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On-line failure Condition-based
Fix it when it fails maintenance basad on known condition

Braakdown maintenance Predictive maintenance
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Proactive maintenance
Preventive maintenance
NEW
||
Design out
Identify and desion cul root cause of failures
Fixed time

Mainlenance based on calender or runtime hours

e Functions And performance standards
e Functional Failure



e Root Cause

e Failure Effects

e (Consequence Assessment
e Maintenance Tactics

e Default Actions
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FIXITAFTERIT BREAKS I
Run - to - Failure I

Emergency Maintenance

Break Down Maintenance

Reactive Maintenance

Operate To Failure I
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Organisation and Human
Resources

Maintenance Tactics

Planning & Scheduling

Information Management Materials Management

Performance Measurement

Maintenance Effectiveness Assessment
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Condition Based Maintenance
O Vibration Analysis

L Thermal Analysis



O Oil Analysis
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Vibrating Fans
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mbalanced machine components contain 'heavy spots’ which when
rotated, exert a repeating force on the machine. Imbalance is often
caused by machining errors, non-uniform material density, varistion
in bolt sizes, air cavities in cast parts, missing balance weights,
incorrect balancing, uneven electric motor windings, and broken,
deformed, corroded, or dirty fan blades.

=M. Uneven
rotor

Corroded tip

isaligned machine components create “bending
moments" which when rotated, exert a repesating force on
the machine. Misalignment is often caused by inaccurate

assembly, uneven floors, ther mal expansion, distortions due
to fastening torque, and improper mounting of couplings.

Parallel misalignment Angular misalignment
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orn machine components exert a repeating force on the
machine because of the rubbing of uneven worn surfaces.
Wear in roller bearings, gears, and belts is often due to
improper mounting, poor lubrication, manufacturing defects,
and overloading.

Wurn rollers Wornteeth

1 @ o &%

oo (5319 3 0 3@ S

mproperby driven machine components exert arepeating force
onthe machine hecause of inter mittert power supply. Examples
include pumps receiving air in pulses, internal combustion
engines with misfiring cylinders, and intermittert brush-
ommutator cortact in DC motors.

misfiring
cylinder

Uneven

_ o« Intermitent
air supplﬂ_,:

brush




ooseness can cause vibration in both rotating and non-rotating
machinery. Looseness is often due to excessive bearing
clearances, loose mourting bolts, mismatched parts, corrosion,
and cracked structures.

Excessive
-
clearance

S o yoe o olas)l 550

Impact of Vibration Reduction on Bearing Life
{Assuming Dynamic Load is the Major Force Component)

% Increase in Bearing Life
% Reduction in Vibration Ball Bearings Other Rolling Element Bearings
5 17 19
10 37 42
15 63 72
20 95 110
25 137 161
30 192 228
40 363 449
50 700 908

Source:L. Douglas Bermry, Vibration Versus Bearing Life, Reliability, Vol. 2, Issue 4 November 1995
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PERCENT OF PRODUCTION LINE AVAILABILITY
MAINTENANCE COST PER UNIT OF PRODUCTION
EMERGENCY PERCENTAGE

PERCENT OF EMERGENCY WORK TO PdM AND PM WORK



Equipment Availability
MAINTENANCE OVERTIME PERCENTAGE
EMERGENCY HOURS WORKED PERCENTAGE
PERCENT OF EQUIPMENT COVERED BY CM
PERCENT OF EMERGENCY WORK TO CM AND PM WORK
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Break down

Maintenance Failure Finding
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Maintenance

Preventive
Maintenance

Corrective
Maintenance

Condition-based
Maintenance

Improvement

Classification of Maintenance

Freventive maintenance

level

Breakdown
maintenance

Preventive
maintenange

.,
by !

Functional

.

acceplable

functional
fevel

!

Functional Failure

degradation

and Upgrade

L)

N

Change of the requirec
functional leve!

Selection of
maintenance
strategy

Maintenance activities Time
Technological evaluation
select malntenance siralegfes which are
technfcally applicable
T S
Structure and
characteristics of +| Evaluation of deterioration
facilities ) |  [failure characteristics —I
Available
maintenance »| Evaluation of applicability of |
technologies | maintenance technologies
' R .
Environmental | | Managerial evaluation >
conditions prioritize ohfects (o be mainiatned for the >
' 4 pitrpoye of resource allocation ™
T
Operational o Evaluation of
conditions failure effects
F
Managerial .
featur%s af »| Evaluation of features
facilities ) of facilities

Factors for determining maintenance strategies



start

setting the goal of maintenance

|
v v

selection of technically evaluation of failure
feasible strategies effects

I |
v

selection of maintenance strategy
» of each component

v

evaluation of risk of failures
(likelihood* expected loss)

the goal is achievable?

Procedure of maintenance strategy planning

» Technological principles. s Strength

+ FElements. » Siiffness.

¢ Armrangement of elements. * Hardness.

+ Geometrical characteristics. * Wear resistance.

o Maternals. + Cormrosion resistance.

+ Manufacturing methods. * Heat resistance.

+ Tolerances. # FElectromagnetic properties.
» Surface quality. + Drmamic properties efc.

IDENTIFICATION OF FATLURES, FATL.URE MODES AND RISE SCEMARIOS

elom Izl Gl Il (s 9l Jpol 4 (Sias jhas slags lw 5 21,5 slodge 5 2,5 (aseis
3, (Snls (olss 5 gk lineg Sl (olgs o 5,1, Coaglinr 55,95

e Substances. e TFunctional resources.
e Fields. ¢ Information that can be obtained
Space resources. trom the system.

Time resources. e Systemic Interactions.



Change interactions.
Differential resources.
Inherent resources.
Organizational resources.

Small failures and disturbances.
Hazardous elements.

Control devices.

Protection svystems.

General Mechanisms of Failures checklist:

Gradually increasing effects. .
Critical effects.

Trigger mechanisms. .
Probabilistic effects.

Sporadic effects. .
Failure as the result of a systemic
effect. .

Creation of a new. harmful system.
Chains of harmful events.

Typical Failures:
s Explosion. .

s Combustion.

¢ (Corrosion. .

e Malfunction of electric or

electronic device. .

e Deformation or destruction.
¢ Disappearance of useful object or
substance.

= Avert the causes of failure by:

Eliminating triggering events.
Apply a task with harmful effects
that are easier to cope with.

= Stop the effects of failure by:

Localizing its harmful effect.
Reducing the effect.

"Blending in" defects.

Transient using of a harmtul effect.
Facilitating detection.

Creating a compensating effect.

Time-dependant harmful
mechanisms.

Failure mechanisms that include
feedback.

Failure mechanisms resulting from
mitigation measures.

Auxiliary mechanisms.

Appearance of harmful object or
substance

Disturbance of the system’s useful
functioning.

Appearance of harmful effect in the
system.

Failures over the product life cycle.

» Eliminate the failure by:

Remove or the
of harm.

Modify the harmful effect.
Counteract the harmful effect.
Isolate the system from the harmitul
effect.

Increase the system’s resistance to
harmful effect.

Modify or substitute the effected
object.

Change source



« downtime analysis

+ improve maintenance staff effectiveness |

+ reduce risk to production

+ monitor & protect systems

« root cause analysis

+ keeping employees safe

* equipment metrics

+ disaster recovery

« reliability improvements

+ improved site security

» reducing commissioning time & cost |

« complying with re gulations |

Maintenance objectives

Development Operation
If— i — —
__——"" Maintenance o ) Inspection
_— & strategy planning — task /menitaring
ign Design data PEr alntenancel  plannin iagnosis
improvepient and e}giﬂfg“” E;“}g‘;ﬁ §  stategy { .
an Production {\ ¢\zluation evaluation }
Produc record
Effective :
modification % evaluation of maintefance amtanan.ca
Cuma?v?‘l fecnologies | Revisionof - task execution
" maintenance rtenance
3rd loop 2nd lcop 1st loop
Framework for life cycle maintenance
Maintenance)| Maintenance p :
task rognasis/
ﬁ;ﬁ% management)|| Diagnosis je ¢ ¢ o8 s
Life cycle
simulation
i Extra-net
Mairgegnce
a Opera- | | Mainte-
management ion nance Knowledg
7 Record” Record” . ¢ ~ ot
| e Lol el Tele-operation
nier-ne Facil ‘i Tele-service
! Mode Tele-maintenance
e nepec, 4
achin *
vemndel
Research|
Public LS |
DB Elec
catal
Coniroler I Vit loned)ee

vender
Maintenance technology DE
Deterioration/failure physics DB
Deterioration/failure cases
Product directory
Service directory

MNonconventional machine and equipment

=
£

Concept of a web-based maintenance system

CAD

Maintenance vehicle



= Improved system reliability.

= Decreased cost of replacement.

= Decreased system downtime.

= Better spares inventory management.

The requirements for a good PM procedure include the following:

= A list of tools, spare parts and instruments required.

= A form to record the measurements to be made.

= Limits or ranges for the parameters to be measured.

= Required safety procedures such as isolation and locking out.

When preparing PM programs, the potential sources of information and resources include:

= Vendor recommendations which are commonly contained in equipment maintenance manuals.

= Experience of the operations and maintenance staff borne out of many years of doing
maintenance.

= Generic PM programs in the market which can be adjusted to suit the plant or equipment needs.

Adjustments Inspections
Adjust key parameters prepare and use checklist,
and make and keep use senses of sight, touch
recurds of adjustimenls and sound

F Y A

Calibration
Verify and correct
to conformance

Testing
Test conformance
to specifications

r v
Rebuilt Replace
Check critical dimensions, Remove and replace womn
replace worn parts inexpensive parts

Preventive maintenance procedures

Periodic
The PDM Cycle | Monitong e

Repair
Equipment

Problem

Predictive maintenance cycle



#o Predefined
: Alarm
Equipment \ processes
operating = SEnsor
condition

l v v

i Health
Signal processing » nwn?u?‘?ncgur:gdule > rent » Prognosis Module
module:
l II,( . h 4
T

/ Expected | — - :

[ operating | Printouts Dec|:;r;j|:ppon

\ conditions | e

OSA-CBM condition based maintenance process flow
Condition monitoring techniques and their applications
No CBM procedure Applications
1 |Vibration analysis Misalignment, out of balance weights, wear of bearings etc
2 | Thermography analysis | Overloading, excessive friction or wear, abnormal electric resistance
3 | Ultrasonic analysis Steam leakage, corona discharge. excessive friction or wear,
lubrication breakdown
4 | Oil analysis Contamination, breakdown of lubrication properties, signs of wear
5 |Current measurement | Electric overloads, faulty bearings, current leakage
6 |Laser alignment tests Misalignment of rotating shafts, checking level of surfaces
7 | Visual inspection General defects that can be detected by human senses of sight, hearing
and feeling

8 |Insulation tests Check status of electric insulation
9 | Power rate Bearing failures, damaged turbine blades, vacuum loss
10 | Voltage measurement | Brush failure, excitation faulty, insulation failure

= Failure cannot be predicted through the use of condition monitoring such as where failure
occurs too quickly to be predicted.

= Failure cannot be prevented by using a PM task.

= Failure cannot be eliminated through redesign such as where the component has been in service
several years with no failures and there is no justification for redesign.

= Failure has no or limited consequernces on safety and production and the cost from failure are
low.

Reliability centred maintenance (RCM)

= What are the functions and associated performance standards of the asset in its present operating
context?

= In what ways does the asset fail to fulfil its functions?

= What causes each functional failure?

= What happens when each failure oceurs?

= In what way does each failure matter?

= What can be done to prevent each failure?

=  What should be done if a suitable preventive task cannot be found?

Summary of the key objectives of an RCM method

No. Main objectives How they are achieved
1 |Ensure equipment reliability Reliability modelling
2 |Ensure safety through appropriate PM actions Classify types of failure

Analyze failure consequences
3 |Ensure equipment functionality in the most economic manner | Effectiveness of PM
Economic viability of PM
Preservation of function




Believe in

Lean
Philosopy

Production
lanagemes

Mlustration of building

concepts of lean philosophy Steps followed in developing and

implementing RCM

*  Down tune due to operator or program error.
*  Downtime due to madequate PM and downtime due to chronic wear and stresses.
* Downtime from chronic wear & stress to circuit boards, hydraulic components and other

system components.

1. Operational gains— reduced lead time, mcrease productivity, reduced mventory, and improved

quality.

2. Admunistrative improvements — reduced paperwork, reduced staffing, reduced process errors,
streamlined customer care, cost reduction, job standardization.
3. Strategic gains in achieving overall company goals.

Types of wastes identified by a lean mamntenance system

Waste tvpe

Description

Unproductive work
Delays in motion

Poor inventory managem
Rework

Underutilized staff

Ineffective data managem.
Unnecessary motion
Misapplication of
machinery

Efficiently doing work that 1s not needed

Delays waiting for spares, outage, isolation, people etc.

Excessive inventory, not having the right parts when needed

Having to repeat maintenance tasks due to poor workmanship

Using people to the limits of their qualification, not to the limits of their
abilities

Collecting data that 1s of no use, failing to collect the data that is needed
Unneeded travel to the to tool stores, workshop, looking for items, ete
Incorrect operational strategies that lead to maintenance work being done
when 1t need not be done

Define the problem: Monitor and measure the waste:

Analyze how to solve or eliminate the problem: Implement the lean improvement actions:

Control to sustain the improvement:



Senior
Evaluate new Raole out lean to
managemant v 4 :
“mgl projects other projects
F
Yes
Acceptance
Strengthen Lean
; mithods Pardintianca
Brainstorming | Rewiinnh e Ne satisfactory?
| ,
Implement Lean Evaluate
Lean team formed # Train lean team » Select pilot project » methods on pilet » perormance of
project pilat
| ¥}’\
Yolisteers Resources Decision fl for implementation of 1 intenainc
from stalf cision flow process for implem on of lean main e

The six sigma DMAIC steps and key activities



Roles of tap

management

in six sigma

Create vision

Lead advocate
Accountability

of results:

The roles of top management and leadership structure of a six sigma

Set clear objectives

Planning participate
Demand performance i
Honest communication

/.

f -

V7 N [
4— Gsigma leadership —— .
/ k‘ -

% e

structure in 6

Leadership council /
Sponsor
Leader
Bsigma coach
Project leader
Team leader
Team member
Owner

Summary of main tools for each phase of six sigma DMAIC

Six sigma phase

Tools

Define

Benchmarking

Voice of customer

Quality funetion deployment
Process mapping

Measure

Measurement system evaluation
Data collection methods
Defects measurement

Analyze

Cause and effect diagram
Failure mode effects analysis
Statistical inference

Pareto diagram

Root cause analysis

Improve

Design of experiments
Decision and risk analysis
Systems thinking

Control

Control charts

Time series

Performance management
Preventive measures

Repeated breakdowns such as frequent sticking of master valves,

Lack of spare parts for valves, level controllers. pressure controllers etc

Poor quality of work by the mamtenance team
Excessive down time during maintenance

»  Crtical to quality
= Affinity diagram

=  Supplier inputs-outputs relations

= Process mapping

Pareto charts

Cause and effect diagrams

Five whys

Failure modes and effect analysis =

Fault tree analysis
Design of experiments

= Data collecting plan
= Measurement system analvsis

Control charts
=  Run charts

Identify the functions of an equipment
Identify potential functional failure

Consequences of failure
Potential causes of failures
Mitigations

Risk calculation




Summary objectives of mamtenance of a G5GS

No. Alaintenance objective (criteria) Abbreviation
1 | Flexible, dynamic and proactive FDP
2 | Profitable, production improvement and cost reduction PPC
3 | Quality work. meet standards, minimize defects QSW
4 | Reliability, safety and system security RSS
5 | Availability, minimum down and repair time ADT
6 | Effective orzamization, motivated staff. documentation OED

Alternative management methods
No. Management method Abbreviation
1 | 5ix Sigma Maimntenance SSM
2 | Reliability Centred Mamntenance RCM
3 | Lean Maintenance LCM

The matrix from the relative ranking of the alternatives 1s squared
The rows of the square matrix of alternatives 1s summed to form column matrix
Sum the eolumn matrix resulting from sum of rows

Dhvide each element of column vector by the sum to form eigenvector
Multiply eigenvectors of objectives by that of alternatives

Manpower cost;

Spare parts and consumables;

e ]

Technical kKnowledge
management

= TIME

Fe
[

Y
&

Innovation & ‘Fit®
manufacturing

Special maintenance tools, equipment and software.

Equipment reliability & efficient
manufacturing

Sequence of ‘Fit’ maintenance engineering

implementation steps.

Machine down time due to planned and forced outage;




‘ Failure mode canse and effects analysis for GPPs

water

Excessive wash water

& FPotental falure 2 5 Fossible maintenance
Equipment or defect Likely camses Likely consequences manazement solutions
[BIaster valves Silica scaling High silica finid Smuck valve, F.epair vahre
amd service Wear of valve disc |Improper operaimg  |Unconirelled well hionitor and nspect
fvalves Leskage through  |press Lost well F.edesizn valve
=lands Wornloose packing  |Lost valve Protect metal
Cormesion of metal |Exposed metal
Two phase Sraling High silica, calcite blocked pipe, F.eplace pipe
[pipeline Insnlation dameage |Improper pressure resiricted flow F.epair insulation or
Wear of pipe wall |Environment damage [Changes in o E
Cormosion Water hammer in 2 |characteristcs Ulse inhibitars
Fracoure, leaking, |phase Dlesign ermors F.edesizn the system o
arsi Excessive pressure Weather issues match flow condition
Conmol flow propesties
Monitoring Sowr
indicators
Separator wessel |Scaling om walls High silica flaid Blocked pipes (Crverhaul the vessel
Ercsion of vessel  |Oxygen insression Faduced effciency Fedesizn the system
wrall Particles in the finid |Flooding of vessel E.eplace vessel with
Water in steam Incomrect designof [Damage 1o vessel smitable design
Sieam in waier wessel Wet steam, steam lost |Femove well with excess
Bursting Excessive press Safety problems silica
Cramage to mEes hionipor parameters
SUpPOE Thinning wessal wall
Waier hammers
Separator vessal |Fail wo operate -CoTTosion Clamzgs to wellhead |Feplace with right rated
[pressure relieve |Ohperate at lower  |Wrong design equipmment in even of |Feplace damaged
prass than design  |Sdlica scale cement OVETpTES SUre Monitor and inspect
Leskaze of steam  |Gaskest failure Lose of steam under  |Replace paskes
Wiong insmillation normal pressure
Separator level  |Allows excess (Onet of calibraton Flooding of separator [AMonitor
coniTols level Walve leaking Possible damage o Fedesizgn
Level too low Walve stuck equiprment (Calibrate
Errafic conirols Equipment damage | Water info steam line |Owerhaul
Mo response of Steamn lost with water |Fegular inspection and
conmol valves Damaged equipment  |maintensnce
|Hiot whater piping |Scaling Silica calcite too high |Blecked, constmicted  |Monitor flow parameters
(Corrosion Improper operating  |Sow Inspecton and repairs
Inznlaton damage |pressurs Burst pipe F.edesign the system 1o
Pipe and suppoms  |Weather damage Heat loss eliminate defacts
damaga Water hammers Pipe and supports (Orverhaul the system
Leakage Fracoure of pips damagze Laolate problem wells
Thinning of pipe wall |Loss of water
Lost producton
Steam pipeline  |Heat losses Diamagzed or poor Heat loss, condensate |Redesizn insnlation
Pipe damagze insmlation Thinning pipe wall, F.eplace repair insulation
Thinming of pipe  [Commosion damage pips damagze Monitor flow and nse
wall Improper desizn Consmained flow results to determiine stamas
Scaling on pipe Blocked pipes Damapged expansion  |Eeep oxyzen out
Burst pipe Excessive pressurs Feep pressure regulator
Turge
Wrong expansion
consraints
Equipment Potential failure Likely causes Likely consequences Faasible m:untennlm:e
or defect management solutions
Steam pipe Mo response to Lozs of power Excess steam pressure (Inspection and repairs
pressure Dressure (Ot of calibration Diamage to plant F.estore power
controller (Opens at low Valve disc wom equipment Monitor control operation.
pressure (Control valve sticking [l oss of steam and use result to make
Leakage of steam  |due to scals Froduction shut down [comection
Ermratic conirol Unstable steam Induced pressure Fedesign the pressure
response pressure surges in the entire controls to eliminate
system defects
Steam pipeline |[Wrong readmes (Ot of cabibration Wrong management |[Regular calibration
mstumentaftion  [WNo readings [Ho power data Inspect and repair
Unstzble readings  [Blocked tapping Mo data for operation |Monitor and take action
Damaged pipes Wrong control signals |from menitored results
instruments Faulty inshruments Safety problem F.edesign the mstrument or
pipeline
Steam wazh Blocked spray Scaling at mozzles Salts in steam_ scale in [Regular inspect and
secton {to nozzles (Control device out of [turbine maintam
remove dissolved [Excessive or calibration Flooding of mast Monmtor parameters and
salts) Inadequate water separators take action
I= steam wash needed
Fedesign to remove
defects
Steam scrubber  (Too high water Faulty level Flooding Monitor and use the data
and mst lavel controllers Wet steam to take correction
eliminator Too low water (Controllers out of Lost steam Inspect and mamtain
lavel calibration Safety issues Fegular calibration
Moisture in steam  [Excessive moisture m |Water hammers Fedesizn
Steam n separated [steam Froduction stoppage  |overhaul




Availability

Operation & Maintenance |

Mechanical
aspects
Main tank
Economic
|nwla';?:rln \ ‘ Life management decisions |
3 Non-
Tech: |
e P cinient (¢TI
aspects
Thermal
aspects -
Auxiliaries Environment.
Criteria and process used to evaluate the status of transformers
STORES '
/ 'PURCHASING
PROJECTS / \ ERGY
Integration of CMMS with other systems
Reduce
IMPROVING MTTR
EQUIPMENT
UPTIME &
AVAILABILITY
Improve MTBF
REDUCE Eune .
OPERATIONAL ¥
/ COST Parameters
PREDICTVE & | ; Tool Key
PLANNED o Parameters

FACTORY
SYSTEM

\ In-line
EQUIPMENT monitoring

SYSTEM

Transfer

DATA Application

Storage

Predictive and Planned Activities
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Concept overview
Table 2: Acronyms on Maintenance
Management and CMMS
AO  Availability
APC  Advanced Process Control
CEM  Common Equipment Model
COO  Cost of Ownership
EDA  Equipment Data Acquisition
EPT Equipment Performance
Tracking
FDC  Famlt Detection and
Classification
M-Fatio  ratio between
maintenance
MTBF  Mean Time Between Failure
MTTE  Mean Time to Repair
OEE Overall Equipment
Effectiveness
PdM  Predictive Maintenance
PM  Preventive Maintenance
PPM  Predictive and Preventive
Maintenance
PTTF  Predictive Time to Failure
RF Radio Frequency
SMC  Statistical Machine Control
SPC  Statistical Process Control
SVID Status Variable ID
TEM  Time-based Preventive
Maintenance
UBM  Usage-based Preventive
Maintenance
WIP Work-in-Process

MAINTENANCE

CONTINOUS
CORRECTIVE PREVENTIVE IMPROVEMENT
__PLANMEDand | | ESSENTIAL | | DESIGNFOR
SCHEDULED CARE RELIABILITY
ONLY CONDITION DESIGN OUT
SCHEDULED MOMNTORING | MAINTENANCE
FIXEDTIME | | IMPROVE
CNLY PLANNED " pianTeNANCE | PROCEOURES
L EREAKIN

Figure 2: Definition of maintenance

Preventative

Components of Mamtenance




Preventive
Maintenance

should be based on data. such as the expected life of consumable parts or historical
data on the useful life on the equipment. Preventive maintenance is traditionally
based on elapsed calendar time or fixed unit count usage

Usage Based Preventive Maintenance (UBM)

Time-Based Preventive Maintenance (TBM)

Maintenance activities carried out at predetermined
intervals of usage

Parts that have to be exchanged/repaired at predetermined
intervals of time

Condition-
Based
Preventive
Maintenance

CBM

Is an enhanced method based on equipment or other possible data collection and
analysis. Various advanced analysis techniques and data collection methods are
currently being used to achieve more competitive equipment availability and
produectivity. Condition-based PMs are intended to maximize the availability and
productivity of the equipment while optimizing maintenance costs. This also
reduces planned downtime and thus increases availability.

Data sources are internal machine sensors, equipment performance and process data from the
machine, and external systems (e.g.. SPC). Once a defined level is reached, it triggers a maintenance

action.

Necessary data to determine the condition of a part or machine may be collected in real time or in
defined intervals. which need to be short enough to give an indication early enough to avoid
unscheduled failure.

Analysis of the collected data is possible cither in real time or from offline databases.

Application of advanced analysis and scheduling techniques is needed.

Predictive
Maintenance

Predictive maintenance identifies impending or imminent unscheduled failures and
generates advanced warning and prioritization. To make predictions that are useable

PdM  in areal environment, there are four essential components : input. methodology,

output, and use. However, predictive maintenance is complementary to
condition-based preventive maintenance.

Data about the condition of equipment and facilities. fab./lab performance indicators. and

Input

maintenance. - Internal data about performance and condition of equipment. equipment
components and other sources e.g. additional sensors within the equipment

- External data and events including FDC. EPT. PM history. SPC., SMC, etc.

Methodology

It should meonitor single parameters. trends, performance of equipment and additional data
sources:

» Equipment parameters (electric, mechanie. pressure, chemical, ete.)

s Fab performance indicators (number of processed water, used recipes, WIP, etc.)
» Facility data

e Availability of equipment

» M-Ratio: Scheduled/unscheduled downtime

* MTBF

= Cost of ownership

» Statistical and other analysis and failure behavior profile matching should be included.

» Information that identifies the possibility of concurrent failures or that allows for
prioritization of maintenance on imminent required maintenance is important.

Event-driven failures that do not need trend data (FDC data may be an input source for fault prediction)
should be included. The PdM system must analyze the mput data according to rules and models defined. It
then calculates the optimum time to do maintenance, Warning must be given in advance so that activities
can be scheduled.

Qutput

Early warning must be given of impending or imminent tailure conditions to distribute the
workload and avoid simultaneous downtime of many pieces of equipment.

The maintenance schedule should be automatically adjusted.

Unscheduled downtime is reduced by early warings giving a chance for scheduling.
Maintenance-related costs are reduced as maintenance is done close to the latest possible
time reflecting usage, condition, data, etc.

Repair and overhaul time 1s reduced as early indication gives a time window for preparing
activities.

The spare parts inventory is reduced as carly indication gives the chance to order parts when
needed.
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RCM PROCESS OVERVIEW

I PLANNING AND PREPARATION

1 Identify Team and Responsabilities 4 ldentify and Document Review Process

Analysis

2ldontify Analysis ltams 5.0rientation/Training

3. Prioritize ltams 6.Ground Rulas and Assumptions AppmacthCM
L / Plan

ANALYSIS

1.Equipment Kick-off Maating

2 Initial Data Gathering
W3 Hardwara Partition

4 Function

5.Functional Failure

6. Failura Moda

i FMECA -
gl Maintenance
et -

B.Failure Consequences

9. Task Evaluation REqmrements
o Task Selection y

I IMPLEMENT RESULTS

1Package Maintenance Tasks I Maintenance

2 Onetime Tasks 2 ngram
SUSTAIN

1.Emergent [ssues

2 Age Exploration

3 Hardware Changes

4. Trend/degrader analysis
\Socmert v St ]

Feedback
¥
Maintenance
policy for the Avaiab T iyor
equipment vailability o 7
quip the system Consultant
Material or
and maintenance

personnel

Manuals and —L
drawings Historical instructions
failures o
) Production
or
maintenance
personnel
Feedback :

Economic benefits of
reductions in no~fault-founds

Reduction of
‘maintenance cost

Reduction of
unscheduled events

Reduction of
logistics footprint

R

Component

maintenance shops

Delays &
cancellations

‘ Line

Inventory cost

‘ Transport cost

| Additional cost |

| Revenues |

Passenger | ‘ |
Crew cost Alrport charges
delay cost i B

Network
reactionary cost

Economic benefits of reductions of no-fault-founds




Develop Design data Conduct case Write Draw cross-
theory callection study individual case
protocol case report conclusions
Strategy of the procedire.
Tactical plans
. P‘lﬂl’im : Execute
: Strategic methodologies Optional, monitoring and
: and tools maintenance systems
Performance
Recnmmendatinns\___/ BUeHEs
Maintenance
» .. o
Preventive Corrective
L. s I . -
Time-based Condition-based Immediate Deferred
Preventive and corrective maintenance.
Class Maintenanee Decreasing Constant Increasing
3 %mﬁh‘%m Failure = ! Failure ' Failure
Rate | Rate | Rate
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ogram FElements Process Elements

Risk Assessment
Administration ggp| Vs e Scopsof e i sment? -
Roles & What Adverse Events Can Happen? 1“ ‘
AR How Likely are These Events 1o Occur?
Res‘pnllslblllt]es How Severe Would the Consequences Be il the Evenls Did Ocour?
Personnel *
Qualifications B .
Risk Control & Decision Support ol
= &
[\-’{aﬂagcm ent I i What Could Be Done to Control Risks? o :
What Are the Relative Merits of the Risk Control Options? i
of Change
What Set of Activities Best Achieves Risk Management Gols?
Communications
Documentation _—
Performance Monitoring & Feedback
. . : What Improvements are Expected to Result from the Risk Control Decisions™
l ngl‘am l:.\’ahla!lon #W]lat Measures Best Capture These Expected Dutcomes?
and Improvcment Are The Selected Risk Controd Activities Having the Intended Effect?
How Can the Overall Risk Management Process be Improved?

Sty S ke €l 5l

Risk Assessment
Estimate the frequency and consequences
of potential incidents

Scoping and Screening Analysis
Define the physical and analytical
boundaries of the assessment

Event Identification
Identify the events that could cause pipeline
failures and lead to adverse conseguences

Frequency Analysis
Estimate how often the events might occur

Consequence Analysis
Estimate the severity of the adverse impacts
should the events occur

Risk Estimation
Combine frequency and consequence estimates
into relative risk values

Y

Risk Control & Decision Support
Select activities to reduce risk or produce equal
or greater levels of safety more efficiently

4

Performance Monitoring & Feedback
Determine if the risk control decisions produce
the anticipated outcomes




Risk Assessment

Estimate the frequency and consequences

of potential incidents

v

Risk Control & Decision Support
Select activities to reduce risk or produce equal
or greater levels of safety more efficiently

Identification of Risk Control Issues
Define the major contributors to risk and
opportunities for more efficient control of risks

Identification of Risk Control Options
Define specific alternatives to current design and
operation that reduce risk or increase efficiency

Evaluation & Comparison of Options
Select the best set of design and operational
practices that produce equal or greater safety

Y

Performance Monitoring & Feedback
Dretermine if the risk control decisions produce
the amicipated outcomes

Risk Assessment
Estimate the frequency and consequences
of potential incidents

Y

Risk Control & Decision Support
Select activities 1o reduce risk or produce equal
ar greater levels of safery more efficiently

'

Performance Monitoring & Feedback
Determine if the risk control decisions produce
the anticipated cutcomes

Selection of Performance Measures
Identify expected outcomes of risk control decisions
and associated metrics

Monitoring & Evaluation of Performance
Track actual performance and compare
with expectations

Modifications to the Program
Analyze implications of observed performance to
the models, data, assumptions, and conclusions of
the risk management program




Inputs
Categones
Rarnking Systems:

What
When
Where
How

Scheduling, Integration,

Wiork packs, Procedures,
Criteria, Reporing Rules
Written Schemes of Examination

Qrganising Execution of Inspection
and Monitaring

Inspection tools including:
Cpportunity Based Inspection

Reviewin
9 Infarmatinn Management

Assessment

MNorrconfarmances
Reporting Routes

Increase dosage rates/change chemical package

Reassess monitoring/inspaction requirementfrequency

o Sape )3 Sy o) 5 Sy e oSl

overview of risk based asset infegrity management



Gather, review, and
integrate initial data

Perform initial risk
asscssment of plant

Develop baseline
assessment plan

Perform inspection

/’ and/or mitigation

Revise mnspection and
mitigation plan

Review, update, and
integrate data

\_,_ Update and revise risk

ds=Cssment

Risk Analysis
Scope Definion
Hazard identification
Risk Estimation
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Risk Evaluation
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Risk Reduction Control
Decision Making
Implementation
Manitoring

Risk management structure

Risk Assessment

Risk Management
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Smart material tvpes

Biomumetic polymers and gels

Chromogenic materials and systems

Conductive polymers

Controllable fhuds

Fiber-optic sensor systems

Magnetostrictive materials

Micromachined electromechanical systems

(MEMS)

Piezoelectric and electrostrictive ceramics

Piezoelectric polymers

Shape-memory alloys and polymers
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