .. 187

. . . . 188

. . 189

. .. .. 190

. . . 191

. . 192

. 193

. 195

. 196

.. ......... 197

198

199

200

. .. . . . .. 20 1

202

203

..204

...... . . . . . 205

Table A· 3.9F1

Table A· 3.9G I

TableA·3.10

Fan RCM Information Worksheet . . 206

Fan RCM Information Worksheet . 207

Control System ReM Information Worksheet . . 208

xiv



Tab1c::\· 3.11

Tcbl e C - 5.1

Table C - 5.::!

Ta ble C - 5.3

Tab le C - SA

Table C - 5.5

Ta ble C - 5.6

Tabl e C - 5.7

TabkC ·5.8

Table C - 5.9

Table C - 5.10

Tab lc C- 5. 11

FubleC - 5. 12

Ta ble C - 5.13

Tab1c: C - 5 .1~

Table C ·5.1 5

Tab l~ D-6.1 3

TabkD -6. 1 ~

Tabl~D · 6.l5

Tab l~ D · 6.1 6

Tabl~D - 6 . 1 7

Tab k D - 6.18

EP Relays RCM Information Worksheet ... 212

RankTab le - Fresh Air Dampe r - Fai lure Anal ysis . __ 232

FU) and R(t) Prediction Table - Fresh Air Dampe r .. 2H

Rank Table - Fan Belts Failure Ana lysis . . . . . . 236

F(t) and R(t) Predict ion - Fan Bell . . . 239

Rank Table - Vorte x Vanes - Fai lure Analys is . . .. H I

FUl and Rill Predict ion Ta ble , Vortex Vanes . . 2~3

Rank Ta ble - F::tnBearing - Fai lure Analysis . . _. _... . ~~5

F(t) andR(t) Predic tion - Fan Beari ng . .. _. . ~~7

RankTable- Fan Asse mbly Fail ure Ana lysis .. ~~9

F(t) and R(t) Predic tion - Fan Assembly . . . ~5 1

Rank Tab le , Fan Motor Failure Analysis ::!53

F(tl and R(tl Predic tion . . . 255

R(t) Prediction Tab l~ · Fan Reliab ility 257

Rank Table - EPRelay - Failure Ana lysis . . ... . 259

Fit) and R(t) Prediction Tab le - EP Relay . . . _ 261

Symptom SOl - Air Flow roc High. . . . 2tH

Symp tom SO::!- Air Flow Toe Low 265

Sym ptom SOl - Air Noise Level too High . 266

Sy mptom $0 4 · Dus t Level too High . . .. 267

Symptom 505 • Fan doe s not ope rate . _ 268

Symptom S06 - Spa ce Humidity High.. . .. . . _.. 269



Table 0 - 6.19

Table 0 - 6.20

Table 0- 6.21

Table 0 - 6.22

Table 0 - 6.:!3

Table 0 - 6.24

Table 0 - 6.25

Table 0 - 6.16

Symptom 507 ~ Space Humidity l ow . __.. 270

Symptom 508 - Powerusage too high . . . 271

Symptom 509 - Static pressure too high . . 272

Symptom 51 0 - Static Pressure Too Low 173

Symptom S I I - Tempera ture too high . . 274

Symptom 5 12 - Temperatur e 100 low . . 275

Symptom 513 - No Noise . . . 176

Symptom SI 4 - Premature Failure . . . . 177



List of Symbols, Abbreviations, and Acronyms

.-\(T) Avnilnbiliry

AFFPA Air Filter Failure

AHU# Air Handling Unit Number

ARTS/EX T Arts and Administration Building Extension ofM UN

,\S HRAE American Society of Heat ing. Refrigeration and Air Conditio ning

Engineers

ATAA Ai r Transport A ssociation of A merica

Caus c_1D Cause ldernificarion

CCC"2 Square 0[9 0% Critical Correlation Coefficient

CCS F Computer Co ntrol System Failure

CDF Cumul ative Distribution Functio n

CE RR Earth Resources Build ing of Memorial University of

Newfoundland

CSF Coo ling System Failed

EP Electric- pneumatic

EPRF Electric-pneumatic Relay Failure

t(t) failure dens ity

F(ll failure distribution

FAA Federal Aviation Agency

FAD Fresh Air Damper

FDND Fan Does Not Operate

xvii



List of Symbols. Abbreviations. and Acronyms. continued

FN Fan Noise

FPS System Failure due to Freeze Protection System being Activated

GVU General Ventilating Unit

hll ) hazard function

HAF High Air Flow

HSF Heating System Failed

HVAC Heating. Ventilating and Air Conditioning

tSAF Insufficient Air Flow

L:\W Laboratory Makeup Unit

LVU Laboratory venutanng Unil

m\l mean times to perform maintenance

mil mean times to perform the repair

~I RB Maintenance Review Board

MSG Maintenance Steering Group

MTI Maintenance Technology International of Calgary

MUN Memorial University of Newfoundland

n1s Number of units under study and number of units that are

suspended

PCHP Power Consumption High

PMP Premature Failure

xviii



list crSymbcls. Abbreviaticns, and Acronyms - continued

ProblemJ O Problem ldentiflcation

Correlation coefficient. used to measure the strength of a linear

relationship between two variable

R(t)

Rl[)AF

R(l)CCSF

RU) CFP

RUICS

R{t)FA

Rn l FAO

RIIlF Al'-:

R(t) FB

R(t)FBG

R(tIF~

Rm FVV

RttlHS

Rlt)S

ReM

SHL

SPH

SP L

reliability "" l ·F{t)

Reliability for Air Filter

Reliability lor Computer Control System

Reliability lor Coil Freeze Protection System

Reliability for Cooling System

Reliability for Fan Assembly

Reliability for the Fresh Air Damper

Reliability to r Fan

Reliability lor Fan Belts

Reliability for Fan Bearing

Reliability for Fan Motor

Rdiability lor Fan v ortex Vane

Reliability for Heating System

Reliability for the System

Reliability Centered Maintenance

Space Humidity Low

Static Pressure High

Static Pressure Loss

xix



List of Symbols. Abbrevi ations . and Acro nyms . cont inued

sym ptoms J O Symptoms Identifica tion

failure time

T. the expect ed lime to per form emergency maintenanc e

T,,, the expected time to perform minimal repair

T, the expectedt ime to perform scheduled maintenanc e

VAV Variable Air Volume

W/rr Weibull ana lys is usin g least squar(' method

WIF What IF

WOII' Work order number

slope: or shape parameter of Weibull di stributio n

2.7 1828 1828, the base for naturcllcgarirhms

charac teris tic life or scale parameter of the Weibull d istribu tio n in

time uni t



C ha pter I Introdu ction

1.1 Pr oblem Identificati on

1.1.1 l"eed for a n Int egrated Approach to the Mai ntena nce of

Lar ge Systems

Largo:systems such as the heating. ventilating and air conditioning system

(HVAC) in a large bui lding. such as a hospital or university. normall y consist of

thousands of components that are interconnected. Failu re o f such system s can be

catastro phic espec ially in intensive care wards. opera ting rooms. or in sensitive

research laboratories . II is essen tial that such systems are pro perly maint ained and

work reliab ly. By keep ing abreast of the:most effective and curre nt mainte nance

techniq ues available. we C311eliminate or reduce cos tly mach ine failures.

equipm ent downtime . 10SIprod uction and dec rease d revenues . Statis tics

published by Main tenance Technology International ofCa[~ary (MTI) [n.d .I have

identified large unnecessary expenditures resulting from alack o f maintenance . In

Canada . lin: billion dollars an: spent because of poor lubrica tion practices which

can be easily resolved. but which are ignored because maintenance personnel tend

to think these problems are normal. In addi tion. two hundred billion dollar! an:

lost annually by North American compa nies due to wear caused by inadequate

maintena nce .



Oth er fac tors that contribute to high mai ntenanc e costs are inappropriate

ins pection schedules. incorrec t servici ng. poor cost account ing. im prope r USC'of

preventive mai ntenanc e techniques. poor lubrican t selectio n and application. poor

contamination control methods and inadeq ua te use o f main tenan ce staff

In recent years . industry expecta tion of maintenance and maintenanc e

tech niques has changed enormously. During the 19-1O's and the 1950's. the policy

was -t lx it when it breaks" . During the I%O's and the 1970's. the techniques used

were scheduled overhau ls (Mc ubray. 199 I I wit h planning and control or work

be ing achieved using big and slow computers. In the meantime. indus try

demanded higher plan t availab ility. longer equip ment life . and lowe r costs"

Durin g the 19&O's and 1990's. the industry expec tations shifted towards higher

p lant availability and reliability. greate r safety, bene r prod uct qual ity. less da mage

to the environment, longer equi pment life. and great er cost effectiven ess . To meet

the new de mands . new maintenan ce techniques have been develo ped. inc luding :

co ndition monitoring. design for reliabi lity and main tainab ility. hazardstudies.

and failu re modes and effec ts analyses. Other techniques such as expert systems.

mu ltiskill ing. and teamwo rk have not been used effective ly because very e tten

they an: used in isolation from eac h othe r. There have been many research papers

written on main tena nce ofindividual pieces or equipment using speci fic

techniq ues bUI deta iled main tenance stud ies cf large sys tems are limited and are

usuall y co n lined to specif icprojec ts for spec ific industries. Then: is a need to



study t~ integration of design. construction, operatio n, maintenance and redesign

ufla rge systems using a number ofcurrently ava ilable techniq ues. This integrated

approac h is supported by Moore and Rath (1999) and Tesdah l and Tamlingscn

(199 8).

In view of the urgent need to r a rational app roach 10 maintenance of large

systems. this thesis proposes a multi-faceted approach 10 maintenance which will

prove to bemore reliable man curren t practices.

1.1.2 Cur rent Problems with HVAC Systems

In Canada. every bui ll environment has a Heating. Ventila ting and Air­

Conditioning system in place. Hospital operaung rooms. tor example. require

special HVAC systems to maintain positive pressure and to stop bacteria (rum

contam inating me internal environment . On the other hand. laboratory HVAC

systems maintain negative pressure in order to avoid bacteria propagation to other

areas. The HVAC systems lo r office towers became a major concern in recent

years because o ft he Indoor Air Quality issue as slated by Morey (IQ88) and Chow

(1987). The number of related complaints has increased with the construct ion of

tighter sealed buildings. me growing use of synthetic materials. and the application

or eno:rgy conservation measures that reduce the amount of outside air being

circu lated. \ Iodem office equipm ent (photocopiers. laser printers. computers



etc.), cleaning products. and the outdoo r air pcllut icn can also increase the levels

o f indoor air contamina tion. The reactions to indoor contaminan ts have led to ttl.:

phcnomenon ofsick bui lding syndro me. Therefore. there is a defin ite need to

ensure thai HVAC sys tems are functioning prope rly at all times during the

occupanc y period and thai unschedul ed shutdown s are minimized.

Maintenance experts who are capable ofana lyzing and solving HVAC

problems are in short supply. Most engineers learn through on-the-job trai ning in

this area. The HVAC area requires solid fundamental knowledge of applied

thermodynamic s. heat transfer. tluid mechanic s. and tluid powe r. Further. at the

ope rator level. training is limited by the absence of solid fundamenta ls in the

traini ng programs. As a result. most of the HVAC systems an: poorly operated or

maintained. and many owners and end users do nOI believe thcy can work as

etfic ieruly ;IS promised.

1.1.3 :\Ia intenance Aspects of HVAC Systems

Smit h (1993) states that. in most loca tions. proactive maintenanc e is less

than suffi cien t in current practice. In order 10 ..-nsure increased product ivity and

e fficie ncy. there must be a proper proac tive maintenance program in place. The

need tor repetitiv e correc tion is a conc ern as many companies do not have a

system in place to track do..vn recurring proble ms. Rather than finding the sou rce

o f the problem. only the appare nt symptom is correc ted. Broussard ( 199~)



describ,..d the methodo logy used 10 preserve failure data and then used it in

conductin g Root Cause Failure Analysis (RCF A). This is a very important step

used for continuous quality improvement in the maintenanc e o f systems . Often

times, mctruenaoce is carried out in a haphazar d fashion and areas that shou ld be

o fc oncern are overloo ked in favour of obvious prob lems. In add ition . within

companies. main tenance practic es in one area wil! vary sig nificantly from those:in

another area (i.e .• separate build ings]. !'vlaintcnance practices with in an

organization should beconsis tent.

At times. mainten ance is carried out by people who are nor thoroughly

familia r with the intended function of each componen t. As a result. they do not

maintain equipme nt functio ns at their designed levels. Scheduled maim enance

can on...n be both unnecessary andconservat ive. Maintenance items lower on a

scale orimportance may get much attent ion due to th...ease o f do ing it. whereas

those areas req uiring more attentio n and hence more work . are relegated to a less

consistent schedule. Likewi se a compan y may avoid preventative main tenance as

it may beerroneously perceived as too great a 1.'05t.

If preventative maintenanc e is to besuccessful. it must be visi ble and

recorded on an operating time bas is. Hence. it can bereferenced for its

e ffec tiveness and altered to suit the actua l maimenance that is requ ired over time.

A compan y sho uld se t up its own maintenance program which exceeds or falls



short of manu facturer ' s recommended main tenance input based on actua l

ope rating cond itions . There is often a varianc e betwee n maintenance of similar

units .

T here should bestanda rd proced ures and check points in place for

mai ntenance o f identical units. Pred icti ve maintenance methodology presentl y is

cu rrently rare ly used in HVAC system s.

Reliability-Centered Maintenance methodology that req uires a

combination ofengineering and technical sk ills. as well as management awarenes s

and mot ivation. offers the most syst ematic and efficie nt process 10 address an

overal l programmatic ap proach to opti mizat ion of HVAC sys tems. A sol ution [0

many otthe pro blems associ ated with the HVAC sys tems wou ld reduc e sic kness.

create a bette r working envirc nmern. reduce ~n~rgy consumption. and lowe r

maintenance cost. Therefo re. there is an immediate need to develop an ex pert

syst em 10 hdp owners andusers opti mize the (unct ion of HVAC systems .

1.2 Aims and Obj ectives

To addr ess the common maintenan ce problem s staled in Secti on 1.1. the aim IJf

this work is to integrate ReM (Reliability-Centered Main tenance) tec hniques with a

knowledg e- based sys tem techn iques to provide decision-support for optim izing HVAC



~ysterns uvailability. und lowe ring maintenance COSIS. The detailed object ives of this

th...-sis are:

To apply the Re M maintenance program which sirnuhaneously

reduces both the probability of critical failure in HVAC systems

and maintenance costs by reducing scheduled maintenance .

To develop a decis ion-sup port tool lor optimized operational and

maintenance procedures.

To provide a tool to enable maintenance personnel to understand

the functions and performan ce standards of installed HVAC

systems.

To provide a tool to promote total integration of design .

construction, set up commissioning . operation and maintenance of

IlVAC systems.

To promote predictive and preventive maintenance tasks in lieu of

the convent ional definite time span maintenance.



1.3 Outline of Thesis

The:background of the thesis has been presented in the previous section alon~ with

the:objec tives of the study. The:followi ng chapter l'C, 'iews the relevant literature as it

relates to RCM. fault tree analysis. planned maintenance. conditional based maintenance

and redesign. the new parad igm lor maintenance management . lhe root cause fa ilure

analysis. and to knowledge-based systems.

Application of RCM 10 acquire the functions and performance standard s oft he

installed HVAC system will idenlitYthe intended function and the functional failure

mode. and at the same time observe the cause and effect ctthe failure mode. The

acquired information from ReM is transfo rmed into graphical represemnlon using a fault

tree. This graphical represenu aicn is easy to use by the operation and maintenance

perso nnel. Based ..10 the fault tree. mathematical models an: developed to determ ine the

componen t failure cause..d by the various failure modes. The failure modes are codedand

sron-d in a data base system. The coded failure modes arc combined with Weibull

analysis using collected failure data to predict the probability of' failure. Th is method

quanti fies the failure mode based on actual usage and therefore is more scientific than the

scheduled maintenance method. The developed data base system can beused as a

decision tool for trouble shooting. To illustrate this methodology. failu re data was

collected and ana l ~ s..-d from HVAC systems located in three buildings at Memoria l

University of Newfoundland. This established the parameters tor Weibull distribut ion

and the failure modes for the knowledge-based system . The resul ts of the analy sis po int



out tho:im pact of design and construc tion on the re liability of the syst em. and how this

affec ts the mainte nance and operatio n of the system. Th is analysis also points oc r the

misuse of conditional based techn iques and how effec tive use of pred ictive and

conditional based techniques can beused to optimize the system rel iability .



Cha pter 2 Review of Literature

In order to fulfil l the research objec tives outli ned in Section 1.1. a review a l'

literature was necessary to gain the state ofth e art knowledge in this particular area . This

chapter summarize s the literature review in maintenance cost. ReM . Expe rt Systems. and

optimiza tion techniques as related 10 the develop ment of a ReM Expert System.

2.1 Maintenance Cost

Estimating maintenance costs was discussed by He wel l and Kluezny t \982) who

pointed out that two approac hes may be used by HVA,C maintenance dec ision makers to

derive the n..~'\.'Ssar~.. maintenance cost info rmation: the Engineering Requirements

Method and t~ Historical Da13Method. The Engineering Requirements Method

establis hes lh< I) pe and timing afthe maintenance effort irum an engineering analysis of

the system components. Using this approach. the rare of component dete riorat ion must be

calculable in order to arrive at rel iable esti mates o f syste m failure costs. Unfortun atel y.

this method is \"Crydifficul t 10 implement due to the high cost of perfo rming engineering

anctvses. and the lack o f reliability specifications from vendors. The second approach is

to rdy on historical data to project future cos ts. The data may be the expe rience of a

singfe use r analyzing.his or her o...vn data or it may be the accum ulated experien ce of

many users sharing their data in a data base . This method o ffers 3. practical al ternat ive to
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the Engin~ring Requirements Method for most HVAC ownerzoperarcrs. Unfo rtunately.

it is not without its O\ \TI disadv antages such as the availabil ity, accurac y. and consistency

o f historical data .

Dohrmann and Alereza ( 1986) obtained maintenance costs and HVAC system

information from 342 buildi ngs located in 35 states in the United Sta tes. In 1983 U.S

do llars. Jam collected showed a mean HVAC system maintenance cost of S3 AO/m~ per

year. with a mediancosro f S2.6OIm: per year. Theage uf the building hasa statistic ally

significant but minor eff ect on HVAC maintenance costs. wben analyzed by geographic

location, the data revealed that location does not signitica mly affect maintenance costs.

Ana lysis also indic ated that building size is not stat istically significant in exp lain ing cos t

variation. The equation o f Dohrman & Alereza is given by:

C total annual building HVAC maintenance cos t ( $/m l )

SJ .59/rn: + O.OI9n"T" h + c+ d (2.1)

where.

U.OIQ

base system maintenance costs

age adjustment fact or

age in yecrs

healing system adjus tment factor It

cooling system adjustment factor c

distribution syste m adjus tment factor d

"



Values foradjusunenl factors h.c. and d can beobtained from the 1999 ASHRAE

Handboo k (Sf) on page 35.4,

The esnrnate can be adjusted to curren t dollars by multiplying the maimenancc

cost estimate by the current Consumer Price Index (CPO divided by the CP I in July 1983.

In July 1983. lhe CPI was 100.1. Monthly CPI statistics arc recorded in Survey of Current

Business (U.S. Department o f Commerce). The estimating method is limited 10one

equipm ent variable per situation. That is. the method can estimate maintenance costs to r

.:1building having either a centrifugal chiller or a reciprocating chiller. but not both.

:\ ssessing the e ffects o f combining two or marc types o f equipment within a single

ca tegory requ ires a more complex statistical analysis

Wolfson Mainrenance tl 9'J8) States that decisions made ut an early stage in the

concept and des ign o f an item in a plant can have signilic ant effects on the COSI o frunn ing

that piece of equ ipment throu ghout its life (Figure 2.1 ).

In the preliminary desig n review stage. 1So/"to 3S% of the life cycle cos ts have

been determined . In the concept design review stage. ::!su'O to 40% of the life cycle costs

have been determined In the critical design review stage. 95% oft he life cycle costs have

been determined .

12
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The designer must beaware of the conseque nces c thieher decisions. If lor

instance. a bearing is installed in an inaccessible posuic n, that bearing " 111 certainly have

to be chan ged a number of limes during the life time of' the equip ment. Due to me

difficulty of access. excessive replaceme nt costs will be incurred. If this inaccessible

positio n is unavoidable, the installation of a top quality and/or an oversize bearing. will

increase the purchase costs but may reduce the overa ll life cycle cost . The same applies

13



during the operating life in the purchas ing of spare parts . maintenance tool s, and training

of operato rs and rnaintainers.

2.2 Reliability-Cente red Maintenance (RCM)

2.2.1 Overview

Reliability is the probab ility that a plant or component will not ta il to

perform accordi ng to certain specific ations during a given time per iod wo rking in

a stared environment. Reliability -Centered Maintenance (ReM) implies that the

maintena nce func tion must be recused on assurin g reliability in equ ipme nt and

syste ms. ReM calls tor an analysis for determin ing maintenance needs .

RC\1 grew from stud ies carried out during the develo pment o f the Boei ng

7~7 . This work showed that the failure modes ofaircraft components are

randomly dom inated. At this time aircraft maintenance was based predomin ately

o n flying hours. therefo re. a new method o f maintaining aircraft was considered

appropriate.

The RC ~I app roach assum es no prior knowledge of the com ponent s. a

so-called zero-based or first principles approach. Each compo nent in the a ircraft

was systema tically ana lyzed to identify their failure modes (caus es oftailure! and

14



app rop riate ma intenanc e tasks were then assigned . Moubrcy (1991) states that this

ana lysis is carried out by asking the fo llowing seven questio ns about each asset :

( I ) What are the functions and associa ted performance standards of the

asse t in its present operating context?

(2 ) In what "lays does it fail to fulfill its functions ?

lJI What C3U~ each functional tailu re?

141 What happens when each failure occ urs?

(51 In what way does each failure matter?

(61 What can bedone 10prevent eac h failu re?

(7) Wh at if a suitable prevent ive task cannot be found'!

Ih cse questio ns are required in order II,) fu lly capture the information

needed to design the appropria te maintenance regime .

2.2.2 Development of ReM

In the late 1950·s. the FAA (Federal Avimion Agencyj.whlch was

responsib le for regula ting airline maintenance pracuces in the U.S.A. . was

frust rated by experiences sbowi ng thai it was not possible to corurcl the Illl

(failu re density) ofcertain unreliab le types of engines by any feasible changes in

either the content or frequency o f scheduled o verhauls. In (960 a task te rce was

formed co nsisting 01representatives from both the FAA and airl ines to investigate

the capabilities of prevent ive maintenance. As a result. 3. F..<\NlndusU1'
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Relia bility Program wasestablished. the mandate o f wh ich was to develop a

program towards the control of reliability throug h an analysis of the factors that

affec t reliabi lity. This approac h was a direct cha llenge to the traditiona l concept

that the length of time between successive overhauls of an item was an imporunt

factor in control ling its fail ure rate . The find ings of this sludy were :

Scheduled overhaul haslinte etfect on the overall reliab ility of a

complex item unless the item has a dom inant failure mode (cause:

of failure).

There arc many items lo r wh ich there is no effective form of

scheduled maintenance.

.-\ rudimentary decision-diagram technique \ \:1$ devised in I%:5and in

June 1967 a paper on its usc was presen ted at the ATA Com mercia l Aircra li

Design and Operation Meeting. The recom mendations wen: included in ATA

(196 9).

In 197~ . the United States Department of Defence commissioned Unitc-d

Airlines to prepare a report on the processes used by the civil aviation industry to

prepa re maintenance programs for aircrans. Ihe resultin g report. known as MSG·

I t Maintenance Steering Group ). was used by specia l teams of industry and F..\A

personnel to develop the firstscheduled-maintenance program based on the

16



principles ufReliability-Centered Maintenance. Use of the decision-diagram

technique led to fun her improvements which wert: incorporated two years later in

a second document, MSG-2. The object ive of the techniques outlined in MSG.I

and MSG·2 was [0 develo p a scheduled-maintenance program thai assure d the

maximum safety and reliab ility at the lowest cost . Commenting on the MSG· l

and MSG·::!docume nts. Nowlan and Heap's 1978 report Slated that:

"Although the MSG-l and MSG-2

documents revolutionized the procedure

followed in developing maintenance

programs to r transport aircraft. their

applicatio n to other type of equipment was

limited by their brevity and specialized

locus. In addition. the form ulation of certain

concepts was incomplete. For example. the

decisio n logic began with an evaluation of

proposed tasks. rather than an evaluation of

the failure consequences that determine

whether they are needed. and if so. their

actual purpose . The problem of establishing

task intervals was not addressed. the role of

hidden-function failure was unclear. and the

17



treatment of structural maintenan ce was

inadequate. There was also no guidance on

the use of operating informat ion to refine or

modify the initial program aft er th~

equipment entered service or the information

systems needed lor effect ive management of

the on-going program . All these

shortcomings. as well as the need to clarify

man y o f the underlying principle s led to

analy tic proced ures of broader .scope and

their crys tallization into the logical

discipline now known as Reliability.

Centered Maintenance."

Re vl is known as MSG-3 within the aviaticn industry . and to this date it

remains the process used to develop and refine maintenance programs lor all

majo r types of aircrafts .

Currently three versions of the RCM decis ion diag ram are in wide use.

The fi rst is shown on pages 91 and 92 of the report by Nowlan and Heap (1978).

The secon d versio n of the decis ion diagram is the officia l MSG· 3 version

currently used by the:civil aviatio n industry. It is sho....n as the

18



"System/ Powerplan t l ogic Diagram" on pages 6 and7 o f the Maintenan ce

Program Development Document published by the ATAA {Air Transport

Assoc iatio n of America ) (1988). In recent years. the environme nt became more

and more of an issue. In 1990. theadd ition of the question. - Does this failure

mode ca use a loss of function or other damage which could breach any known

enviro nmental standard or regulation?" to the RCM decision diagram warrant ed

chang ing its name 10 RCM 2.

2.2.3 What is Reliability-Centered Maintenance?

The Reliability Centered Maintenance process involves the application 0 ( :1

number o f inves tigative procedures to each of the select ed systems .

Foremost among chest is thedete rmination o f the functions and assoc iated

performance standar ds o f the system in its current o~r.lting contex t. This

includ es the full range of functions (primary . secondary . protective devices. and

super flu ous functions): the inherent reliability or buill -in capab ility of the system :

othe r standards including product qual ity, safet y. energy etliden..:y and operati ng

env ironment : operati ng occupancy patterns : and ope rating context tl.e. stand­

alone versus stand-by duty).

Functional failure - or the manner in which. and the extent to which. a

system fails to meet a des ired standard of perrcrmcnce . whether the fai lure be
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partial or total - must likewise be investigated . Having ascertained the manner and

extent of failure. it then becomes critical to identify the probable root causers) o f

the partic ular functional failure mode. Failure modes. and the opera ting context in

which they occur. should be indicated .

The process of analyzing the exten t and the effects of a failure must cover

the full spectrum from the evidence (if any) that a failure has occurre d through to

the procedures necessa ry to effect repair. Full consideration must be given to the

actual or the potentialthreat to safety or to the enviro nment. the anticipat ed range

of potential effects on productio n and operational activ ity. and the actual or

potential physical damage resulting from the failure. The consequ ences ora

functiona l failure will depend. to some extent. on whether the failure is obv ious or

hidden but. in either case. there will bepotential effects relating to safety and the

environment. operational activities and non-operationa l activities.

Predictive and correc tive maintenance must be accompani ed by effective

preventive maintenanc e procedures. includ ing on-condit ion tasks. restoration

tasks. and replacemen t tasks. An equally important compone nt is the

establishment ora course of action to pursue in the event that no suitab le

preventive maintena nce activ ity can be identified. This may include defaul t

actions such as reasses sing the system design or even redesign ing the system. in

pan or in its entirety.
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2.2.4 Difference Between ReM and Plann ed Maintenance

RCM is a process used to determine the maintenance requiremen ts of any

physical ass¢t in its operating context by identify ing the functio ns of the asset.the

causes c t'failu res. and the effects ofth e failures. ReM advoca tes Condition Base

Maintenance lCB M) and reassessing me system design (Redesig n]. Planned

main tenance involves identifying (1) what inspection and/or servicing tasks arc to

bedone and (2 ) when each task should bedone to retain the functional capabili ties

Il l" operating equipment or systems. Planned maintenance usually doe s not include

c n-coeduion moni toring or the reassessment cfsvstem desi gn. Planned

maintenance is the most widely used form c t'mat ntenance. It is based on the

concept that every item on a piece of complex equipment has a " right ag('" ar

which com plete overhaul is necessary to ensure safety and operating reliability. II

is most e ffective if implemented as equip ment begins 10wear out and fail ure

probability increases. Planned maintenance tasks are oflen grouped together into

maintenance downtime or windows 10 minimize the total number of planned

maintenance stoppages per year. This strategy is seriously flawed because the

majority of industrial failure modes are random in nature and so maintenance tasks

based on time will have limited effect in improving equipment perform ance .
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CBM relies on the fact that themajority of failures do not occur

instantaneously but develop over a period of time as shown in Figure 2.2 P·f

Curve.

The P·f curve shows how a failure starts. deterio rates 10 the point at which

it can be detected (the potential failure point ~P-) . if it is not detected and

corrected. continues 10 deteriorate • usually at an accelerated rote - until it reaches

the point Il l"functional failu re (··F·). The P·f interval can beknown JS the "Lead

Time Til Failure". CBM involves recording some measurement that gives an

indicmiun of machine condition (e.g.• temperature increase on an insulation

surface. vibration increase on a bearing housing). An investigation can then be

carried oUIto identify the exact problem.

___ _ _=:e"Monrtonng P1lrflIvwl'Ierelhe la,lure cao be
detect ed ("potential Fa ilute1

FuncbonalFiolure
- Point 'l/hefe laolure

haSOCOJrred

POC'Itwl'lerefatknswu
- lO oecur (nol necessan ly

re!ated 10age l

•I- - - - - e- - - - - - __"

Operanngcondition 100%satisfactory

Operanng condition unsatlSfactcxy
(spare has la,led)

'- -<.. time

Figure 2.2



Redesign (or design out) can prove to be a very effective method or

solving a recurring problem. However it can easily be iaapprcprictely utilized.

Putting:in a more powerful motor due to frequent tripping may bean ill-thought

out reaction to malpractice by an operator. whilst simple:instruction may solve the

same proble m. Before considering designin!£out a problem. it is important to

identify exactly what the root cause of the problem is. Having identified the root

cause. is it possible to monitor the condition at this problem area? If so. it may be

cos t e ffective to monitor the condition anti take action as necessary. If this is not

the case. can the problem be redesigned" If it CM . what will this involve and can

it have any adverse effects else where? Once the procedure hasbeen thoroughly

developed. the redesign proced ure should beaccepted. Finally. redesign implies

that mistakes or oversights wen: made duri ng the original design of the equipmen t.

Wolfson Maintenance (1998) stated the advantages and disadvantages of

plan ned maintenance. C8 M. and redesign and ate listed in Table 2,1.
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T ab le 2.1 Co m pa ris on o r Plan ned maiDtenan~e. C OM, a nd Red es ig n (Arter
Wo lrsoD.1998l

Pla n ned COM Red es igll
Ma in'enan~e

Ad vantages • Fail ure reduced. • Maximizes eq uipment - Sc me mino r
• Labor used COSI· ava ilability , design out projec ts
effectiv ely . - Som e forms of can be inexpens ive
· ~Ia i ntenanc<' inspec tio n utilizin g human and guaran teed to
plann ed well in senses can be inexpensive. work .
advance (p rovision - Allows shutdown before - ..-\recurring
to r labour and seve re dama ge occ urs. pro blem can be
material], - Produc tion can be completely

mod ified to extend unl t resol ved.
life.
• Ca use offuilure can be
analyzed .
- Maint enance can be
planned
- Labour can beorganized.
- Spares can beassemb led .

Dis- • Maintenance - Vib ration moni toring, - The root cause of
advantages act ivity and costs Thennograph and Oil the prob lem may ~et

increased. Debris AnaJysis requ ire missed in the
• l" nnecessary and spec ialized equi pment and exercise.
invas ive training . A com pany mus t • Larger design ou t
maintenance is careful ly chouse the projects can prove
ca rried ou t correc t technique. A to bevery
• Applicable only to periodof time will be expensive
age retared required for trends to • Prod uct ion can be
deterio ratio n. dev elop andthen machine disrupted fo ra
• Mainte nanc e co ndition can be assessed , considerableperi od
sometimes induces of time with larger
failure s {infan t proj ects .
mortalit y] . <T he expe cted

result may nOI
materialize .
• So lving a pro blem
in one area may
overload and cause
prob lems in
anothe r.



2.2.5 Extending the RCM Method to Othe r Complex and Cri tical

Systems

In response to the prob lem. airplane des igners began to develo p design

features that mitigated failure consequences -thnt is. how to des ign ai rplanes that

were "fail ure tolerant". Further. ReM has been applied 10 both the aircraft and the

offsh ore pluttcrm industr ies resulting in cost red uctions with no decrease in

reliabilit y . However. a better understan ding of the failure process in the complex

equipment has actually improved reliability by making it possib le to direc t

preve ntive tusks at specific evidence ofpotential fail ures. Based on the finding s

of years of study by the aircraft industry. such as the MSG-l program for the

Boeing 747. United Airline expended only 66.000 man hours on major structura l

inspections before reaching a basic interval 01'10.000 man hours tor the first

heavy inspect ions o f this airplane. Under traditional maintenance policies. it took

more than ~ million man hours to arri ve at the same structura l inspection interval

lor the smaller and less complex Douglas DC-S. Cost reductions of this

magnitud e are of obv ious impo rtance to any organ ization responsible for

mainta ining large fleets of comp lex equipment. Tesdah l and Tomlingson (1998)

stated that the 21" Century will usher in a broader need for equ ipme nt

management. a crad le to grave strategy to preserve equipment functions . avoid the

consequences or a fai lure and ensure the product ive capaci ty of equipment. They

25



also asse rted that ReM should be applied to the mini ng industry. It is beneficia l

to apply ReM to other industries such as meHVAC industry to minimize cost.

increase availability and improve environmen tal conditions.

2.2.6 Math rm at ieal Aspects of Reliabil ity-cent er ed Mainl r na nee

There are three main mathemat ica l :l.SiX"CISofReli ubility-Cernered

Main tenance discussed by H.L. ResnikotT l I978). The first corresponds10 the

partitioning of the system into sets of items that are functionally related by means

of the conseq uences o f their failure. The second is the formal express ion o f the

costs o f maintenance and consequences of failure in com mon terms of direct and

imputed costs. The principal purpose o f me maintenance policy designer is 10

minimize the mainte nance/failure cost function. The third mathematical aspec t

moods the iterative procedure used in the Reliab ility-Centered Maintenance

program to minimize me tOlaIcost function .

2.2.7 Combining Tota l Prod uctive :\l a intena nce and ReM

Toral Productive Maintenance (TPM) was developed in Japan and is a

strategy for improving productivity through improved maintenance and related

pract ices. r PM calls for: restoring equipme nt to a like-new condition. operator

involvement in maintaining equipme nt. improving maintenan ce efficiency and

26
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