POLITECNICO DI MILANO

SCHOOL OF ARCHITECTURE URBAN PLANNING
CONSTRUCTION ENGINEERING

Management of Built Environment

OOOQDOOOQOO

SNNTECAS
R G,

FM PROACTIVE MAINTENANCE FRAMEWORK FOR COMPLEX

BUILDING SERVICE EQUIPMENT:

FAULT DETECTION BASED APPROACH THROUGH FTA AND FMECA

Supervisor: Professor Cinzia Maria Luisa Talamo
Co-supervisors: Eng. Nazly Atta
Eng. Francesco Rota
Thesis of:
Kancham, Santosh Kumar Reddy

883412

Academic Year 2019






ACKNOWLEDGMENT

Master of science studies at Politecnico di Milano has given me a lot as | grew up as a
person and professional, an opportunity to know the diversity of cultures and colleagues and
overcome many challenges. Like any compelling adventure, the University studies is not a path
that is tackled alone; I would like to thank several people who have contributed to the result of

my master studies and thesis in many ways:

Foremost, | would like to express my sincere gratitude to my thesis advisor Prof.
Cinzia Maria Luisa Talamo and my co-supervisors Nazly Atta & Francesco Rota of the
ABC dept. at Politecnico di Milano for their continuous support of my research, for their
patience, affectionate attitude, enthusiasm, immense knowledge, and healthy criticism added

considerably to my experience.

| take this opportunity to express my deep sense of gratitude and respectful regards to
all professors and teaching staff of Management of Built Environment at Politecnico di Milano,
for sharing their knowledge during attending the courses and gave me untiring help during my
study. Without their continual inspiration, it would have not been possible to complete this
study. | gratefully acknowledge the financial assistance in form of DSU scholarship during my

MSc studies by an Italian Government.

Finally, | must express my very profound gratitude to my parents K. Prabhakar Reddy
and K. Tirumala Devi, brother K. Kiran Kumar, and my best friends and classmates for
providing me with unfailing support and continuous encouragement throughout my years of

study. This accomplishment would not have been possible without them. Thank you.



ABSTRACT

FM (Facility Management) maintenance is demanding for a more proactive framework
in complex service equipment systems, considering the assets criticality and risk in building
operations and people safety. The aim of this thesis is proposing a new methodology to address
criticality and risk of service equipment through a promptly fault detection, which strategically

reorganizes the traditional maintenance approaches.

The study begins to investigate how proactive maintenance can directly detect faults
in service equipment of complex infrastructure (hospitals, airports, etc.), by providing an initial
scheme, which exhibits how a better awareness of fault information may change the

maintenance operation and management.

The problem of criticality and risk is better addressed through the deployment of
FMECA (Failure modes and effects and criticality analysis) and FTA (Fault tree analysis)
methods, which take advantage of critical information on service equipment formal and
informal knowledge. The FMECA supports service equipment systems break-down and define
the last cause of fault-chain, through a bottom-up approach, whereas the FTA assists in making
fault-failure relations both in qualitative and quantitative analysis, through a top-down
approach, in a logical scheme, by using previous FMECA collected information. Moreover,
FMECA+FTA synergy can be empowered through the acquisition of tools (POF - Probability
of Failure and COF - Consequence of failure) proposed by RBIF (Risk-based inspection
framework- UNI EN 16991) in order to increase reliability, availability, and maintainability of

the system.

The implementation of proactive maintenance through these approaches is exhibited
through a case study which involves hospital building service equipment management. This
results in finding which is risk parameters, to take in consideration for better monitoring and

optimization, and suggesting sensing solution deployment for further applications.

Finally, a literature review of fault detection in industrial maintenance is provided, in
order to show and highlight how 1.4.0 technologies, yet existing in real cases, can be also
adopted in FM discipline, especially when service equipment proactive maintenance needs to

be actively managed in a new way.



SOMMARIO

La manutenzione nel FM (Facility Management) richiede un nuovo approccio
proattivo per i servizi tecnologici di architetture complesse, considerando criticita’e rischi per
la sicurezza delle person e per il buon funzionamento degli organismi edilizi. Lo scopo di questa
tesi e proporre una nuova metodologia per affrontare la criticita e i rischi legati alla
manutenzione dei servizi tecnologici (come HVAC) attraverso una tempestiva rilevazione dei

guasti, che possa riorganizzare strategicamente gli approcci di operativi.

Lo studio inizia a indagare come la manutenzione proattiva possa rilevare i guasti nei
servizi tecnologici (HVAC) di infrastrutture complesse (ospedali, aeroporti, etc.). Viene cosi
fornito uno schema iniziale che dimostri come una migliore conoscenza delle informazioni di

guasto possa perfezionare la conduzione del servizio di manutenzione per beni piu durevoli.

Il problema della criticita e del rischio viene affrontato attraverso I’ impiego del metodo
FMECA (modalita di guasto ed effetti e analisi della criticita) e FTA (fault tree analysis), che
sfrutta le informazioni critiche e operative delle apparecchiature. L'analisis FMECA aiuta a
stimare la magnitudo dei guasti piu frequenti, attraverso un approccio bottom up, mentre
l'analisi FTA contribuisce a creare relazioni di guasto sia qualitativamente che
guantitativamente, attraverso un approccio top-down, in uno schema logico che utilizza le
informazioni raccolte nella precedente FMECA. Inoltre, la sinergia FMECA + FTA pu0 essere
potenziata attraverso l'acquisizione di strumenti (POF - Probabilita di fallimento e COF -
Conseguenza del fallimento) proposti dalla norma RBIF (framework di ispezione basato sul
rischio - UNI EN 16991) al fine di aumentare I'affidabilita, la disponibilita e la manutenibilita
delle apparecchiature. L'implementazione della manutenzione proattiva attraverso questi
approcci e dimostrata attraverso un caso studio che coinvolge la manutenzione delle
apparecchiature di servizio ospedaliere. Cio si traduce nella ricerca di parametri critici da tenere
in considerazione per un migliore monitoraggio e nella proposta di implementazione per future

soluzioni che sfruttano i sensori.

Infine, viene fornita una literature review sulla ricerca dei guasti in atto nella
manutenzione industriale, al fine di evidenziare come le tecnologie 1.4.0, possano essere
adottate anche nella disciplina del FM, specialmente quando la manutenzione proattiva deve

essere gestita con efficacia e efficienza.



CONTENTS

ACKNOWLEDGMENT ot ii
A B ST R A C T et r et r et 1\
SOMMARIO ettt b e bttt e et e e be e et e e naeeens v
C O N T EN T S ettt hb e e e b bt e bt e s ab e e be e s be e et e e saneenes Vi
LIST OF FIGURES .. viil
LIST OF T ABLES .ttt bbbt ae s IX
A C RO NY M ettt h etk e e e bt eebe e e st e e abeeenbeenaeeebeesree s X
LINTRODUCTION ...ttt 1
1.1 Thesis QUeStioNS and HYPOTNESIS: ........c.ooiiiiiiiiiie e 2
1.2 THESIS OULIINE: ...ttt bbbt e e bt b be st st e e s e 4
Part 1-THerotiCal PAIT........c.cooiiiiiiiieiee bbb 6
2.The role of fault detection in Facility Management Proactive Maintenance................... 7
2.1 Advancements in practices of Traditional FIM maintenance............c.covrerereieieniinienene e 7
2.2 Risk and Criticality Assessment in Service Equipment Maintenance............ccceovvvvrereneneniennenns 9
2.3 Fault and Failure Knowledge Acquisition for an Integrated Maintenance Knowledge
Y Fo T o T=T 4T L SRS 12
3.The Techniques and Methods used in Industrial Maintenance for Fault Detection and
D= To ] [0 1] USSP ROUTOSPRSPRS 16
3.1 Sensors and actuators depPlOYMENT: .......ccooiiiiiii e 18
3.2 ComMPULING PIALTOII ...ttt 20
3.3 Industrial big data analysis techniques Through Machine learning: ............ccoccoevviiieiecieiennns 23
Part 2 EXPerimental Part: ..o 29
4.Proposal of a Proactive FM Maintenance Framework: ...........cccoccevvveveiieiieieesie e, 30
4.1 Risk Based iNSPeCtion FrameWOIK: ...........ccoiiiiiieeieieiees e 32
4.2 The RBIF PrOCEUUIE:........iiiieiteiieiieieieie ettt sttt e e sbe st sbeneenneneneas 35
4.1.1 Initial analysis and planning ..o e 35
4.2.2 Data collection and validation ..o s 37
4.2.3 Multilevel risk analysis (RiSK aSSESSMENT).........cciririerieiiisine e 39
4.2.3.1 Communication and CONSUITATION: .......c..oiviiiiiiiiei et e 40
4.2.3.2 EStablishing the CONIEXL: .....cvoiiiiie e 40
4.2.3.3 RISK ASSESSITIEINEY ....eittiiieiieitete ettt ettt bbbttt be e e e et bt b e bt e bt e e e b e ke sbeeb e e beene e e e naenbesbeebeane e 41
O B O 1S Q1 €T L1111 ) PP 46
4.2.3.5 MONITOFING BN FEVIBW ...ttt b ettt b bbbt et e e e bt sbeebe s e 46
4.2.4 Decision making and action Plan ... s 47
4.2.5 EXECULION QNG FEPOITING.....civiitiitiriiieieieeee ettt enes 48
4.2.6 Performance review/evergreening PhasSe. ........coooeeeereieereneiie e eeeee e ens 49

Vi



4.3 FMECA ANalysis TEChNIQUE: .......cviiiiie ettt st st nre s 50

4.3.1 FMEA MethOTOI0gY: .....c.viiiiiiiiiiiieeteieiees sttt 52
A.3.1.1 Plan the FIMEA: .. ettt sttt et ekt e st e st ene et e benbesbeeteane e 52

4.3.1.2 Performing the FIMEA: .......oo ittt st et e et e e et nreereane e 55

4.4 FTA MethodologiCal ANAIYSIS: .......c.ciiiiiiiiiieieeee e 59
4.4.1 Fault tree analysis deVelOPMENT PrOCESS: ......ccciieiiiiiieeiie e se e ste et sre e e 61
4.4.2 FAUIT TIEE IMOUEI ..ot 63
4.4.3 Qualitative analysis and Quantitative analySiS: .........ccccoviviiiirineieieee s 67

5. A Practical Case Study on RiSK ASSESSIMENT..........cccveriiiieieere e esie e e sie e e 71
5.1 GENEIAl DESCIIPIION: ... ecuieitectieie sttt st et e et e st e e s e e besreesaesteesaesreereenrenreas 71
B2 CHILLER ...ttt bbbkttt b et en et 73
5.2. 1 ODJECHIVE: ...ttt bbbttt bbb bbb n s 73
5.2.2 Functional Scheme and Working PrinCiple ...........ccccoiiiiiiiiiiieeeses e 73
5.2.3 FIMEA ANGIYSIS ..ottt sttt sttt s te et et sbe e e teane e sresteetesreeraenrenre s 76
5.2.4 FTA ANAIYSIS: ...ttt bbbt bbb 78
5.2.5 ReSUILS FOr CHILLER: .....coiiiiiiiit b 83

LR R @00 (=] o =T - 1 o] SRR TRP PRI 83
ST A @ o] [=To1 1) SRRSO 83
5.3.2 Functional scheme and Working prinCiple ..........cccooeiiiininiieieeees s 84
5.3.3 FIMEA ANGIYSIS ....cviiiieiieieee sttt sttt te e ettt s be e e beane e stesteentesreeraenrenre s 87
5.3 FTA ANGIYSIS ..ottt ettt e st e e e e s be e ae e sreste et e steeraenbenre s 89
5.3.5 ReSUILS TOr COGENEIALON: .. .c.veuvieieiieiieieiie sttt bbbt 94

5.4 AIF HaNAIING UNIT. ..ottt 94
I S @ o] [=To1 1) SRR USTOSPPORN 94
5.4.2 Functional Scheme and Working PrinCiple.........c.ccovveiiiieiicii e 95
5.3.3 FMEA ANGIYSIS ..ottt bbb 99
5.3 4 FTA ANAIYSIS ...ttt sttt st e et e e e s b et e et e s beeraentesae e e re e 101
535 RESUIS TOr AHU : ..o 105

I @0 o o1 [0 1Y o] AR URTPR PSRRI 106
] (=] =] (o0 E TSRO 109
ANNEXURE A ottt sttt et e e neeene e 112
A.1 Fault datasheet DESCIIPIION .........uiiiirieieiee et 112
A.2 CHILLER failure mode effects analysis — FAULT DATASHEETS..........ccooiiiiiiiiienee 113
A.3 Cogeneratore failure mode effects analysis — FAULT DATASHEETS .........ccccoovniiinnnen. 118
A.3 Cogeneratore failure mode effects analysis — FAULT DATASHEETS ........ccccooviniiinennn. 134

vii



LIST OF FIGURES

Figure 1 Maintenance in relation with Fault detection- Threshold benchmarking.................... 8
Figure 2 Correlation of probabilities and consequences to achieve RAM parameters source:

ASSEE INSIGNTSO)......c.iiieiccieee sttt e e et et e st e et easeesaeeseeereesreenbeaneenre s 11
Figure 3 Fault and Failure INformation CYCIE............coeiveiiiiiiiece e 13
Figure 4 Analysis of data cycles converting from raw data to knowledge ..............ccccoeevennee. 15
Figure 5 Ten use cases will drive 10T growth through 2020 ..., 17
Figure 6 Cloud based smart CONLIOl ..........cccooieiieiiie e 22
Figure 7 Maintenance FrameWOIKS..........c.ooviieiieie et 30
Figure 8 Risk based Proactive CYCIES ...........oiuiiiiiieiee s 32
Figure 9 Risk based maintenance ProCEAUIE.........ccueieririeriiririeseeee et 33
Figure 10 Fault tree analysis deVElOPMENT PrOCESS........c.civveveiierieeie e re e 62
Figure 11 Simple pumping system Source: FTA Standard- BS EN 61025 ...........c..ccccevenneee. 64
Figure 12 FT related to the simple pumMpPINg SYSEM .........ociiiiiiiiieieere e 65
Figure 13 Basic Fault tree Symbols and Mmeanings.........cccovvriririninieiene s 67
Figure 14 The graphic exhibits the breakdown of the HVAC system into different sub units 72
Figure 15 CHILLER Refrigeration CYCIe.........cooveiiiieiiecece e 75
Figure 16 Fault Tree Diagram - CHILLER .........ccoiiiiiiiieeeee s 78
Figure 17 Structural measure of Importance — CHILLER ...........ccooiiiiiiiinineecee, 79
Figure 18 Cogeneration Functional SCheme ... 86
Figure 19 Fault tree diagram - COQENEIator ..........ccviveiieiieiieieeseee st e e sre e 89
Figure 20 Structural measure of importance — COgENErator ...........cceoerverrerereneseseseeeeeenes 90
Figure 21 Air handling Unit Functional SCheme ... 98
Figure 22 Fault tree diagram -AHU ..........oooiiiiiiec e 101
Figure 23 Structural measure of importance — AHU ..........cccooi i, 102

viii



LIST OF TABLES

Table 1 Industrial consideration of faults and failures ... 27
Table 2 Most used machine learning Methods ..o, 28
Table 3 Chiller Subdivision system for FIMEA ..o, 77
Table 4 Symbol and Meaning used in analysis of Fault tree ............cccoccoveveiie e, 80
Table 5 CHILLER- Fault tree structural analysis (Part 1) .......cccovevinieninnenin e, 81
Table 6 CHILLER- Fault tree structural analysis (Part 2) .......ccccocevvnveninnenie e, 82
Table 7 Results of Chiller Structural measure calculations ..............ccccevvveneni s, 83
Table 8 Cogenerator Subdivision system for FMEA ... 88
Table 9 Cogenerator- Fault tree structural analysis ..., 92
Table 10 Results of Cogenerator Structural measure calculations............cccocvevvvveiveieseennnnn, 94
Table 11 AHU Subdivision system for FMEA ... 100
Table 12 AHU- fault tree structural analysis ..........cccevveiiiiiiieeie e 104
Table 13 Results of AHU structural measure Calculations.............cccooevviiiniinicicee 105



Abbreviated term

CM
CMMS
CNC
COF
CSaaS
ERP
FD

FM
FMEA
FMECA
FTA
HMI
HSE
HVAC
laaS
ICT

loT
M2M
PaaS
PDM
POF
RAMS
RBIF
RBM
AHU
SVM
SCADA
SFDFDA
SIS
SLKDE
WSNs

ACRONYM

Definition

Condition Monitoring

Computerized Maintenance Management System
Computer Numerical Control

Consequence of Failure

Control System as a Service

Enterprise Resource Planning

Fault Detection

Facility Management

Failure, Mode and Effect analysis

Failure, Mode, Effect and Criticality analysis
Fault Tree Analysis

Human-Machine Interface

Health, Safety and Environment

Heating, Ventilation, Air Conditioning
Infrastructure as a Service

Information and Communication Technologies
Internet of Things

Machine-to-Machine

Platform as a Service

Predictive Maintenance

Probability of Failure

Reliability Availability Maintainability and Safety
Risk Based Inspection Framework

Risk Based Maintenance

Air Handling Unit

Support Vector Machine

Supervisory Control and Data Acquisition

Sensor Failure Detection and Faulty Data Accommodation

Safety Instrumented Systems
Semi Supervised Local Kernel Density Estimation

Wireless sensor networks



1.INTRODUCTION

Characteristically, maintenance can be described as an activity of preserving a finished
product throughout its life cycle which intended to perform its desired function. Within the
maintenance management context, it can be defined as a “combination of all technical,
administrative and managerial actions during the life cycle of an item intended to retain it in,
or restore it to, a state in which it can perform the required function” (1) of an asset or property.
The activities to achieve maintenance objectives introduces numerous challenges and problems

in the process of preserving the asset or property to perform its function.

Those challenges and problems fall within the context of monitoring & controlling
personnel and equipment safety, decrease down time and increase productivity and profitability
which are the main focal point in any type of industrial maintenance. In order to achieve these
challenges, traditionally the industries are practicing maintenance activities such as reactive
maintenance, preventive maintenance from over the period to retain the equipment or
machinery function. The reactive maintenance works on the principle of reacting for a problem
and preventive maintenance work on time-based intervals which are not considered as a
significant strategy to meet the demand of present world. These approaches are unable to
achieve the effectiveness in serving the enlargement of areas of interest for complex
organizational demand. The industrial maintenance is demanding a move from a reactive and
calendar-based maintenance to more productive emerging maintenance strategies, such as

proactive maintenance.

The proactive maintenance works on a principle of performing maintenance only when
required by identifying root causes of an equipment’s failure and breakdown caused by
underlying equipment conditions which are the potential knowledge to anticipate and eliminate

! According to standard BS EN 13306:2010 — Maintenance — Maintenance Terminology
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before they develop. The process of identifying root causes are achieved by deploying the
techniques of functional failure analysis such as FMECA (Failure modes and effects and
criticality analysis) and FTA (Fault tree analysis) which identify the asset risks and criticalities

of a complex system which are strategically needed to address the maintenance operation.

The risks and criticalities of an asset are the most crucial factors of the system which
need to be detected and diagnosed by conducting fault detection operations which are an
advanced application where you analyse the whole system failure root causes and the
relationship between them. These approaches are an existing practice in the big industrial
machineries which they deployed to achieve good results in achieving RAMS (Reliability,
Availability, maintainability and Safety) of a machine.

This thesis is intended to the context of complex building facility management
maintenance with a focus on maintenance of service equipment which looking forward for a
proactive approach in order achieve RAMS. In order to achieve RAMS, the author of this study
proposes a framework for a proactive facility management maintenance by looking the practices

of big industrial machineries maintenance approaches.

In this chapter, it is explained in detail the thesis question and hypothesis and to help

understand the guidelines of this study, a brief thesis outline is proposed.
1.1 Thesis Questions and Hypothesis:

Considering the above-mentioned statements, the general objective of this study is
investigated and proposed a framework for a proactive facility management maintenance for
complex building service equipment. To pursue these objectives the following thesis question

have been considered:

1. What kind of the facility management maintenance techniques can be extrapolated from
industrial maintenance field to promptly detect fault in advance in complex building

equipment?



2. How to reconfigure, from a service provider perspective, a new FM failure management?
policy, by using a systematic functional failure analysis® (FTA and FMECA) from

equipment?
HYPOTHESIS

Having regard with above mentioned thesis questions, | developed the hypothesis of questions
which are addressed as follows:

1.1 New Maintenance techniques exist in industrial field which use 1 4.0 enabling technologies
to detect fault (machine learning for fault), which now can be transplanted in FM

maintenance discipline.

1.2 By looking into the process of industrial maintenance from deploying the sensor, data
transmission, data storage unit, cloud-based technologies, data mining and taking decisions
based on the results, all these processes “root to wisdom” constitutes to build Proactive

maintenance which are addressed within FM context.

2.1 Considering risk-based strategy for identification, analysing and evaluation of risk and
criticalities of service equipment system by using an existing effective techniques FTA and
FMECA through RBIF.

2.2 These strategies can be jointed in a new way to analyse failure mechanisms of the whole

system for a better effective, productive and economical maintenance approach.

2.3 To develop strategic guidelines and related action-based approaches for a better Facility

maintenance management®,

2 According to BS EN 60300-3-11:2009, Failure management policy is described as maintenance activities,
operational changes, design modifications or other actions in order to mitigate the consequence of failures.

3 According to BS EN 60300-3-11:2009, Functional failure analysis refers to reduction in function performance
below desired level.

4 As mentioned in BS-EN-13306-2010 Maintenance — Maintenance terminology: Maintenance management is
described as “all activities of the management that determine the maintenance objectives, strategies and
responsibilities, and implementation of them by such means as maintenance planning, maintenance control,
and the improvement of maintenance activities and economics”.
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2.4 Failure assessment can help maintenance service provider for a correct sensor’s deployment
in its asset monitoring and control and for right amount of resource allocation required to

specific activities or component.

2.5 Few formal and informal knowledge sources can be used to build a functional failure

analysis helping in for an effective correct oriented analysis.
1.2 Thesis Outline:

The framework information is organized in the course of the dissertation into three
parts. First part covers the role of fault detection in the traditional facility management practices
and a literature review on fault detection techniques & methods used in industrial maintenance.
Second part deals with the methods, procedures and techniques that help in identifying Risks
and criticalities. In third part by use of techniques mentioned in part two a practical case study

was applied, and their results were discussed.

In the chapter 2, the role of a fault detection in facility management proactive maintenance is
described with the intention of how fault detection would impact these practices which are
constituted as follows: 1. Advancements in practices of traditional FM maintenance 2. Risk and
criticality assessment in service equipment maintenance 3. Fault and failure knowledge
acquisition for an integrated maintenance knowledge management. These sub sections give an
insight of how fault detection and those mentioned parameters will be integrated within the

facility management maintenance.

Chapter 3 reviews the fault detection and diagnosis techniques used in industrial maintenance
which are investigated by performing a literature review at the following levels: 1. Sensors and
actuators deployment 2. Computing platform 3. Industrial big data analysis techniques through
machine learning. It exhibits an intension of transition from existing industrial maintenance

techniques to facility management techniques.

Chapter 4 explains the proposal of proactive Facility maintenance framework through risk-
based inspection framework by specifically describing FMECA and FTA techniques to detect
risk and criticality. It explains an insight framework how a facility management can switch

from a time and reactive based maintenance to a risk-based maintenance.



Chapter 5 explains the application of risk assessment techniques on a practical case study of an
hospital building for identifying a risk in their use of building equipment’s as explained in

chapter 4.

Finally, risk assessment connection and their relationships concluding the results performed in

chapter 5 and an overall fault detection are explained in chapter 6 conclusion.
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2.The role of fault detection in Facility

Management Proactive Maintenance

2.1 Advancements in practices of Traditional FM maintenance

Fault detection is a process of detecting faults and registering fault information of a
service equipment in a well-developed fault database system which enables us to perform a
proactive maintenance approach. The main objective of the fault detection is to identify the
possible failures of occurrence of a service equipment system in different scenarios associated
with fault that causes failure. The fault information allows us to control and monitor the system
by establishing thresholds in a proactive way by performing the Qualitative and Quantitative

analysis.

The fault detection is performed in accordance with the results coming from the
analysis of FMECA (Failure mode, effect and criticality analysis) [1]and FTA (Fault tree
analysis) [2]techniques. In order to perform the risk assessment, the related fault information is
collected from different sources such as Scientific literature, Previous Organization knowledge,
Maintenance manual, Internet database etc. At first before switching into proactive maintenance
the faults are detected by using risk identification process which is first part of the RBIF (Risk
based Inspection Framework) followed by risk analysis and risk evaluation and later this
process would help detecting fault by means of sensors deployment. In both ways an extensive
amount of information will be developed in which a proper database management system needs

to assert to manage the data.

Moreover, fault information can be used in reducing or controlling the core practices
of facility maintenance such as Corrective maintenance, Condition based maintenance and
predetermined maintenance. These maintenances are an existing practice of industrial

maintenance which would be taken as a setpoint for setting into FM maintenance.



Firstly, corrective maintenance is carried out after fault recognition and intended to
put an item into a state in which it can perform a required function, however, by basing the fault
information we prevent the failure which could lower the correct maintenance practice. The
fault information will help to lower the corrective maintenance practice, but faults are
recognized frequently where we could use the new Corrective action for further fault detection
which is a repetitive process. The fault detection is part of proactive maintenance where we
establish thresholds by basing fault information collected in a structured way by using fault rate
analysis. We monitor the system by using 10T technology where it notifies us when the system
thresholds are reached, so that one could send an operator to perform maintenance before it
occurs proactively. The thresholds allow us to lower the Corrective maintenance index. The
fault information will support us in detecting latent faults which exists but not apparent by using

scenario analysis.

Corrective
maintenannce

PROACTIVE
MAINTENANCE
Fault
detection-
THRESHOLD
BENCHMARKI
NG

Condition
based
maintenance

Predetermined
maintenance

Figure 1 Maintenance in relation with Fault detection- Threshold benchmarking

Secondly, condition-based maintenance is performed on basis of conditioned
inspection where by using the fault information we could inspect the system by benchmarking
which would reduce the inspection costs, time and other related functions. This would be
achieved by means of threshold benchmarking of faults where maintenance performed on basis
of fault thresholds but not on basis of time based. The system is monitored constantly by means

of sensors which gives an alert if benchmark is reached, so that we could perform inspection



followed by maintenance action based on the threshold function proactively before failure
occurs. Anurag Choudhary et al used fault detection and fault diagnosis techniques in
condition-based monitoring for early detection of the degeneration of the induction motor
health, alleviating a proactive approach, minimizing unscheduled downtime, and unexpected
breakdowns [3].

Lastly, the predetermined maintenance can also be concentrated on fault information
where it is addressed through usage condition but not implemented on basis of time-based
intervals. The fault rates will help the predetermined maintenance objective in reducing the
probability of failure or degradation of the functioning of an item. The latent faults exist at any
point of time even after predetermined maintenance where use of fault information would help
in finding the latent faults based on system relationships. These detected latent faults would
further be maintained to reduce the impact of its performance on the system by establish a
proper maintenance interval. The fault detection would help in establishing the predetermined
maintenance interval for the faults detected. Therefore, these lengths of predetermined

maintenance interval will greatly influence the effectiveness of scheduled maintenance.
2.2 Risk and Criticality Assessment in Service Equipment Maintenance

The risk and criticality assessment of the service equipment plays a very crucial role
in controlling, monitoring and maintaining the equipment throughout its life cycle with
respective to economic and safety factors. The concept of the risk and risk assessment of an
item is better addressed in BS EN 16991:2018, “Risk based inspection framework” and BS EN
31010 — 2010, “Risk Management — Risk assessment techniques[ [4] [5]]. Whereas, the
criticality approach is described in BS EN 13306-2010, “Maintenance — Maintenance
terminology” and BS EN IEC 60812:2018,” Failure modes and effects analysis (FMEA and
FMECA) [1] [6].

The standard BS EN 16991:2018 defines the risk as a “combination of the probability
of occurrence of harm and the severity of that harm” where the probability of occurrence
includes the exposure of hazardous situation, the occurrence of a hazardous event, and the

possibility to limit the harm.

The RBIF consider the risk as the criterion for basis of maintenance where its main
objective is to lessen the overall risk that may result as the probability or consequence of

unexpected failures of operating facilities. The risk-based approach provides multidisciplinary
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engineering analysis that targets related to health, safety, business and environment
perspectives in compliance with the applicable legal or normative regulations and guidelines.
It also establishes the industrial reference standards in handling the hazardous materials and

contaminant while maintaining the equipment.

The risk for a service equipment would characterize the underlying potential hazards
which define risk scenarios in terms of pertinent information and critical factors which exhibits
damage mechanisms and failure modes of the system or equipment. The equipment risk is seen
a hazard either it is a repair or replacement of an item in terms of health, safety, environment

(HSE) and economical effects.

The consideration of risk factors in controlling and monitoring of an equipment is to
ensure the Reliability, Availability and Maintainability (RAM) of the item in which it increases

the overall productivity, durability and performance during its lifecycle.

The Reliability is defined as, “Ability of an item to perform a required function under
given conditions for a given time interval” with an assumption that the item is in a state to
perform as required at the beginning of the time interval. The reliability maybe quantified as a
probability or performance indicators by using appropriate measure which referred as reliability
performance. Whereas, availability is described as an ability to be in a state to perform as and
when required under give conditions by assuming that all the necessary external resources are
provided. This ability depends on the combined aspects of the reliability, maintainability and
recoverability of the item and maintenance supportability. These Maintainability of an item
ensures under given condition of use, to be retained in, or restored to a state in which it can
perform a required function, when maintenance is performed under given conditions and using

stated procedures and resources.

These three parameters are described qualitatively and quantitatively in terms of the
probabilities and consequences of the item. In which through our fault detection one can achieve
these RAM parameters for the equipment and hence succeed by lowering the probability and
consequences of faults detected. A correlation between risk probabilities and consequences are

explained in below graphic which exhibits their level of impacts of a risk event.

As the below graphic exhibit’s different events such as critical, contingency, minor
and routine according to their impacts and probabilities on the item. In risk-based fault detection
event with high probability and high impact are monitored thoroughly and the rest according to
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their importance to the item. In order to know the high or low impacts & probabilities the fault
detection would benefit in identifying all the failure scenarios which determine the associated

risk that the system is intended to prone for failures.

Risk is about the Correlation of Probabilities & Consequences

Figure 2 Correlation of probabilities and consequences to achieve RAM parameters source: Asset insights ©

Risks are generally relating to economic and productivity aspects of the item but
whereas the criticality refers to safety of the users of the equipment personnel. The critical
measures are not just related to just service equipment but also to the people who uses the

equipment.

The standard BS EN 13306 — 2010 states the criticality as a “Numerical index of the
severity of a failure or a fault combined with the probability or frequency of its occurrence”. In
which severity of a failure or a fault refers to potential or actual detrimental consequence of a
failure or a fault. The severity can be related to safety, availability, costs, quality, environment

etc.,

By means of continuous fault detection monitoring one could lower these safety related
parameters in which it gives an alert of dangerous situation, so that the personal damage can be
prevented before it occurs. The deployment of fault detection methods is essential in a sensitive

infrastructure environment such as hospitals, ensure safety of the patients.
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2.3 Fault and Failure Knowledge Acquisition for an Integrated

Maintenance Knowledge Management

Knowledge play an significant role in facility management maintenance which creates
a strategic value in understanding and managing relationship between the performance of the
physical resources through defining in other words as “Knowledge management in FM service
is fundamental not only for better understanding the most strategic role of facilities
management, concerned with resource management, but also for going beyond the idea of

simple form of facilities management janitorial function to promote Innovation” [7].

Within FM context, the process of creating service equipment maintenance knowledge

opens to a conceptual chain, that links:

1. Raw failure data (i.e. failure rate, fault information, etc.), which obtain sense and worth only

in relation to a context and process.

2. Failure information that is data processed according to the context of creating maintenance

knowledge of service equipment.

3. Maintenance knowledge which is the result of information processed, combines with other

resources to create capabilities.

4. Maintenance wisdom is the best use of knowledge obtained through experience and

analytical thought process.

In order to conceptual chain, Fault information can be considered the core of this
process at creating maintenance knowledge. The exercise of collecting, organizing, creating,
analysing information must be treated as decisive and critical for the quality of the FM
maintenance. As a result, information creates a value by connecting data to an event in

relationship between the service equipment [7].

Furthermore, the knowledge process is considered as a continuous maintenance cycle
which underlies the significant benefits for improving the overall information management.
The continuous maintenance cycle is a repetition between the raw failure data, failure

information, maintenance knowledge and maintenance wisdom that are illustrated in figure.
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At first sight, the raw failure data is the process of collecting data relating to reliability,
maintainability, availability and other maintenance support performance of items operating in
the field. It is hopeful that some data may be needed for more than one purpose and with

attentive consideration can therefore lead to cost effective data collection scheme.

Data may be collected from the field in the following situations:

a) Data collecting from fault detection methods which are routinely monitored and reported;
b) Where a sample collected from a preventive and corrective maintenance activities;

c) Where fault rates felid data are generated from repair activities routinely reported;

d) Data mentioned in maintenance manuals and collections from internet database;

e) Where customer perception surveys or customer complaints are used as the basis for

analytical studies;

f) From performance measurements

(-Best use of knowledge W
obtained through

experience and
analytical thought

( eSources of data: )

eFault detection
eWisdom
eMaintenance manuals

process eSurveys
~— Maintenance Raw Failure _
Wisdom Data
Maintenance Failure
S Knowledge Information )

Raw failure data which
is contexutalized to
create maintenance
knowledge for service

Maintenance operators equipment.

\ ) L /

Figure 3 Fault and Failure Information cycle

eEstablishing systematic
maintenance schedule

eResource Allocation
eScheduling
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Secondly, the fault information is a result of aggregating raw failure data to link with

equipment quantitative and technical data in the database by means of computer aided facility

management software. These processes include a lot of linkages amongst the equipment and its

complex relationships between other equipment’s.

In order to achieve maintenance knowledge, one should analyse with context and

experience to extract value from failure information. The process of extraction is developed by

deploying various methods which are currently in practice by considering the life of an item.

Some of those methods are explained as follows:

a)

b)

Bathtub curve: The bathtub curve describes methods to reduce failures at each
stage of the equipment life and show how significantly reduce operational failure

rate by screening out infant mortality failure at the beginning itself.

Log normal distribution: It is a continuous probability distribution of a data
variable in which logarithm of a variable has a normal distribution. These
probability functions help in extracting large probabilities data into normal

distribution functions.

Weibull distribution: Amongst the other methods the Weibull distribution curve
is the most appropriate one and widely used probability method. It describes the
behaviour of an item life by approaching informative tool which is built upon a
failure data information which will use this information when maintenance
required by establishing Weibull probability distribution. This method is
considered as a lifetime probability distribution function in reliability engineering
which is more appropriate for a system or complex components made up of several
parts. The mean time between failure information are considered for probability
calculations which are a varying set of curves to model real lifetime failure

distributions.

The results coming from one of the above-mentioned methods are used in developing

maintenance knowledge.

Thirdly, the failure information which were analysed with context and experience are

extracted to create a value to service equipment maintenance knowledge. The maintenance
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knowledge is used in establishing maintenance schedule in a systematic manner. Furthermore,

it is used in allocating maintenance operators and resource allocations.

Description

KNOWLEDGE

By thinking and interpreting the activities
performed by using knowledge evaluate and
generate new data for a continuous
maintenance cycle.

Analyze with context and experience to extract
value from failure information to create service
equipment maintenance knowledge. The most
deployed method to analyze fault rates are
Weibull distribution curve.

INFORMATION

RAW DATA

Aggregate raw failure data to link with
equipment quantitative and technical data in
the database by means of computer aided
facility management software.

Figure 4 Analysis of data cycles converting from raw data to knowledge

With attentive observations and careful reporting of maintenance activities the
experienced authorized maintenance personnel of an asset will perform analytical thought
analysis. The analytical process consists of deliberate thinking and interpreting the activities
performed by using knowledge evaluate and generate new data for a continuous maintenance

cycle. Finally, the wisdom of knowledge would be reached which remains a rare phenomenon.

Failure detection generates a lot of fault and failure data. By means of collecting all
the fault information, one should analyse the information and create the knowledge for
maintenance planning and all the knowledge are required to perform a proactive maintenance
approach. How fault detection, risk and Criticality assessment integrate in the Information

management of FM process which is to be more proactive.
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3.The Techniques and Methods used in Industrial

Maintenance for Fault Detection and Diagnosis

1.4.0 is the name given to the current trend of digital transformation of industrial
markets with automation and data exchange. Industry 4.0 represents the so called fourth
industrial revolution in discrete and process manufacturing, logistics and supply chain,
chemical industry, transportation, utilities, healthcare and even smart cities. The 1.4.0 forefront
give rise to rapid development in Information and communication technologies such as Cyber-
physical systems, Internet of Things, cloud computing, big data and artificial intelligence have
emerged [8]. These technologies are permeating the industries and make it smart and capable
of addressing the challenges, such as increasing customized requirements, improved quality,
and reduced time to market. These are enabling an increase number of deployment of sensors
to the systems to enable the systems to self-sense, self-act and communicate each other. The
use of Internet of Things technologies enables remote sensing and monitoring the devices and
computers. These technologies creating a huge potential fair new market for Internet of Things

which have been a subject of rapid growth in industrial revolution.

According to predictions made by Boston consulting group (BCG) that by 2020, €
250B ($267B) will be spent on loT technologies, products and services. It stated that the
greatest two sources of revenue growth in the loT market will be from services and loT
applications investment by capturing 60% of the growth from 10T. Each of these two layers is
predicted to generate € 60B ($64.1B) in spending by 2020. These creating an intensive attention
for business leaders looking on how 10T can help their companies increase in customer
satisfaction, improve quality, support new business models (such as data-driven services), and
reduce costs. In response to this, BCG completed an extensive analysis of use cases of ability
to use sensors by predicting when machinery will need to be repaired, self-optimizing
production, automated inventory management, remote patient monitoring, smart meters, track

and trace, distributed generation and storage, fleet management and demand response
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parameters. The following graphic compares the ten use cases by predicted spending level by
time to maturity.
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Figure 5 Ten use cases will drive loT growth through 2020
Source: BCG loT buyer survey; BCG analysis

The results showed that Predictive maintenance, self-optimizing production, and
automated inventory management are the three top uses cases driving loT market growth
through 2020. This IoT deployment would enable the predictive maintenance which is a wide
range maintenance strategy used in industrial sector to reduce machine failures and downtime
of the overall system. This reduction factors are achieved by remote sensing and monitoring of
these devices which is an internetworking and connectivity of devices through sensors installed

in the equipment’s.

The real time monitoring of a system is an important aspect in the operation,
maintenance and optimal scheduling of 1.4.0 manufacturing systems. The widespread of
deployment of various sensors has made smart monitoring possible. The deployed sensors

capture real time data of the installed system and transfer them to a central system which act
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has a data collection unit. These raw data itself is vague, unprecise which need to be analysed
to become a knowledge which give rise to Big data analytics which treats vast amount of data

which is crucial for maintenance operations.

By considering above graphic the 10T market investments in Facility management
sector is not even a consideration where there is an urgent deployment of 1oT market to achieve
a proactive maintenance. This literature review investigates the practices of industrial 10T
maintenance techniques and try to extrapolate the similar techniques which can be deployed in

facility management maintenance to become more proactive.

The Internet of things contains 4 parts: physical entities in the real world, sensors for
sensing physical entity state information, transmission networks, and intelligent data processing
systems. Based on these things we created subsections of literature review as sensors and
actuators deployment for physical entity information and transmission networks, computing
platform for intelligent data pre-processing and processing system and Industrial big data
analysis techniques through Machine learning for analysing the data to get a desired output.

3.1 Sensors and actuators deployment:

Data acquisition is the process of sampling and storing signals (information) that
measure real-world physical conditions for condition-based maintenance. These monitored
data are the measures of system in terms of vibration, sound, temperature and pressure which
are versatile. So, sensors are devices that convert physical parameters into their corresponding
electrical or optical signals, which should be designed to have a small effect on what they
measure. Basically, a good sensor must have the following capacities and features: Sensitivity
to the measured properties, Insensitivity to any other properties that are likely to be encountered

during application and Resistance against the influence of measured properties.

Based on the physical phenomenon or physical properties to be measured, various
sensors have been designed and used to collect different types of data. For example, AE sensors
can detect transient elastic waves produced by sudden redistribution of stress in a material due
to damage/crack initiation or propagation [9], making them very efficient tools for monitoring
damage expansion. Accelerometers are some of the most frequently used sensors and are often
used to measure global information, such as frequency and mode shape [9], [10]. Strain gauges
not only provide localized measurement, they are also good at capturing static or dynamic

measurands at a relatively low variation rate [9]. Fiber-optic sensors measure local strain, are
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immune to electromagnetic interference, and are suitable for long-distance data transportation
[9]. A comprehensive review of various types of sensors for composite materials can be found
in Ref [9].

A most comprehensive used tool in sensor data communication are cables which is a
very stable technique where users need not worry about bandwidth and data packet dropout.
However, cables give rise to many difficulties and potential troubles encountered in cable
displacements, switches and replacements which increases installation and maintenance costs.
With technology progress, a wireless sensor networks (WSNSs), as a new signal collection and
transmission technique, can provide an alternative solution to cost efficient data communication
in the fault diagnosis of mechanical equipment [11]. WSN has become increasingly important
because it is able to perform reliable remote system monitoring and control with applications
which has a significant advantage where sensor don’t need fixed support from networks,
countless wireless sensors can be arrange flexibly in remote positions and locations which

would be easier to install and maintain.

These sensors are deployed to meet the needs of demand for increases maintenance
efficiency and productivity on one hand and decreases maintenance support costs and logistics
footprints on the other. Gombe et al proposed a system based on wireless sensor network to
monitor industrial systems in order to prevent faults and damages. The sensors use the surface
acoustic wave (SAW) technology with an architecture composed of an electronic interrogation
device and a passive sensor (without energy at the transducer) which is powered by the radio
frequency transmitted by the interrogation unit. The SAW technology considers a RADAR
architecture for probing with SAW sensor radio frequency which ranges from 433.05 to 434.79
MHz. For these kinds of executive environment, the TinyOS was used as an operating system
for sensor networks, characterized by memory footprint compatible with low power
microcontroller architectures, modularity, real-time oriented and moreover, supporting multiple
wireless sensor routing protocols once the low-level radiofrequency layer has been

implemented which is well suited for wireless radio communications [12].

As sensors are often deployed at remote and/or hazardous environments, it is important
to be able to perform faulty sensor nodes self-diagnosing. Mingbo zhao et al 2018 formulated
an WSN faulty nodes identification by use of semi supervised method for faulty sensor nodes
classification. A semi-supervised algorithm, called semi supervised local kernel density
estimation (SLKDE), is introduced for WSN fault diagnosis.
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However, the sensing systems are prone to failures due to the aggressively corrosive
environmental conditions inside assets, Karthick Thiyagarajan et al 2017 presented a sensor
failure detection and faulty data accommodation (SFDFDA) approach that aids to digitally
monitor the health conditions of the monitoring sensors. SFDFDA approach embraces seasonal
autoregressive integrated moving average model with a statistical hypothesis testing technique
for enabling temporal forecasting of sensor variable. Then, it identifies and isolates anomalies

in a continuous stream of sensor data whilst detecting early sensor failure.
3.2 Computing platform

A sensor device detects the events for which it was intended to use and sends the
information to other electronics which is frequently a computer platform. A Computing
platform or digital platform is the environment in which a piece of software is executed whether
it may be a hardware or the operating system, even a web browser and associated application
programming interfaces, or other underlying software, if the program code is executed with it.

These computing platforms have changed a lot with a tremendous growth in
information and communication technology many new applications have emerged and altered
lifestyles, manner of working, playing, communicating and even thinking. The most recent
trends are the "Machine-to-Machine™ (M2M) connection and the Internet of Things (loT).

These loT meets the modern user demands such as remote control, security,
surveillance, and remote monitoring of assets, etc. To meet these demands, it is necessary to
integrate services at the application level and employ the scalability of the cloud. The
implementation of cloud computing will enable the integrity of services as an interoperable

management between different interfaces.

The cloud computing is a technology that deliver the infrastructure facilities such as
computation power, data storage or network bandwidth over the internet, without direct active
management by the user. This enables users of the managed asset can focus more the business
model instead of spending time and effort to manage and maintain underlying the computing

resources.

In our required services we use these cloud-based Internet of things contains in four
parts that is physical entities in the real world, sensors for sensing physical entity state

information, transmission networks, and intelligent processing systems.
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The physical entities in the real world are connected by deployment of sensors for
sensing physical entity state information. The information acquired requires a transmission

network infrastructure and an information collection unit for storing and analysing the data.

The transmission network infrastructure requires a highly productive, reliable and
large spans geographic distances. Vasiliy S. Kireev et al 2018 proposed a network of
connections for sensors in two ways, one among them is direct communication with the
computing platform via internet for online processing data and other is indirect type of
connection installed into an engineering system which are assigned a single controller for each
sensor that collects and pre-processes data and a also a controller for grouping of sensors which
is determined either by their location, or by their type [13]. They mentioned RaspberryPi router
which performs data gathering from all the controllers and its further transfer to an information
system by using the MQTT Protocol. The indirect type of connection is for offline data
processing (PDM 3).

Since this transmitted information need a storage unit platform to enable further
analysis for fault diagnosis. Vasiliy S.Kireev et al 2018 [13] developed an information system
for monitoring, remote management and maintenance of engineering system at their housing
infrastructure facilities in which these system are directly connected and accessed by an cloud
computing platform. This system is based on the concept of “Dew computing, Fog Computing,
Cloud Computing” which is designed to collect and process big data, collected via sensors
deployed (PDM 3). And Bernard Schmidt et al addressed problem related to maintenance
through cloud-based approach in which he categorized the cloud computing in three groups:
Infrastructure as a Service (laaS), Platform as a Service (PaaS), and Software as a Service
(SaaS) which allows recording of data and monitoring status of machine throughout its whole
life span (PDM 4).

These cloud-based platform enables smart control of all the engineered systems which
is a high significant aspect because a machine tool and its controlled system have become highly
sophisticated. So, Pai ZHENG et al (1.4.0) discussed a current computer numerical control
(CNC) system which can be used by an operator, who in turn uses the human-machine interface
(HMI), switches, and buttons to manipulate the machine and make it perform a machining job

in a cloud manufacturing environment for a new and innovative form control system called
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control system as a service (CSaaS) [8]. So that the Users of CSaaS are not limited to machine
operators but include machine supervisory vendors and even end users of the product to address the
emerging demands in new business models. Pai ZHENG et al illustrated a cloud based smart

control as in figure below.
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The cloud based smart control enables execution of all non-real-time tasks in the cloud.
Such as Machining jobs scheduling and connecting machine tools for optimum use of their
capability and availability, which are treated as local manufacturing resources. Since all these
activities are incurred in an loT enable software platform for better cloud-based control
services.

Vaisely et al mentioned some of the most common loT software platforms available
in market such as Microsoft Azure IoT, Amazon Web services (AWS) loT, Google Cloud,
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ThingWorx loT, IBM Watson, Artik from Samsung Electronics, Cisco 10T Cloud Connect,
Salesforce loT Cloud and many others [13].

Moreover, data are gathered, produced, and processed by different ICT (Information
and Communication Technologies) systems in a cloud-based environment it need an efficient
management tool to be used in ground condition environment. So, Bernard Schmidt et al applied
a CMMS (Computerized Maintenance Management System) software for CM (Condition
Monitoring) maintenance functions, SCADA (Supervisory Control and Data Acquisition) for
monitoring process and controlling the asset, ERP (Enterprise Resource Planning) for business
functions; and SIS (Safety Instrumented Systems) for safety-related functions to achieve
technical and economic cost/benefits/investment related aspects problems related to

maintenance.

However, these intelligent processing systems which enables receiving and handling
the large volume of datasets generated from the sensors need an algorithm for a better data
management. Fei Chen et al discussed about the use of compression technology to reduce the
storage of data and communication overhead of query which he applied this technology for the

fault data coming from wind turbine.

Therefore, availability is one of the important requirements in production system.
Keeping a persistent level of high availability in the Infrastructure-as-a-Service (laaS) cloud
computing is a challenge due to the complexity of service providing. Based on a rigorous
analysis on the nature of failures, Dinh -Mao et al introduce a method to early identify the faults

occurring in the laaS system by engaging fuzzy logic algorithm and prediction technique.
3.3 Industrial big data analysis techniques Through Machine learning:

To obtain a complete converted knowledge fault information the fault will travel
different stages by starting with detection where a fault is recognized as soon as it occurs then
followed by classification that deals with detecting the type and location of the fault and at last
diagnosis of faults which determine causes of the fault. This literature review is concerned about
extrapolating similar techniques and methods used in industrial machinery maintenance
practice to facility management service equipment maintenance as they were in real cases were
applied for different applications, but they share a similar failures & faults and consider alike

data to detect fault and later diagnosing the faults. In this section | am discussing about various
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authors used fault detection and diagnosis methods by using machine learning techniques are
studied.

There are two types of fault tolerance models which are reactive implemented to
reduce the effects of faults on the system and the proactive model which avoids recovering from
faults by predicting and pro-actively replacing the suspected component with the good one. So,
Dinh mao et al 2017 proposed a proactive fault detection to cover the blind spot of fault
tolerance by means of fault trigger. The fault trigger is stated as fault detection based on the
fuzzy logic method which is whenever a failure is identified, the result is forwarded to fault
tolerance system to recover in advance [14]. Some more authors used fault detection for
identifying faults in different scenarios of their work.

A.Agasthian et al 2018 used duplicate sensors for classifying fault detection in which
they measured the pitch position of the turbine and the speed of the generator and rotor [15].
Chauhan, Surgenor et al 2017 utilized classification methods to identify fault in automated

assembly machine using machine vision technique.

Several authors used different types of machine learning, Traditional and some other
continuous vision techniques have deployed for identifying fault. In this review a sort out of
some other journals have been thoroughly read and made short form of their findings discussed
here. At first, we will have a look into what kind of industries these fault detection methods
have been using and what kind of faults they are considering detecting by using what kind of

data are discussed.

Fei chen et al 2017 have applied fault diagnosis on thermal plant generator by
considering in specific the failure of the electrical equipment in generator [16]. The generator
will be constantly monitored by means of camera and all the data are collected by means of
images and videos. Martinez Morales et al 2018 have applied fault diagnosis for induction
motors to prevent rotor and bearing failure by using radial vibration and by pulse width

modulation of inverter data to check for the electricity supply for the induction motor.

An extent of analysis applied based on the industries and their consideration of faults
to be identified by means of fault detection methods. Jia si et al 2018 [17] applied in industrial

machine manufacturing factor to detect centrifugal pump and bearing by condition monitoring.
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Gian Antonio susto et al 2017 exploited the time series dataset of high values of pressure,
voltage and filament current for a semiconductor filament problem [18]. All the above-
mentioned faults considered are very similar faults occurring in facility management service
systems. As deployment of these techniques would benefit in maintaining facility management
assets in a good productive, reliable and economical way by also keeping in concern with safety
of the people.

As fault detection depends on various considerations of parameters a faster automatic
fault detection and classification methods is needed to minimize the delay time in taking
corrective actions, once fault is detected. A classification method works on the obtained type
of data and later analyzing data techniques would been deployed by nature of data to classify

for the best results of fault detection.

The data depends based on the case of item which is monitored or to be used to control
for example Djelloul eta al measured flow level and temperature of the Tank and heat exchanger
to identify failures bad warming and cooling of tank [19]. Shao et al mentioned in that they took
data of vibration signals to identify induction motor faults. Jia si et al used drive end vibration
data for calculating bearing faults and motor rotational speed data for analyzing the failure of

centrifugal pump [17].

Since these data will be in different form as labeled or unlabeled, structured and
unstructured, in order to analyses them for obtaining a meaning of what data detected a wide
range usage of machine learning methods are used. A list of data and their supportive techniques
used to extrapolate information from the sensors are their mode of fault detection devices have
been discussed as follows:

A.Agasthian et al 2018 used support vector machine technique for pattern recognition
by classifying fault in wind turbine using cuckoo optimized algorithm. They further stated that
usage of SVM is an advantage of monitoring wind turbine performance and fault [15]. Alsina
et al 2018 measured time to failure for mechanical and electrical support systems by using
random forest machine learning technique. Their application of Machine learning methods
brings them an interest of flexible capacity and an understanding of the complex non-linear
relationships between input and output time series patterns through appropriate learning

processes.
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Si- Yu shao et al 2017 proposes an intelligent diagnosis method for induction motor
which utilizes deep learning model to automatically learn features from sensor data and realize
working status recognition [20]. Jia Si et al 2018 discussed an intelligent fault diagnosis for
industrial big data by using SVM and neural networks approaches which are implemented and
compared by explaining a case study of centrifugal pump and bearing datasets. They concluded
after comprehensive investigation that neural network-based method is very efficient in many
high dimensional applications, such as video than SVM but although it performs very well for

intelligent fault diagnosis [17].

Moreover, Vedang Chauhan et al 2016 used a Moving vision inspection method for
detecting and classifying electromechanical failures in industrial automated O-ring assembly
machine. They explained the MV I-based methods are sensitive to variations in lighting. They
require consistency in light during training and testing phases and If the system is to be used to
monitor a machine that runs continuously for a long period of time, the threshold values should
be updated at a regular interval of time [21].

Finally, by considering various parameters to be extrapolated and adopted into facility
management the various used machine learning techniques with their application to data
coming different faults detection devices are analyzed and Illustrated in the tables 1&2. The
tables describe various measurable parameters considered for their fault detection by using
machine learning methods are illustrated as in a sense it is like that of facility management
service systems. A comparison is made with the industrial application domain with the same

techniques can be adopted to proactive facility maintenance management.
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Table 1 Industrial consideration of faults and failures
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Table 2 Most used machine learning methods

Machine Data Mining | Supportive Techniques | Industrial FM application Advantages Disadvantages Authors
Learning | Category Application domains | Domains
Models
Supervised | Classification | SVM, k-Nearest Induction Motors, Infrared Heaters, Solving Hard to obtain Martinez
Learning neighbor, Linear Centrifugal pump and | Centrifugal pumps, | problems by | domain knowledge, | Morales et
perceptron(LP),multilayer Rolling bearings, Bearings, Heat mimicking hard to convert al, Jia Si et
perceptron(MLP) and Filaments, Exchangers, Hot how human domain knowledge | al,Djelloul et
Fuzzy Perceptron (FP), Pasteurization Tank, | Water tanks, Sensor | expert make to rules al, Mingbo
Kernel density function Heat Exchangers, Network decisions Zhao et al
wireless sensor Nodes
Regression Random Forest, SVM, Wind Turbine, Evaporator, Straight Cannot perform A.Agasthian
Fuzzy logic Generator Industrial Electrical circuit forward to well with nonlinear | et al,Alsina
mechanical and breakers, Generator, | understand relationships et al,Dinh-
electrical support AVR, PLC and explain Mao Bui et
systems, laaS cloud al
Computing platform
Unsupervised | Prediction Fuzzy, Hidden Markov Thermal Power plant Air conditioners, Able to deal | Weight decisionisa | Fei Chen et
Learning and models, K-means Carbon bush and Exhaust Valve, with Vague, hand work al, Yusen He
Clustering Clustering, Hierarchical Generators, Carbon bush Imprecise or et al
clustering, Fuzzy, Kaplan Manufacturing bearings, unlabled data,
Meier systems, Exhaust in continuum
Valve, motors mathematics
Deep Pattern ANN, Back Propagation, Induction Motors, Electrical Induction Model Hard to fit domain | Si— Yu Shao
Learning Recognition Deep belief Networks, wind Turbines, Motors, Pumps and | Analytically | knowledge to ANN, | et al, Fei
Deep Neural networks Generator Motors, gearbox, CNC difficult Model retraining is | Chen et al,
Wind Blades and gear machine tools system, able | needed if operating | Bo lou et al
box, CNC machine to implement | conditions change,
tools accurate and black box system
fast online
pattern
recognition
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Part 2 Experimental part:



4.Proposal of a Proactive FM Maintenance

Framework:

Proactive maintenance is a preventive maintenance strategy that works to correct the
root causes of failure and avoid breakdowns caused by underlying equipment conditions. The
purpose of proactive maintenance is to see machine failures as something that can be anticipated
and eliminated before they develop. To reach this point of proactively maintaining the system,

there are practices of different maintenance strategies in the evolution it arose

Proactive

Predictive

Condition based

Preventive maintenance

Reactive maintenance

Figure 7 Maintenance Frameworks

In above mentioned graphic there are vast range of maintenance frameworks practising
in real world. From reactive to proactive a framework has been developed and showed in this
dissertation. FM Maintenance of complex systems must be faced through a more proactive
approach, considering assets criticalities and risk involvement. In Order to better assess these

issues, fault detection operations are strategically needed to address maintenance operation.
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The transition to proactive maintenance from reactive maintenance would be of very
challenging, with issues of culture change, budget, lack of training resources, and full-time
employees to learn and perform analysis. There are a few ways an facility management can

switch into proactive maintenance which are as follows:

1. By creating a dedicated maintenance team for FM: It means a group of people dedicated
to guaranteeing RAMS in service equipment maintenance. This team should be formed
by qualified and well-trained engineers and technicians able to properly use the asset

management system, and ready to conduct failure analysis through FMEA and FTA.

2. By designing an effective Preventive and predictive maintenance frameworks to reduce
reactive maintenance by applying risk-based maintenance analysis. As the risk analysis
require a wide range of data it is good to start the information from the manuals in the
original service provider and the experience of the team to create and establish the PM
and PdM programs. The focus of analysis must be on early detection of possible faults
by using condition monitoring techniques. As these programs are the main contribution
to proactive switching, the members of team should be of a very high qualified and

certified personnel in analysing the system.

3. As discussed in above chapters the adoption of fault detection techniques is part of
proactive maintenance which is used to detect faults in advance for preventing the
occurrence of faults. By looking into the techniques discussed in chapter 4 would be

useful while adopting fault detection techniques.

4. Planning and Scheduling has a direct effect on Maintenance Framework. All the work
must be well planned and scheduled. This will provide a complete step-by-step process
with proper safety precautions, thus keeping workers informed, organised and safe.
Some of the things the planner should keep on is a plan library, backlog management,

data accuracy, among others.

5. The building of valuable data by collecting data about maintenance framework. As a
starting point, prepare a list of fault database relating to system components and their
relationships by comprehending a wide range of data source collection from different
sources such as, maintenance manuals, operational data, repair or replacement data etc.
Long-term data collection and storing is the best maintenance strategy to be developed

for future analysis of risk assessment.
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Fault detection
and Prognosis

Risk analysis and

Criticality
assessment

Maintenance
management

Figure 8 Risk based Proactive cycles

The above-mentioned graphic represents the continues relationship between the risk
assessment, fault detection and maintenance management. As three of the parameters would

influence successful implementation of proactive maintenance.

Critical equipment can fail at the worst time, rack up downtime and drain a
maintenance budget. With a mature maintenance program, Facility managers can identify
potential faults before they disrupt service, which can mean dramatically reducing unplanned
maintenance and associated costs. Although proactive maintenance requires in-depth planning
and top-level buy-in investments to help facility maintenance avoid over or under maintaining

assets and increase reliability, up time and asset health.

In this dissertation a risk based proactive maintenance framework is been discussed
and later by means of results coming after conducting risk assessment and criticality assessment

an fault detection approaches are adopted by means of sensor deployment.

In chapter 3 the techniques and applications of fault detection and the data processing
and decision making has been discussed thoroughly as it is adopted based on the analysis of
risk assessment. So, in chapter 4 the framework of risk-based inspection and maintenance
through FTA and FMECA techniques are discussed. The application of these techniques and
their usage for detecting the risks and criticalities attached with the system are explained.

4.1 Risk Based inspection Framework:

Service systems are made up of various components, equipment and structures which

is characterized by different reliability, failure mechanisms, impacts on the cost of operation
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and impacts on the safety of the equipment, operators and public. This implies that each
equipment needs to have a maintenance approach that is appropriate to its characteristics and
consequence of its failure. The maintenance strategy we are considering in this framework Is
Risk Based maintenance (RBM) [4]. Although RBM would be a part of RBIF which
encompasses both inspection and maintenance which thereby supports optimization of

operations and maintenance as well as asset integrity management.

For the risk-based maintenance the risk is the criterion for the basis of maintenance
planning. The RBM works constantly with the main principle to reduce overall risk that may

result as the decrease on consequence of unexpected failures of operating facilities.

Risk based inspection Framework Risk Assessment Process RISK Assessment techniques selected
BS EN16991:2018 BS EN 31010:2010 FMECA AND FTA
Continuous
improvement and INITIAL ANALYSIS AND
management change PLANNING
. Oblecliv_es, systerms, criteria
+ Hazard RISK ANALYSIS
DATA COLLECTIONAND By Qual\tat\(v%}l/zzng(?:anmatwely
VALIDATION

Establishing the
context

Risk Assessient

Feedback” RISK ASSESSMENT SETUP

Integrity And Safety Related
WULTLEVEL Rk Risk identification { )
ANALYSIS CamimLmgEL ] - Monitoring
. Risk on and Risk analysis i | FMECA FAULT TREE ANALYSIS
o Consequence of Failure(COF) Itati BS EN IEC 60812-2018 BS EN 61025
Probabilty of Failure(POF) ...{ Risk evaluation )...
Risk treatment
Quantitative methods
. Brea(k dawn"o; the‘ SV“dE"‘ and o Structural Measure of importance
:;efznmgswse(emeve o + Birnbaum measure of importance
¢ rv ¥ " »  Criticality measure of importance
« Analysis of failures and its. o
DECISION MAKING / ACTION Modes and relaionships o Fussel-vessely measure of
PLAN between them. i
o Operation review
* Inspection planning
' Monitoring
. - _
EXECUTION AND REPORTING
PERFORMANCE REVIEW /
KEPYERGREENWG PHASE RISK and Critical based Framework for Proactive Facility Management

Maintenance

o Evaluation reporting
» Update periodically

Figure 9 Risk based maintenance procedure

RBM Objective:

The objective is to ensure health, safety, business & environment criteria are met by

implementing optimized inspection, monitoring & maintenance program based on appropriate
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risk-based methodology. All objectives are ensured by complying with applicable legal or

normative regulations & guidelines.
The requirements considered to perform RBIF are:
e The objectives and risk criteria shall be clearly defined

e The assessment and the applied procedure shall comply with the applicable legal and

regulatory requirements
e An adequate level of input information shall be available for the assessment

e The RBI process must be precisely documented in a written procedure which define
each step taken during the risk assessment process including of all data sets and in which

way the POF and COF are established to determine risk level and inspection plans.

e The assessment shall be performed by competent personnel with adequate qualification,
training, plant specific knowledge and experience within a multidisciplinary team. The
RBI team should include the following area of expertise: inspection, maintenance,
material and damage mechanism, RBI, operations and facilitation such as a team leader,
material and damage mechanism specialist, maintenance specialist, a plant operation or
process specialist, reliability, risk assessment, HSE, financial and business personnel

and other specialists needed to execute the risk assessment.

e Therisk assessment should perform with integrity and safety which shall provide results
in realistic (but with conservative treatment of uncertainties and assumptions) and
representable in a risk matrix, auditable & consistent with both the objectives and

applied risk criteria.

e The assessment shall reflect the real conditions in the plant and be kept in “evergreening

phase” condition.

The above specified requirements will be a part of RBIF process which is performed
at several stages which assist to the establishing of a risk-based inspection and maintenance
program. The RBIF process is applicable to diverse types of equipment for example static

pressure equipment, rotating equipment, safety systems and electrical equipment etc. in order
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to model for assessing probability or consequence of failure which vary from different

equipment’s.

4.2 The RBIF Procedure:

The risk-based inspection procedural process contains the consecutive of main steps:

4.1.1 Initial analysis and planning

Initial analysis and planning define the required objectives, scope and relevant criteria for the

assessment to sets out the RBIF. [4] This phase starts immediately after the decision to

implement RBI at a location is made which consists of following steps:

a)

b)

d)

Definition of objectives: The management shall clearly define measurable objectives
of the assessment and confirm the applied procedure suggested by the assessment team
which are defined in terms of health, safety, environment and business impacts.
Specifically, the RBIM address on improving the safety and reliability of the plant,
optimizing inspection and maintenance and extending the useful service life of the plant.

Definition of the systems, sub systems(loops) and equipment to be considered: The
RBI analysis can be implemented on single plant, multiple plant, certain systems of a
plant, certain equipment or even components of an individual item of equipment. The
systems and sub systems should be defined which shall be manageable & meaningful
to allow assessment of specific issues related to the system. Systems are generally
defined based on functions they perform. The division of systems into subsystems and
equipment together would save time compared to treating each time separately. Every
system and sub system should be clearly defined in terms of its boundaries which
depends on the mode of plant operation. For some case the system should not be define
too broadly in which the safety and integrity can be clouded by complexity or too much

information, results in confusion and misinterpretation.

Definition of the scope of analysis: The scope of analysis including operating
conditions, loads, operating period and exceptional situations shall be determined for

all the systems, subsystems and equipment which are to be assessed.

Definition of the data sources available: The data sources available required for the
assessment should be identified which are generally available from design, operations
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f)

9)

h)

)

and historical (maintenance and inspection records) data. The data should be defined
according to the needs of application (system or equipment), the scope of assessment,
expected level of detail in the results and foreseen future service. In case of absence of
data, a conservative risk approach shall be applied based on the RBI team’s expertise

and experience.

Definition of regulation to be considered: The applicable regulatory requirement
should be defined according to their place of assessment which may include the

qualification of team members, software tools to be used etc.

Team specifications: Risk based assessment require competent technical competence
from various disciplines which practically achieved through a team effort. The RBI team
shall have competence on inspection and maintenance, specific equipment disciplines,
HSE issues, plant operation and processes, reliability, risk assessment and

environmental impacts.

A careful attention should be paid while selecting the competent team and the RBI
facilitator which play a key role for successful risk-based assessment. The incomplete
or insufficiently experienced team can affect the quality of input information, the

foreseen failure scenarios and the conclusions of the assessment.

For successful execution of risk assessment of service equipment in the field of Facility
management the maintenance personnel, stakeholder involvement, management
decisions and facility managers are required essentially but may require additional

personnel based on the objectives of assessment.

Tools to be used: It is necessary the make use of software tools and some other tools to
perform a detailed risk assessment which shall be used to manage the data, perform
operations and calculations required for risk assessment, store data and analyze results
to support decision making. The RBI team should check whether the tools are

complying with the scope and the local legal requirements.

Accuracy of the acceptance of the methodology: The basic understanding of the level
of commitment and resources required should be known by the RBI team about
implementation of procedure and time frame to produce the intermediate and final

assessment results. The HSE risk and metrics for risk-based decisions should be defined
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via organization standards and/or national legislation. The scope for risk acceptance
criteria should be derived for successful implementation of inspection and maintenance

activities within the given time frame.

The RBI team shall take all the necessary actions to ensure the acceptance of the RBI

process and its objectives by the responsible authorities who own the facility.

A smaller well-defined area of a plan should be useful to reach accuracy in meeting
the scope applications than an incomprehensive assessment of much wider area and stakeholder

support should also be mandatory for meaningful assessment.
The output from preparatory work shall be at least be the

e selection of applied procedure, competent assessment team and supporting tool for

service equipment

e The definition of service equipment boundaries and hierarchy for the areas, system,
subsystems, loops and/or equipment

e Objectives, scope and methods of the effort, as well as conformation of stakeholder

support and

e Collected risk assessment criteria from HSE, business and other impacts along with
collected regulatory requirements to set boundaries for assessment and decisions

affected by the results.

4.2.2 Data collection and validation

The data and information collection and organizing is mandatory for risk-based
analysis to assess both the probability and consequence. The data shall be validated and stored
and may use for RBI analysis and documentation. The RBI team should specify data
requirements in order to plan the data collection process and to assess the effort required and
the collected data should be stored in a format such as a database, which will facilitate the
assessment, additional updating and auditing during the RBI process.

The data required for the implementation of the RBIF process shall include at least the
plant level, available manufacturing and construction, operating, maintenance and inspection,

safety systems and business-related economic data [4]. Furthermore, reviewing documents such

37



as reliability block diagrams, etc., inspection, maintenance and operating records and

procedures, etc. data should be collected to ensure relevant non documented data.

Initially the rough quality and quantity of data required for the analysis should be

estimated which shall be verified and stored the collected data for further analysis and

documentation. The procedure for data collection and validation that RBI team should follow

are described as follows:

a) Collect and validate document data

The collection and validation of relevant data required for documentation shall be as a minimum

of following elements:

Design, manufacturing and construction data: The plant and equipment data in the form
of numerical data or diagrams and drawings of the process and systems, equipment,
materials and corrosion controls as well as safety system. These data describe the
functional requirements and intended loadings which helps in indicating the potential

location of failures.

Inspection and maintenance history: The data regarding records of inspection results
and possible corrective actions such a repairs or replacements to the original system or
equipment. The record shall also include mode and causes of failure, previous
engineering and failure analysis, as well as data and results from other process safety

risk assessments.

Operational history: The data records of operator logs to identify operating periods,
start-ups, trips and other shut downs and load levels during phase operations should be
needed regarding plant and equipment. These data should be validated before using for
RBI analysis.

Safety systems: The data regarding equipment safety devices such as e.g. pressure relief
system, fire and gas detection system etc. and people and procedures e.g. operators,
operating procedures, competency and training are required for taking measures to
prevent any hazard which may arise during plant operations, or to mitigate the

consequence in case of hazardous release.
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o Failure and operational equipment data: Generic data and information from operational
experience and similar cases and equipment are recorded which are available from

various sources depending on case and equipment

e Economic data: The economic data are principal to equipment type or type of action to
its performance functions which are validated by cross comparisons or by asking
quotations from suppliers before using for RBI analysis. The economic information

should also include refurbishments, repairs, indirect losses etc.
b) Collect relevant non-document data:

Non document data typically consists of personnel knowledge and opinions, which
may be very useful source of information for the RBI analysis. The RBI team should have
access to maintenance personnel for an understanding of the actual system, equipment
configuration, operating conditions, the effectiveness of the inspection and maintenance
programmes and identification of specific problem issues. To collect non document data an
interview process with the personnel is established which would be on expert opinions on
experience with equipment or system, perceived consequences of unforeseen equipment failure,
earliest possible time of failure, longest equipment possible life on a time when repair is no
longer economic/feasible and reasonable time intervals between shortest and longest failure

times.

The output of the data collection and validation process will be a relevant and

representative data which are needed for the risk calculation of the equipment of interest.

4.2.3 Multilevel risk analysis (Risk assessment)

Multilevel risk analysis defines the risk assessment in terms of complexity of the
analysis and system hierarchy level [4]. The purpose of risk assessment is to provide evidence-
based information and analysis to make informed decisions on how to treat risks and how to

select between options between the resulted risks.

Risk assessment provides decision makers and responsible personnel with an
improved understanding of risks that could affect achievement of objectives and the

effectiveness of controls already in place.
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Risk assessment is not a standalone activity and should be fully integrated into the

other components in the risk management process. Risk assessment comprises the core

elements of the risk management process [5]which are as follows:

4.2.3.1 Communication and consultation:

A desired successful output of risk assessment is dependent on effective communication
and consultation with stakeholders. Involving stakeholder in Risk management process
will assist in defining the context appropriately by ensuring the interests of stakeholders
by bringing different expertise personnel together for identifying and analysing risk. By
developing a communication plan it ensures adequate identification of risk which
further ensures consideration of different views in evaluating risk. Furthermore,

communication and consultation endorse secure and support for the treatment plan.

4.2.3.2 Establishing the context:

Establishing the context defines the basic parameters for managing risk and sets the

scope and criteria for the rest of the process and includes consideration of internal and external

parameters relevant to organization as well as the background to important risks being analysed

Establishing the context means establishing the risk assessment objectives, risk criteria

and risk assessment program. It also should include the definition of the external, internal and

risk management context and classification of risk criteria which includes:

Establishing the external context by involving familiarization with the environment in
which the organization and the system operates including cultural, political, financial,
economic, legal, regulatory and competitive environment factors, whether international,
national, regional or local which are key drivers and trends to impact the objectives of

the organization. It also includes perceptions and values of external stakeholders.

Establishing the internal context by involving understanding of different parameters and
activities such as internal stakeholders, capabilities of the organization in terms of
resources and knowledge, organization objectives, strategies, perception, values and
culture to achieve them, policies and process along with standards and reference models
adopted by the organization.
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e Establishing the context of the risk management process includes defining
accountabilities and responsibilities of the risk management activities to be carried out,
which includes specific inclusions and exclusions. It also should define the extent of the
project, process, function or activity in terms of time and location and their relationships

between other projects or activities of the organization.

e Defining risk criteria involves deciding the nature and types of consequences and the
way in which the probabilities are includes and expressed and finally how they are
measured. It also should define by which criteria it will be decided when a risk needs
treatment and when a risk is acceptable and/or tolerable and how combinations of risks

will be considered.

4.2.3.3 Risk Assessment:

Risk assessment provides decision makers and responsible parties with an improved
understanding of risks that could affect achievements of objectives and the effectiveness of
controls already in place. This provide basis for decisions about the most appropriate approach

to be used to treat the risks.

Risk assessment is the overall process of risk identification, risk analysis and risk
evaluation. This process applied is dependent not only on the context of the risk management
process but also on the methods and techniques used to carry out the risk assessment. Risk
assessment require a multidisciplinary approach since risks may cover a wide range of causes

and consequences.
Risk Identification:

Risk identification is the process of finding, recognizing and recording risks. The
purpose of risk identification is to identify what might happen or what situations might exist

that might affect the achievement of the system or organization.

The risk identification process includes identifying the causes and sources of the risk,
events, situations or circumstances which could have a material impact upon objectives and the

nature of that impact.

Risk identification methods can include evidence-based methods, systematic

approaches and inductive reasoning techniques such as HAZOP.

41



In our dissertation we selected an FMECA technique to identify the possible risks
which may arise in service equipment which in detail would be explained with a case study in
Chapter 5.

Irrespective of the actual technique employed, it is important the due recognition is
given to human and organizational factors and should also include Hardware and software event

in identifying the risks.
Risk analysis:

Risk analysis is about developing an understanding of the risk which provides an input
to risk assessment and to decisions about whether risks need to be treated and the most
appropriate treatment strategies and methods.

Risk analysis consists of determining the consequences and their probabilities for
identified risk events, considering the presence (or not) and the effectiveness of any existing
controls. The consequences and their probabilities are then combined to determine a level of
risk.

Methods used in analysing risks can be qualitative, semi quantitative or quantitative.
The degree of detail required will depend upon the application, the availability of reliable data
and the decision-making needs of the organization. Some methods and the degree of detail of
the analysis may be prescribed by legislation.

Qualitative assessment defines consequence, probability and level of risk by
significance levels such as “high”, “medium” and “low”, may combine consequence and
probability and evaluates the resultant level of risk against qualitative criteria. In qualitative
analysis there should be a clear explanation of all the terms employed and the basis for all

criteria should be recorded.

Semi gquantitative methods use numerical rating scales of consequence and probability

and combine them to produce a level of risk using a linear or logarithmic formula.

Quantitative analysis estimates practical values for consequence and their probabilities
and produces values of the level of risk in specific units defined when developing the context.

Full quantitative analysis may not always be possible or desirable due to insufficient
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information about the system or activity being analysed, lack of data, influence of human
factors, etc.

Consequence of failure:

Consequence analysis determines the nature and type of impact which
could occur by assuming that an event situation or circumstances has occurred. An
event may have a range of impacts of different magnitudes and effect a range of
different objectives and different stakeholders. The types of consequence to be
analysed and the stakeholders affected shall have to be decided at the time of

establishing the context.

Consequence analysis can vary from a simple description of outcomes to

detailed quantitative modelling or vulnerability analysis.

The events may have Impacts of low consequence but high probability, or
a high consequence and low probability or intermediate outcome. It may be
important to analyse both high and low consequence risks separately as the
treatment of actions for dealing with these two distinct kinds of risk are often quite
different.

The actual analysis is done on relevant damage mechanisms and failure
modes of the system or equipment which then lead to a credible classification of

the potential consequence of that failure mode.

The CoF5 assessment will start with a good description of the system or
item that is considered for the RBI process. And relevant system data such as
location, dimensions, materials and process data such as temperature, pressure and

fluid/gas properties shall be made available for the analysis.

The CoF assessment parameters include both the HSE aspects and
Financial optimization aspects. The RBIF standard assist that HSE aspects should
be include as a minimum in order to assess the CoF as the potential hazardous event

will only lead to health and safety consequences of the people working in the

SAccording to EN 60300-3-11:2009,3.1.23 - the CoF is described as “outcome of a failure can be expressed in
terms of safety to personnel, economic loss, and/or damage to the environment”.
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hazardous zone. The averaging of HSE and/or business consequence are not
allowed if the RBI process is used for assuring HSE. It is therefore essential to
consider two mitigating factors into account for a realistic consequence assessment

of a failure mode.

The CoF business assessment consequence may have financial effect of a
failure on assets and total or partial loss of production. Damage to asset typically

includes material and labor costs of repair and/or replacements of equipment.

Consequence values might be derived from quantitative risk assessment
analysis considering consequence of release. The methods to perform CoF
assessment can be found in BS EN 31010-2010 which shall be considered the

applicable consequence models.

In our case study we consider FMECA Risk assessment model to analyze

consequence of analysis.
Probability of Failure:

According to APl RP 581:2016,3.1.57, The probability of failure (PoF) is
defined as a “Likelihood of an equipment or component failure due to a single
damage mechanism or multiple mechanisms occurring under specific operating
conditions”. These PoF estimates shall be assessed for each failure identified in

each system.

The methods to perform PoF assessment can be found in BS EN 31010-
2010 which shall be considered the applicable degradation models. Available
methods for assessing probability of failures may vary in their level of detail.

The probability can be estimated by qualitatively, semi quantitative or
quantitative approaches which can be descriptive ranging from “very high” to “very

low” or similar according to the interpretation of objective.

The general approaches commonly employed to estimate probability

which may be used individually or jointly:
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e The use of relevant historical data to identify events or situations
which have occurred in the past and hence be able to extrapolate

the probability of their consequence in the future.

e Probability forecasting by use of predictive techniques such as
Fault tree analysis and event tree analysis. At times of unavailable
or inadequate historical data, it is necessary to derive probability
by analysis of the system, activity, equipment or organisations and
numerical data for those sources are then combined to estimate the
probability of the top event.

e Assessment by expert opinion can be used in a systematic and
structured process to estimate probability. The expert judgement
should draw upon all relevant available information including
historical, system specific, organizational specific, etc. There are
various formal methods are available such as Delphi approach,
which aid to the formulation of appropriate questions.

For estimation of Probability of failure, in this dissertation | use Fault tree
analysis technique for using efficient calculations of top event by using Boolean

algebra mathematical representation.
Risk evaluation:

Risk evaluation involves comparing estimated levels of risk with risk criteria defined when the

context was established, in order to determine the significance of the level and type of risk.

Risk evaluation uses the understanding of risk obtained during risk analysis to make decisions
about future actions. Ethical, legal, financial and other considerations, including perceptions of

risk, are also inputs to the decision.

Decisions taken may include whether the risk needs treatment, priorities for treatment, whether

the activity should be undertaken, and which number of paths should be followed.

The nature of the decisions that need to be made and the criteria which will be used to make
those decisions were decided when establishing the context, but they need to be revisited in

more detail at this stage now that more is known about the particular risk identified.
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The decision about whether and how to treat the risk may depend on the costs and benefits of
taking the risk and the costs and benefits of implementing improved controls.

A common approach is to divide the risks into three levels as upper, middle and lower. The
upper level exhibits the level of risk is regarded as intolerable whatever benefits that activity
may bring, and risk treatment is essential whatever is the cost. The middle level represents
where costs and benefits are considered, and opportunities balanced against potential
consequences. At low level the level of risk is negligible or so small that no risk treatment

measures are needed.

The criteria system must consider that safety benefit as a higher prioritization than the cost
benefit and used in safety applications which has to be bring down as low as reasonably

possible.

4.2.3.4 Risk treatment:

Risk treatment involves selecting, agreeing and further implementing to one or more
relevant options for reducing the probability of occurrence, the effects of risks, or both.
Followed by a cyclical process of reassessing the new level of risk for determining its
tolerability against the previous criteria set in order to decide whether further treatment is

required or not.

4.2.3.5 Monitoring and review

The risk assessment is processed by considering different assumptions to achieve its
risk objectives, but it will also highlight context and other factors that might be expected to
come up over time which will change or invalidate the risk assessment. Therefore, the factors
considered for risk assessment should be constantly monitored and reviewed, so that the risk

assessment can be updated when necessary.

The derived risks and agreed controls should be monitored and reviewed on a regular

basis to verify following objectives:

e Assumptions on which the risk assessment is based, including the external and internal

context should remain valid;

e Expected results are being achieved;
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o Risk assessment techniques are being properly applied and the results are in with actual

experience to make risk assessment effective.

Furthermore, accountability for monitoring and reviewing should be established in
order to achieve effectiveness of controls and provide data for further risk analysis which are

constantly evidenced and documented.

4.2.4 Decision making and action plan

After through risk analysis the next step is to make decision framework for optimizing
and updating the inspection and maintenance strategy based on the factors such as material
degradation, unreliability of equipment/machinery, unacceptable risk and external hazard such

as earthquakes, inconvenient weather etc.

In order to take decisions and plan action, the authority should possess competencies,
knowledge and experience on RBI activities and procedures, degradation mechanisms and
inspection methods including their application and limitations, facility specific procedure and
requirements which must fall within acceptance of legislative requirements and relevant

acceptance and codes.

The inspection and monitoring plan shall consider all the risk parameters analysed
within legislative requirements for the facility and should be verified by the authorized

competent personnel.

The minimum inputs required to establish a risk-based inspection and maintenance

plans are:

e Results from RBI analysis including degradation mechanisms, PoF, CoF, risk

ranking and the time interval inspection and maintenance plans
e Historical inspection and maintenance data and
e Design and operational data including technical documentation

The general procedure to prepare and inspection program based on RBIF methodology

are as follows:

e Identify items with risk above risk acceptance limit
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e Define actions for the degradation mechanisms
e Define degradation groups and relevant areas susceptible to damage
e Select inspection points/locations

The equipment’s analysed should be ranked according to risk, if any equipment
exceeds risk limit soon after the planned inspection period should also be included into the

planning by prioritizing the actions.

Following the RBI analysis results, the applicable degradation mechanisms and
relevant inspection methods shall be identified for each type of mechanism. In order to achieve
effective inspection program, the inspections should be organized according to the degradation
groups. The degradation groups utilize correlation between items within them to achieve
reliable and updated degradation rates.

The decision logic gives guidance for the establishment of preferred inspection and
maintenance strategies based on the risk assessment, detectability of damage and the failure
characteristics which are shall be according to plant specific. The output would be in the form
of time and condition-based maintenance, onstream inspection and maintenance, planned
corrective actions and identification of degradation and damage which shall ensure timely and
effective inspection, which correctly detects and identities the degradation and reduces the

uncertainty by increasing knowledge about the actual equipment state.

All the RBI plan decisions are evaluated and verified by authorized personnel should
again revaluated by inspection planner to rectify the results of items showing a short time to
inspection and in case of information is missing the worst-case scenario should be assumed and

plan the inspection.

4.2.5 Execution and reporting

The output of the RBIM plan will be based on maintainable items which are the input
for the planning and scheduling for all involved departments, disciplines and contractors for the
maintenance and inspection work at a facility which allow maintenance personnel for
management of risk and lead to knowledge-based decisions. The output from RBIM will form
a variety of strategies such as reduction or mitigation of the risk through monitoring, functional

testing and improvement of procedures for process, operation and/or maintenance, inspection,
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modification, repair, replacement, or operation to failure which are to be executed and reported

for further usage of risk analysis.

The maintenance work procedure would normally consist of work generated from

different maintenance activities and other activities in execution and reporting such as:

Preventive plans generated by RBIM assessments
Corrective maintenance calls from observed failures or emerging problems
Failures identified via condition monitoring

Risk based work selection Is used to prioritize the work on daily or weekly

basis, both for corrective and preventive actions.

Work execution involves issuing a work order, availability of support

documentation and control of work executed.

Tools and databases which indicated use of computerized maintenance

management system (CMMS) as a tool in managing the maintenance function.

Reporting and documentation of executed maintenance such as equipment
state, information on type of degradation, extend of damage, cost and time
control and tools used. Accurate reporting is key to the analysis and updating

of inspection and maintenance plans.

Analyzing the maintenance and inspection reports coming from the
maintenance work done, should be analyzed and fed back into the RBIM

system on a regular basis.

The results coming from maintenance execution work is a part of management system

where the preventive maintenance and corrective maintenance is managed by using risk-based

principles to reduce and control an acceptance level of reliability and ultimately achieving

availability.

4.2.6 Performance review/evergreening phase.

The purpose of evaluation of the RBIM process is to access its effectiveness and

impact in establishing the inspection and maintenance programs. So, the assessment of
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efficiency is a combination of good reporting including the aspects concerning business targets
and audits of the system assessment. The constant good reporting process gives a helpful

support to a evergreening phase of any RBIM process.

The evergreening phase involves both internal and external assessment conducted by
the organisation responsible team (hamely FM) and by independent experts, respectively. The
internal evaluation of every RBI activity should be considered as a living process within the
overall risk decision making process. The internal evaluation take place when discrepancy from
any expectation or requirement is found and new knowledge or acquired data is available. All

these assessments are made possible by reviewing the performance of the executed work.

Therefore, a Key performance indicators (KPI) are used for the measurement of the
business performance of a plant which should reflect important goals for the system, company
or owner, and may change with time. The indicators should be benchmarked against best

practices in the same plant, company or industrial sector.

The RBIF process would be a continuous strategical process which can be used in

order to monitor, control all the possible risks availing from the applied system.

4.3 FMECA Analysis Technique:

According to BS EN IEC 60812:2018 the scope of FMEA is defined as “Failure modes
and effects analysis (FMEA\) is a systematic method of evaluating an item or process® to identify
the ways in which it might potentially fail, and the effects of the mode of failure upon the
performance of the item or process on the surrounding environment and personnel” [1]. The
definition says that it establishes how the items or process might fail to perform their function

so that any required treatments can be identified with respect to its objective.

The FMEA objective is to support decisions that lower the likelihood of failures and
their effects and eventually contribute to desired outcomes either directly or through other
analysis. FMEA can be tailored and applied in different ways depending on the objectives.

Furthermore, FMEA analysis can be applicable to hardware, software, processes including

6 The term “item” or “process” can be part of a larger system for which multiple FMEA analysis required which
commonly associated with top, mid and low hierarchy levels.
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human action and their interfaces, in any combination which can be adapted by any industry or

organization.

FMEA methodology starts with breaking down the item or process into elements and,
for each element in turn, failure modes and effects are identified and analysed to eliminate

adverse effects on system operation.

Moreover, failure modes can be prioritized according to their importance to achieve
objective based on a severity ranking or combined with other measure of importance. When
failure modes are prioritized, the process is referred to as failure modes, effects and criticality
analysis (FMECA). Therefore, the term FMEA incudes FMECA in which the failure modes are
prioritized to calculate criticality.

The FMEA is undertaken for the following reasons:

e To identify those failure modes which have unwanted effects on system

operation, for example significantly degrade operation;
e To identify risks as a part of a risk management process;
e To provide a foundation for other dependability analysis methods;
e To provide basis for planning maintenance and support agendas;
e To develop and support a reliability test program;
e Asakey process within an asset management system.

The following reasons can be fulfilled with the effort of a lot of personnel required to
take responsibility for managing the process of conducting the analysis, deciding the form of
the FMEA to tailor for the application context, identifying and analysing the failure modes and
effects of the item or process, determining required treatments and reporting the FMEA
including of treatment and recommendations. In general, the personnel required roles and

responsibilities are:

a) Analyst: The one who should have competence in FMEA and adequate technical
knowledge to challenge the other competent people involved in the analysis and make

sure the FMEA method followed and communicated with stakeholders.
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b) Persons with relevant competence: Personnel require which have relevant knowledge
and experience in all the aspects of the item or process which include social, economic

and environmental considerations.

c) Manager: The person responsible for defining the purpose of the FMEA, for authorizing
use of resources, approving the form for tailoring the context and handling treatment

actions and recommendations.

d) Stakeholders: Persons or organizations to be affected by a decision or action which

might have adverse effect by failures.

The personnel may be called with different names with reference to their respective
industries and more persons may require performing FMEA to meet their respective objective
of conducting FMEA.

Finally, the above-mentioned objectives can be accomplished by following the series
of stages included in the process of FMEA methodology which distinguishes three phases
planning, performing and documenting.

4.3.1 FMEA Methodology:

4.3.1.1 Plan the FMEA:

In planning phase of FMEA some of the questions will be answered regarding why an
analysis is performed, what item or process elements are to be analysed under what scenarios
and how the analysis should be most effectively and efficiently performed. The managers and
stakeholders are engaged properly, so that their interests and objectives are properly understood

and considered.

The plan also includes the description of factors which influence the approach such as
defining project milestones, contractual requirements, methodologies or documentation of item

function or process sequence and previous experience and available knowledge.
Define the objectives and scope of analysis:

In this section one should set the foundation for the analysis effort and inform the
choice of approach to FMEA analysis so that the output of the activity would be a purpose
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statement to define the reasons for the analysis and an objectives statement, which defines the
ultimate deliverable of FMEA in terms of successful analysis.

Identify boundaries and scenarios:

The scope of the analysis should be described in terms of its boundaries and use
conditions so that the users of FMEA and the analyst understand the subject of analysis in which
the important aspects are not omitted due to incorrect assumptions. The description should be
more detailed as planning progress and may consider diagrams such as a flow diagrams,
reliability block diagrams, functional block diagrams, functional hierarchy structure diagrams

or reference to documents where such information can be found.

For large or complex systems, there might have a necessary to sub-divide the system
into subsystems for each of which the FMEA is performed in which it can be applied for any
level of sub-division of an item or hierarchy in order to determine the level and approach on the

analysis purpose and stage.

The individual FMEA of subdivision item or process should be manageable and
logically connected to other subsystems and systems in which the interference between the

subsystems and boundaries are paid attention and clearly defined.

The boundaries should include inputs to and outputs from the item or process and
explicitly specify which interfaces are within the scope of analysis and which are excluded.
Furthermore, the FMEA should specify one or more specific scenarios’ within the line of

objectives which facilitates the identification of all relevant failure modes.
Define decision criteria for treatment of failure modes:

The predefinition of criteria for which failure mode require treatment and priorities
should be considered into account to enable consistent and justification of consequence that are
relevant to the analysis. The consequence that are considered should include economic impact,
physical or mental harm to humans, intangible effects such as loss of reputation. Based on

failure mode priorities and treatment the decision criteria should consider the severity of the

7 The scenarios description includes the physical environmental conditions, organizational constraints and
human behaviour.
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failure effect on the objectives and functions of the system and in some situations criticality

analysis can be carried out so that each failure mode is assigned a criticality rating.
Determine documentation and reporting requirements:

The objective should be to document in a logical way in all relevant information used
and produced during the FMEA therefore the analysis and conclusions/recommendations are
easy to understand. The FMEA documentation provides a clear description of the usage of
output by providing information that could serve as evidence to inform decision based on the
analysis and lists the sources of information used with auditable links to the sources. It also
describes the method used for criticality rating and demonstrate the requirements are met

according to their regulatory and contractual obligations.

The output from the FMEA might form input into other analyses or may stand alone
as an FMEA report. The FMEA report should be formatted in accordance with the standards
and procedures of the organisation while considering the objectives, complexity and extent of
the FMEA. The generated document may be a combination of the databases, electronic
documents and paper reports. The documentation should be developed progressively

throughout the life of the item or process and updated at times appropriate to the application.
Define resources for analysis:

The resources required to perform FMEA analysis should be defined in such a way

that the resources are stated as follows:

a) Information resources: The information regarding each element of the item or process
objectives and their role in the whole system in addition to their characteristics,
performance, roles and functions are required with definitive description of their logical,
physical, functional connections between elements. Furthermore, by defining the
position and importance of the item within the organisational context along with their
interfaces with other related elements by exhibiting inputs and outputs in terms of failure
modes, their relative occurrence and failure rates which are generally available in
generic databases. Finally, Information should pertain to functions, characteristics and
performances for all item or process which considered as highest level within the scope

so that the analysis can properly address failure modes that affect any of those functions.
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b) Personnel: The personnel with ability to perform FMEA method, competence with
technical aspects of the item and a manager or facilitator (Where the analysis is
performed with multidisciplinary team®) are required to analyse failure modes and

effects.

c) Physical resources: Physical resources which are comprise of meeting rooms, visual
support for virtual meetings and shared information systems, including existing FMEA
database etc are required in order to distribute communications and analyses amongst
virtual teams or stakeholders. Those resources should be selected based on the value
achieved in terms of quality and cost effectiveness, usefulness and timeliness of the
analysis results

4.3.1.2 Performing the FMEA:

Sub-divide the item or process into elements:

The subject of the analysis is to sub divide the system into elements which can be
divide into functional blocks in order to perform FMEA. The appropriate level of detail for the
analysis depends on the context and the results desired. The greater the level of subdivision of
the subject the greater the possible failure modes and effects and detailed treatment strategies

can be desired, but which is more time consuming to commence.
Identify functions and performance standards for each element:

The clear definition of all the functions of each element separately are required to form
the basis of the FMEA. In addition to the identified function a definition of performance
standard should be represented to decide what constitutes a failure and hence to identify failure
modes. The performance standard should be expressed unambiguously and if possible,

guantitatively.
Identify failure modes:

The aim is to identify all possible failure modes in which each element of an item could
fail to meet its performance criteria which might have several ways of failing and each failure
mode should be recorded separately.

8 In the case of an information system, a system engineer and a software expert can participate in a team.
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The failure mode information can be obtained from the following:

e For new items, reference may be made with similar items in terms of its
function and structure to their performance under appropriate conditions which
may also refer to scientific literature with technical competence personnel;

e For existing items, failure modes might be known from previous FMEA,
e Operating experience;
e Maintenance and repair databases;
e Incident and accident knowledge;
e Subject matter knowledge.
Identify detection methods and existing controls:

In this regard, controls are arrangements used to prevent or reduce the likelihood of
the failure mode or mitigate its effects, while detection methods are the means to identify the
failure mode or failure. The early detection of a failure can allows operators, maintenance
personnel, users and others to intervene and reduce either the likelihood of adverse effects or

their consequences.

The detection methods and establishing controls would differ depending on the type
of FMEA being conducted and the intended item.

Identify local and final effects of failure modes:

A failure effect is the consequence of a failure mode in the scenario defined for the
analysis which might be causes by one or more failure modes of one or more elements of an

item.

The effect of failure modes for an element can be identified at the local level is called
local effect and together with the effect at top level relevant to the subject of analysis is known
as global effect or final effect. The identifying final effects helps in considering the relative

importance of failures while local effects provide information regarding alternative treatments.
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Enough information of failure effects helps the user of the FMEA to judge their
significance which would be usually derived from the knowledge of item, its function,

interactions and place in hierarchy under analysis.

Since FMEA considers the final effect on an element by element, or function by
function basis, the effects resulting from multiple failures are not identified which leads to no
tracings of immediate effect on some analysis consequently results in top level consequences.

These events should be recorded for further investigation or analysis®.
Identify failure causes:

Foremost understand the way the failure occurs in order to identify the best way to
reduce the likelihood of failure or its consequences and in some cases, it is useful to identify
the physical, logical and psychological mechanism of the failure however it is not always

necessary to achieve the goals of the analysis.

The extent to which failure causes should be explored depends on the cost
effectiveness of the analysis where more effort can be allocated to analysing causes of failure

modes that have significant effect on functions and objectives than those with lesser effect.

The possible failure causes would be categorized as common cause and common mode
failures and human errors. The common cause failure is a failure where more than one element
fails simultaneously, or within a short period of time, that have effect of simultaneous failures.
Whereas common mode failures occur in several elements that fail in the same way either due
to the same or different causes. The sources and effects of common mode failures might be

better addressed with methods such as fault tree analysis.

Human errors are recognised as a failure mode of the item which are more complex
to analyse and identify the causes of failure mechanisms. Treatments might be difficult to

eliminate the human error in attempt to reduce the likelihood of the error registered.

% Fault tree analysis could be used to investigate the impact of combination of failures, or to understand
redundant functions and the relationship between protected and protective items.
0 Human are capable of intentional, as well as unintentional error.
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Evaluate relative importance of failure modes:

At first while performing FMEA plan the relative importance of failure modes should
be considered and specify their mode of consideration. The relative importance is nothing but
prioritizing the failure modes which would be a result of list of all failure modes, prioritized in
rank order, identifying failure modes which require treatment. The priorities for action should
consider the cost effectiveness of available treatment, ease of implementation and the way in

which the actions on elements affect other parts of the system.

The failure modes can be evaluated in several ways which should be decided according
to fulfil their objectives while performing FMEA. Some of the failure mode evaluation methods
are explained below as follows:

Determine severity of failure final effect: The determined failure modes severityll
should represent the significance of it effect on the top level of the system or item or on the
objectives of the analysis. The meaning of top level in the context of the analysis should be

clearly specified.

Estimate likelihood of failure mode: Technical, human, organizational and
environmental factors should be considered while estimating the likelihood of occurrence of a
failure mode and time period for which the estimations are made should be clearly stated in the
FMEA. The period selected should be appropriate to the objectives of the FMEA.

The information regarding likelihood of occurrence of a failure mode can be found

from different sources:

e Available databases of failure modes, failure rates, failure probabilities or

unavailability;
e Field failure data;
¢ Maintenance personnel performance monitoring;

o Failure data for similar items with comparable use.

1 The severity of an effect might appear more significant at low levels in an item hierarchy if redundancy or
other control features/actions only get accounted for higher levels in the hierarchy.
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Estimate other criticality parameters:

Criticality methods provide a means of prioritizing failure modes which better
describes the combine measures for the parameters: likelihood of failure, the consequence of
failure, and the detectability of the failure (in case of Risk priority number). Critical parameters

can be measured qualitatively, quantitatively or semi quantitatively
Identify actions:

The treatment can involve actions to take place during operations or maintenance such
as repairs or replacements which bring considerable changes in the item. Maintenance
programmes can be used as a means of control and should be developed in a structured manner
from the results of FMEA.

The treatments may result in one or more of the following such as elimination of the
failure mode, reduction of the likelihood of the failure mode and elimination or reduction of the

effects of the failure mode.

The decision criteria should be used to identify which failure modes require treatment
and for which cases actions are not required. Consideration should also be given to remove

means of control that are ineffective or unnecessary.

All the changes in them item should be documented and to be considered in the next
FMEA update.

As these data and analysis is a stepping board for conducting fault tree analysis as it

helps you understand a pictorial connection and well-established relationships between them.
4.4 FTA Methodological Analysis:

Safety criticality systems are the potential parametric concerned calculation used
extensively in many industries to prevent catastrophic effects on human life and avoid
unacceptable environment damage, loss of resources and economic losses. The safety criticality
systems are addressed with a high level of dependability analysis of a system by considering

the characteristics of systems safety, reliability and maintainability.

Failure mode effects and criticality analysis method are one of widely used

assessments methods to assist dependability analysis which is an inductive analysis (bottom up)
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method that which is better suitable for possible combinations of effects of a single component
failure mode analysis. The other well-established dependability analysis method is FTA which

is a deductive nature (top down) very effective to analyse multiple failure combinations.

Fault tree analysis is a systematic method used in reliability assessment to describe the
combination of failure events that lead to a defined system which is analysing events that lead
to an undesirable event. It starts analysing with a top event and work backwards from top of

the tree towards the leaves of the tree to determine the root causes of the top event.

The standard BS EN 61025 better describes the framework and analysis techniques to
make use of procedures to build the Fault tree analysis (FTA) which define FTA as “ Concerned
with the identification and analysis of combinations of conditions and factors, referred as
“primary event”, that cause or may potentially cause or contribute to occurrence of a defined

undesirable outcome, referred as “top event” [2].

The determination of root causes of top event requires construction of a fault tree
which are used to assess the probability of a failure of a system, identify critical events and
better analyse consequential relationships between the failures and faults. The fault tree is an
organized graphical representation of events logically connected between the primary events

needed for leading to the top event occurrence.

Even large FT can be clearly understood which qualitatively analysed factors are
affecting the investigated top event and dependent characteristics of the system. When the
primary events behave independently from each other, Boolean calculations can be used to
identify the combinations of events (cut sets) leading to the top event which allows qualitative
analysis in conjunction with probabilities or descriptive likelihood of occurrence may be

undertaken to investigate causes of potential unfavourable outcomes.

By using FT’s calculation of dependability measures can be performed when

probability parameters are available for the primary events.

FTA may be undertaken independently or in conjunction with other reliability

analysis, but its objectives are as follows:

¢ Identification of causes or combinations of causes leading to the top event
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e Determination of potential failure modes or factors that contribute highest to the system
probability of failure and when system is repairable, for identifying possible system

availability improvements.

e Identification of potential failure modes that might cause a safety issue, evaluation of

corresponding probability of occurrence and possibility of mitigation;

e Calculation of the probability of failure of a non-repaired system or the unavailability,
failure frequency, vesely failure rate and unreliability of a repaired system represented

by fault tree, from its components probability of failure and failure frequency

e Assessment of the impact of the occurrence of a primary event on the probability of the
top event and search for an event or combinations of events which are the most likely

to cause the top event.
FTA method perfectly suits to the analysis of systems comprising several subsystems.

4.4.1 Fault tree analysis development Process:

For a successful effective FTA method for system analysis it should agree with general

dependability analysis procedure which requires at least the followings steps to be carried out:
a) Definition of the scope of analysis
b) Functioning analysis (familiarization with the functions and operation of the system)
c) Dysfunctioning analysis:
a. Risk identification (Identification and definition of relevant top event)
b. System modelling (choosing FTA)
c. Gathering operational and dependability data
d. Qualitative analysis (analyzing of the FTA logic)
e. Quantitative analysis (Performing probabilistic calculations)
d) Assessment of dependability improvements and decisions about tradeoffs

e) Reporting on results of the analysis, conclusions
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The first two steps involve the problem formulation for an FTA. The remaining steps
involve the actual construction of the FT, the evaluation of the FT, and the interpretation of the

FT results and finally reporting. The relationships between the steps are indicated below:

I Understand Define TOP Define ground
rules and

of the analysis S event

functioning gather data

Interpret
Present results dependability
and analysis and
conclusions presents
decisions

Qualitative
analysis and/or
Quantitative
analysis

Figure 10 Fault tree analysis development process

There always will be a multiple objective in the analysis which can be related for
example, to safety or dependability. Therefore, when performing step, a) should be cautiously
performed as the analysis depends on its relevance which defines the events or failure modes
that will be included in the fault tree. It also covers the level of details required to address the
problem being analysed and the boundaries such as what should be included and excluded from

that system- internal connections, mechanical enclosures etc.- should be specified.

The step b) is utmost important step as, before trying to analyse how a system can fail
it is important to have previously understood how it works. A detailed knowledge about design
features and operations of the system is required and a lack of engineering knowledge will result
an FTA that might not be a true representation of the system functionality and thus the results
would be meaningless. When the systems are too complex to understand by one person, the
process of familiarization are necessary to gather knowledge by team activity. Detailed FMEA
or HAZOP data useful to understand how each component participate to the system functioning
which are useful to understand the impacts of the component failure modes and help to
undertake the risk identification which is the first stage of step ¢) which is focused on the system

failure.
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In the step c) the risk identification highlights the detrimental events needed for further
analysis such as potential top events of fault tree if the analysts choose FTA to model and

analyse them.

When FTA is selected and a given top event identifies the aim is to model the system
architecture and functionality, searching in a top down manner for the potential failure modes
and their causes that might produce the defined top event. The model describes the ground rules
as fault alone or as an event to the top event by using inputs of logical gates (e.g. OR gate, AND
gate). The naming gates are very important in creating an understandable FT. The ground rules
can be modelled in the manner of which specific component failures, human errors and common
cause failures are to be modelled. It can also illustrate some more modelling ground rules that

have been applied.

Then the step is to gather the dependability data allowing to perform the numerical
assessment of primary event probabilities such as failure rates, probabilities of failure
frequencies etc. Based on the gather data the evaluation of the FT is performed which includes
qualitative and quantitative evaluation. The qualitative evaluation provides information on the
minimal cut sets for the top event. The quantitative evaluation provides not only the probability
dominant cut sets that contribute to the top event probability, as well as quantitative importance
of each basic event contributing to the top event which are sorted by probability and low
probability cut sets. For each application of FT, different quantitative importance’s are
determined and furthermore sensitivity studies and uncertainty evaluations provide further key

information.

Step d) Improvements and trade-offs leading to maintenance changes are often
identified at this stage where corrective actions decisions which are agreed upon must be
documented to keep track of what has been done and followed up. Furthermore, after some
round trips the results of the FTA converge, and final conclusions can be interpreted and present
the results in step e). The results must be Interpreted to provide tangible implications, especially
concerning the potential impact upon the objective.

4.4.2 Fault Tree Model

Building Fault tree starts with the definition of the top event, or unfavourable outcome
which should be defined unambiguously. The entire analysis is performed by focusing on the

objective of top event which is considered as an onset or existence of a dangerous condition
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(Safety analysis) or inability of the system to provide a desired performance. The difference
that FTA and other reliability modelling and analysis method create is FTA include only the
events that contribute to the occurrence of the top event. The analyst should be very cautious
while building the tree as the all parts of the system relevant only if it is relevant to the
occurrence of top event and all the remaining parts of the system should be considered as

irrelevant.

Then the top down approach aims to identify primary events and the further event
causes in a step by step systematic manner that contribute to the occurrence of top event. The
process stops when the wanted level of detail is reached. At this stage the primary events of the
FT are identified.

The manual creation of the fault trees is in general complicated and time-consuming
task which may be prone to error. Therefor except for simple fault trees, a software package is
needed to properly handle the calculations when repeated events are present at several places
in the fault tree, and to calculate minimal cut sets and other probability calculations. There are
number of software tools available in the market to ensure consistency, correctness and

verifiability of the analysis.

The Fault tree model was explained with an example down below as follows,

RN Group 1
\v/

P1 (30 m3/h)

P2 (50 m3/h) L v~

VALVES

INo—— kT PUMPS d—o0uT
= B |

P3 (90 m3/h) Group 2

Figure 11 Simple pumping system Source: FTA Standard- BS EN 61025
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The graphic represented above represents a simple pumping system which is aimed to
use for explaining the model of fault tree and its analysis. The pumping system made up of two
pumping groups in series with valve 1. The group 1 has two small pumps with flow rate
capacities of 30 and 50 m%h and a valve V2 in series. The group 2 consists of one big pump
with flow rate capacity of 90m3/h and a valve V3 in series. The system purpose is to deliver
water at a flow rate of at least 80m*/h [2].

Based on the pumping system and the available data the fault tree has be built for the

simple system which are presented as follows,

System flow rate <
System stops only 80 m3/h
when both Groups fail

Flow rate of both
groups < 80 m3/h

V1 failed closed

Flow rate of group

Flow rate of Group

1<80m3/h 2=0
o foR,
[=
I |
V2 failed closed P2 failed P3 failed V3 Failed
P1 failed

Motor doesn’t turn
ON

O

Figure 12 FT related to the simple pumping system

source: FTA Standard- BS EN 61025- Modified

The Top event for the pump system is considered as the “System flow rate < 80 m%h”.
Based on this top event objective the immediate causes of the event under the system are
identified which should be logically necessary events that contribute to the occurrence of the
event under analysis. So, the top event occurs if V1 is failed in close position or if the two
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groups are not able to provide 80m®/h. Since both events contribute at the same level to the top
event so a relevant logic gates are applied as in above case an “OR” gate is used to model this
configuration. Then choose one of the identified causes for the event under analysis in this case,
For V1 failed close is an elementary event which does not need further development at this
level of analysis, then the process continues for the development of “flow rate of both groups
< 80 m¥h”. The event flow rate of both the groups < 80 m3/h occurs if the flow rate of the
groups goes zero (Flow rate of Group2 = 0) and if the group 2 is not able to provide at least <
80 m®h (Flow rate of Groupl < 80 m%/h). To model both events an AND gate is used for this
configuration. All the identified causes (intermediate event) have been developed, the FT
primary events have been found and the FT is completed [2].

The above-mentioned fault tree uses different types of symbols in various levels of
fault tree as every symbols and connections exhibits a specific meaning to the other events, by
using these symbols all the events are logically connected. For example, in above faulty tree
for the top event an inhibit gate with condition stating, “System stops only if both pump groups
fail”, so the output of the top event is true only when the condition is satisfied. So, every symbol
used in building the fault tree is at most important as it represents the whole meaning of the

logical fault tree constituting top event.

Some of the symbols and their meanings are represented in figure 13 which explains
some of the used symbols in above developed fault tree. The using of right symbols for
describing the right information makes the whole fault tree a sensible representation. All the
symbols are made by using Boolean mathematical techniques which are made up of algebra

formulas.

Likewise, as described above when building the fault tree, one should need to consider
the all possible outcomes for occurrence of top event which should be arranged in a top down
manner. The fault tree is developed by following all the procedural steps mentioned in the above

section of FTA development process.

For more detail construction of fault tree and its procedure by using right symbols
please do refer to the standard “BS EN 61025- Fault tree analysis” as the standard provides

numerous sample examples of building the fault tree.
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Fault Tree Symbols and Meanings

Top event: Unwanted event, root of the tree.

Basic event : A basic event generally models a component fault
which cannot be analyzed more in depth.

Elementary event : A basic event generally models a component
fault which could be analyzed in more details because it is of
insufficient consequence or unavailable information.

OR Gate : A basic event generally models a component fault
which cannot be analyzed more in depth

AND Gate : A basic event generally models a component fault
which cannot be analyzed more in depth

DD

IF gate or Inhibit gate: Output fault occurs if the (single) input
fault occurs in the presence of an enabling condition.

'

Transfer IN : Indicates that the tree is developed further at the
occurrence of the corresponding “Transfer out” (E.g., On the
other page)

>

Transfer out: Indicates that this portion of the tree must be
attached at the corresponding “Transfer IN”

Figure 13 Basic Fault tree symbols and meanings

Source: Created based on the FTA standard

4.4.3 Qualitative analysis and Quantitative analysis:

Based on the Fault tree model all the possible qualitative and quantitative analysis should be
performed in order to analyse the whole system technically and numerically.

Quialitative analysis: Used to analyse a failure which has occurred to display diagrammatically

how different events came together to cause the failure
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An understanding of the system and the causes of failure is required, as well as a
technical understanding of how the system can fail. Detailed diagram is needed to aid the
analysis i.e. pictorial representation of how the top event can occur which shows interacting

pathways where two or more simultaneous events must occur
Quantitative analysis:

Quantitative analysis is used in quantifying the probability of the top event of the Fault
tree for each basic event in the fault tree. These basic event probabilities are then propagated
upward to the top event using the Boolean relationships for the fault tree. Alternatively, the
minimal cut sets are been generated from the FT and then used to quantify the top event. The
minimal cut set generation approach is used by most FT software’s as it is very difficult to

calculate for very large fault trees.

Some of the most used fault tree techniques used for different application are discussed

down below:
Structural Measure of Importance:

Structural importance is one of the simplest measures of component importance,
because it ignores any considerations of the individual reliability of components, instead it

concentrates on the topological structure of the system.
The structural measure of importance is basically given by the following formula:

_ number of critical states of sub — item i
" total number of state for the (n — 1)remaining subitems

i

Based on the above-mentioned formula calculate importance of all sub items by
keeping an item isolated, then after calculating all the possible states we could finalize which

event is more critical for occurrence of the top event.
Birnbaum Measure of Importance:

The marginal importance factor Is also called as Birnbaum importance factor. It provides the
basis for estimating the equivalent failure rate of a repaired system. That is rate of change in

the top event probability as a result of the change in the probability of a given event.
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The probability that the item is in a state in which the failure of sub-item ‘i’ will cause failure
of the item. The Birnbaum measure of importance is basically given by the following formula:

]
B Cs.:
Ii =ZP]'SI
J

Where, j= Item state
Criticality measure of importance:

The criticality measure of importance will help in finding out the dangerous parts of
the system that affect the personnel working or involving along with the system. The criticality
measure of defined as the contribution of the subitem to the probability of failure of the item
due to the item being in a state in which the failure of the subitem would cause failure of the

item and the subitem failing.

The criticality measure of importance is basically given by the following formula:

J
R ZjP;Si(l —Ri(®))
I =

1—R(®

It describes the probability of item being in a state where failure of subitem would

cause failure.
Fussel - Vesely Measure of Importance:

Fussel — vesely importance measure is sometimes call the Top Contribution
Importance. It means that all the contribution of the event to the top event probability. All the
absolute and the relative F-V importance are determined for every event modelled in the fault
tree, not only for the basic event but also for every higher-level event. This will provide a
numerical significance of all the fault tree elements and allows them to be prioritized. The F-V
importance is calculated by summing all the causes (minimal cuts sets) of the top event

involving the event.

Fussel-vessely measure of importance is defined as the sum of the probabilities of each
of the minimal cut sets with the sub-item occurring divided by probability of failure of the item.

The F-V measure of importance is basically given by the following formula:
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],_ Fi()

Fv _~—j=1
I (t)_—F(t)

Where, J = minimal cut sets with the sub item

The importance measures for the success tree give equivalent information as for the
fault tree, but from a non-occurrence, or success standpoint of view. The fault tree is an very

useful applied technique when system are very big enough to understand technically.
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5. A Practical Case Study on Risk Assessment

5.1 General Description:

The aim of this section is to exhibit an application of risk assessment techniques
namely FMECA and FTA in both qualitatively and quantitatively on three components of
HVAC System.

In order to apply risk assessment, we studied an hospital building situated in Tuscany
region, Italy as a case study. The hospital is a recently constructed single multi-storey
building, which serves as an important role in hospital services in those regions with the
inpatient facilities are organized by functional areas of varying intensity of care. For such a
building Service equipment play a very important role to facilitate the hospital patients
profoundly without any interruptions in any of the services as this is the basis which requires
an effective control of all the equipment as they are risk for the functioning of hospital and
critical to the patients. So, we had studied the HVAC system of the building and try to assess a
risk with real problem that hospital has encountered.

At first, we started by breaking down the HVAC system into subsystems and then their
components and related commercial components used. The building constitutes of a big
network of HVAC system whereby means FMEA we try to breakdown the system into very
small different sub-System unit as represented in Figure 14. The system is breakdown as per
their functioning intended to use in which we divided as a central heating system, Chiller which
provide cooling water to the hospital and as per air treatment system. The three systems are
further divided according to their multi uses for different needs of hospital functioning. The
breakdown system was clearly exhibited in graphic below which are as follows:
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22-23-0000

HVAC SYSTEM
(Heating, Ventilation and Air
Conditioning)

22-13-5000 22-23-64-00 22.73-73-00

CENTRALHEATING CHILLER(Refriger=tion
SYSTEM unit)

——

Airtreatment

12-13-50-10 22-23-50-20 22-713-50-30 22-23-50-10 22.73-73-10 22.73-73-10 22-23-73-60

PRODULTION PRODUCTION POWER(CHP) COOLINGTOWER TAMP s

Figure 14 The graphic exhibits the breakdown of the HVAC system into different sub units

By checking the breakdown system, we decided to perform risk assessment for In
Chiller, Cogeneration and AHU as of our case study which involves a multiple application of
different services. It is important to say that this choice is only exemplificative because this
service is essential for any kind of building intended use.

A through FMEA and FTA application are performed based on the working principle
and functioning scheme of those specified equipment’s by taking into consideration of all
possible components of the equipment for analysing in how many ways a risk can happen to

those equipment’s.

One can expect from these chapter how an FMEA and FTA can be applicable in real
world but not as fully as its application range but a try towards its start of the operation. All the
data considered were real based on the service provider manuals and some data from hospital
management operative systems. Since we used the real data, but the application of these
techniques should involve a lot technical and managerial persons for the accurate results. The
results exhibited in this chapter were sensible towards the case studies but not as accurate of
the output one should except from FMECA and FTA application, since these techniques
involves a lot of software tools and experienced persons for a better COF and POF results.
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5.2 CHILLER

5.2.1 Objective:

The objective of this process is to find out what components of chiller equipment
constituting the reduction in the amount of cooling producing by Chiller equipment. The Chiller
we are analysing is a Daikin product. The top event for FTA Chiller is “CHILLER DOES NOT
PROVIDE COOLING”. The FTA analysis are made by use of data in FMEA analysis which
were collected from different sources and some own observations. The results of these
assessment can be expected as the failure modes and effects of an individual component of the
equipment and an interrelationship between the component faults leading to the failure

occurrence of the top event considered in FTA along with the structural measure calculation.
5.2.2 Functional Scheme and Working Principle

The chiller equipped in our case study hospital building is a water-cooled screw chiller
which is a type of chiller where its main components use a screw compressor which is widely
used in chemical, Pharmaceutical, food processing and other industrial refrigeration process to
use chilled water or in large shopping malls, hospitals, factories and other central air

conditioning purposes which need to use chilled water concentrated cooling areas.

Components Description:

Components | Description

Compressor | The single screw compressor is of the semi-hermetic type and utilizes gas
from the evaporator to cool the motor and allow optimal operation under any

expected load conditions.

Evaporator It transfers heat from the cooled water through boiling process of refrigerant
in which this evaporator is a direct expansion shell and tube which ensure

optimal efficiency under all load conditions.

Condenser The condenser transfer heat from the refrigerant to the outdoor cooling water,
which condenses the refrigerant, changing it from a gas to a liquid of which

this equipped machine will sub cool the liquid to its lower part of the tubes

in which it improves overall efficiency of machine and compensates
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variations in heat load by adapting the refrigerant load to all predictable
operating conditions.

Expansion The expansion valve drops the pressure of the refrigerant liquid from high to

Valve low pressure which separates the high to low pressure sides of the system.

Refrigerant | It is a substance which is in gaseous state which absorbs heat from the
environment and provide refrigeration when combined with other

components such as compressor & Evaporators.

Working Principle:

The cooling process is consisting of a pumping system which circulates cool water
from the chiller to the other process of the HVAC system where the cool fluid removes heat
from the process and warm water fluid returns to the chiller. The chillers contain a chemical
substance called a refrigerant, which are of many types but in our case study they use the
gaseous state refrigerant where throughout the refrigeration cycle its constantly change its state
from a gas to liquid and back to the gas by heating and cooling the refrigerant over the entire
cycle [22].

The low-temperature refrigerant gas from the evaporator is drawn by the compressor
through the electric motor, in which the refrigerant is then compressed where it changes its
gaseous form into liquid form by mixing the refrigerant with the oil from the oil separator.

The high-pressure oil refrigerant mixture is introduced into the centrifuge type high
efficiency oil separator, Where the oil is separated from the refrigerant. The oil will then be
accumulated on the bottom of the separator which would be forced back into the compressor
by the pressure difference while the oil free refrigerant is sent into the condenser.

The refrigerant is evenly distributed innermost tubes of the condenser throughout the
volume of the exchanger in which the gas in contact with the tubes is cooled and consecutively
starts to condense fluid while it reaches saturation temperature through the subcooling section
where it loses even more heat, increasing the efficiency of the cycle. The heat taken from the
fluid during cooling, condensation and subcooling is exchanged with that of the water passing

inside the condenser tubes.
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Figure 15 CHILLER Refrigeration Cycle
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The subcooled fluid flows through the high efficiency filter dryer in which it will
provide physical filtration and adsorb the fluid contaminants, such as water to prevent in
develop into acids. The fluid then reaches the expansion valve through which a fall in pressure

starts off the expansion process resulting in vaporization of part of the refrigerant liquid.

At this position the result would be a low pressure and low temperature liquid gas
mixture entering the evaporator, where it takes the heat required for vaporization.

Then the refrigerant liquid vapor is uniformly distributed in the direct expansion
evaporator tubes in which the heat is exchanged with the cooling water where the temperature

Is reduced until complete evaporation, followed by superheating.

Once the refrigerant reaches the superheated vapor state, the refrigerant leaves the

evaporator and once again the refrigerant is taken back into compressor to repeat the cycle.

5.2.3 FMEA Analysis -

The FMEA analysis is used for building up the breakdown of the system and creation
of Fault database system which enable to understand in how many ways a component can fail
and what constitutes the failure. In this analysis we thoroughly analysed the failure modes and
their effects on the components of the Chiller Refrigeration Cycle. The case study we analysed
uses the product of Daikin Chiller which consists of different components for functioning of
Chiller purpose. Based on the functional scheme and available data we have performed an
FMEA analysis for some of the components which were described in Table 11 the subdivision
of Daikin Chiller. We divide the Chiller equipment into components and their used commercial

components.

By basing maintenance manuals, the literature findings, own observations and some
of the knowledge from performed maintenance operators, the failure modes and their effects
were analysed and arranged in a systematic way by linking to the effects and modes to the
respective failure of their respective components. In the FMEA a code and a source of data
findings has indicated for each of the information mentioned in the fault database by the
following the structure of the FMEA analysis technique. All the FMEA results are exhibited
Annexure — A.2, please do refer to those results.
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Table 3 Chiller Subdivision system for FMIEA

System Code Subsystem Code Component Code Commercial Component
22-23-64-10-01 = CHILLER, MODEL
EWWQC20B-XS, PRODUCT
DAIKIN

22-23-64-10-02 DIRECT EXPANSION PIPE
EXTRACTION TUBE DIRECT -
EVAPORATOR PRODUCT

PROVIDES ~ TECHNOLOGY
22-23-00-00 HVAC 22-23-64 CHILLER 22-23-64-10 CHILLER INNOVATION

22-23-64-10-03 =~ COMPRESSOR MONOVITE,
MODEL Fr3200, PRODUCT
DAIKIN

22-23-64-10-04 CONDENSER WITH BAND
TUBE, PRODUCT PROVIDES
TECHNOLOGY INNOVATION
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5.2.4 FTA Analysis:

Qualitative analysis: Building the Fault tree
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Figure 16 Fault Tree Diagram - CHILLER
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The above represented graphic exhibits the fault tree of the Chiller equipment which were
analysed with the top event as “Chiller EWWQC20B-XS does not provide cooling”, by basing

this top event an analysis are performed for finding what causes make occurrence of the event.

After thorough studies about chiller working principle and functioning scheme the analysis
showed that dry expansion evaporator, compressor and condenser are the main components for
the output of the top event. So, by considering these three as intermediate events we analysed
the root causes of the failure of these three components and their relationships was perfectly

linked to that of the top event.

Since these three intermediate events would involve their components and it make cause of
these elements. So, in the Fault tree all their relationships and the reasons for their occurrence

are exhibited clearly.

Quantitative analysis: Structural measures calculations

CHILLER
EWWQC20B-XS
DOES NOT PROVIDE
COOLING

| !

E F

x|
000"

AND AND

DO

Figure 17 Structural measure of Importance — CHILLER
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For Quantitative calculation of these components we used a structural measure of
importance method to understand which component more risk to the occurrence of Top event

that is not enough cooling provided by chiller equipment.

To measure the structural calculation and snapshot of Fault tree was exhibited as seen
in the figure 17, with the involved components along with interrelationship Boolean symbols
exhibiting the towards top event. Based on these figures we perform structural calculations.

In the above figure for every highlighted event we calculate measure of importance to
know which event is in more risk for the top event. The highlighted events are considered as
Sub items which are at risk for the top event, so these sub items are considered for structural

measure of importance.

It is calculated as by considering at given a certain configuration (FTA) is the failure
of that subitems is critical for the failure of the system or not. The configuration here in these

calculations are the scenarios with other sub items.

With combination of multiple scenarios, we made the calculation as shown in table 5
by considering the meanings of Boolean symbols to the top event. In those scenarios if it is
critical or not for the failure of the system are mentioned. At last the result would be Critical

state of sub item divided by total number of states for the remaining sub items.

The table exhibits the calculations of all subitems, it expressed with certain meanings
which are as described in TABLE 4.

Table 4 Symbol and Meaning used in analysis of Fault tree

No Symbols Meanings

1 W Working
2 F Fail

3 N Not Critical
4 Y Critical
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5.2.5 Results for CHILLER:

Table 7 Results of Chiller Structural measure calculations

D G H | J L M Q
Structural 0.7 0.6 0.1 0.1 0.1 0.3 0 0
measure of
importance

The results received based on the structural performance calculation on 6 components
of Chiller component for the top event chiller stop working has been determined and exhibited

in above calculations.

The results tell us that out of which all the components calculated, the main critical
component for the failure of chiller is with the causes related to evaporator followed by
condenser three-way valves faults. An extensive monitoring and maintaining of evaporator will

increase the cooling output from the chiller.

Based on these results the maintenance personnel can decide what components need
maintenance and how much resources need to be allocated for these components. Since results
are from one measure but the accuracy would be reached if the probability failures of these

components calculated.

5.3 Cogenerator:

5.3.1 Objective:

The objective of this process is to find out what components of cogenerate equipment
IS constituting the reduction in the amount of electricity producing by Cogenerator equipment.
The Cogenerator we were analysing is a Guascor SFGLD 360/40 product. The FTA analysis
are made by use of data in FMEA analysis which were collected from different sources and
some own observations. The FTA top event for Cogenerator is “REDUCTIONS IN
GENERATING 609 Kwe ELECTRICITY OUTPUT BY COGENERATPR (ALTERNATOR)
GUASCOR 360/40”.

To our case study we analysed a cogenerator in the hospital building which were used

to generate electricity and to circulate the heat to the adjacent boilers and tanks, so the amount
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of electricity generated inside must be an essential need but if a ventilator stops working the air
passing through duct would be less efficient. By keeping this in mind, the objective of analysis
all findings, schemes, FTA, Structural analysis are made which are described in detail in the

subsections of this section.

5.3.2 Functional scheme and Working principle

Cogeneration or combined heat and power is the use of heat engine to generate
electricity and useful heat at the same time. cogeneration is a more efficient use of fuel to gain
their high energy efficiency by capturing and utilising the heat that comes from the energy
during electricity generation.

As per case study | analyse cogeneration unit Guascor SFGLD 360/40 of the electrical

power to the terminals of 609 KWe, equipped with internal combustion endothermic engine.
The main components that characterize the cogeneration unit are as following:
Endothermic engine motor block:

The endothermic engine is a type of alternative engine by the way of
converting chemical energy (gaseous state ) into mechanical energy. The
endothermic motor block consists of cylinder block in metallic fusion with crankshaft
connected with chromium-plated cast iron cylinder shirt. The motor shaft is in moulded steel
jet with induction hardening consists of induction cylinder heads with two suction and two
exhaust valves and two chambers for better cooling of the combustion chamber. And it has
aluminium alloy pistons with the bursting chamber in the same sky and chilled at the base with
oil jet, with 3 segments by distribution of the cascade type of gears.

Alternator:

An alternator is an electrical generator that converts mechanical energy to electrical
energy in the form of alternating current. Three-phase synchronous generator of production
directly attached to the motor flywheel housing, connection to motor with accessible neuter.
The alternator is also equipped with thermal protection of the with probes for detecting the

temperature on the Windings of the three phases.
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Dry cooler:

A dry cooler is an air-cooled device that is used in connection with removal of excess
heat. The dry cooler consists of single stage water/air dissipator in copper/aluminium for
cooling circuit cylinders and intercooler with electro fans, supported by special casing and

protected by a hail proof wire mesh.
Cooling tower:

A cooling tower is a heat rejection device that rejects waste heat to the atmosphere
through the cooling of a water stream to a lower temperature. The Cooling tower is made up of
supporting structure with steel sheet with fiberglass sandwich side panels with an axial
ventilating system. The water distribution system is connected to the recirculated pump and
equipped with spray nozzles by placing a fibre glass water collection tank. The circulation pump

is a centrifugal type.
Plate Heat EXCHANGER

For cooling uses seawater or untreated water, driven by a mechanical pump or electric.
It is necessary to incorporate an expansion vessel. When none of the current untreated water is

available, it is necessary to mount a cooling tower to cool it.
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Figure 18 Cogeneration Functional Scheme
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5.3.3 FMEA Analysis -

The FMEA analysis is used for building up the breakdown of the system and creation
of Fault database system which enable to understand the link between each of the components
that link to the top event of the system. All the analysis of FMEA was described in Annexure
Az3.

The FMEA analysis is used for building up the breakdown of the system and creation
of Fault database system which enable to understand in how many ways a component can fail
and what constitutes the failure. In this analysis we thoroughly analysed the failure modes and
their effects on the components of the Air Handling Unit. The case study we analysed uses the

product of SAMP Ahu which consists of different chambers inside the Ahu unit.

Based on the functional scheme and available data we have performed an FMEA
analysis for some of the components which were described in Table 11 the subdivision of
SAMP Ahu. We divide the air treatment system into components and their used commercial

components.

By basing maintenance manuals, the literature findings, own observations and some
of the knowledge from performed maintenance operators, the failure modes and their effects
were analysed and arranged in a systematic way by linking to the effects and modes to the
respective failure of their respective components. In the FMEA a code and a source of finding
the indicated for each of the information mentioned in the fault database by the following the
structure of the FMEA analysis technique.

The codes and their types of sources meanings and information are explained and
exhibited in the Annexure A along with the analysis of FMEA performed for the mentioned

components in Table 11.
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Table 8 Cogenerator Subdivision system for FMEA

System Code Subsystem Code Component  Code Commercial Component

22-23-50-40-01 Cogenerator endothermic
engine  MODEL  360/40
PRODUCT Guascor SFGLD

22-23-50-40-02 Elettropompe, MODEL
IL/DL/BL, PRODUCT Wilo

Central heatin .
22-23-00-00 HVAC | 22-2350 00 9 22235040 | Cogeneratore 22-23-50-40-03  Cogeneration ~ Gas  leak

system detectors, MODEL SE138K,
PRODUCT Tecno Control
Sr.l

22-23-50-40-04 Cogeneration  Plate  heat
exchanger, PRODUCT GEA
ECOFLEX
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5.3.4 FTA Analysis

Qualitative analysis: Building the Fault tree

20:23-50-40-07
Reductions In generating 609
KWe electricity output by
COGENERATOR (ALTERNATOR)
GUASCOR SFGLD 360/40
RV FALHVAC.263
ALTERNATOR SFGLD ﬁi Endothermic Engine
360/40 SFGLD 360/40 Fail
Fail
FAU.HVAC.882
FALHVAC.178 FALHVAC.263 FALHVAC.263 FALHVAC 260 FAU.HVAC.881
Mechanical Failure of Electrical Failure caused Vechanical Falure of FAUHVAC845 Tncorrect regulation of PRIMARY CIRCUIT SECONDARY CIRCUIT
ATEmORSFelD byvoltage in ENDOTHERMIC ENGINE ENDOTHEIC ENGIE o supply to Fallure to recover heat Failure to recover heat
50/i0 ALTERNATOR SFGLD SFGLD 360/40 FAIL SF6LD 360/40 MADAS GAS ENDOTHERMIC ENGINE in ENDOTHERMIC in ENDOTHERMIC
360/40 REGULATOR FAILURE to| SFGLD 360/40 from the ENGINE SFGLD 360/40 ENGINE SFGLD 360/40
regulate gas pressure OIL CIRCUIT
" r po o FAU2HVAC.202 FAU2 HVAC.203
FAUHVAC.54 FAU2HVAC.123 FAU.HVAC.T FAUHVAC.82
FAU.HVAC.880 FAU2.HVAC.208 FAU2.HVAC.209 FAU.HVAC.828 FAU.HVAC.883 KSB TRIALINE PUMP Failure
Excessive vibration in Excessive vibrations in CANDLE FAILURE in Faulty MADAS DN15-20 Closed mecharical PRESSURE REGULATOR tosupply sufficient cool
ALTERNATOR SFGLD ENDOTHERMIC ENGINE ENDOTHERMIC ENGINE EVPC/NCELECTRONIC | | oot ENGINE VALVE 4.5 BAR failed to V::z;:; gz‘ggg‘gmc
360/40 SFGLD 360/40 SFGLD /40 VALVE CARBLRETOR SCREW regulate high/low
pressure
FAUZHVAC.100 2HVAC102 2.HVAC.9 C.551 2HVAC118 3HVAC.19 2HVAC.199 FAU2HVAC.198 FAVZHUAC 200 2.HVAC.20 : :
HVAC, FAUZHVAC FAUZ HVAC. FAUHVAC S5 FAUZ HVAC.11 FAU3 HVAC. FAUZHVAC 1 e FAUZAVAC204 FAUZAVAC205 FAULAVAC06 FAUZHVAC.207 FAU3 HVAC.11 FAU3 HVAC.12 FAU3 HVAC.13 FAU3 HVAC 14 FAU3 HVAC.15 FAUBHVAC16
i on i THERMOSTAT LOCK THERMAL RELAY trips PLATE HEAT i
ition plugs due t Malfunction in the OIL p:
‘:i:ﬂ:‘j E:ID 3::;'35" Excessive Voltage Field and armature Constant and variable Igh,“é}‘\o:;‘:rﬁj v:ru : CRCUIT IOIL PRESSURE CONTROL| Incorrect PRESSURE Incorrect functioning of failed to communicate In WILO DL 80/270 EXCHANGER failed to DRY COOLER failed to Tﬂeﬂ'élm;t;g\ll\;‘r:::T
‘ITOER oscillations windings short circuit loses caused by misalgned SENSOR failed to detect GUAGE readings THERMOSTATIC THREE with THERMOSTATIC PUMP due to excessivel exchange sufficient cool sufficient heat in EXCHANGER due to
CARBURETOR correct pressure of o WAY VALVE THREE WAY VALVE high temperature heat in the water the water overhesting
FAU3HVAC.17 FAU4.HVAC.02 FAU4.HVAC.03 FAU4.HVAC.04 FAU4.HVAC.06 FAU4HVAC.05
) Formation of fouling y OXIDISING CATALYST "
Fault {n ROTPR deposits on the HEAT Wrung ;:ng:é;;w" of oxidize incorrectly Wrong Ar::; E\:tswon of :er:‘srsll;l:e:m:"l‘n
balancing weight EXCHANGER PLATE exhausting gases galpump

0

Figure 19 Fault tree diagram - Cogenerator
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The above graphic represents the fault tree analysis of cogenerator has been described in the
way all the interrelationships between the faults constituting the reductions in generating the

desired output of electricity.

Quantitative analysis: Structural measure of importance calculations

Reductions In generating 609
KWe electricity output by
COGENERATOR (ALTERNATOR)
GUASCOR SFGLD 360/40

Figure 20 Structural measure of importance — Cogenerator

The above picture represents a small snapshot for Structural measure of importance
calculations. As the Top Event is influenced by OR GATE, everything will be critical to
monitor. Because each component leads to the occurrence of TOP EVENT

For Quantitative calculation of these components we used a structural measure of
importance method to understand which component more risk to the occurrence of Top event

that is reductions in generating 609 kwe electricity output by cogenerator.

To measure the structural calculation and snapshot of Fault tree was exhibited as seen
in the figure 20, with the involved components along with interrelationship Boolean symbols

exhibiting the towards top event. Based on these figures we perform structural calculations.
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In the above figure for every highlighted event we calculate measure of importance to
know which event is in more risk for the top event. The highlighted events are considered as
Sub items which are at risk for the top event, so these sub items are considered for structural

measure of importance.

It is calculated as by considering at given a certain configuration (FTA) is the failure
of that subitems is critical for the failure of the system or not. The configuration here in these

calculations are the scenarios with other sub items.

With combination of multiple scenarios, we made the calculation as shown in table 9
considering the meanings of Boolean symbols to the top event. In those scenarios if it is critical
or not for the failure of the system are mentioned. At last the result would be Critical state of

sub item divided by total number of states for the remaining sub items.

The table exhibits the calculations of all subitems, it expressed with certain meanings
which are as described in TABLE 4.
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Table 9 Cogenerator- Fault tree structural analysis
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5.3.5 Results for Cogenerator:

As described above all the results constitute towards the occurrence of the events.

Table 10 Results of Cogenerator Structural measure calculations

E F L M P R S T vV X Y
Structural | 0.07692  0.07692 0.07692 | 0.07692
measure of
importance

¢69L0°0
0.07692
0.07692
0.07692
0.07692
0.07692
0.07692

The results received based on the structural performance calculation on 11 components
of cogenerator component for the top event reductions in generating 609kwe electricity output

has been determined and exhibited in above calculations.

The results tell us that since all the components were complexly interconnected for a
desired output of electricity generation so in our analysis it was proved that a moderate
monitoring of entire system by considering alternator and endothermic engine as high priority

would be highly recommended.

Based on these results the maintenance personnel can decide what components need
maintenance and how much resources need to be allocated for these components. Since results
are from one measure but the accuracy would be reached if the probability failures of these

components calculated.

5.4 Air Handling Unit

5.4.1 Objective:

The objective of this process is to find out what components of Air handling unit
equipment constituting the reduction in the amount of quality air pumped by Air handling unit
equipment. The Chiller we are analysing is a Daikin product. As to understand the whole work

flow of the air we thoroughly analysed each part of the functional scheme to know what factors
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affecting the Centrifugal ventilator for its failure in pumping quality air. The FTA analysis are
made by use of data in FMEA analysis which were collected from different sources and some
own observations. The top event for FTA Chiller is “SAMP CENTRIFUGAL VENTILATOR
IS NOT WORKING”.

To our case study we analysed an AHU in the hospital building which were connected
directly to surgery room, so the amount of quality air coming inside must be an essential need
but if a ventilator stops working the air passing through duct would be less efficient. By keeping
this in mind, the objective of analysis all findings, schemes, FTA, Structural analysis are made

which are described in detail in the subsections of this section.

5.4.2 Functional Scheme and Working Principle

An air handling unit purpose is to distribute air with a building by taking fresh ambient
air from outside, filter it, heat or cool it or maybe humidify it and then force it through ductwork
around to the designed areas within a building. The AHU can be in situated in different places

in the building or just a unit in the Building down section or upside section.

Most AHU units will have an additional duct run to then pull the used dirty air out of
the rooms, back to the AHU, where a fan will discharge it back to atmosphere. Otherwise, that
isn’t possible to achieve the required setpoint of thermal energy which can extract and fed into

the fresh air intake.

According my AHU case study the inlet of the pre-treated air is coming from another
AHU unit housing in which at starting a damper were installed. The dampers consist of multiple
sheets of metal which can rotate in which their purpose is prevent air from entering or exiting
into the unit where they can operate to fully allow air in or out, and it can also vary their position

somewhere in between to restrict the amount of air that can enter or exit.

After the dampers in general will have some filters. As in our AHU the air coming in
is pre-treated air from other AHU, but we do have another duct for air intake coming from
external atmospheric air coming inside the unit. These filters are there to try and catch all the
dirt and dust etc from entering the ahu and the building. If we don’t have these filters the dust

is going to build up inside the ductwork and within the mechanical equipment, it’s also going
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to enter the building and be breathed in by the occupants as well as make the building dirty. So,
we want to remove as much of this as possible. Across each bank of filters, we’ll have a pressure
sensor. This will measure how dirty the filters are and warn the engineers when it’s time to
replace the filters. As the filter’s pickup dirt, the amount of air that can flow through is restricted
and this causes a pressure drop across the filters. Typically, we have some pre-filters and pocket
filters to catch the largest dust particles.

The next thing the air pass through is the cooling and heating coils which are there to
heat or cool the air. The air temperature of the coming air is measured as it leaves the AHU and
enters the ductwork which needs to be at a designed temperature to keep the people inside the
building comfortable, this designed temperature is called the set point temperature. If the air
temperature is below this value the heating coil will add heat to increase the air temperature and
bring it up to setpoint. If the air is too hot, then the cooling coil will remove heat to lower the
air temperature and reach the setpoint. The coils are heat exchangers, inside the coil is a hot or
cold fluid is running through it where the air pass through these coils will get hot or cold.

As humidity is also a concern for good quality of air going through the duct into the
building, so there is a Humidifier which humidifies air according to the setpoint required. The
humidifier has a humidity sensor which detects the amount of humidity presence of air,
depending on that it removes or sprinkle water into the air. A drop separator was installed before
the humidifier to ensure all the entrained water is removed to achieve maximum dry steam is

carried to & through control valve.

Next, we have two Centrifugal ventilators in which it pulls the air in from outside and
then through the dampers, filters and coils and then push this out into the ductwork around the
building. Across the fan it has a pressure sensor, which sense if the fan is running. If it is running
then it will create a pressure difference, we can use this to detect a failure in the equipment.
And we also have a duct pressure sensor shortly after the fan, this will read the static pressure
and in some ahu’s the speed of the fan is controlled as a result of the pressure in the duct, so
we’ll also very often find a variable speed drive connected to the fan for variable volume
systems. The Ventilator sections is equipped with a lot of components which drive the fan such
as a motor with scrolls, shafts, impellers and bearings and an inverter which control the supply

of electricity to the motor and then to the ventilator.
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Then it has the ductwork which will send the air around the building to the designed
areas. We’ll also have some ductwork coming back which is brining all the used air from the
building back to a separate part of the AHU, but this is located elsewhere connected with other
AHU units.

Since our objective is to understand how the ventilator stop working as it is considered
as critical component in the unit to push the good quality of air inside the building. We
investigated how the ventilator stop working which components influence it for achieving its
intended function to perform. A graphical representation of AHU functioning scheme was
drawn and represented in the following graphic. It also represents the relationship with other
AHU and the way the air passing through the air unit is described. Based on these functional
scheme and data from FMEA an FTA analysis was performed which were discussed later in

these sections.
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PRODUCED BY AN AUTODESK STUDENT VERSION
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Figure 21 Air handling Unit Functional Scheme
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5.3.3 FMEA Analysis

The FMEA analysis is used for building up the breakdown of the system and creation
of Fault database system which enable to understand in how many ways a component can fail
and what constitutes the failure. In this analysis we thoroughly analysed the failure modes and
their effects on the components of the Air Handling Unit. The case study we analysed uses the
product of SAMP Ahu which consists of different chambers inside the Ahu unit.

Based on the functional scheme and available data we have performed an FMEA
analysis for some of the components which were described in Table 11 the subdivision of
SAMP Ahu. We divide the air treatment system into components and their used commercial

components.

By basing maintenance manuals, the literature findings, own observations and some
of the knowledge from performed maintenance operators, the failure modes and their effects
were analysed and arranged in a systematic way by linking to the effects and modes to the
respective failure of their respective components. In the FMEA a code and a source of finding
the indicated for each of the information mentioned in the fault database by the following the

structure of the FMEA analysis technique.

The codes and their types of sources meanings and information are explained and
exhibited in the Annexure A.4 along with the analysis of FMEA performed for the mentioned

components in Table 11.
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System

Table 11 AHU Subdivision system for FMIEA

Subsystem

22-23-00-00

HVAC

22-23-73

Air Treatment

Code Component Commercial
Component
22-23-73-20 AHU- SAMP 22-23-73-20-  AHU, Component
01 PRODUCT SAMP
22-23-73-30 Humidification 22-23-73-30- | Humidifier,
system - UTA 01 PRODUCT
SAMP CONDAIR ESCO
22-23-73-40 Dehumidification 22-23-73-40- = DeUmidifier,
system - UTA 01 MODEL Ecodry
SAMP PRODUCT SAMP
Fans - UTA 22-23-73-50- | Fan, PRODUCT
SAMP 01 COMEFRI
22-23-73-50
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5.3.4 FTA Analysis

Qualitative analysis: Building the Fault tree

Only when both set of
ventilator, motor, inverter
stop working

FALHVAC.225
SAMP CENTRIFUGAL
VENTILATOR stop
working

FALLHVAC.221 FAILHVAC.207

Excessive noise in the
COMEFRI ELECTRIC MOTOR

+ 3
FAU.HVAC.713 FAU.HVAC.712 FAU2.HVAC.220

Electro Mechanical wear on
INVERTER CAPACITOR

FAU.HVAC.720

Electrical Circuit corrosion of
the COMEFRI MOTOR for
Humidity and Temperature

+
FALLHVAC.275

Presence of water in
ELECTRICAL MOTOR CIRCUIT

FAU.HVAC.895

Formation of dampness &
dust

FAU.HVAC.898

FAU.HVAC.899

FAU.HVAC.900 FAU.HVAC.901

CERAMIC ROTARY-DISK
CONTROL VALVE FAILED to
control water supply pressure

CA 150 A/CA 150 A-S
ROTATORY ACTUATOR FAILED
TO move and control the
system

FAU2.HVAC.221

FAU2 HVAC.222

COIL TUBE broken due to
expanded water volume for
ice formation

COIL TUBE get corroded due
to poor quality water

-

Figure 22 Fault tree diagram -AHU
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FAU.HVAC.896

FAU.HVAC.897

MD20A-24 doesn’t
regulate the HEAT
EXCHANGER Damper




The above graphic represents the fault tree analysis of AIR Handling unit describe the

interrelationships between the faults constituting the Top event.

Quantitative analysis: Structural measure of importance calculations

SAMP CENTRIFUGAL
VENTILATOR stop working

v i v
ﬁ AND

v v

6@6

Figure 23 Structural measure of importance — AHU

For Quantitative calculation of these components we used a structural measure of
importance method to understand which component more risk to the occurrence of Top event

that is Samp centrifugal ventilator stop working.

To measure the structural calculation and snapshot of Fault tree was exhibited as seen
in the figure 23, with the involved components along with interrelationship Boolean symbols

exhibiting the towards top event. Based on these figures we perform structural calculations.

In the above figure for every highlighted event we calculate measure of importance to
know which event is in more risk for the top event. The highlighted events are considered as
Sub items which are at risk for the top event, so these sub items are considered for structural

measure of importance.

It is calculated as by considering at given a certain configuration (FTA) is the failure
of that subitems is critical for the failure of the system or not. The configuration here in these

calculations are the scenarios with other sub items.
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With combination of multiple scenarios, we made the calculation as shown in table 12
considering the meanings of Boolean symbols to the top event. In those scenarios if it is critical
or not for the failure of the system are mentioned. At last the result would be Critical state of

sub item divided by total number of states for the remaining sub items.

The table exhibits the calculations of all subitems, it expressed with certain meanings
which are as described in TABLE 4.
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Table 12 AHU- fault tree structural analysis
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5.3.5 Results for AHU:

Table 13 Results of AHU structural measure Calculations

B D E H K L

Structural 0.7 0.6 0.1 0.1 0.1 0.3
measure of
importance

The results received based on the structural performance calculation on 6 components
of AHU component for the top event Ventilator stop working has been determined and

exhibited in above calculations.

The results tell us that out which all the components calculated, Inverter is the main
critical component for the failure of Ventilator followed by Motor faults. An extensive

monitoring of these components will lower the occurrence of ventilator stopping.

Based on these results the maintenance personnel can decide what components need
maintenance and how much resources need to be allocated for these components. Since results
are from one measure but the accuracy would be reached if the probability failures of these

components calculated.
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6.Conclusion:

The thesis thrived to prove the practice of proactive maintenance for the facility
management which would strategically reorganise the way the traditional facility practices are
performed. So, let’s start with recalling the thesis questions, firstly extrapolating fault detection
practices from industrial maintenance field to facility management maintenance has been
thoroughly discussed in chapter 3 by performing an extensive literature review on fault
detection practices. The results were shown as that based on the type of data and the type of
component the deploying of fault detection practices will differ for detecting the fault. Thanks
to usage of sensors which would help promptly detecting fault in advance in complex building
equipment’s. The forefront of 1.4.0 give rise to rapid development in information and
communication technology which suited for the real time monitoring of systems by means IoT,
cloud computing, big data and artificial intelligence technologies. The use of cloud computing
platforms brings the best management of data generated by sensors such as Fog computing etc.
The support vector machine and deep learning machine learning methods are the most used
techniques for classifying the large volume of data which were discussed by a comparison table

between the industrial equipment applications to that of facility management applications.

Then the Impacts of fault detection practices in traditional facility practices were
discussed in chapter 2 which results as by means of threshold setting points all the
predetermined maintenance, corrective maintenance and condition-based maintenance
practices were optimized in the sense of maintenance costs and resource usage. Moreover, the
fault detection would help in achieving the RAMS parameters by detecting faults in advance
for allowing maintenance management personnel to take advance decision to prevent and
optimize the risk and criticality of the equipment. And at last in chapter 2 it was defined that
information detecting from the equipment’s would create the knowledge for maintenance

planning which is needed to perform a proactive maintenance approach.
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Secondly proposing a new FM failure management policy through usage of systematic
failure analysis (FTA and FMECA) were thoroughly discussed in chapter 4 by proposing a Risk
based inspection framework for a risk-based strategy for identification, analysing and
evaluation of risk and criticalities of facility management equipment’s by using an existing
effective FMECA and FTA techniques. With the help of specified standards all the process of
conducting a risk assessment process were defined which results in understanding an overview
of Risk assessment procedures and techniques. The analysis brings that application of FTA and
FMECA techniques were an extensive used application for understanding the failure modes and
their effects and which were pictorially can understand the relationships between various faults
constituting the top event.

An application of risk assessment procedure and techniques to equipment’s of HVAC
system were performed namely Chiller, cogenerator and Air handling unit in chapter 5. The
results exhibited that evaporator is the most critical component in the functioning of chiller
equipment followed by condenser which were needed to treat as high priority to lower the
reductions in providing cooling. Then the analysis of cognerator showed that since all the
components were complexly interconnected for a desired output of electricity generation so in
our analysis it was proved that a moderate monitoring of entire system by considering alternator
and endothermic engine as high priority would be highly recommended. Finally FMEA and
FTA analysis proved that an monitoring of motor and Inverter would benefit the stoppage of

Ventilator which is the main component for the delivering the air into the building.

Furthermore, the application of methods discussed in the dissertation would bring a
considerable change in the facility management practices. The companies FM industry will be
benefited in controlling proactively all the assets that were managed which strategically will
results into cost reductions and improving the safety of the people getting facilitated. For facility
management companies a switching into a proactive maintenance were thoroughly discussed at
the chapter 4 of by stating a formation of executive team specifically for risk-based maintenance
purpose would be highly recommended action.

In my opinion any studies won’t be completely finished in some other way it
encounters a new extension of the previous study, as in this thesis case its future development
can be studied for an detailed automation of risk assessment process through the usage fault
detection practices were appreciable for facility management industries.
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ANNEXURE A

A.1 Fault datasheet Description

In these Annexure all the details of FMEA analysis output was inserted for the following case studies
namely Chiller, Cogenerator and Air Handling unit.

Since data output is very large it must be arranged in a very systematic manner in a way everything
has to be understood clearly. By means of FMEA framework and the use of OMNI CLASS classification
system all the datasheets were arranged.

According OCCS standard the code for HVAC system is arranged in Table 23 of omni class which shows
HVAC code as 22-23-00-00. Similarly, for components Chiller it is 22-23-64, Cogenerator -22-23-50 and
Air handling unit- 22-23-73. if there is any components or information related codes not available in
the occs standard there is a possibility of making a new code for your specific work.

So, by means of it | coded for failures and the faults of these components, as follows
For registering failure — FAI.LHVAC. number

For Faults1- FAU.HVAC. number

For Faults 2 — FAU2.HVAC. number

For Fault 3 -FAU3.HVAC. number

As since the codes were assigned for the information all the information gathered should be specified
with a source of collecting this information, for that it is described as,

Maintenance manuals- Information collected through Component maintenance manual,
Maintenance operator — Information received from the Facility operator,
Scientific Literature — Information gathered from internet, journals, articles etc.

Own observation — Information gotten from my own understandings.
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A.2 CHILLER failure mode effects analysis — FAULT DATASHEETS

Code: 22-23-00-00
Code: 22-23-64-10
Code: 22-23-64-10-01

Component
Failure (Effect)

System: HVAC
Sub-System: CHILLER

Source

Commercial Component: CHILLER, MODELLO EWWQC20B-XS, PRODUCT DAIKIN

Component
Fault 1 (Cause)

Source

Component
Fault 2

Source

Component

Fault 3

Source

FAIL.LHVAC.180

CHILLER
EQUIPMENT
STOPPED

Maintenance
manual

FAU.HVAC.564

FAU.HVAC.565

FAU.HVAC.566

FAU.HVAC.567

FAU.HVAC.875

FAU.HVAC.876

FAU.HVAC.877

FAU.HVAC.878

Heat exchange
reduction

Lack of
adequate
refrigerant and
oil charge

High Machine
load loss

Passing bubbles
through the
liquid light

Wear of the
refrigeration unit

Sensor fault

Breakage of the
electronic
expansion valve

Refrigerant
leakage

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
operator

Maintenance
operator

Maintenance
operator

Maintenance
operator

FAU2.HVAC.139

FAU2.HVAC.140

FAU2.HVAC.141

FAU2.HVAC.142

FAU2.HVAC.143

FAU2.HVAC.144

FAU2.HVAC.145

FAU2.HVAC.146

FAU2.HVAC.147
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(Cause 2)
Presence of
incrustations in
the heat
exchanger

Compressor
Seizure
Breakage of both
COMpressors
Breaking
temperature
sensors on the
compressor

Breaking pressure
sensors on the
compressor

Coil Lock

Driver Lock

Internal
mechanical Block

Failure to hold
joints

Maintenance
manual

Maintenance
operator
Maintenance
operator
Maintenance
operator

Maintenance
operator

Maintenance
operator
Maintenance
operator

Maintenance
operator

Maintenance
operator

(Cause 3)

FAU3.HVAC.04 No

maintenance

Own
observations



Code: 22-23-00-00
Code: 22-23-64-10

Code: 22-23-64-10-02

FAILLHVAC.182

FAILLHVAC.183

FAILLHVAC.184

FAILLHVAC.185

FAILLHVAC.240

FAILLHVAC.241

FAIL.HVAC.242

Component Failure (Effect)

Evaporator Load Flow rate

Reduction of exchanger and
evaporator power in winter season

Freezing the evaporator

Damage to the evaporator walls

Presence of ice in the piping

Presence of air in the hydraulic circuit

Evaporator corrosion

System: HVAC
Sub-System: CHILLER
Commercial Component: DIRECT EXPANSION PIPE EXTRACTION TUBE DIRECT - EVAPORATOR PRODUCT

FAU2.HVAC.148 Drilling of
refrigerant circuit

piping
FAU2.HVAC.149 Drilling the
Exchanger

FAU2.HVAC.150 Referto
Evaporator

FAU2.HVAC.151 Referto
condenser

Maintenance
operator

Maintenance
operator

Maintenance
operator

Maintenance
operator

PROVIDES TECHNOLOGY INNOVATION

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

FAU.HVAC.568

FAU.HVAC.569

FAU.HVAC.570

FAU.HVAC.571

FAU.HVAC.572

FAU.HVAC.573

FAU.HVAC.574

FAU.HVAC.884
FAU.HVAC.885

Component Fault 1 (Cause)

Losses in the Pump (Pump which
regulate water inlet and outlet of
evaporator)

Evaporator and exchanger do not work
(in winter season)

Breakage of the internal tubes of the ice
evaporator
Overpressure and Water hammer

Failure to activate the safety systems
(flow switch, pressure gauge, electric
heater etc)

Lack of backpressure at the water outlet
connection

Water chemistry Incompatibility

Poor water quality inside water circuit

High speed water inside water circuit
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Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Own observation

Maintenance
manual

Component
Fault 2 (Cause 2)



FALLHVAC.243

Excessive water speed can cause
erosion phenomena by damaging the
component (evaporator)

Maintenance
manual

FAU.HVAC.886

Presence of ice in Evaporator water
circuit

Maintenance
manual

FALLHVAC.244 Overrun maximum allowable pressure Maintenance
limit manual
FALLHVAC.245 Exceeding permissible maximum Maintenance
temperature limit manual
FAIL.LHVAC.246 Exceeding the maximum permissible  Maintenance
capacity manual
FAILLHVAC.247 Stopping the water flow in the Maintenance FAU.HVAC.575 Flow switch signal failure (flow switch Maintenance
evaporator manual failure) manual

FALLHVAC.257

FAIL.LHVAC.256 Breakage, drilling or detachment of Maintenance
the Exchange piping operator
FAIL.LHVAC.255 Manufacturing Defect Maintenance
operator
FAIL.LHVAC.274 Functional failure of Dry Expansion Own FAU.HVAC.887 Not converting incoming water into Own observation
Electronic Valve observation vapor form

Code: 22-23-00-00
Code: 22-23-64-10
Code: 22-23-64-10-03

Freezing of the circuit

Maintenance
operator

System: HVAC
Sub-System: CHILLER

FAU2.HVAC.212 Evaporator heater
doesn’t warm the
water circuit

Commercial Component: COMPRESSOR MONOVITE, MODEL Fr3200, PRODUCT DAIKIN

Component Source Component | Source Componen | Source Compone | Source Compone | Source
Failure Fault 1 t Fault 2 nt Fault 3 nt Fault 4
(Effect) (Cause) (Cause 2) (Cause 3) (Cause4)
FAU.HVAC. Inadequate = Maintena FAU2.HVAC. Oil load Maintena
576 compressor nce 152 loss (> 2 nce
load manual bar) inside manual
the
compressor
EAI HVAC. COMPRESS Maintena FAU.HVAC. Failu_re of FAU2.HVAC. Lacl-< of _
186 OR nce 888 bearings 213 Iubrlfa(_:tlon
FAILURE manual from oil
separator
delivery
side
FAU2.HVAC. Wear of
214 bearings
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FAU.HVAC.
889

FAU.HVAC.
S77

FAU.HVAC.
578

FAU.HVAC.
579

FAU.HVAC.
580

FAU.HVAC.
581

FAU.HVAC.
582

Microproces

sor fail to
detect
pressure

Decompositi
on of oil and

coolant

Bad
lubrication

Qil
separator
Break

Pressure
equalization
Valve
blocked

Oil tank
Laundry
Oil filter to
be replaced
(500 hours)

Scientific
literature

Scientific
literature

Scientific
literature

Scientific
literature

Scientific
literature
Scientific
literature

FAU2.HVAC.

153

FAU2.HVAC.

154

FAU2.HVAC.

155

FAU2.HVAC.

156

FAU2.HVAC.

157

FAU2.HVAC.

158

FAU2.HVAC.

159

FAU2.HVAC.

215

FAU2.HVAC.

160

Exhaustion
of filter
Dedicator

Presence of
copper
pipes
precipitates
Oil
oxidation

Increased
condensing
pressure

No
maintenanc
e

Wear of the
component

Manufactur
ing Defect

High
pressure
transducer

No
maintenanc
e
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Maintena
nce
operator
Scientific
literature

Scientific
literature

Scientific
literature

Own

observatio

ns

Maintena
nce
operator

Maintena
nce
operator

Own

observatio

ns

Own

observatio

ns

FAU3.HVAC
.05

FAU3.HVAC
.06

FAU3.HVAC
.07

FAU3.HVAC
.08

FAU3.HVAC
.09

No
maintenan
ce

Excessive
humidity
in the
system

Presence
of
atmospher
ic air
Chemical
reactions
between
oil and
coolant

Presence
of
atmospher
ic air

Own
observatio
ns
Scientific
literature

Scientific
literature

Scientific FAU4.HVAC No
literature .01 Maintena
nce o

Scientific
literature

Own
observatio
ns



FAU.HVAC.

583

FAU.HVAC.

584

FAU.HVAC.

585

FAU.HVAC.

586

FAU.HVAC.

587

Code: 22-23-00-00
Code: 22-23-64-10
Code: 22-23-64-10-04

Component Failure (Effect)

Oil level
regulator in
failure

Safety
pressure
switch on
the
compressor
in block
Presence of
impurities in
the radiator
Flow switch
is faulty

Corrosion of
the metal
surfaces of
the
compressor

System: HVAC
Sub-System: CHILLER

Scientific
literature

Scientific
literature

Scientific
literature

Scientific
literature

Scientific
literature

Scientific
literature

FAU2.HVAC.

161

FAU2.HVAC.

162

FAU2.HVAC.

163

FAU2.HVAC.

164

FAU2.HVAC.

165

No
maintenanc
e

Contacts of
the blown
Flow
switch
Excessive
fluid Flow

Exhaustion
of filter
Dehydrator

Excessive
humidity in
the system

Own
observatio
ns
Scientific
literature

Own
observatio
ns

Maintena FAU3.HVAC No Own

nce .10 Maintena  observatio
operator nce ns
Scientific

literature

Commercial Component: CONDENSER WITH BAND TUBE, PRODUCT PROVIDES TECHNOLOGY INNOVATION

Component Fault 1 (Cause)

Component Fault 2

FAILLHVAC.254 Breakage, drilling or detachment of the

Exchange piping <

FAI.LHVAC.253 Manufacturing Defect o

Maintenance

operator

Maintenance

operator

FAU.HVAC.890

FAU.HVAC.891

External PUMP failed for

cavitation

Water In contact with the
refrigerant gas due to leak in
the WATER CIRCUIT
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(Cause 2)
FAU2.HVAC.216 Low pressure in the PUMP

Own
observations
FAU2.HVAC.217 PUMP sucks air

Own
observations

Own
observations
Own
observations



Maintenance
manual

FAILLHVAC.187 Excessive water speed can cause
erosion phenomena, damaging the
component (condenser)

FALLHVAC.248 Excessive vibration of the condenser Maintenance  FAU.HVAC.892 Too highwater pressure in
manual WATER CIRCUIT
FAU.HVAC.893 Incrustations in the WATER
CIRCUIT due to the hardness
of the water
FAU.HVAC.894 FAU2.HVAC.218 Electrical problem with the
connection between PLC and
FAU2.HVAC.219 Pressure in the water circuit
more than > 35 bar
FAIL.LHVAC.249 Presence of foreign bodies in the Maintenance

pressure equipment manual

FAILLHVAC.250 Presence of pump cavitation and gas in  Maintenance

the hydraulic circuit manual
FAILLHVAC.251 High temperature fluctuations in the Maintenance

condenser manual
FAILLHVAC.252 High pressure fluctuations in the Maintenance

condenser manual
FAILLHVAC.188 Reaching end of life cycle of the Maintenance  FAU.HVAC.588 Presence of incrustations in the = Maintenance

Condenser manual condenser due to the hardness  manual
of the water

FAI.HVAC.189 Reduction of Condenser Maintenance  FAU.HVAC.589 Presence of incrustations in the  Maintenance

PERFORMANCE

manual

condenser due to the hardness

manual

of the water

A.3 Cogeneratore failure mode effects analysis — FAULT DATASHEETS

Code: 22-23-00-00
Code: 22-23-50-40
Code: 22-23-50-40-01

System: HVAC
Sub-System: Cogeneratore

Commercial Component: Cogenerator endothermic engine

Component Source Source Source Source

Failure (Effect)

Component
Fault 1
(Cause)

Component Fault 2
(Cause 2)

Component
Fault 3
(Cause 3)

FAI.HVAC.258 The Maintenance FAU.HVAC.775 The machine Maintenance
CRANKSHAFT manual driven by the  manual
CAN NOT BE engine has
TURNED USING not been
disengaged
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THE MANUAL
ROTOR

FALLHVAC.259  THE ENGINE
DOES NOT
TURN
PRESSING THE
STARTING

BUTTON

FAILLHVAC.260 THE ENGINE
TURNS BUT IT
DOES NOT
START IN

MOTORCYCLE

Maintenance
manual

Maintenance
manual

FAU.HVAC.776

FAU.HVAC.777

FAU.HVAC.778

FAU.HVAC.779

FAU.HVAC.780

FAU.HVAC.781

FAU.HVAC.782

FAU.HVAC.783

FAU.HVAC.784

FAU.HVAC.785

FAU.HVAC.786

FAU.HVAC.787

FAU.HVAC.788

FAU.HVAC.791

Refrigerant
liquid in the
cylinder

Jammed
piston
Bearing
attached to
the
crankshaft
Worn or
faulty starter
batteries
Closed air
valve or
insufficient
air for
starting
Defective
starter motor
Gear pinion
jammed
Emergency
button
activated
Broken pick
up

Wrong
cabling /
loose cable
Reset pick-up
and Hall
effect pick-
ups not
synchronized
Faulty
ignition
module
Faulty
candles
Lack of fuel

Maintenance FAU2.HVAC.167
manual

FAU2.HVAC.168

FAU2.HVAC.169

FAU2.HVAC.170

FAU2.HVAC.171

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance

manual

Maintenance FAU2.HVAC.172
manual
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Head gasket
deteriorated

Damaged exhaust
manifold gasket
Cracked head

Split shirt

Cracked block

Manual gas valve
closed

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual



FALLHVAC.261

EMERGENCY
STOP

Maintenance
manual

FAU.HVAC.792

FAU.HVAC.793

FAU.HVAC.794

FAU.HVAC.795

FAU.HVAC.796

FAU.HVAC.797

FAU.HVAC.798

FAU.HVAC.799

Insufficient
compression

Dirty air
filters

The butterfly
valve does
not open

Candle
failure
Failure of the
ignition
module
Failure of
high voltage
cables

Power failure

Pick up error

Maintenance
manual

Maintenance

manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

FAU2.HVAC.173

FAU2.HVAC.174

FAU2.HVAC.175

FAU2.HVAC.176

FAU2.HVAC.177

FAU2.HVAC.178

FAU2.HVAC.179

FAU2.HVAC.180

FAU2.HVAC.181

FAU2.HVAC.182

FAU2.HVAC.183

FAU2.HVAC.184

FAU2.HVAC.185

FAU2.HVAC.186

FAU2.HVAC.187

FAU2.HVAC.188
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Insufficient network
gas pressure
Emergency solenoid
valve closed
Pressure regulator
switched off, badly
calibrated or faulty
Scarf engine

Dirty gas filter

Closed mechanical
carburettor screw
Zero pressure
regulator calibrated
badly or broken
Electronic gas valve
closed

Worn or broken
segments

Scratches on the
shirts

The valves in the
cylinder head do not
close correctly
Head gasket
defective

Lack of power

supply
Mechanical failure

Problems in the
control system
Programming
failure

Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual



FAILLHVAC.262

FALLHVAC.263

THE ENGINE
LOSES POWER
OR WILL NOT

REACH THE
SETPOINT SET

THE ENGINE
STOPS

Maintenance
manual

Maintenance
manual

FAU.HVAC.800

FAU.HVAC.801

FAU.HVAC.802

FAU.HVAC.803

FAU.HVAC.804

FAU.HVAC.805

FAU.HVAC.806

FAU.HVAC.807

FAU.HVAC.808

FAU.HVAC.809

FAU.HVAC.810

FAU.HVAC.811

FAU.HVAC.812

FAU.HVAC.813

FAU.HVAC.814

FAU.HVAC.815

FAU.HVAC.816

Load jump
too large
Jammed
piston
Bearing
rotation
Low gas
pressure
Pressure
regulator
calibrated
badly
Faulty
carburetion
Clogged gas
filter
Clogged air
filter

Dirty air
cooler
Leakage on
suction or
discharge
Abnormal
operation of
the
turbocharger

Low gas
pressure
Pressure
regulator
calibrated
badly
Faulty
carburetion
Clogged gas
filter
Regulator not
reset

Closed
exclusion
solenoid
valve

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual

FAU2.HVAC.189

FAU2.HVAC.190

FAU2.HVAC.191

FAU2.HVAC.192

FAU2.HVAC.193
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Low oil pressure

Presence of dirt on
the blades
Excessive counter-
pressure

Jammed

Impaired blades

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual



FAU.HVAC.817

FAU.HVAC.818

FAU.HVAC.818

FAU.HVAC.819

FAU.HVAC.820

FAU.HVAC.821

FAU.HVAC.822

FAU.HVAC.823

FAU.HVAC.824

FAU.HVAC.879

FAU.HVAC.880

FAU.HVAC.881

Fuel loss

The spark is
missing

Stop caused
by Detcon
Stop due to
instability of
rotation
Line drop or
micro-
blackout
Mixture too
poor
Candle
failure

Failure of the
coil or high
voltage
cables
Failure of the
ignition
module
Excessive
vibrations

Bearings
seizure
Faults in
Primary
circuit

Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Own
observations

Own
observations
Own
observations

FAU2.HVAC.194

FAU2.HVAC.195

FAU2.HVAC.196

FAU2.HVAC.197

FAU2.HVAC.198

FAU2.HVAC.199

FAU2.HVAC.200

FAU2.HVAC.201
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Failure of the
ignition module
Loose cable or
connector

Pick up deteriorated
or dirty

Lack of power

supply

Formation of oily

Maintenance
manual
Maintenance
manual
Maintenance
manual
Maintenance
manual

Own

ignition plugs due to  observations

high thermal value
caused by
misaligned
CARBURETOR

Coupling with
PRIME MOVER
and
ALTERNATOR
Malfunction in the
OIL CIRCUIT
WILO DL 80/270
PUMP Failure to
supply sufficient
cool water to
ENDOTHERMIC
ENGINE SFGLD
360/40

Own
observations

Own
observations
Own
observations

FAU3.HVAC.11 THERMAL

RELAY trips In
WILO DL
80/270 PUMP
due to excessive
high
temperature

Own
observations



FAILLHVAC.264

LOW OIL
PRESSURE

FAU.HVAC.882

Maintenance FAU.HVAC.825

manual

FAU.HVAC.826

FAU.HVAC.827

FAU.HVAC.828

FAU.HVAC.829

Faults in
secondary
circuit

Low oil level

Failed
pressure
gauge
Clogged oil
filters

Oil pressure
regulating
valve faulty

Overpressure
valve open

Own
observations

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU2.HVAC.202

FAU2.HVAC.203

FAU2.HVAC.204

FAU2.HVAC.205
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TUBE HEAT

EXCHANGER
MIX FLOW MBS
failed to exchange
heat with incoming
water from PLATE

HEAT

EXCHANGER
KSB TRIALINE
PUMP Failure to

supply enough cool

water to
ENDOTHERMIC
ENGINE SFGLD

360/40

OIL PRESSURE

CONTROL

SENSOR failed to

detect correct

pressure of oil

Incorrect
PRESSURE

GUAGE readings

Own
observations

Own
observations

FAU3.HVAC.12

FAU3.HVAC.13

FAU3.HVAC.14

FAU3.HVAC.15

FAU3.HVAC.16

PLATE HEAT
EXCHANGER

failed to
exchange

enough heat in

the water

DRY COOLER

failed to cool

enough heat in

the water

Deformation in
the TUBE MIX

FLOWHEAT

EXCHANGER

due to
overheating

THERMAL

RELAY trips in

KSB
TRIALINE
PUMP due to

excessive high

temperature

DESCA REF

COOLING

TOWER failure
to cool water

Own
observations

Own

observations

Own
observations

Own
observations

Own
observations



FAIL.HVAC.265

FAILLHVAC.266

FAILLHVAC.267

HIGH OIL
PRESSURE

HIGH OIL

TEMPERATURE

LOW OIL

TEMPERATURE

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU.HVAC.830

FAU.HVAC.831

FAU.HVAC.832

FAU.HVAC.833

FAU.HVAC.834

FAU.HVAC.835

FAU.HVAC.836

FAU.HVAC.837

FAU.HVAC.838

FAU.HVAC.839

FAU.HVAC.840

FAU.HVAC.841

FAU.HVAC.883

FAU.HVAC.842

FAU.HVAC.843

Faulty oil
pump
Oil leak

Regulating
valve in bad
condition

Low oil
temperature

Inadequate
oil viscosity
Failed
pressure
gauge
Safety valve
jammed

Dead
thermostat

Overload

Insufficient
cooling

Low oil
pressure

Low oil level

OIL Heat
exchanger
faulty to
regulate oil
setpoint
Temperature

Rotation of
the
crankshaft
bearings
Thermostat
always open

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU2.HVAC.206

FAU2.HVAC.207
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Incorrect
functioning of
THERMOSTATIC
THREE-WAY
VALVE

THERMOSTAT
LOCK failed to
communicate with
THERMOSTATIC
THREE-WAY
VALVE



FALLHVAC.268

FAILLHVAC.269

FAILLHVAC.270

LOW GAS
PRESSURE

HIGH GAS
PRESSURE

LOW WATER

PRESSURE

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU.HVAC.844

FAU.HVAC.845

FAU.HVAC.846

FAU.HVAC.847

FAU.HVAC.848

FAU.HVAC.849

FAU.HVAC.850

FAU.HVAC.851

FAU.HVAC.852

FAU.HVAC.853

FAU.HVAC.854

FAU.HVAC.855

FAU.HVAC.856

Low cooling
oil
temperature
of the oil
cooler
Broken or
starter
regulator

Insufficient
supplied
pressure

Fuel loss

Infra-sized
piping
Clogged gas
filter

Broken
regulator

Dead or
stared gauge

Low level of
refrigerant
Radiator or

blocked
exchanger

Loss of
refrigerant
Head gasket
deteriorated

Pump faulty
or
deteriorated

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU2.HVAC.208

FAU2.HVAC.209

FAU2.HVAC.210

FAU2.HVAC.211
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Faulty MADAS Own
DN15-20 EVPC/NC observations
ELECTRONIC
VALVE

Closed mechanical
ENDOTHERMIC
ENGINE
CARBURETOR
SCREW

Own
observations

Faulty MADAS Own
DN15-20 EVPC/NC observations
ELECTRONIC

VALVE

Closed mechanical
ENDOTHERMIC
ENGINE
CARBURETOR
SCREW

Own
observations



FALLHVAC.271

FALLHVAC.272

FALLHVAC.273

HIGH WATER
PRESSURE

LOW WATER

TEMPERATURE

HIGH WATER

TEMPERATURE

Code: 22-23-00-00
Code: 22-23-50-40

Code: 22-23-50-40-02

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU.HVAC.857

FAU.HVAC.858

FAU.HVAC.859

FAU.HVAC.860

FAU.HVAC.861

FAU.HVAC.862

FAU.HVAC.863

FAU.HVAC.864

FAU.HVAC.865

FAU.HVAC.866

FAU.HVAC.867

FAU.HVAC.868

FAU.HVAC.869

FAU.HVAC.870

FAU.HVAC.871

FAU.HVAC.872

FAU.HVAC.873

FAU.HVAC.874

System: HVAC
Sub-System: Cogeneratore

Commercial Component: Elettropompe, MODELLO IL/DL/BL, PRODOTTO Wilo

Cavitation

Head gasket
faulty
Shrinkage in
the water
circuit

High water
temperature
Open
thermostats

Broken
thermometer

Broken
thermometer
Low level of
refrigerant
Closed
thermostats

Presence of
bubbles in
the circuit

Overload

Faulty or
deteriorated
water pump

Radiator
water frozen

Head gasket
deteriorated

Delayed
ignition
Split head

Split shirt

Poor water
flow

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual




Component Failure (Effect)

Component Fault 1 (Cause)

FAILLHVAC.145 THE PUMP DOES NOT START OR DOES NOT Maintenance FAU.HVAC.468 | Obstructed pump Maintenance manual
WORK manual FAU.HVAC.469 | Loose clamps Maintenance manual
FAU.HVAC.470 | Defective fuses Maintenance manual
FAU.HVAC.471 | Engine not working Maintenance manual
FAU.HVAC.472 | Intervention of the thermal relay Maintenance manual
FAU.HVAC.473 | Thermal relay incorrectly adjusted Maintenance manual
FAU.HVAC.474 | Thermal relays are influenced by excessively high Maintenance manual
ambient temperature
FAU.HVAC.475 | The intervention of the PTC tripping relay Maintenance manual
FAI.LHVAC.146 THE PUMP WORKS AT A REDUCED CAPACITY Maintenance FAU.HVAC.476 | Wrong direction of rotation Maintenance manual
manual FAU.HVAC.477 | The discharge valve has been closed excessively Maintenance manual
FAU.HVAC.478 | Speed too low Maintenance manual
FAU.HVAC.479 | Presence of air in the suction tube Maintenance manual
FALLHVAC.147 THE PUMP MAKES NOISE Maintenance FAU.HVAC.480 | insufficient suction pressure Maintenance manual
manual FAU.HVAC.481 | Failed motor bearings Maintenance manual
FAU.HVAC.482 | Scratches on the fan Maintenance manual

Code: 22-23-00-00

System: HVAC

Code: 22-23-50-40
Code: 22-23-50-40-03

Sub-System: Cogeneratore
Commercial Component: Cogeneration Scambiatore Piastre, PRODOTTO GEA ECOFLEX

FAILLHVAC.152 Heat transmission decreased Maintenance FAU.HVAC.489 Deposits on the exchanger plate heat Maintenance
manual manual
FAU.HVAC.490 Treatment system, fluids etc. modified compared to the ~ Maintenance
project manual
FAIL.LHVAC.153 Pressure loss too high Maintenance FAU.HVAC.491 Flow obstructed by occlusion of the slit of flow of Maintenance
manual distributors manual
FAU.HVAC.492 Flow prevented due to an incorrect assembly of the Maintenance
plates in the exchanger heat manual
FAU.HVAC.493 Treatment system, fluids etc. modified compared to the ~ Maintenance
project manual
FALLHVAC.154 Sealing error between the exchanger plates heat Maintenance FAU.HVAC.494 Wrong clamping measurement of the heat exchanger in ~ Maintenance
manual plates manual
FAU.HVAC.495 Operating pressures are too high Maintenance
manual
FAU.HVAC.496 Operating temperatures too high / too much low Maintenance
manual
FAU.HVAC.497 Incorrect installation of the peripheral seals Maintenance
manual
FAU.HVAC.498 Peripheral seals dirty Maintenance
manual

127



FAU.HVAC.499

Defective seals hardened

Maintenance

manual

FAILLHVAC.155 Sealing error between the heat exchanger plate and the frame, the Maintenance FAU.HVAC.500 Incorrect positioning of gaskets and seals peripherals Maintenance
intermediate plates, and the intermediate elements manual manual

FAU.HVAC.501 Gaskets and seals dirty peripherals Maintenance
manual

FAU.HVAC.502 Gaskets and seals defective devices Maintenance
manual

FAIL.HVAC.156 Defective seal between connection of the casing and conduit Maintenance FAU.HVAC.503 Excessive load on the connection between frame and Maintenance
manual conduit manual

FAU.HVAC.504 Seal positioning erroneous Maintenance
manual

FAU.HVAC.505 Dirty seal Maintenance
manual

FAU.HVAC.506 Defective seal Maintenance
manual

FAU.HVAC.507 Giunto a flangia non stretto a sufficienza Maintenance
manual

FALLHVAC.157 Damage to the exchanger plates heat Maintenance FAU.HVAC.508 Excessive tightening of the pack plates (measure of Maintenance
manual lower tightening a "A min™) manual

FAU.HVAC.509 Corrosion in the material of the heat plate exchanger Maintenance
manual

FAILLHVAC.158 Damage to the initial or terminal plate of the exchanger of heat Maintenance FAU.HVAC.510 Improper grounding in solder special connections on Maintenance
manual connecting pipes open casings manual

Code: 22-23-00-00
Code: 22-23-50-40
Code: 22-23-50-40-04

System: HVAC
Sub-System: Cogeneratore
Commercial Component: Cogeneration Scambiatore di calore a tubi corrugati, MODELLO MIXFLO - CROSSFLO,
PRODOTTO MBS s.r.l

Code Component Failure (Effect) Source Code Component Fault 1 Source Code Component Fault 2 (Cause Source
(Cause) 2)
FAILLHVAC.159 OVERPRESSURE Maintenance | FAU.HVAC.511 | Break Maintenance | FAU2.HVAC.38 | Fluid leakage Maintenance
manual manual manual
FAU.HVAC.512 FAU2.HVAC.39 | metal chips
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Permanent Maintenance Maintenance
deformation manual manual

FAI.LHVAC.160 OVERHEATING Maintenance | FAU.HVAC.513 | Permanent Maintenance | FAU2.HVAC.40 | Overpressure Maintenance
manual deformation manual manual

FAU.HVAC.773 | Break Maintenance | FAU2.HVAC.41 | Overpressure Maintenance
manual manual

FAU.HVAC.774 | Fluid leakage Maintenance | FAU2.HVAC.42 | Overpressure Maintenance
manual manual

FAI.LHVAC.161 OPERATING TEMPERATURE Maintenance | FAU.HVAC.514 | Metal surfaces in Maintenance | FAU2.HVAC.43 | Contact damage Maintenance
manual temperature manual manual

FAU2.HVAC.44 | Scottature Maintenance
manual

FAI.LHVAC.162 MASS OF THE SUBSTANCE Maintenance | FAU.HVAC.515 | Deformation Maintenance | FAU2.HVAC.45 | Permanent deformation Maintenance
CONTAINED IN THE YEAR manual manual manual

FAU2.HVAC.46 | Break Maintenance
manual

FAU2.HVAC.47 | Fluid leakage Maintenance
manual

FALLHVAC.163 EXTREME LOADS (WIND, Maintenance | FAU.HVAC.516 | Break Maintenance FAU2.HVAC.48 | Fluid leakage Maintenance
EARTHQUAKE, FIRE AND TRAFFIC) manual manual manual

FAU.HVAC.517 | Permanent Maintenance FAU2.HVAC.49 | Fluid leakage Maintenance
deformation manual manual

FALLHVAC.164 LOADS AND MOMENTS OF Maintenance | FAU.HVAC.518 | Break Maintenance FAU2.HVAC.50 | Fluid leakage Maintenance
REACTIONS manual manual manual

FAU.HVAC.519 | Permanent Maintenance FAU2.HVAC.51 | Fluid leakage Maintenance
deformation manual manual

FAI.LHVAC.165 FATIGUE Maintenance | FAU.HVAC.520 | Break Maintenance | FAU2.HVAC.52 | Fluid leakage Maintenance
manual manual manual

FAI.LHVAC.166 CYCLIC SOLLECITATIONS Maintenance | FAU.HVAC.521 | Break Maintenance | FAU2.HVAC.53 | Fluid leakage Maintenance
manual manual manual

FAI.LHVAC.167 | IMPACTS AND DYNAMIC REACTIONS Maintenance | FAU.HVAC.522 | Break Maintenance | FAU2.HVAC.54 | Fluid leakage Maintenance
manual manual manual

FAU.HVAC.523 | Permanent Maintenance | FAU2.HVAC.55 | Fluid leakage Maintenance
deformation manual manual

FAIL.LHVAC.168 MAINTENANCE Maintenance | FAU.HVAC.524 | Wrong maintenance Maintenance | FAU2.HVAC.56 | Fluid leakage Maintenance

manual

in pressure

manual

manual
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FAU2.HVAC.57 | Projections of particulates in | Maintenance

pressure manual
Code: 22-23-00-00 System: HVAC
Code: 22-23-50-40 Sub-System: Cogeneratore
Code: 22-23-50-40-07 Commercial Component: Alternatore Cogeneration, MODELLO SFGLD 360/40, PRODOTTO Guascor Italia S.P.A
Component Component Component Fault 2 Component
Failure (Effect) Fault 1 (Cause) (Cause 2) Fault 3
(Cause 3)
FALLHVAC.176 Maintenance FAU.HVAC.537 The protective Maintenance
THE manual devices are fitted manual
ALTERNATOR correctly
DOES NOT . .
WORK WHEN FAU.HVAC.538 The conne_ctlons Maintenance
comply with manual

COMMISSIONED

diagrams in the
manuals supplied
with the machine

FAU.HVAC.539 The speed of the = Maintenance

unit is correct manual
(Maintenance
manual)
FALLHVAC.177 THE Maintenance FAU.HVAC.540 Excessive Maintenance FAU2.HVAC.96  End shields Maintenance
ALTERNATOR manual overheating of manual incorrectly aligned manual
DOES NOT one or both (flanges not properly
WORK bearings fitted).
(MECHANICAL (temperature >
DEFECTS) 80c on the

bearing retainers
with or without
abnormal noise)

FAU.HVAC.541 Excessive Maintenance FAU2.HVAC.97  Air flow (intake- Maintenance
overheating of manual outlet) partially manual
alternator clogged or hot air is
housing (more being recycled from
than 40c above the alternator or

engine
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FALLHVAC.178
THE
ALTERNATOR
DOES NOT
WORK
(ELECTRICAL
FAULTS)

FAU.HVAC.542

FAU.HVAC.543

FAU.HVAC.544

Maintenance FAU.HVAC.545

manual

FAU.HVAC.546

the ambient
temperature)

Excessive
vibration

Excessive
vibration and
humming noise
coming from the
machine

Alternator
damaged by a
significant
impact, followed
by humming and
vibration.

The alternator
builds up and its
voltage is still
correct when the
battery is
removed.

The alternator
builds up, but its

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
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FAU2.HVAC.98

FAU2.HVAC.99

FAU2.HVAC.100

FAU2.HVAC.101

FAU2.HVAC.102

FAU2.HVAC.103

FAU2.HVAC.104

FAU2.HVAC.105

FAU2.HVAC.106

FAU2.HVAC.107

FAU2.HVAC.108

FAU2.HVAC.109

FAU2.HVAC.110

FAU2.HVAC.111

FAU2.HVAC.112

FAU2.HVAC.113

Alternator operating
at too high a voltage
(> 105% of Un on
load)

Alternator
overloaded

Misalignment
(coupling)
Defective mounting
or play in coupling
Failure of
ALTERNATOR
ROTOR

Alternator operating
in single-phase mode
(single-phase load or
faulty contactor or
installation fault)

Stator short-circuit
System short-circuit
Mis-paralleling

Broken or damaged
coupling

Broken or bent shaft
end.

Shifting and short-
circuit of main field
winding

Fan fractured or
coming loose on
shaft

Irreparable damage
to rotating diodes or
AVR.

Lack of residual
magnetism

Faulty diodes

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU3.HVAC.17 Faultin
ROTOR
balancing
weight



FAU.HVAC.547

FAU.HVAC.548

FAU.HVAC.549

FAU.HVAC.550

FAU.HVAC.551

FAU.HVAC.552

FAU.HVAC.553

voltage does not
reach the rated
value when the
battery is
removed.

The alternator
builds up, but its
voltage
disappears when
the battery is
removed

Correct speed
when voltage is
too low

Speed too low
when voltage is
too low
Adjustment
ineffective when
voltage too high

For voltage
oscillations, no
effect: try normal
[fast recovery
modes

Voltage correct
at no load and
too low when on
load. Voltage
between E+&E-
AREP/PMG <
10V

Voltage correct
at no load and
too low when on
load. Voltage
between E+&E-

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
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FAU2.HVAC.114

FAU2.HVAC.115

FAU2.HVAC.116

FAU2.HVAC.117

FAU2.HVAC.118

FAU2.HVAC.119

FAU2.HVAC.120

FAU2.HVAC.123

FAU2.HVAC.121

FAU2.HVAC.122

FAU2.HVAC.123

FAU2.HVAC.124

FAU2.HVAC.125

FAU2.HVAC.126

FAU2.HVAC.127

Armature short-
circuit

Faulty AVR

Field windings
disconnected

Main field winding
open circuit

Field windings
short-circuited
Rotating diodes
burnt out

Main field winding
short-circuited

Faulty AVR

1 faulty diode
Loose connections

Faulty AVR

Speed too low when
on load (or LAM set
too high)

Faulty rotating
diodes

Short-circuit in the
main field.

Faulty exciter
armature.

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU3.HVAC.18

FAU3.HVAC.19

FAU3.HVAC.20

Constant
and variable
loses

Constant
and variable
loses

Constant
and variable
loses

Own
observations

Own
observations

Own
observations



FAU.HVAC.554

AREP/PMG <
15V

Voltage
disappears
during operation
and the voltage

does not return to

Maintenance
manual

FAU2.HVAC.128

FAU2.HVAC.129

Exciter winding
open circuit

Faulty exciter

Maintenance
manual

Maintenance

armature manual
the rated value. FAU2.HVAC.130 Faulty AVR Maintenance
manual
FAU2.HVAC.131 Main field open Maintenance
circuit or short- manual
circuited

Code: 22-23-00-00
Code: 22-23-50-40
Code: 22-23-50-40-08

Code Component Source Code Component Fault 1 Source Code Component Fault 2 (Cause 2) Source
Failure (Effect Cause

System: HVAC
Sub-System: Cogeneratore
Commercial Component: Torre di raffreddamento cogeneratore, SERIE REF, PRODOTTO DECSA

FAILLHVAC.179 COOLING TOWER
FAILURE

Maintenance
manual

FAU.HVAC.555

FAU.HVAC.556

FAU.HVAC.557

FAU.HVAC.558

FAU.HVAC.559

FAU.HVAC.560

FAU.HVAC.561

FAU.HVAC.562

FAU.HVAC.563

Clogged nozzles

Loss of battery flow

Centrifugal fan does not start

Fan motor damaged

Fan performance slippage

Clogged drain line faucet

Water recirculation pump

does not start

Excessive drying of bearings

and gaskets in the fan

Battery does not work

133

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual

FAU2.HVAC.132

FAU2.HVAC.133

FAU2.HVAC.134

FAU2.HVAC.135

FAU2.HVAC.136

FAU2.HVAC.137

FAU2.HVAC.138

Presence of encrustations on the nozzle head
Presence of fouling due to poor water quality

Tensioning of the tracks not correctly carried
out

Excessive tensioning of the tracks

Slow tensioning of the tracks

Presence of fouling due to poor water quality

Internal corrosion of the pipes due to the
presence of ice or corrosion (in the winter
season)

Maintenance
manual

Maintenance
manual

Maintenance
manual

Maintenance
manual
Maintenance
manual

Maintenance
manual

Maintenance
manual



A.3 Cogeneratore failure mode effects analysis —- FAULT DATASHEETS

Code: 22-23-00-00
Code: 22-23-73-20
Code: 22-23-73-20-01

FALLHVAC.197 THE AIR TREATMENT UNIT DOES Maintenance manual FAU.HVAC.612 Electrical panel (not supplied with the machine) Maintenance manual

System: HVAC
Sub-System: Air Treatment System
Commercial Component: AHU, Component PRODUCT SAMP

NOT WORK

FAU.HVAC.613
FAU.HVAC.614
FAU.HVAC.615
FAU.HVAC.616

Regulation system
Power disconnectors

Microswitches on access doors

Electric motor

Maintenance manual
Maintenance manual
Maintenance manual
Maintenance manual

FAU.HVAC.617 Fans Maintenance manual

FAI.HVAC.198 EXCESSIVE AIR FLOW Maintenance manual FAU.HVAC.618 Circuit / channels Maintenance manual
FAU.HVAC.619 Inverter Maintenance manual

FAU.HVAC.620 Transmission Maintenance manual

FAI.HVAC.199 LOW AIR FLOW Maintenance manual FAU.HVAC.621 Circuit Maintenance manual
FAU.HVAC.622 Inverter Maintenance manual

FAU.HVAC.623 Transmission Maintenance manual

FAU.HVAC.624 Fan Maintenance manual

FAI.HVAC.200 EXCESSIVE TOTAL STATIC Maintenance manual FAU.HVAC.625 Circuit Maintenance manual
PRESSURE FAU.HVAC.626 Battery Maintenance manual

FAU.HVAC.627 Recovery unit Maintenance manual

FAU.HVAC.628 Filters Maintenance manual

FAU.HVAC.629 Dampers Maintenance manual

FAU.HVAC.630 Fan Maintenance manual

FAU.HVAC.631 Motor Maintenance manual

FAU.HVAC.632 Inverter Maintenance manual

FAI.HVAC.201 LOW TOTAL STATIC PRESSURE Maintenance manual FAU.HVAC.633 Circuit Maintenance manual
FAU.HVAC.634 Filters Maintenance manual

FAU.HVAC.635 Inspection doors Maintenance manual

FAU.HVAC.636 Fan Maintenance manual

FAU.HVAC.637 Motor Maintenance manual

FAU.HVAC.638 Inverter Maintenance manual

FAIL.LHVAC.202 ANOMALY NOISE OF THE Maintenance manual FAU.HVAC.639 Fan Maintenance manual
MACHINE FAU.HVAC.640 Excessive air flow Maintenance manual

FAU.HVAC.641 Dampers Maintenance manual

FAU.HVAC.642 Inspection doors Maintenance manual

FAIL.LHVAC.203 THE FAN DOES NOT WORK Maintenance manual FAU.HVAC.643 Ventilator Maintenance manual
CORRECTLY - LOW CAPACITY FAU.HVAC.644 Circuit Maintenance manual

FAIL.HVAC.204 THE FAN DOES NOT WORK Maintenance manual FAU.HVAC.645 Fan Maintenance manual
CORRECTLY - HIGH CAPACITY FAU.HVAC.646 Circuit Maintenance manual

FAIL.HVAC.205 THE FAN DOES NOT WORK Maintenance manual FAU.HVAC.647 Fan Maintenance manual
CORRECTLY - HIGH ABSORPTION FAU.HVAC.648 Circuit Maintenance manual

FAIL.HVAC.206 OVERHEATED BEARINGS Maintenance manual FAU.HVAC.649 Lubrication Maintenance manual

FAU.HVAC.650

134

Mechanical causes

Maintenance manual



FAIL.LHVAC.207 THE INVERTER DOES NOT WORK Maintenance manual FAU.HVAC.651 Electro Mechanical wear on INVERTER Maintenance manual
CORRECTLY CAPACITOR

FALLHVAC.208 HUMIDIFIER B48: B51A NETWORK Maintenance manual FAU.HVAC.652 Distributors do not provide pressure Maintenance manual

STEAM UNDERWRINKING DOES FAU.HVAC.653 Malfunction of the steam supply Maintenance manual

NOT WORK CORRECTLY FAU.HVAC.654 Rotary valve with ceramic discs not closed Maintenance manual

FAU.HVAC.655 Steam distributors discharge water Maintenance manual

FAILLHVAC.209 STATIC RECOVERY OF CROSS Maintenance manual FAU.HVAC.656 Dampers Maintenance manual

FLOWS DOES NOT WORK FAU.HVAC.657 Air flow Maintenance manual

CORRECTLY FAU.HVAC.658 loss of load Maintenance manual

FAI.LHVAC.210 THE ROTARY RECUPERATOR Maintenance manual FAU.HVAC.659 Dampers Maintenance manual

DOES NOT WORK CORRECTLY FAU.HVAC.660 direction of rotation Maintenance manual

FAU.HVAC.661 Transmission Maintenance manual

FAU.HVAC.662 Motor Maintenance manual

FAU.HVAC.663 Air flow Maintenance manual

FAU.HVAC.664 High pressure loss Maintenance manual

FAI.HVAC.211 WATER HEAT EXCHANGE Maintenance manual FAU.HVAC.665 Aiir side Maintenance manual

BATTERIES DO NOT WORK FAU.HVAC.666 Water side Maintenance manual

CORRECTLY FAU.HVAC.667 Adjustment Maintenance manual

FAI.HVAC.212 ELECTRIC BATTERIES DO NOT Maintenance manual FAU.HVAC.668 Electrical connection Maintenance manual

WORK CORRECTLY FAU.HVAC.669 Safety thermostat Maintenance manual

FAU.HVAC.670 Adjustment Maintenance manual

Code: 22-23-00-00
Code: 22-23-73-30
Code: 22-23-73-30-01

Cause 2

System: HVAC
Sub-System: Air Treatment System
Commercial Component: Humidifier, PRODUCT CONDAIR ESCO

FAILHVAC.213 VAPOR DISTRIBUTORS DO NOT Maintenance ~ FAU.HVAC.671 Actuator mounted or connected incorrectly Maintenance
DELIVER STEAM manual manual
FAU.HVAC.672 Set point or regulation limit value too low Maintenance
manual
FAU.HVAC.673 Connection between control signal and Maintenance
incorrect actuator manual
FAU.HVAC.674 Safety chain with dedicated devices (interlock) Maintenance
interrupted manual
FAU.HVAC.675 Maximum humidistat correctly positioned Maintenance
manual
FAU.HVAC.676 Ceramic rotary disc valve blocked closed Maintenance
manual
FAU.HVAC.677 Actuator or rotary valve blocked Maintenance =~ FAU2.HVAC.166 Lack of regulation Maintenance
manual signal and electrical manual

FAU.HVAC.678

Lack of regulation signal or steam pressure
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FALHVAC.214 MALFUNCTION OF VAPOR SUPPLY Maintenance = FAU.HVAC.679 Closing damper on the closed supply line (read Maintenance
manual pressure gauge) manual

FAU.HVAC.680 supply line clogged with impurities Maintenance
manual

FAU.HVAC.681 Upstream closed safety valve Maintenance
manual

FALLHVAC.215 ROTARY VALVE WITH CERAMIC DISCS

Maintenance

FAU.HVAC.682

Actuator mounted or connected incorrectly

Maintenance

DOES NOT CLOSE: EXCESSIVE manual manual
HUMIDIFICATION FAU.HVAC.683 Regulator defective or set correctly Maintenance
manual
FAU.HVAC.684 Faulty actuator (present control voltage) Maintenance
manual
FAU.HVAC.685 Ceramic rotary disc valve blocked open Maintenance
manual
FAU.HVAC.686 The sealing spring of the ceramic discs has lost =~ Maintenance
the clamping force of the discs manual
FAILLHVAC.216 VAPOR DISTRIBUTORS DOWNLOAD Maintenance ~ FAU.HVAC.687 The steam supply is not isolated Maintenance
WATER manual manual
FAU.HVAC.688 The steam supply is not adequately drained Maintenance
manual
FAU.HVAC.689 The steam supply is not properly connected Maintenance
manual
FAU.HVAC.690 Supply pressure of the excess primary steam or =~ Maintenance
oversizing of the regulation valve manual
FAU.HVAC.691 Oversized steam generator Maintenance
manual
FAU.HVAC.692 Secondary condensate drains faulty or blocked Maintenance
manual
FAU.HVAC.693 Excessive return pressure on the condensate Maintenance
drainage of the ramp (under pressure drainage manual

Code: 22-23-00-00 System: HVAC

FAU.HVAC.694

FAU.HVAC.695

of the secondary condensate drain)
Primary and secondary condensate drainers are
connected

The condensate drain line is too high (static

Maintenance
manual

Maintenance

return pressure) manual
FAU.HVAC.696 Steam distributor is not installed horizontally Maintenance
manual

Code: 22-23-73-40
Code: 22-23-73-40-01

Component Failure (Efec) Comporent Fault  (Caus?)

FAIL.HVAC.217 ROTOR DOES NOT TURN Maintenance manual FAU.HVAC.697 Main power off Maintenance manual
FAU.HVAC.698 Geared motor stopped Maintenance manual

Sub-System: Air Treatment System
Commercial Component: Dehumidifier, MODEL Eco dry PRODUCT SAMP
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FAU.HVAC.699 Narrow seals on the rotor Maintenance manual
FAU.HVAC.700 Segmented crown pinions failure Maintenance manual
FAU.HVAC.701 pinion tensioner adjustment Maintenance manual
FAIL.LHVAC.218 ROTOR TURNS, INSUFFICIENT MADE UMIDIFICATION Maintenance manual FAU.HVAC.702 Measurement error Maintenance manual
FAU.HVAC.703 Low seal rotor seal Maintenance manual
FAU.HVAC.704 Loss in the canal Maintenance manual

FAILLHVAC.219 HIGH DRIER AIR TEMPERATURE Maintenance manual FAU.HVAC.705 Game between gasket and rotor =~ Maintenance manual
FAU.HVAC.706 Rotor speed is high Maintenance manual
FAILLHVAC.220 LOW AIR TEMPERATURE REGENERATION Maintenance manual FAU.HVAC.707 Play between gasket and rotor ~ Maintenance manual

FAU.HVAC.708
FAU.HVAC.709

Maintenance manual
Maintenance manual

Rotor speed is high
Heaters are not ON

Code: 22-23-00-00
Code: 22-23-73-50
Code: 22-23-73-50-01

Component Failure Source Code Component Fault 1 (Cause) Source Code Component Fault 2 (Cause Source
(Effect) )

FALLHVAC.221 EXCESSIVE NOISE OF Maintenance FAU.HVAC.710 Creeping impeller on mouthpiece or Maintenance
THE FAN manual cochlea manual

System: HVAC
Sub-System: Air Treatment System
Commercial Component: Fan, PRODUCT COMEFRI

FAU.HVAC.711

Transmission problem on the motor shaft

Maintenance

manual
FAU.HVAC.712 Defective or non-lubricated bearings Maintenance
manual
FAU.HVAC.713 Impeller failure Maintenance
manual
FAI.HVAC.222 LOW FLOW OF THE Maintenance @ FAU.HVAC.714 Incorrect fan rotation Maintenance
FAN manual manual
FAU.HVAC.715 Loss in the circuit Maintenance
manual
FALLHVAC.223 HIGH FLOW CAPACITY  Maintenance FAU.HVAC.716 Excessive fan speed Maintenance
OF THE VENTILATOR manual manual
FAU.HVAC.717 Problem in the circuit Maintenance
manual
FAI.HVAC.224 STATIC PRESSURE Maintenance FAU.HVAC.718 Circuit obstruction Maintenance
INCORRECT IN THE manual manual
FAN
FAILLHVAC.225 THE FAN DOES NOT Maintenance = FAU.HVAC.719 High absorption of the fan Maintenance

WORK

manual

FAU.HVAC.720

FAU.HVAC.721

Problem in the fan circuit

Failure to supply electricity from SAMP
INVERTER
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Maintenance FAU2.HVAC.220

manual

Electro Mechanical wear on
INVERTER CAPACITOR

Own
observations



FAU.HVAC.722 Transmission problem Maintenance

manual
FAU.HVAC.723 Engine failure Maintenance
manual
FAIL.LHVAC.226 OVERHEATED Maintenance FAU.HVAC.724 Lack of lubricant Maintenance
BEARINGS manual manual
FAU.HVAC.725 Mechanical causes Maintenance
manual
FAU.HVAC.895 Formation of dampness and heat Own
observations
FAU.HVAC.896 @ SHD100-T5 SENSOR failed to detect Own
humidity/temperature observations
FAU.HVAC.897 MDZ20A-24 doesn’t regulate the HEAT Own
EXCHANGER Damper observations
FAIL.HVAC.275 Presence of water in Own FAU.HVAC.898  Failure of SAMP HEAT/COLD COILS Own FAU2.HVAC.221  COIL TUBE broken due to Own
ELECTRICAL MOTOR observation observations expanded water volume for  observations
CIRCUIT ice formation
Own FAU2.HVAC.222 COIL TUBE gets corroded Own
observations due to poor quality water observations
FAU.HVAC.899 CERAMIC ROTARY-DISK CONTROL Own
VALVE FAILED to control water supply =~ observations
pressure
FAU.HVAC.900 CA 150 A/CA 150 A-S ROTATORY Own FAU2.HVAC.223 Lack of regulation signal and Own
ACTUATOR FAILED TO move and observations electrical power observations
control the system
FAU.HVAC.901 Water distribution leakage by Own
CONDAIR ESCO HUMIDIFIER observations
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