——

MAINTENANCE ENGINEERING

Contents

MODULE 1
MODULE 2
MODULE 3
MODULE 4
MODULE 5

MODULE 6

BASICS OF MAINTENANCE, RELIABILITY,
MAINTAINABILITY AND AVAILABILITY

MAINTENANCE STRATEGIES AND
CONDITION MONITORING

VIBRATION, LUBRICANT, CRACK AND
CORROSION MONITORING TECHNIQUES

RELIABILITY CENTERED MAINTENANCE
AND FAILURE ANALYSIS

TEROTECHNOLOGY, TPM, BCM AND
QUALITY ASSURANCE IN MAINTENANCE

MAINTENANCE PLANNING, SCHEDULING,
ORGANIZATION, BUDGETING AND CMMS




Contents
A
MODULE 1 BASICS OF MAINTENANCE, RELIABILITY, MAINTAINABILITY ﬁ
AN D AVAI LABILITY i
= e ———— |
LL Introduction to maintenance o §
1.2, Basic concept of maintenance 12
1.3. Importance of maintenance 1.2
1.4, Purpose of maintenance 13
LS. Functions of maintenance 1.4
1.5.1.  Basic functions 1.4
1.5.2.  Composite functions 1.6
1.6. Objectives of maintenance 1.8
1.7 Principles of maintenance 1.9
L8. Benefits of maintenance L11
: 19 Effects of maintenance 111
L10. Maintenance productivity L1i2
1.11. Quality in maintenance L13
LI2. Reliability 114
113 Reliability in maintenance engineering L15
1.13.1. Need for reliability in maintenance engineering 1.15
1.13.2. Bathtub curve 1.16
1.13.3. Terms associated with reliability 1.17
1.13.4. Reliability model 1.19
1.13.5. Failure distribution functions 1.21
1.14. Maintainability 1.24
1.14.1. Mean Time To Failure (MTTF) 1.25
1.142. MTTF in terms of failure density 1.26
1.14.3. Mean Time Between Failures or
Mean Time Before Failures (MTBF) 1.26
1.14.4. Mean Time To Repair (MTTR) 1.28
1.14.5. Mean Waiting Time (MWT) 1.29



Maintenance Engineering

L15.

1.16.

1.17.

1.18.
1.19.

1.20.

1.14.6. Mean Down Time (MDT)

System reliability

1.15.1. Reliability of series system

1.15.2. Reliability of parallel system

1.15.3. Reliability of series-parallel system

Availability

1.16.1. Inherent availability

1.16.2. Achievable availability

1.16.3. Operational availability

1.16.4. Reliability, Availability and Maintainability (RAM)

Inter-relationship between productivity, quality, reliability and
maintainability

Solved problems
Short questions and answers

Solved questions

1.30
130
1.30
1.30
131
1.32
1.33
1.35
1.34
1.34

1.35
1.36
145
L.53

MODULE 2 MAINTENANCE STRATEGIES AND CONDITION MONITORING .

2.1
2-2‘
2.3.

2.4.
2.5.

—

Introduction to maintenance strategy
Maintenance policy

Maintenance strategy

2.3.1.  Structurc of maintenance strategy

2.3.2.  Types of maintenance strategy

2.3.3. Basis for selection of maintenance strategy
Breakdown maintenance or reactive maintenance
Preventive maintenance

2.5.1.  Objectives of preventive maintenance
2.5.2.  Elements of preventive maintenance

2.53. Process flow or steps involved in preventive maintenance

2.5.4.  Frequency in preventive maintenance

21
2.2
2.3
2.3
24
24
2.5
2.8
2.8
2.8
2.10
2.12




Contents C-3
2.5.5.  Benefits or importance of preventive maintenance 2.13
2.5.6. Disadvantages of preventive maintenance 2.13
2.6. Predictive maintenance 2.14
2.6.1. - Components of predictive maintenance 2.15
2.6.2." Advantages and disadvantages of predictive maintenance 2.15
2.7. Corrective maintenance 2.16
2.7.1.  Prerequisites of corrective maintenance 2.16
2,7.2.  Steps of corrective maintenance 2.17
2.7.3.  Advantages and disadvantages of corrective maintenance 2.17
2.7.4.  Difference between predictive maintenance and
corrective maintenance 2.18
2.8. Condition Based Maintenance (CBM) 2,18
2.8.1.  Condition based maintenance techniques 2:19
2.8.2.  Advantages and disadvantages of condition based maintenance 2.19
2.9. Condition monitoring 2.20
2.9.1.  History of condition monitoring 2.20
2.9.2.  Demand for condition monitoring 2.21
29.3.  Key features of condition monitoring 2.21
2.9.4.  Fundamental steps in condition monitoring 2.22
2.9.5.  Process involved in condition monitoring 222
2.9.6.  Types of condition monitoring 2.24
2.9.7.  Levels of condition monitoring 2.25
2.9.8.  Advantages and disadvantages of condition monitoring 2.26
2.10. On-line and off-line condition monitoring 2.28
2,11 Methods and instruments for condition monitoring 2.30
2.12. Performance monitoring 2.34
2.13. Visual, tactile and aural monitoring 2.35
2.13.1. Inspection mirrors 2.36
2.13.2. Endoscopes 2.38



Maintenance Engineering

2.14.  Leakage monitoring 2.39
2.15. Temperature monitoring 2.41
2.15.1. Temperature crayons and temperature sensitive tapes 242
2.15.2. Thermometers 243
2.15.3. Thermography 2.44
2.16. Thickness monitoring 2.46
2.16.1. LVDT method 247
2.16.2. Ultrasonic method 2.48
2.17. Acoustic monitoring 2.50
2.18. Smell/odour monitoring 2.51
2,19. Short questions and answers 2.53
2.20. Solved questions 2.64
MODULE 3  VIBRATION, LUBRICANT, CRACK AND CORROSION
MONITORING TECHNIQUES
3.1 Vibration monitoring 3.1
3.1.1.  Fundamentals of vibration 31
3.1.2.  Measuring vibration 32
3.1.3.  Vibration signature or spectrum 3.5
3.14.  Vibration analysis 3.5
3.1.5.  Vibration monitoring techniques 3
3.2 Vibration transducers 3.10
3.2.1.  Velocity transducer 3.12
3.2.2,  Vibration holograph 3.13
3.2.3.  Vibrometer 3.13
3.2.3.1. Stylus recording instrument 3.14
3.2.3.2. Simple potentiometer 3.15
3.2.3.3. Optical recording vibrometer 3.16
3.2.3.4. Capacitance pickup 3.16




Contents C-5

3.2.3.5. Mutual inductance pickup 3.17

3.24.  Accelerometer 3.18

3.24.1. Piezoelectric accelerometers 3.20

3.2.4.2. Piezoresistive accelerometers 3.20

3.3. Machinery vibration rra::bfeshaa;,'ting 3.21

3.3.1.  Flow chart for vibration troubleshooting and

diagnostic analysis 3.22

3.3.2.  Causes of vibration 3.24

3.3.3.  Vibration guideline and identification charts 3.25

3.3.4.  Corrective methods 3.28

3.4. Machinery vibration standard, severity chart and acceptable limits 3.29

3.4.1.  Acceptable limits ' 3.32

35 Lubrfcanf monitoring or lubrication oil analysis 3.33

3.5.1.  Elements of lubricants 3.34

3.5.2.  Tests on lubricating oil 3.35

3.5.3.  Types of lubricant analysis 3.37

3.54.  Sources of contamination 3.37

3.5.5.  Lubricant monitoring techniques 3.39

3.5.6.  Spectroscopic analysis 3.39

3.5.7.  Ferrography 342

3.5.8.  Magnetic plug chip 3.43

3.5.9.  Filter debris analysis 344

'3.5.10. Filtergrams ' 3.45

. 3.5.11. Wear Debris Analysis (WDA) 3.4§
3.6. Crack monitoring 3.51 |
361, Tiquid penetrant test g,

3.6.2.  Magnetic flux testing '3.54

3.6.3.  Electrical resistance testing 3.55

3.64.  Eddy Current Testing (ECT) 3.56

3.6.5. Radiography testing 357

3.6.6.  Ultrasonic testing 3.59



C-6 Maintenance Engineering

3.7 Leakage monitoring 3.60
3.8. Corrosion monitoring 3.62
3.9 Short questions and answers 3.64
3.10. Solved questions 3.73

MODULE 4  RELIABILITY CENTERED MAINTENANCE AND FAILURE

ANALYSIS
41 Reliability Centered Maintenance RCM) 4.1
4.1.1.  Steps of RCM . 43
4.1.2,  Attributes of RCM 4.2
4.1.3.  Flow diagram of RCM 43
4.14.  Basic guidelines for RCM 4.5
4.1.5.  Applications of RCM - 45
4.1.6.  Advantages and disadvantages of RCM 4.5
4.2.  Defect and failure - definitions 4.6
4.2.1.  Failure mode and failure density 4.7
4.2.2. Failure rate 4.7
4.2.3.  Classification of failures 4.8
4.2.4.  Failure generation or sources of failures 49
4.2.5.  Basics of failure mechanisms or categorics of failures 4.12
4.3. Failure analysis 4.15
4.3.1.  Failure analysis process 4.16
4.3.2.  Failure models 4.17
4.3.2.1. Predictable failure model (Age-Dependent failures) 4.17
4.3.2.2. Unpredictable failure model (purely random failure) 4.18
4.3.2.3. Running-in-failure model (an early-failure model) 4.19
4.4 Logical fault location methods 4.20
4.5. Fault tree analysis (FTA) 4.20
4.5.1.  Key elements of FTA , 4.20

4.5.2.  Basic steps involved in FTA 4.20



Cc-7

—ar=nis
4.53. Usesof FTA 4.21
4.54.  Drawbacks of FTA 421
4.5.5.  Fault tree diagram (FTD) 4.22
4.5.6. Drawing fault trees: gates and events 4.22
4.5.7.  Benefits of fault tree diagram 425
4.6. Event tree analysis (ETA) 4.25
4.7 Sequential fault location m.etkads 4.26
4.8 Root cause analysis (RCA) 4.26
4.8.1.  Levels of root cause analysis 427
482. Root Cause Analysis (RCA) process 4,28
48.3.  Overview of RCA process 4.29
4.8.4.  Root Cause Failure Analysis (RCFA) 4,29
4.8.5. Cause-and-effect analysis 429
£.9. Fuailure modes and effects analysis (FMEA) 4.30 .
49.1. Types of FMEA 431
49.2.  Steps involved in FMEA 431
4.9.3. Input and output of FMEA 433
494. Benefits of FMEA 4.34
49.5. Limitations of FMEA 4.34
4.9.6.  Applications of FMEA 4.34
£.10. Failure mode, effects and criticality analysis (FMECA) 4.35
4.10.1. Types of FMECA 4.35
4.10.2. Different approaches to FMECA 435
4.10.3. Merits of FMECA 4.36
4.10.4. Limitations of FMECA 437
411 Failure reporting and corrective action system (FRACAS) 4.37
4.12. Failure analysis of gears ' 4.38
4.13. Short questions and ans:#érs 4.42
4.14.  Solved questions 4.49



Cc-8 Maintenance Engineering

MODULE 5 TEROTECHNOLOGY, TPM, BCM AND QUALITY ASSURANCE IN

MAINTENANCE

5L Introduction to terotechnology 51
5.1.1.  Objectives of terotechnology 52
5.1.2.  Terotechnology System 5.3
5.1.3.  Life-cycle costing of terotechnology 54
5.14. Life-cycle cost factor and maintenance 5.6
5.1.5.  Terotechnology and maintenance ' 5.7
5.1.6.  Terotechnology process 5.8
5.1.7.  Terotechnology strategies - 8.9
5; 1.8.  Benefits of terotechnology 59
5.1.9.  Costs of implementing terotechnology 5.10

5.2, Total productive -naintenance (TPM) 5.10
5.2.1.  Evolution of TPM 5.11
5.2.2.  Objectives of TPM 5.12
52.3.  Features of TPM 5.13
5.24. Methodology of TPM 5.13
5.2.5.  Basic systems of TPM 5.15
5.2.6. TPM activities 5.16
5.2.7.  Pillars of TPM 5.17
5.2.7.1. Pillar 1: 5-8 concept . 5.17
5.2.7.2. Pillar 2: Jishu Hozen (JH) (Autonomous maintenance) 5.19
5.2.7.3. Pillar 3: Kaizen 5.22
5.2.7.4. Pillar 4: Planned Maintenance (PM) 5.25
5.2.7.5. Pillar 5: Quality Maintenance (QM) 5.26
5.2.7.6. Pillar 6: Education and training 5.27
5.2.7.7. " Pillar 7: TPM office 5.27
5.2.7.8. Pillar 8: Safety, Health and Environment 5.29

5.2.8.  Benefits of TPM 5.30



Contents c-9
5.2.9.  Losses of Total Productive Maintenance (TPM) 5.30
5.2.10. TPM and TQM 5.30
5.2.11. TPM and terotechnology 5.31
5.3. Six Sigma maintenance 5.32
5.3.1.  Six Sigma process 333
53.2. Six Sigma Icomrol levels 5.35
5.3.3.  Features of Six Sigma 5.36
5.3.4.  Key elements of Six Sigma process 5.36
5.4. Lean maintenance 537
54.1. Objectives of lean maintenance 537
54.2.  Principles of lean maintenance ks 5.38
54.3.  Wastes of lean 5.39
54.4.  Lean methods 5.44
5.4.5.  Benefits of lean maintenance 5.44
5.5 5-zero maintenance concept 545
5.6. 5-s maintenance concept 5.46
ST Business Centered Maintenance (BCM) 5.46
5.7.1.  Features of BCM 547
5.72.  Six pillars of BCM 5.47
5.7.3.  Success factors of BCM 5.48
5.7.4.  Benefits of BCM 5.49
5.8. Maintenance effectfveness 5.50
5.8.1.  Overall equipment effectiveness (OEE) 5.51
5.8.2. Key metrics of OEE 5.52
5.8.3.  Proof of OEE 5.54
5.84.  OEE useful as both a benchmark and a baseline 5.55
58.5.  Key performance indicators (KPIs) 5.56
5.8.6. Maintenance performance measurement (MPM) indices 3.59
5.8.7.  Issues and challenges in MPM 5.61
5.9. Quality assured maintenance 5.62



l C-10 ]

Maintenance Engineering

5.9.1.  Need of quality assured maintenance 5.63
5.9.2.  Objectives of Quality Assured Maintenance
Management (QAMM) 5.63
5.9.3.  Quality Assured Maintenance
Management (QAMM) implementations 5.63
5.9.4.  Quality assured maintenance management (QAMM) tools 5.64
5.9.5.  Maintenance work quality 5.64
5.9.6.  Use of c-chart for quality control in maintenance 5.65
5.10. Short questions and answers 5.67
5.11.  Solved questions and answers 5.86
MODULE 6 MAINTENANCE PLANNING, SCHEDULING, ORGANIZATION, - A
BUDGETING AND CMMS ]
6.1. Introduction to concept of planning 6.1
6.2. Maintenance planning 6.2
6.2.1.  Factors to be considered in maintenance planning 6.2
6.2.2.  Steps in maintenance planning 6.5
6.2.3.  Maintenance planning techniques 6.8
6.3. Combined preventive and emergency maintenance planning 6.10
6.4. Maintenance scheduling 6.11
6.4.1.  Requirements for effective scheduling . 6.12
6.4.2.  Types of maintenance scheduling 6.12
6.43.  Stake holders and their role in scheduling 6.14
6.4.4.  Principles of maintenance scheduling 6.16
6.4.5.  Process of scheduling or steps in scheduling 6.18
6.4.6. Downtime scheduling and machine shutdown management  6.18
6.4.7.  Scheduling techniques 6.19
6.4.7.1. Gantt chart 6.19
6.4.7.2. Program Evaluation and Review Techniques (PERT) 6.20
6.4.7.3. Critical Path Method (CPM) 6.22



Contents

6.5. Maintenance organization 6.24
6.5.1.  Objectives and characteristics of maintenance organization 6.25

6.5.2.  Types of maintenance organization 6.26

6.5.3.  Line maintenance organization 6.26

6.5.4.  Line and staff maintenance organization 6.26

6.5.5.  Functional maintenance organization 6.27

6.5.6.  Centralized and decentralized maintenance organization 6.29

6.5.7.  External maintenance services 6.32

6.5.8.  Outsourcing in maintenance 2 6.32

6.6. Maintenance econoni.zs 6.33
6.7. Maintenance costs 6:33
6.7.1.  Classification of maintenance cost 6.34

6.7.2.  Maintenance cost analysis “6.36

6.7.3.  Factors considered for evaluation of maintenance cost 6.37

6.7.4.  Life cycle cost analysis 6.38

6.7.5.  Estimation of economic life of equipment 6.38

6.7.6.  Cost-effectiveness analysis 6.39

6.7.7.  Minimization of maintenance cost 6.40

6.8. Maintenance budgeting ‘ 6.40
6.8.1.  Types of maintenance budget 6.41

6.9 Preparation of maintenance budget 6.42
6.9.1.  Factors to be considered in preparation of maintenance budget 6.44

6.9.2.  Approaches used for preparation of maintenance budget 6.45

6.9.3.  Steps in preparation of maintenance budget 6.45

6.10. Human factor in maintenance 6.48
6.10.1.  Applications of human factors in maintenance 6.49

6.11, Manpower planning for maintenance 6.49
6.11.1.  Importance of manpower planning 6.50

6.11.2.  Objectives of manpower planning 6.50

6.11.3.  Principles of manpower planning 6.51



C-12 Maintenance Engineering

6.11.4. Stages of manpower planning 6.52

6.11.5. Factors affecting manpower planning 6.54

6.12.  Training for maintenance personnel 6.54

6.13. Use of computers in maintenance 6.56

6.13.1. Computer-aided Maintenance Management System (CMMS) 6.57

6.13.2. Functions of CMMS 6.59

6.13.3. Advantages of CMMS 6.60

6.13.4. Applications of CMMS 6.60

6.13.5. General structure of CMMS 6.61

6.13.6.  Use of computers in maintenance planning 6.63

6.14. Maintenance integration 6.64

6.14.1.  Various steps in maintenance integration 6.64

6.14.2. Scheme of integration of maintenance function with

other functions 6.66

6.15. Short questions and answers 6.68

6.16, Solved questions 6.87
Solved Model Question Papers MQ-1

e v e e e o sl she vl e e e o e e oo e ok o e e o e vl v e o e o e o e e o o o e e e e ol oo e e o o e o o e e e e et ol ke e o -k a



