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ABSTRACT

This thesigroposes the initial stage§the development of a NWIAssetintegrity Case
(Normally Unattended InstallationAn NUI i Assetintegrity Casewill enable the user

to determine the impact of deficiencies in asset integrity and demonstrate that integrity is
being managedA key driver for improved asset integrity monitoring is centred on the
level of accurate reporting of incidents. This steramificidents to key offshore systems

and areas. For example, gas turbine driven generators where 22% of fuel gas leaks were

undetected with 60% of these 22% having been found to have ignited.

Accordingly, there is a need for dynamic risk assessmentrapibved asset integrity
monitoring The immediate objective of this research is to investigate how a dynamic risk
model can be developed for an offshore system. Subsequently, two dynamic risk
assessment models were developed for an offshore gas turbiee diectrical power
generation system. Bayesian Networks provided the base theory and algorithms to
develop the models. The first model focuses on the consequences of one component
failure. While the second model focuses on the consequences of a fuelegas with
escalated fire and explosion, based upon several initiating failures. This research also
provides a Multiple Attribute Decision Analysis (MADA) to determine the most suitable
Wireless Sensor Network (WSN) configuration émsset integrity moioring. The WSN

is applied to the same gas turbine system as in the dynamic risk assessment models.

In the future, this work can be expanded to other systems and industries by applying the
developed Asset Integrity Case framework and methodology. Thevirark outlines the
steps to develop a dynamic risk assessment model along with MADA for the most suitable

remote sensing and detection methods.
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CHAPTER 1:

INTRODUCTION

Summary

This chapter first introduces the key definition used in this research. The research aim
and objectives are then defined, followed by the background. The objectives and
hypotheses of this thesis will serve to set out a logical structure of this thedmsisvhic

aimed at addressing the inherent problems outlined.
1.1 Project Background and Rationale

The idea of an Asset Integrity Case was proposed by RMRI Plc. in 2011 and will enable
the user to determine the impact of deficiencies in asset integrity on timdigdduess of

life and demonstrate that integrity is being managed to ensure safe operations. The
Integrity Case is an extended Safety Case. Where safety cases demonstrate that safety
procedures are in place, the Integrity Case shall ensure that the mafstgdures are
properly implemented. The Integrity Case can be applicable to operations for any large
scale asset, and in the case of this research project the large asset for which the Integrity
Case shall be developed is an offshore install{®MRI Plc., 2011)

By expanding on this Integrity Case proposal, it is intended that an Integrity Case be
developed for a Normally Unattended Installation (NUI) in conjunction with a dynamic
risk assessment model to maintain a live representation of an offshore installations
integrity. Furthermore, it is proposed that the Nitegrity Case initiallybe developed

utilising a manned installation, but modelling failure and risks without human presence



on board. This is due to a much larger range of failure data being avadghleling
manned installations as opposed to unmanned installations. Similarly, should a risk
assessment model be feasible for various hazardous zones of an installation, and the
dynamic modetlemonstrates effective operation in tfetection of failuresrad mapping

of consequences, it may be possible to reduce the number of personnel on board manned
offshore installationsTo develop the initial stages of the NUitegrity Case, certain
systems must be analysed utilising dynamic risk assessment. Forrgusewf this
research project, the electrical generation equipment shall be the focus, specifically, the
gas turbine driven generators in an offshore electrical generation module.

Gas turbines are used for a variety of purposes on offshore installatichsas: power
generation, compression pumping and water injection, most often in remote locations.
Gas turbines are most commonly duel fuelled. They have the ability to run on fuel taken
from the production process under normal operations, known asasielgey can also

run on diesel fuel in emergency circumstances. Typically, offshore gas turbines run from
1 to 50 MW and may well be modified from ae¥ogines or industrial engines. The most
often used gas turbines are Aeroderivative, particularly ®og#s generator. It is known

that relatively little information is contained within safety cases regarding the operation
and safety of gas turbines. What is contained is the model, manufacture, ISO power rating
(in Mega Watts (MW)), the fuel types and tloeation of the turbine shown on the
respective installations drawingsformation in reference to integrity management and
maintenance caralso be limited (HSE, 2006c) This information provides sound
reasoning to produce dynammisk assessment models regarding the iiitegnd safety

of gas turbines.



Industrial power plants are critical systems on board offshore platforms as they supply
electrical power toafety critical systems, such asfrigeration systems, HVAC (Heating,
Ventilation and Air Conditioning), detection systerasd fire suppression systems.
These safety critical systems not only provide safe working for crew and other personnel,
they also protect the integrity of the dftge platforms systems and structures. All of this
protection stems from power supplied by the electrical generation systems, which is why
offshore platforms and marine vessels ensure they haveupag&nerators in the event

that one or two generatorslfto operatgPereragt al, 2015)

Ideally on offshore platforms, there are three generators, two in the same module for main
power generation and one in an upper module as the emergency generator. There are
many safety precdions that protect offshore generators and their locations, however,
failures do occur. The most common failures within a gas turbine generator occur due to
components under heavy stress fracturing and affecting the balance and rotation of the
turbine andalternator, Similarly, these component failures also cause fuel gas releases,
which in turn can develop into fuel gas fires and explos{bl®E, 2006cYHSE, 2012)

(HSE, 2014) A number of incidents, scenarios and failure statistics are outlined in detall
in Chapter 2.

It is situations such as those described that increase the requirement for a dynamic risk
assessment model to accurately monitor the consequences of faililniesgas driven
generators as they are critical in the survival of crew members as well as the integrity of
the respective offshore installation. Similarly, thiermation regarding gas turbines and

the reporting of incidents is invaluable as it denui@tes that, in terms of gas turbine
failures, offshore platforms in the UKCS are not completely equipped to be unmanned.

A system must be developed to detect these failures and releases given that there is no



human presence on board. This moves the feaube Internet of Thing$loT) and

WirelessSensorNetworks (WSNs)

In the present world smart homes, smart water netwaridgintelligent transportation,

are infrastructure systems that connect the world together more than was thought possible.
This canmon vision of interrelating systems is associated with a common concept, the
IoT, where, through the use of sensors, an entire physical infrastructure is paired with
information and communication technology. Intelligent monitoring and management can
be abieved through the application of network embedded devices. In these sophisticated
and dynamic systems, devices are interconnected to transmit useful information regarding

measurements and control instructions through distributed sensor netie@k2014)

Furthermore, &VSN is a network formed by several sensor nodes, where each node is
equipped with a sensor to detect physical phesr@such as: heat, light, sound and
pressure WSNs are considered a revolutionary informati@rvesting method in the
building of information and communication systems which will greatly improve the
systems efficiency and reliability. WSNs feature easy deployment and vast flexibility of
devices, and with the r apsedsorgechoobogyhWSNe t o

are becoming the key technology for IGEC, 2014)(Fischione, 2014)

1.2 Research Aims and Objectives

The overall aim of the researchasinvestigate how a dynamic riaksessment model for

an NUI - Integrity Case can be developed to facilitate safety assessment for the duty
holder, the regulatory body and other various parties involved in the oil and gas industry.
A key part of the study is that it is the developmentddgical and consisternisk

assessment model, by applying Bayesian Network techniques to a specific system of an



offshore installationf-urthermore, the issue of detecting incitlen NUIs given that there

is nota human presence on boaftie objective®f this study are as follows:

i. Identify a key offshore system the&n be utilised as a base study for the Asset
Integrity Case.

ii. Develop a substantial research methodology and Asset Integrity Case framework
for producing a dynamic risk assessment moddisung risk assessment and
dedsion-making modelling methods.

iii.  Develop flexible risk assessment and decigitaking models for modelling
offshore risk under uncertainty. As well as developing a number of viadileoc
that allows for the detecting and nitmming of asset integrity without a human
presence on boamh offshore installatian

iv.  Provide validation of the risk assessment and decisiaking models, through
the use of case studies, to demonstrate a reasonable level of confidence in the
results

v. Discuss the results and provide hypotheses for further develoirg NUF

Asset Integrity Case.

1.3 Scope and Limitations of the Research

It is important to highlight that there are limitations in regards to what the presented
research can achieve. The gajmay not completely encompass all possible failure
incidents and scenarios that can occur regarding gas turbines and offshore power
generation. Nor will it cover the software aspect of WSNs even though an outline of the
cybersecurity is conducted in @pter 2. There are a number of specific limitations that
are identified that clarify the scope of the research and its applicability. These points are

as follows:



1 The research is focused around developing dynamic risk assessment models and
WSN designs foone key area of an offshore installation. This area is the electrical
generation module of a fixed steel offshore platform in the North Sea.

1 The BN models arbuilt for the situation wherthe offshore platform contains no
crew and hence does not consitigalities. There are two key reasons for this;
the first is that the BN models are to be for an NUI (Normally Unattended
Installation) Integrity Case, where humans are not present on the platform for
large periods of time, and are monitored from othextfpims or onshore.
Secondly, the BN is part of the development of an Integrity Case which shall focus
on maintaining the integrity of the equipment as a priority, as well as the effects
of incidents on the environment. Hence fatalities are not part abtieequences
for the models.

1 The scope of the BN models is primarily within the power generation module of
a large fixed offshore platform. Therefore, the section of the models assigned to
the probability of equipment damage confined to the equipmeninaictiinery
located only within the stated module, unless stated otheraisther limitations
of BNs are outlined in Chapter 2.

1 Within the limitations of the scope of the research there are limitations within the
methodology and application of the modedliand mathematical techniques. This
can be stated as all techniques are not ideal for all applications but some are ideal
for certain applications. The Limitations of BNs has been outlined in chapter 2
along with the justification. AHP igsed within Chagrs 4 and 6 for the purpose
of determining weights from subjective expert judgement. Yet AHP does have its

limitations. With AHP one of the main limitations is that the decision problem is



decomposed into a number of subsystems, within which and between avh
substantial number of pairwise comparisons need to be completed. This approach
has the disadvantage that the number of pairwise comparisons to be made, may
become very large and thus analysis can become a lengthiviasikars, et al,

2004) However, the pairwise comparisons in this research are developed to
reduce the complexity and ask fewer questions of the experts. Hence, the issue of
substantial evaluation of pairwise comparisons can be addressed.

1 There are many gaturbine component failures that can have an effect on the
outcomes of the BN models, however, the models presented are part of a
development. Hence, the cause and effects of a specific number of failures is
analysed.

1 It is important that some remarks anade regarding the uniformity of the data
within the models. Statistics exist in a number of formats and originate from many
sources. When formulating a model as specific and confined as the one being
created, it is almost impossible to gather data gets fthe same consistent
sources.

1 When considering the design of WSNs, only the hardware and the topology are
considered not any software aspects. This due to the increased levels of
complexity that including a software aspect would bring to the resdartdrms
of what the scope of the research is, a decision is made based upon how a WSN

would fit into asset integrity monitoring.

These are generic limitations regarding the whole research project. Each technical chapter
(Chapters 4, 5 and 6) contaitmeir own specific limitations relating to both the domain

of operation and thissue of data gathering and analysis.



1.4 Thesis Structure

The thesis is divided into 8 chapters which are supported by a number of appendices.
Following the introductorychapter,a canprehensive literature review is conducted
examining offshore safety assessment and trends of regulations with the reporting of
offshore incidents, as well as justification of BNs and WSNs. Chapter 3 focuskes on t
research methodology, whileh@pters 4, mnd 6 present the main focus of the projects
research and results. These chapters are presented in accordance with the aims and
objectives as well as the research methodology. Fintdily thesis is concluded in
Chapters 7 and 8 where a final discussind eonclusions are presented. The following

explanations summarise what is contained within each chapter.

Chapter 1: Introduction.

This chapter provides the background, justification, and aims and objectives of the project,

and an outline of the thesispsovided.

Chapter 2:Literature Review.

The literature review is vital for organising and planning research appropriately. It allows
the researcher to learn from, progress and expand from previous academic / industrial
achievements. More importantly it siid ensure that the research is novel and
meaningful. The literature review commences by examining the beginnings of offshore
safety cases and the potential introduction of the asset integrity case to operate in
conjunction. Similarly, the reasoning foretrexpansion of safety cases is outlined.
Statistics regarding the gas turbine incidents are outlined and examined, with emphasis
on thereliance of manual fuel; gas detection and reporfagthermore, an investigation

of ship to platform collision incideg and accidents is outlined to demonstrate that other



areas of the offshore industry are following a trend of reporting or under reporting of
incidents with the updating of safety case regulatidfisally, a review of WSN
technology is presented, with aatline of the applications on offshore platforms that are

heavily applicable to asset integrity monitoring.

Chapter 3 ResearctMethodology.

The research methodology aimusdelivering a risldbased research methodology framework

to establish theguidelines for developing the dynamic risk assessment and the remote
detection methods for the Nlsset Integrity Case. The Bayesian Network elements of the
framework shall be capable of dealing with dynamic risk assessment by accommodating the
ability to continually update the conditional probability data. Furthermore, the remote sensing
and detection methods along with the decigimaking methodology shall allow for the
determination of a suitable method for detecting and identifying asset integrityofisiaore
platform. The chapter also includes the individual dynamic risk assessnteeaision

making methodologieslong with the applied research techniques.

Chapter 4: Initial BN model for a single gas turbine failure.

This chapter focuses on thewi&lopment of an Initial Bayesian Network (BN) model for
modelling system and component failures on an offshore installation. The intention is to
model a sequence of events following a specific component failure, under certain
conditions and assumptionshi$ should provide a base with which to expand the BN
model to facilitate the requirement of having a dynamic risk assessment model within an

NUI (Normally Unattended Installatior)ntegrity Case

Chapter 5: Expanded BN model for several failures aetidas release.



This chapter focuses on the development of a Bayesian Network (BN) model for
modelling control system and physical failures of a gas turbine utilised in offshore
electrical generation. The intention is to model a sequence of events fglleeweral
component failures, under certain conditions and assumptions. These initial failures are
defined in two categories; control system failures and physical or structural failures. This
should provide a base with which to expand the BN model tatéeithe requirement

of having a dynamic risk assessment model that allows for accurate representation of the

hazards and consequences associated with gas turbine fuel gas releases.

Chapter 6: Development of WS\ offshore asset integrity monitoring.

This chapterfocuses on the development of a Wireless Sensor Network (WSN) for and
offshore system. The system in question is the electrical generation units. The intention
is to design the structure of a number of WSNs within the electrical generatiom syste
with varying connection types and methods of relaying data. The research is concerned
only with the design of the WSNs, iiae hardware and orientation of the sensor nodes
and not the software, programming or data protection. This should provide aagmmd

once an ideal WSN design is determined, to expand the network further incorporating
more attributesand develop the necessary software to complete the \@8kitivity

Analysis and validation is provided for the analysis.

Chapter 7: Discussionrad further Research.

The way the research was developed and its applicability are discussed. The limitations
of the work are outlined and examined. Future research ideas are proposed including some

which deal with these limitations

Chapter 8: Conclusion.
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The ontributions to knowledge and research conclusions are presented.

1.5 Conclusion

The background of the project and the NAfiset Integrity Case have been introduced,
with the development to be centred on offshore power generation. Hence, an outline of
the impatance of the gas turbine generator on board offshore installations has been
outlined with a brief, initial outline of gas turbine incidents. From this the aims and
objectives of the project have been outlined. Some additional information is presented
regading the scope of the project. The introduction has then been finalised by presenting

the outline of the thesis.

1.6 Publications Generated from the Research

During the course of the research, three publications were produced. These are outlined

as follows:

1T S. Loughney, J. Wang, D. Lau, D. Mi n
Normally Unattended Offshore Installations Initial Bayesian Network
Model |l ingd, Risk, Reliability iwald Saf e
Revie & Bedford (Eds). 2017 Tayl & Francis Group, London, ISBN 978138
029972. ESREL 2016. Sep 13, 2016.

1T S. Loughney, J. Wang, ABayesian net wo
generation system for applications within an asset integrity case for normally
unattended offshore ihsa |l | at i ons o, Proc | MechE Pal
Maritime Environment, 119, online:May 12, 2017.

T S. Loughney, J. Wang, P. Davi es, nBa

installations: Gas turbine fuel gas release with potential fire and explosion
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consequenceso, Safety and REdpin&bBrisl| i ty
Hardback (Eds). 2017 Taylor & Francis Group, London, ISBNB1838-62937

0. ESREL 2017. May 25, 2017.

These publications can be foundAppendices A, B and C
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CHAPTER 2:

LITERATURE REVIEW

Summary

In this chapter, the important literature influencing the currentgtis reviewed. It includes

the examination of the beginnings of offshore safety cases and the potential introduction
of the asset integrity case to operate onjnction. Similarly, the reasoning for the
expansion of safety cases is outlined. Statistics regarding the gas turbine incidents are
outlined and examined, with emphasis on the reliance of manual fuel gas detection and
reporting. Furthermore, an invesagion of ship to platform collision incident and
accidents is outlined to demonstrate that other areas of the offshore industry are
following a trend of reporting or under reporting of incidents with the updating of safety
case regulations. Finally, a restiv of WSN technology is presented, with an outline of the
applications on offshore platforms that are heavily applicable to asset integrity

monitoring.

2.1 Offshore Safety Assessment

2.1.1 Outline of Safety Cases and ALARP

Following the public inquiry into the Pip&ipha disaster, the responsibilities for offshore
safety regulations were transferred from the Department of Energy to the Health and
Safety Commission (HSC) through the Health and Safety Executive (HSE) as the singular
regulatory body for safety in théfshore industryWang, 2002)Department of Energy,
1990) In response to this the HSE launched a review of all safety legislation and

subsequently implemented changes. The propositions sougipidcad¢he legislations

13



t hat were seen as prescriptive to a more
produced, with the mainstay being the Health and Safety at Wo(ki&&, 1992)Under

this a draft of the offsher installations safety case regulations was produced. The
regulations required operational safety cases to be prepared for all offshore installations,
both fixed and mobile. Within this all new fixed installations require a design safety case

and for mobi installations, the duty holder is the ow(i&fang, 2002)

Offshore operators must submit operational safety cases (SC) for all existing and new
of fshore installations to the Health an
Division for acceptance, and it is an offence to operate without an approv@dSE_

2006b) The SC must show that it identifies the hazards with potential to produce a serious
accident and that these hazards are below a tolerability limit and have been reduced to the
ALARP Level (As Low As Reasonably Practicab{é&jang, 2002) The HSE framework

for decisions on the tolerability of risk is shownFigure2-1.

Safety and risk assessment for offshore installations is vigorous and requires
demonstratio from duty holders that all hazards with potential to cause major accident
are identified, all major risks have been evaluated, and measure have been or will be taken
to control the major accident risks to ensure compliance with the statutory provisions

(HSE, 2006a)

This is vitally important as accidents in the offshore industry lead to devastating
consequences, such as the explosion on board the Deepwater Horizon rig in the Gulf of
Mexico which was caused by the failure obidsea blowout preventer (BOP), with some

failures thought to have occurred before the blowout. This solidifies the use of

14



guantitative risk and reliability analysis, with recent emphasis on Bayesian networks, as

the model can perform predictive analysid a@mgnostic analysi&Cai, et al., 2013)

Risk cannot be justified save in
extraordinary circumstances

Unacceptable region

The ALARP or Tolerability Tolerable only if risk reduction is
region (Risk is undertaken impracticable or if its cost is
only Iif a benefit is desired) grossly disproportionate to the
improvement gained

Tolerable if cost of reduction would
exceed the improvement gained

Broadly acceptable region Necessary to maintain assurance
that risk remains at this level

(No need for detailed working
to demonstrate ALARF)

Negligible Risk
Figure2-1: HSE Framework for ecisions on théolerability ofrisk

After many years of employing the safety case approach in the UK offshore industry, the
regulations were expanded in 1996 to include verification of safety critical elerksats.

the offshore installations and wells regulations were introduced to déalvasious
stages of the life cycle of the installation. Safety Critical Elements (SCE) are parts of an
installation and its plant, including computer programs or any part whose failure could
cause or contribute substantially to or whose purpose of whithprevent or limit the

effect of a major acciderftvang, 2002)HSE, 1996)
2.1.2 Safety Case ExpansionDynamic Risk Assessmenand Integrity
Case

Recently, howevert is felt that an expansion on Sgf€ases is necessary, especially in

the offshore and marine industry, as they are static documents that are produced at the
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inception of offshore installations agdntairs a structurecdirgument demonstrating that

the evidenceontained thereirs sufficient to show that theystem is safAuld, 2013)

That is the extent of the Safety Case, it involves very little updating unless an operational
or facility change is made. It can be difficult to navigate through a safetythage;an

be difficult for project teams and regulators to understand, as well as often being
monolithic (Risktec, 2013)

This is where the-8afety Case comes into play. They are html-vabed electronic
Safety Cases. They are much easier to navigate and have clear concise information about
the safety of the facility they are provided for. However, the QRA data (Quarkiitsé&d
Assessment) is only updated with the release of updated reguléGockram &
Lockwood, 2003)

The Integrity Case, an idea proposed by RMRI Plc. (RiskndgementResearch
Institute, can be said to be dynamic as it shallcontinually updated with the QRA data

for an installation as the QRA data is recorded. This allows for the integrity of the various
systems and components of a large asset, such as an offshore installation, to be continually
monitored. This continualpdating of the assets QRA data allows for the users to have a
clearer understanding of the current status of an asset, identify the impact of any deviation
from specified performance standards, facilitate more efficient identification of
appropriate riskeduction measures, identify key trends within assets (i.e. failures, failure
modes), reporting to regulators would improve greatly and it would provide a historical
audit trail for the asset. Furthermore, the integrity of an asset is maintained so that
potential loss of life is kept ALARP. This means that an asset may continue safe
operations under circumstances that may have instigated precautionary shutdown,

resulting in considerable cost saving for the owner and opéRitbR1 Plc, 2011)
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2.2 Offshore Gas Turbines

Gas turbines are used for a variety of purposes on offshore installations, such as: power
generation, compression pumping and water injection, most often in remote locations.
Gas turbines are most commonly duel fuellBaey have the ability to run on fuel taken

from the production process under normal operations, known as fuel gas. They can also
run on diesel fuel in emergency circumstandggically, offshore gas turbines run from

1 to 50 MW and may well be modifiecbfin aereengines or industrial engines. The most
often used gas turbines are Aeroderivative, particularly for the gas generator. It is known
that relatively little information is contained within safety cases regarding the operation
and safety of gas turkes. What is contained is the model, manufacture, ISO power rating
(in Mega Watts (MW)), the fuel types and the location of the turbine shown on the
respective installations drawings. Additional information can be found on occasion, such
as: text regardinghe power generation package or bagk generators. However,
information in reference to integrity management and maintenance can be very limited
(HSE, 2006c)This information, or lack of, provides sound reasoning to producerdgna

risk assessment models regarding the integrity and safety of gas turbines.

2.2.1 Offshore Gas Turbine Incidents and Incompletdncident Data

Industrial power plants are critical systems on board offshore platforms as they supply
electrical power to safetyitical systems, such aefrigeration systems, HVAC (Heating,
Ventilation and Air Conditioning), detection systenasd fire suppression systems
These safety critical systems not only provide safe working for crew and other personnel,
they also protecti integrity of the offshore platforms systems and structures. All of this
protection stems from power supplied by the electrical generation systems, which is why

offshore platforms and marine vessels ensure they haveupag&nerators in the event

17



that acne or two generators fail to operdteerera,et al, 2015) Usually, on offshore
platforms, there are three electrical generation systems, with two in the same module and
the third in a separate module on a higher level which usually acts as the emergency
generator. Despite the safety precautions behind the muaibgenerators and their
locations, there is still the possibility of all generators failing to opéRdenakrishnan,

2007) A situation, similar to the one described, had the potential to occur on board the
Thistle Alpha pl&orm in the North Sea, off the coast of Scotland. In this particular event

in 2009, the platform was running off one generator, knowdrasB. Units A and C

were out of commission due to damages and repair. It is possible for one gas driven
generator tasupply a large fixed platform of over 200 crew members, like Thistle Alpha,
with power when running at full capacity. In this event Unit C was the emergency
generator on a in a different module to A and B. During maintenance, it was found that
all generadrs had cause for failure due to a single component. The companent
question, the rotor retaining ring, were highly susceptible to fracture and fragmentation,
hence it was of vital importance that they were replaced. Should they have failure within
geneator B, the offshore platform would have been temporarily without power, with the
exceptionof the Temporary Refuge which has its own power supply in the form of
batteries, separate from the rest of the platig®MRI Plc., 209). Continually, it is these

single component failure that can lead to situations were fuel gas can be released from
the gas turbine system. It is also possible for external factors to begin a series of events
that can cause a fuel gas release aglkontrol system errorgperational errors and

corrosion.

Furthermore, in recent years there has been a marked increase in fires associated with fuel

gas leaks with offshore gas turbines. A detailed review of offshore gas turbines incidents
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conducted in2005 showed that there were 307 hazardous events over 13 year period,
from 1991 to 2004. The review concerned itself with over 550 gas turbine machines. The
analysis concluded that the majority of incidents (approximately 40%) occurred during
normal operons, with approximately 20% during stanp, another 20% during or after
maintenance and the remaining 10% of fuel gas leaks occur during fuel changeover. With
the majority of incidents occurring during normal operations, the fuel gas detection is
heavily reliant on either turbine fuel detectors and/or fire and gas system detectors. This
is due to the modules containing the electrical power generators being almost totally
unmanned during normal operation. It was also found that based upon the review
condwcted on machines in the stated 13 year period, shows that approximately 22% of
gas leaks remained undetected. Subsequently, 60% of those undetected leaks were found

to have ignitedHSE, 2008hb)

It is situations such as thosesdabed that increase the requirement for a dynamic risk
assessment model to accurately monitor the consequences of failures within gas driven
generators as they are critical in the survival of crew members as well as the integrity of

the respective offshie installation.

2.3 Ship/Platform Collisions

As stated previously in Section 1, the research presented in this thesis focuses on the
development of dynamic risk assessment model and WSNs for use on board an offshore
installation. The emphasis is on the eleelr power generation systems, for Asset

Integrity Case development for NUIs. Furthermore, it has been stated that there have been
gas turbine incidents over the past 20 years that have been detected by humans with little

reporting of the incidents. This key as the Asset Integrity Case proposes to maintain the
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status of asset integrity using dynamic risk assessment model and WSNs while operating
alongside safety case regulations. It is known that the rate at which safety case regulations
are updated islewv, making safety cases monolithic. However, due to under reporting
and the availability of data, it is difficult to demonstrate the trend of gas turbine incidents

with the updating of offshore regulations.

On the other hand, it is possible to demonstthie effect that slow updating and
enforcement of regulations, as well as under reporting, has on inciddmsuwahoffshore
platforms. A key area that can be assessed is the issue of ship to platform collisions. The
current database of ship to platfocuilisions provided by the HSE is out dated as it was
last published in 2001, similarly the OGP produced a document in 2010 of worldwide
collision statistics(HSE, 2003) However, the OGP document provides only the
frequency otollisions of incidents over key offshore and shipping areas around the world.
Neither is sufficient enough to demonstrate the trend between offshore collision incidents
and offshore regulations. Therefore, a statistical analysis is conducted for daifoiop
collisions from 1971 2014 across the UK Continental Shelf (UKCS) and the North Sea.
Information is provided by the H®Es R 1 D D OR theVdotldaQifsharee Accident
Databank (WOAD) from DNV GL and the Marine Accident Investigation Branch
(MAIB). The aim of this analysis is to demonstrate that there is a trend between key

offshore regulations and ship to platform collision incidents.

2.3.1 Key Offshore Regulations and Events 19752015

Before any data is presented, it is important to understandntieéne of key offshore
regulations and incidents that have shaped the matigrsafety case regulatioisable

2-1 shows the timeline of incidents that have built the current safety case regulations.
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Similarly, Figure2-2 shows the number of ship to platform collision incidents from 1971

i 2014 as well as the key regulations and incidents frabie2-1.

Table2-1: Time line of key regulations areventsthat have shaped the modern offshore safety case

Year Name Description

1974  Health & Safety The HSWA adopted a holistic approach to the health, s:
at Work Act and welfare ofvorkers. The Act focuses on the concept 1
(HSWA) any situations that may give rise to harm need to

recognised and suitable measures put in place to elimin:
reduce the potential for harm. It set up two new organisa
to oversee its implementation: &@hHealth and Safet
Commission (HSC) and the Health and Safety Exect
(HSE). The HSE is the executive organisation that enfc
the provisions of the HSWAHowever, in April 2008 the
HSC was dissolved and merged with the HSE. The HSC
to protect halth and safety at work in the UK by conducti
research, training and providing advice and information.
Commission alsoused topropose new regulations at
approved codes of practice under the authority of the
This is all now conducted by the HSEge, 2007)(The
Stationary Office, 1974)

1988 Piper Alpha Piper Alpha was an oil production platform in the North !

Disaster off the coast of Aberdeen, Scotland. The platform be
production in 1976, initially as an oil platform but was la
converted to accommodate gas production. Oil & Gas-
and explosions destyed Piper Alpha on 6 July 1988, Killir
167 people, including two crewmen of a rescue vessel at
workers aboard survived. Thirty bodies were ne
recovered. The total insured loss was about £1.7 billion (
billion), making it one of the costliestanmade catastrophe

ever. At the time of the disaster, the platform accountec
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1989

1990

Offshore
Installations
(Safety
Representatives
& Safety
Committee)
Regulations

The Cullen
Report

approximately ten per cent of North Sea oil and
production. The Cullen Inquiry was set up in November 1
to establish the cause of the disaster, chaired by J
William Cullen. After 180 days of proceedings, the "Pul
Inquiry into the Piper Alpha Disaster" or "Cullen Repc
was released in November 1990. It concluded that the it
condensate leak was the result of maintenance work t
carried out simultaneouslgn a pump and related safe
valve. The report was critical of Piper Alpha's opera
which was found guilty of having inadequate maintena
and safety proceduré¢lge, 2007)Oil & Gas UK, 2008)
The document provides information on interpretation
enforcement of the Offshore Installations (Saf
Representatives and Safety Committees) Regulations
Theseregulations were made under the Mineral Workil
(Offshore Installations) Act 1971. They allow the workfol
on an offshore installation to elect safety representa
from among themselves, and confers on those function:
powers in relation to the higaand safety of the workforce
They also provide for time off with pay for safe
representatives so they can perform these functions

undergo relevant trainin@ he Stationery Office, 1989)

The Qullen Inquiry was set up in November 1988 to estak
the cause of the disaster, chaired by Judge William Cu
After 180 days of proceedings, the "Public Inquiry into
Piper Alpha Disaster" or "Cullen Report" was releaset
November 1990. It conctled that the initial condensate le
was the result of maintenance work being carried
simultaneously on a pump and related safety valve.
report critical of Piper Alpha's operator, which was fot

guilty of having inadequate maintenance and sa
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1992

Safety Case
Regulations

procedures106 recommendations were made calling -
amongst many matters, the requirement of a SCs,
transference of the discharge of offshore regulation fron
Department of Energy to a discrete division of the HSE.
responsibility ofimplementng the recommendations we
spread across the regulat@nd the industry witlthe HSE
overse@ng 57, he operators were responsible for 40, t
offshore industry were given 8 pwogress anthe final one
was for the Stndby Ship Owners Association. Tmelustry
acted urgently to carry out the 48 recommendations
operators were directly responsible.fdhe HSE develope:
and implemented Lord Cullen's key recommendation:
introduction of safety regulations requiring t
operator/owner of every fixedand mobile installatior
operating in UK waters to submit to the HSE, for tr
acceptance, 8C(Inge, 2007)

The Offshore Installations (Safety Case) Regulations ¢
into force in 1992. By November 1993 a safety case for e
installation had been submitted to the HSE and by Nover
1995 all had had their safety case accepted by the HSE
Safety Case Regulans require the owner/operator/dL
holder of every fixed and mobile installation operating in
waters to submit to the HSE, for their acceptance, a s.
case. The safety case must give full details of
arrangements for managing health and safetl/controlling
major accident hazards on the installation. It
demonstrate, for example, that the company has s
management systems in place, has identified risks
reduced them to as low as reasonably practicable,
introduced management caois, provided a temporary sa
refuge on the installation and has made provisions for
evacuation and rescyige, 2007YHSE, 2005)
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1995

1996

Offshore
Installations
Prevention of
Fire and
Explosion, and
Emergency
Response
(PFEER)

Offshore
Installation
(Design &
Construction)

Regulations

PFEER deals primarily with fire and explosion events bi
also deals withany event which may require emergen
response and includes systems that may rely on radar
standby vessel or responsible staff on thetallation
monitoring incoming vessel§.he Regulations, ACOP ar
guidance deal with: (a) preventing fires and explosions,
protecting people from the effects of any which do occur
securing effective response to emergencies affecting pe
on the installation or engaged in activities in connection v
it, and which have the potential to require evacuation, es
and rescue (Amended in 2005 and 20{8%E, 2015)
DCR Requires the installation to possess integrity a
times, as is reasonably practicable. It requires the desi
the installation to withstand such forces that are reasor
foreseeable and in the event of foreseeable damage i
retain sufficient integrity to enable action to be taken
safeguard the health and safety of persons on or near i
duty holder also has to record the appropriate limits wi
which it is to be operated. Furth#gutiescan be found ithe
Offshore Ingallations and Wells (Design and Constructit
etc) Reguations 199HSE, 2008a)
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2005

2008

2015

Offshore
Installations
(Safety Case)
Regulations
(April 2006)

Safety Zones
around Oil &
Gas
Installations in
Waters around
the UK (HSE)

Offshore
Installations
(Offshore
Safety
Directive)

(Safety Cases

The Offshore Installations (Safety Case) Regulations -
came intoforce on 6 April 2006. They replace the previc
1992 Regulations. The primary aim of the Regulations i
reduce the risks from major accident hazards to the h
and safety of the workforce employed on offsh
installations or in connected activitieShe Regulation:
i mpl ement the central re
report on the public inquiry into the Piper Alpha disas
This was that the operator or owner of every offst
installation should be required to prepare a safety case
submit it to HSE for acceptancg HSE, 2005) These SC

regulations have been replaced by the 2015 regulations

While this document is not a regulation, explains the
purpose and significance of safety zones around offshol
and gas installations and their effect on marine activi
particularly relating to fishing vessels. A safety zone is
area extending 500 m from any part of offshore oil and
installations and is established automatically around
installations which project above the sea at any state ¢
tide. Subsea installations may also have safety zones, ct
by statutory instrument, to protect them. These safety z
are a 500madius from a central point. Vessels of all natic
are required to respect them. It is an offence (under se
23 of the Petroleum Act 1987) to enter a safety zone e»
under the special circumstanc@$SE, 2008c)

The Offshore Installations (Offshore Safety Directi
(Safety Casetc) Regulations 2015 came into force on
July 2015. They apply to oil and gas operationgxternal
waters, that is, the territorial sea adjacent to Great Britair
any designated area within the United Kingdom Contine
Shelf (UKCS). They replace the Offshore Installatic
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etc) regulations (Safety Case) Regulations 2005 in these waters, subje
(July 2015) certan transitional arrangementdSE, 2015a)

Figure2-2 demonstrates the number of ship to platform collision incidents between 1971
and 2014. The incidents are incidents have been compiled from WOAD, HSE and MAIB.
All incidents presented have resulted in some form of damage to the platform, either,
insignificant, minor, severe and in one case total loss. The graph is a depiction of 582

reported incidents in the 4&ar periodGL, 2017)(HSE, 2016XMAIB, 2016).
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Figure2-2: Graph demonstrating the number of ship to platform collision incident s per year, as well as the key regulations dnat doentsd the modern safety case
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2.3.2 Analysis of Incidents and Regulations Timeline

It can be seen frofigure2-2 that the number of ship to platform collision incidents from
1971 to 2014 is very turbulent, as more clearly demonstrated by the atreragyéne

At a first glance, this trend seems to be rather erratic, following no clear pattern. However,
when the milestones in the safety case regulation timeline are taken into consideration,
patterns begin to emerge in the number of incidents eachrny&iKCS and the North

Sea.

2.3.2.1 HSE and the Health and Safety at Work Act, 19711981

Initially, from 1971 to 1973 the number of incidents is very low at one per year. A possible
reason for this is that the data entries for 1971 to 1973 are from WOAD stiihe BISE

began their ship to platform collision recordings from 1975. However, from 1975
onwards the number of incidents per year greatly increases until 1981 from 12 to 32
respectively. There are a number of possibilities that can cause this rapidené&iestly,

the HSWA is enforced from 1974 hence, the recognition of dangerous incidents that can
cause harm to personnel is increased. Secondly, as more and more dangerous incidents
are being recognised, the need to report said incidents also inciideeses$ore, it is safe

to say that an increased awareness of dangerous situations coupled with the need to report
these incidents gives rise to a dramatic increase in the number of collision incidents.
Thirdly, according to the HSE, the average numberdiéitations operating in the UKCS

alone increases from 88 in 1975 to 120 in 1981. The increase in the number of operating

platforms would statistically increase the number of collisions at that time.

2.3.2.2 Pre-Piper Alpha and Cullen Report, 1981- 1987
From 198, however, the number of incidents per year begins to decrease until 1987, from

32 to 7. This decrease is much greater that the increase in incidents from 1975 to 1981. It
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is possible that the enforcement of the HSWA had a large effect on the safetiupesce

on offshore platforms in the North Sea. This hypothesis would also be consistent with the
average number of platforms operating in the UKCS which increases from 120 in 1981
to 174 in 1987. This contradicts the previous statement that the numbadehiis would
increase with the number of platforms in operation. However, in theab period
between 1981 and 1987 this is not the case. This further backs up the idea that the
regulations form 1974 have been increasingly enforced and have reducedtier of
incidents. However, it is also possible to state that the level of reporting of the collision
incidents has decreased. This is a much |
possible way to determine whether an incident has happeded éina s n6t been
This is part of the reasoning behind the Asset Integrity Case, as the only way wireless
sensor will not detect and log any information is if it is faulty. On the other hand a human
has the ability to choose not to carry out an actidence it is difficult to accurately

determine the level of underreporting that would have taken place between 1981 and 1987.

2.3.2.3 Piper Alpha and Offshore Installations Regulations, 1988 1989

Continually, the time period between 1988 and 1994, in terneslti§ion incidents, is

very interesting. The year 1988 is well known in the offshore industry and indeed the
world as the year of the Piper Alpha disaster in which 167 crew members lost their lives
in the July of that year. When one examines the catligicidents that were reported in
1988, more than 60% were reported after the loss of Piper Alphd" dulg (See
AppendixD). This may suggest that a largeale disaster, such as Piper Alpha, triggered
an increase in the level of incident reporting. However, the number of collision incidents
in 1988 alone are not enough to state this with any conviction. What is interesting

however, is that the number of collision incidents increase in 1989 to 21, from 8 in 1988.
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This is a drastic increase in terms of the number of reported incidents in the North Sea,
after a largescale offshore disaster. Furthermore, in 1989 Glfishore Instllations
(Safety Representatives & Safety Committee) Regulatieere published. This stated

that the workforce could elect safety representatives from amongst themselves. This may
have increased the level of reporting of collision incidents in 1989. Amwie appears

to betoo much of a drastic increase from the previous year to conclusively state that the
new regulations in 1989 resulted in a considerable number of reported incidents. It seems
much more likely that a combination of the Piper Alpha stesaand the release of the
Offshore Installations (Safety Representatives & Safety Committee) Regulations

contributed to the vast increase in reported collision incidents.

2.3.2.4 Cullen Report and Inception of Safety Case Regulations, 1990995
Continually, h 1990, the Cullen Report was published which was public enquiry into the
Piper Alpha disaster. The report was heavily critical of the platform operionmg.
Cullen made total 0f106 recommendations within his report, all of which were accepted
by industry. The responsibility ofmplementingthem wasspread across the regulaor
and the industry witithe HSEoverseing 57, he ogerators were responsible for 40, the
offshore industry were given 8 fwogress andhe final onewas for the Stndby Ship
Owners Association. Thendustry acted urgently to carry out the 48 recommendations
that operators were directly responsible By 1993 all had been acted upon and
substantially implemented-urthermore, theHSE developed and implemented Lord
Cullen's keyrecommendation: the introduction of safety regulations requiring the
operator/owner of every fixed and mobile installation operating in UK waters to submit
to the HSE, for their acceptance, a safety ddsace, in 1992 the Offshore Installations

(Safety se) Regulationsame into force. By November 1993 a safety case for every
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installation had been submitted to the HSE and by November 1995 all had had their safety

case accepted by the HSE.

2.3.2.5 PFEER and Further Safety Case Regulations, 19962004

If the number of collision incidents is examined from the Cullen Report in 1990 to all
installation Safety Cases being accepted in 1995, it can be seen that the number of
incidents per year decreases rapidly from 27 to 3 respectively. This again a massive
fluctuation in the number of incidents following a series of key regulations being enforced.
Its shows that the release of new regulations prompts the level of incidents to decrease as
the regulations are enforced. However, as 1995 is a number of yearshaf Cullen
Report and the introduction of Safety Cases it is possible that an element of complacency
in terms of reporting may occur. This can be seen from the number of incidents between
1995 and 2004. The number of collision incidents increases3rioni 995, to a peak in

1999 of 22, then to a new low of 5 in 2004. This fluctuation could be attributed to jus the
number of incidents increasing after 1995 due to the increase of the average number of
installations operating in the UKCS from 289 to 349.099. However, the increase in

installations does not correlate well with the increase in incidents.

What appears to be more likely is at the low point of 3 collisions in 1995, a new set of
regulations are introduced and enforced Qfffishore Installattns Prevention of Fire and
Explosion, and Emergency Response (PFEBRhg with theOffshore Installation
(Design & Construction) Regulations 1996. At thatpoint, the number of incidents
increases and peaks in 19€9s likely is that the increase oew regulations prompts a

more proactive response in the accuracy of incident reporting.
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2.3.2.6 Amended Safety Case Regulations and Attention to 500m Safety Zones,
2005- 2015

This trend can be seen yet again from 2004 to 2012, were the number of collisiam#cide

per year increases from 5 in 2004 to 12 in 2007 then decreases to 4 in 2012. This could

be attributed to th®ffshore Installations (Safety Case) Regulatid®@85being enforced

in 2006. As with the regulations in 1995 and 1996 the number of incideneaises and

begins to decrease. However, the number of collision incidents becomes much steadier

and doesndét fluctuate as much as previou:¢

increase, but it is an increase none the less. Furthermore, in0@@ument entitled

Safety Zones around Oil & Gas Installations in Waters around thes Wiroduced by

the HSE. This specifically targets the area of offshore collisions and near misses.

Therefore, it makes sense to state that this introduction hasamad a steady level of

incidents between 2008, with 9, and 30With 3.

From the information presented kigure 2-2 and AppendixD it can be seen that the
offshore industry can be said to be reactive in its approach to reporting incidents,
especially in the area of ship to platform collisions. What is also apparent is that the
fluctuation has become gradually smaller in more re@est This shows that the effect

of introducing and amending regulations over time has a positive effect on the overall
trend of collision incidents. While this study identifies trends in ship to platform
collisions, it would still be valid to state thdtet offshore industry would profit greatly

from have a dynamic risk monitoring tool to aid with the continual enforcement of
regulations across all areas of an offshore platform. In the near future, the Asset Integrity

Case could be the answer to this peoil
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2.4 Dynamic Risk Assessmenin the Offshore Industry

Improving offshore safety is a large objective for various offshore companies such as the
HSE and DNV GL (Det Norske Veritas) (Germanischer Lloyd). In order to help achieve
this improvement in offshoreatety risk assessmeranalysis models need to become
more efficient and dynamic. Hence, in teiction,the justification of thedevelopment

of a potential dynamic risk assessment modidising BN methodsis presented

(Matellini, 2012)

2.4.1 Comparison of Dynamic Risk Assessment Techniques

Over the past 10 years it has been stated that a dynamic risk assessment model is required
within the offshore and process industriébakzad et al.,(2013)proposed to apply BN

to BowTie (BT) analysis. They postulated that the addition of BN to BT would help to
overcome the static limitations of BT and show that the combination could be a
substantial dynamic risk assessment tool. Similarly, in the oil, gas & process industry
(Yang & Mannan, 2010)proposed a methodology of Dynamic Operational Risk
Assessment (DORA). This starts from a conceptual framework design to mathematical
modelling and to decision making based on -testefit analysis. FurthermorgJeye

Datubo, et al. (2006) proposes an offshore decistisnpport solution, through BN
techniques, to demonstrate that it is necessary to model the assessment domain such that
the probabilistic measure of each event becomes more reliable in light of new evidence
being received. As opposed to obtaining data incrementally, causing uncertainty from

imperfect understanding and incomplete knowledge of the domain being analysed.

Furthermore, dynamic risk assessment has been developed through the use of BT alone

Abimdola et al, (2014) present a dynamitsk assessment model utilising the BT
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approach. The work outlines a predictive failure probabilistic model which is determining
failure probabilities of basic components of durihgiling operations. The dynamic
model B capable of updating tHailure probabilities of the components of the bibsy

thus, overcominghe static nature of common risk assessment techn{giasdola, et

al., 2014) Other research has developed algorithms tallacespecific incidents and
events. For examplé&ju et al, (2016) developed a system specifioyel methodology
coupling the reservoir/wellbore model with distribution of uncertainties wiimber of
independenvariables to obtain a risk giae of posible uncontrolled wellbore flow
events. They state that industry coultiplement this methodology with minor
modification as @enchmark to evaluate the onshore/offshore blowout(Lisk et al,

2016)

2.4.2 Bayesian Networks inDynamic Risk Assessment

The risk of hazards and failures offshore is determined by a huge array of factors due to
the innumerable possible scenarios in which incidents and accidents can develop. This
makes establishing risk both qualitatively apdntitatively an intimidating task. There

are many techniques which can aid risk analysis, yet in thisttdedocus is to be around

BNs, and a large number of studies have been conducted for marine, offshore and process
industries. Most studies usualbssociate themselves around a particular area. For
example,BNs have been utilised b{Cai, et al, 2013)to conduct quantitative risk
assessment of operations in the offshore oil and gas industry. Their method involves
transhting a flow chart of operations into the BN directly. They then validate their model
through the use of a case study involving Subsea Blowout Preventer Operations, in light
of the Deepwater Horizon sinking in 2010, whose cause was the failure of suhgeatbl

preventer(Jones, 2010)In another instan¢ésleye Datubo,et al. (2006) apply BN to
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produce a marine and offshore decision support tool to realistically deal with random
uncertainties, while at the same time making ais&essments easier to build and to check
(Fenton & Neil, 2013)Continually, Wuet al. (2016) further apply the use of Bayesian
Networks for prediction and diagnosis of offshore drilling given certain geological
conditions. Thg work also applies the use of the BT approach to develop the BN and
apply a case studyVu, et al, 2016) This application of merging the BT approach with

the BN approach is not uncommon which can be clearly seen in tiveeduiterature.

There are several advantages of using BNs over alternate approaches, for example, in
BNs diverse data, expert judgement and empirical data can all be combined. This is very
useful in situations where there is incomplete data or a conglisémce of data, and thus
other forms of data and information can be incorporated into the netaaldtad, 2007)

The advantageous nature of 8blver other methods is outlined(§hakzad et al., 2011),

who presented a journal paper with the exclusive nature of comparing BNs and Fault Tree
Analysis (FTA) in safety analysis within the process industry. It was concluded by
Khakzad,et al, (2011) that a BN is a superior technique in safety analysis due to its
flexible structure, which allows for it to fit a wide variety of accident scenafiosse

views are also supported by Wtal.(2016) and Yeet al, (2016).

In conjunction to this, BNs pwide a clear visual representation of what they are
representing and can be a very powerful tool for formulating ideas and expanding the
model in itself (Fenton & Neil, 2013) This trait is shared by other risk modelling
techngueshowever, BN are peticularly adaptable method. BMlso facilitate inference

and the ability to update predictions through the insertion of new evidence or observations

into its parameters. This makes them a very useful tool when dealing withaimigert
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2.4.3 Limitations of Bayesian Networks

The BN methodology provides a substantial way in which the modelling of relationships
between variables, within a given domain, through the assignment and linking of nodes.
The method also allows for clegraphical representation of a scenario resulting from a
series of events. The uncertainty between multiple dependencies of nodes is captured
through the assignment of conditional probabiliffldeapolitan, 2004)it is worth naing

that BNs are not without their critics. Bayesianism is analyse(\ang, 2004)and
discusses some of the limitations of BNs. He addresses in particular thzdytb&an
approach cannot combine conflicting beliefs tha¢ d&ased on different implicit
conditions and cannot carry out inference when the premises are based on different
implicit conditions (Fenton & Neil, 2013) The key disadvantage of BNs is the
computational complexity which cabe generated. This is because the number of
permutations in the CPTs grow exponentially with the number of parent ndd=llini,

2012) This can be combated by the application of the Symmetric Method assesses large
CPTs a being linear and not exponential (the method is outlined further in Chagter 3).
terms of the research presented throughout this thie&BN should be thought of as a
probabilistic approach to risk analysis which considers factors and chains ofigiote
events, which can result in an undesired situation or conslitiod is therefore ideal for

this research

2.5 Wireless Sensor Networks

2.5.1 Brief history of Wireless Sensor Networks

The initial development of WSNs was motivated by military applications, ssch

surveillance in conflict zones. In the modern world, they consist of independent devices
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using sensors to monitor physical conditions with applications across industrial
infrastructure, automation, health and consumer areas. These sensor devisaallre u
spread over areas of varying size. The sensor nodes are usually transceivers scattered
within the sensor field where they can detect and transfer information to the gateway or

sinkhole for use by the end ugeeC, 2014)(Fischione, 2014)

The beginnings of the research into WSNs
Defence Advanced Research Projects Agency (DARPA) conducted the Distributed
Sensor Networks (DSNs) programme for thiétary. DSNs had a number of distributed,
low-cost sensor nodes connecting to each other autonomously, with the information being
sent to the node that could best utilise the information. Despite early interpretations of
sensor networks had the DSN idesma base, the technology was not readily available.
More specifically, the first sensor nodes were much larger than the modern sensor nodes
that are known today. These sensor nodes were roughly the size of a standard shoe box
or bigger, with the number pfactical applications being very limited. The earliest DSNs

were not associated with wireless connectif@ong & Kumar, 2003j)IEC, 2014)

However, recent advancements in the fields of commatiic and micre
electromechanical technology have resulted in a significant movement in WSN research.
The increasing research of WSNs has put its focus in networked information processing
and networking technology for application in highly dynamic envirents. Similarly,

sensor nodes have become increasingly smaller in size with greater output potential and
a reduction in cost, hence many applications in the civilian world have emerged, such as:
vehicle sensor networks, environment monitoring and bodyosertworks. Currently
WSNs are viewed as the most important technologies of fh€&dtury, with countries

like China incorporating WSNs in their national strategic program(iies2008) This
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has resulted in a massive aeration in the commercialisation of WSNs and many more

technology companies are emerg(igC, 2014)

Industrial automation is one of the key areas of WSN applications. The Freedonia Group
state that the global market shars@fsors for industrial use is approximately $11 billion
USD, with the cost of instition, including cabling costand usage is up to $100 billion

USD. It is this cost hindering the further development of industrial communication
technology. WSNs can ipnove the whole industrial process by securing the important
parameters that are unavailable through online monitoring due to the costs stated by the

Freedonia Group.

Furthermore, according to the ON world, the number of wireless networking devices
installed in industry will have increased 553% between 202016, with 24 million
wireless sensors, actuators or sensing points deployed worldwide. It is stated that 39% of
these sensors will be applied to new applications which are only made possible by the

development of WSNg:igure2-3 shows the global installed industrial wireless sensing

30000
20 000
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M New apps
10 000 L
| - L L

2011 2012 2013 2014 2015 2016

Figure2-3: Increase of global indusl wireless sensing points, in thousands (IEC, 2Qdjter, et al., 2012)
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points, courtesy of[EC, 2014)and (Halter, et al, 2012) At the present time, 75% of
industrial WSN income arises from the process industry, with Oil and Gas being the
fastest growing sectors. For example, PetroChina is conducting Inbérfleings (1oT)
projects across its oil fields, with the focus on the reconstruction of more than 200, 000
oil wells. The WSN technology applied in the oil wells will provide the ability to monitor
the oil well production and the integrity of the oil wgjistems to ensure safe production

(IEC, 2014)

2.5.2 Wireless Sensor Network Technology

A WSN is composed of a number of sensor nodes which are densely deployed either
inside or very close to a physical phenomenon. The sensorsratigply detect and
control events and anomalies within the environment, enabling interaction between
persons or computers and the environment. WSNs consist of a grouping of sensor nodes
in a sensor field, cluster heads (in some cases), a sink or gaewalents, as shown in
Figure2-4. The sensor nodes are usually transceivers scattered in the sensor field where
each has the capability to collect data and route it back to the sink/gateway. They apply
specific proessing capabilities to conduct simple computations and transmit only the
required and partially processed data. During the transmission, several nodes may handle
the monitored data on route to the gateway. This is known asmopltiouting. The data

finally reaches the client or management node through the internet or via satellite. The
end user configures and manages the WSN through the managemef(fEiackiene,

2014)

The sensor node is one of the main parts of a WSN. The hardware of a sensor node
contains five key components: the power supply, the transceiver, the microcontroller, the

sensor and possible memory storage capabilik@ggire 2-5 demonstrates these five
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components. Each one of these components is determinant in the design of a WSN. The
microcontroller runs the different tasks such as: data procemsthgontrol of the other
components. All other components are managed through the microcontroller. It is

possible that there is a data storage capability associated with the controller, subject to

Gateway/

'~
~~o
~
~.
~

OBSERVER

ICI IENT

Sensor Field

Figure2-4: Generic virelesssensometworks

the WSN design requirements. However, it is also viableate a small storage unit

integrated into the embedded boéfischione, 2014)

The sensor node is the key component of the node, and may consist of a number of sensing
units. Each sensor unit is responsible for gathering and collecting certain types of data
and information such as: temperature, moisture content or light. Most sengs@re
comprised of two subunits: the sensor and an analdigital converter (ADC). The

ADC converts the analogue signals detected by the sensor, given an observed
phenomenon, to digital signals. These signals are then fed to the processing unit and
transceiver. The transceiver transfers the data collected by the sensing unit by performing
communications with other nodes and parts of the WSN. It is the unit that consumes the

most power. The memory unit is purely for temporary storage of the colléatacind
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can being the form of RAM, flash or even external storage, such as USB d&hbeya,

et al, 2017)

The most critical part of the sensor node is the power unit or power supply. It is most
common to power the senswode via batteries, either rechargeable or not. It is possible

to utilise natural sources for extra power or for recharging capabilities, such as: solar

Power Supply

Sensor unit —— > Microcontroller — > Transceiver

Memory

Figure2-5: Componentsnd hardware structure of a typical sensor node

power through photovoltaic cells. It is important that the design of all the parts of the
WSN nodes cosider key features, such as: the increasingly small sizes that WSN nodes

have become and the levels and limits of the power supply.

2.5.3 Topology Data Aggregation and Battery Power

Generally, as previously stated, a WSN consists of a humber of sensor nodes and a
gateway for connection to the internet. The general deployment of WSNs follows a
number of steps and is shownfigure2-6. Firstly, the sensor nodes will broadcast their
status to the surrounding environment as well as receiving information regarding the
status of other nodes in the sensor radius. Secondly, the nodesganesed into a

connected network dependant on the given topology (shrape multthop). The final
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stage is determining the most efficient routes for the information to be transmitted through

(IEC, 2014)(Mhatre & Rosenberg, 2004)

Figure2-6: Organisation andansmission pcess of a WSNA) Waking and étecting, B) Connectir
as a network & C) Routing through muitop topology (assuming data routing from left to right)

As the power for sensor nodes is usually provided through the use of batteries, their
sensory range can be quite short. The optimal ranges are betweerl D meters

given that the nodes are in free space with ardiee of sight to one another. However,

this is not always the case. Given that the sensor nodes are in a sheltered environment or
within machinery, such as a gas turbine, the sensory range reduces rapidly to no more
than a few meter@EC, 2014) As power is a key factor in the operation of a sensor node,

it is possible to put traneorers into an idle state, ifhey are ready to receive information

but are not doing so. Where some utilities can be powered down anck estrrgy
consumption.Figure 2-7 demonstrates a breakdown of the power consumption of a
typical WSN nodeFigure2-7 shows that a transceiver consumes almost the same energy
when transmitting/receiving as when it is idle. Furthermore, a large amount of energy can
be saved if the transceiver is potihe sleep state, effectively turning it off when the node

does not need to send or receive infor ma
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the transceiver are switched off, and nodes cannot immediately relay information. This
results in a signi€ant allocation of battery power for staip and recovery time to leave

the sleep stat@-ischione, 2014{Mhatre & Rosenberg, 2004)

4% 1%

Figure2-7: Power consumption of a generic sensor node to receive and transmit inforfReotmone, 2014)

= Transmission
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CPU

= Sensors

= Sleep

29%

2.5.3.1 Single-hop Transmission

When the transmission ranges of the sensor nodes are large enough or the radius of the
sensocloud is less than that of the transmission radius of the sensor nodes, the nodes can
transmit their information directly to t
as a star topology with singleop communications, as shown IBygure 2-8. When

sensors utilise singleop communication, there is no relaying of packets of information.
Since the communication is directly between the sensor nodbegdteway, each node
should transmt their data in sequence, i@ne at a time. In this instance, the lifetime of

the network is determined by the node with the shortest life span. In alsopietwork,

this is the node furthest away from the gatgwaa it must expend the most energy to
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transmit informatior{Chhayasgt al, 2017)(Gupta & Kumar, 1998)if it is assumed that

within the sensor network that all sensor nodes are alike, it isbp@$sidimension the
battery given thevorstcasescenarioSimilarly, the battery power is also heavily related

to the environment, this is known as the propagation loss exponent, usually referred to as
ak value. An example value &fwould be when the WSN is in free spacesulting ink

being equal to 2. This value is dependent on the environment surrounding the sensor

/.
,
,
/
,

Figure2-8: Star topology with singidhop communication

nodes. For example within buildings, factories, machinery spaces and dense vegetation,

the value ok increase to approximatelyi35.

2.5.3.2 Multi -hop Transmission

It is more common for the transmission ranges of the sensor nodes to teaidbe

radius of the sensor clouth which case the transmission range of the sensor nodes is
kept at a minimum to conserve battery life. In this instance, nodes relay information from
one another, utilising the shortest possible route to the gateway. Here the nodes form a
mesh topology sing multthop communications. In this topology not only do nodes have

to capture and process their own data, but they must collaborate to propagate sensor data
towards the gatewaffFischione, 2014)Figure 2-9 shows anexample of multhop

routing. When a node serves as a relay for multiple routes, it has the opportunity to

analyse and prprocess data in the network, which can lead to the elimination of
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redundant information or aggregation of data that can be sntadlertie original data

set. Furthermore, when considering mlbp communication, each sensor has a
communication rang®, as shown irFigure 2-9, andR must be sufficiently large to
maintain connectivity across the network. Gupta & Kumar (1998) developed a lower
bound on the communication radils,in order to ensure connectivity of the nodes with

a high probability whem nodes are distributed unifotynor randomly
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Figure2-9: Multi-hop wireless network with indicated sensor communication radiuses,
Mhatre & Rosenberg, (2004) also state that in order to determiveotisecaseenergy
drain in the network, the sensor cloud is divided into a number of concentric circles of
thicknessR. In multi-hop connections of radiu®, where a packet of information is
generated in the™ ring, the packet must travel through the inner ritgseach the
gateway. For each data gathering cycle it is possible to determine the mean energy
expenditure of a node in tm& ring. The ringn, can vary given that the total number of
rings isa/R WhenR is at maximum, it corresponds to singlep traxsmission 4 = R).
However, in the event th&t> 2 the propagation loss term scalesy&, whereas the
average number of packets scale$/Bf. Therefore, the choice of whether to use multi
hop or singlehop transmission depends on other factors vid¥e8, such as energy spent

in the transceiver electronics, the propagation loss, antenna gains, the radius of the sensor
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cloud and the propagation loss exponéBtpta & Kumar, 1998jMhatre & Rosenberg,

2004)

2.5.4 Cyber Security

As WSNs become larger and increasingly complex, creating more and more intricate
autonomous systems from industrial to civilian applications, the level of security for an
operator or individual exponentially increases, with Weakest link or point in the
network defining the overall level of security. While the research contained within this
report is focused on the physical design and layout of a WSN and not the software, it is
important to give an overview of cyber securibhdayberattacks(Chhayaget al, 2017)

(Radmandet al, 2010)

The security issues related to the confidentiality, availability, authentication, integrity,
authorization and freshness. Confidatity deals with the secrecy of data communication.
Authentication is necessary for the prevention of fake data from malicious nodes.
Availability means the consistency in service is upheld in the presence of attacks.
Integrity implies that the data, infoiation or messages are received, unaffected at the
destination. Authorisation means that only authorised sensor nodes can communicate to
each other, and unauthorised access of data must be prevented. Freshness of data is
important to ensure that the attack do not replay old data to hinder the security of the

WSN (Chhayagt al, 2017).

WSNs must implement strict encryption, transmitter availability and consistent data
validation with constraints on power, memory, computatend bandwidth. The
following defines the typical attacks that can affect WSNs. Generally, WSNs are

susceptible to a multitude of cybettacks and security issues. In such sensitive
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commercial, industrial and civilian applications it imperative thatstmurity of WSNs

is assured from generic attadkadmandet al., 2010)(Alajmi, 2014)

WSNs are generating a more significant interest as industrial and civilian system move
further into the wiredss domain. Such technology is beneficial, by eliminating the use of
cables, for example, can reduce operating cost and installation time. A security risk level,
however, must be accepted with WSNs. The key is to producing effective WSNs is to
ensurehataddressable security issues are dealt with and others managed and accepted.
In this case many WSN devices and nodes would be for redundancy purposes as they
cannot be relied on for critical tasf@admandet al, 2010) As this researclis concerned

with the physical design of WSNSs, the issue of cydmaurity shall not be discussed in
more detail. However, more information can be foun¢Ailiajmi, 2014)(Chhayasgt al,

2017)(Dini & Tiloca, 2012)(Radmandet al, 2010)(Singh,et al, 2010)

2.5.5 WSNs in Offshore Industry

The requirement to collect measurements relatingemperature, flowpressure and
vibration, in often remote and unsafe locations is common and vital in the offshore oll
and gas industry. The offshore industry is continually expanding and progressing,
particularly technological advances. This growth in industry and témipnas also
driving the need to measure, record and transmit data in real time. Wireless sensor
networking is the way to do this without the need for cables and the associated problems

that come with unsafe and inaccessible locat{gw$ondi, et al, 2010)

Offshore platforms house an abundance of remote and unsafe locations associated with a
variety of systems. Wired sensors and equipment require power, cables and conduit to

reach devices in remote locations. This is costigonvenient, time consuming and in
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some cases impossible. Other factors include the man power associated with the
installation, as well as the monitoring recording and data processing. This leave a lot of
room for human error, which is a big concern wloperating in high risk and extreme

offshore conditiong(Lajoie, 2010)

WSNs can eliminate the expensive and inconvenient conduit and cables of wired
networks. Measurement data can be collected accurately and in real tirfastéor
response and decision making, with limited loss in the system integrity and availability.
Similarly, a WSN can minimalize the personal required to perform manual duties where
there is a highrisk level (Lajoie, 2010) This is key in the development of the Asset

Integrity case outlined i€hapter 1.

The offshore industry includes processes for exploration, extraction, refining,
transporting and marketing of products. As the demand for fossil fuels increases, so does
the ned for offshore companies to develop and employ new technologies. As well as
improve operations to increase productivity, reduces injury and fatality and maintain
system integrity. WSNs can quickly be organised and continually adapted to monitor and
contrd a surrounding environmental conditions and machinery. There are a number of
reasons as to why WSNs are vital to the progression of the offshore in@gstrgare

outlined as follows:

1 Numerous remote and hazardous location (as stated previously).

1 The dfficulties and inflated cost of installing wired devices on and near pipelines.
1 The requirement for temporary sensory equipment.

1 Evolution of control solutions that require more and improved sensors.

1 The continual demand for increased and optimized pramfuct
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1 The demand for improved safety.
1 The increased demand to more accurately and remotely monitor the integrity of
systems.

1 The increasing number and size of normally unattended installations.

As wireless technologies are being developed, there is aas®in the use of wireless
sensors being deployed on older, end of life platforms in order to gain new insights and
to attempt to optimise the platforms product{@arlsen.et al, 2008) There are many
challenges associatedth the deployment of WSNs on offshore platforms. Akhogti,

al., (2010) have outlined some key difficulties and properties of offshore WSNs. These

are outlined as follows:

1 Restricted size, shape, construction and certification.

1 Operators mustccommodate for limited processing power, memory storage and
battery consumption.

1 Devices should generate their own power where possible, or contain battery packs
with extended battery life of many months or years to reduce maintenance
requirements.

1 Sensos must operate in difficult wireless environments, both in terms of radio
noise and obstructions, as well as areas where there are restrictions on the use of
radio devices, such as areas with hydrocarbon containment or a flammable risk.

1 Must operate in hah environmental and platform conditions.

1 Contribute in a simple Ad hoc and mtfip network.

1 Integrate with the existing IT solutions.

1 Provide services in a dynamic and changing environment.
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1 Exhibit some level of fault tolerance and recovery.
1 Operate irthe unlicensed sections of the frequency spectrum.
1 Clearly defined operational reliability and availability on the WSN in the

operational environment.

Studies have shown that required changes in plant work processes may be the largest
hindrance on the imduction of WSNs into the oil and gas industitywas noted by
Petersenet al. (2008) that problems are typically experienced when human factors are

ignored in the adoption of new technolgdetersen, 2008)

2.5.5.1 Applications in Offshore Oil & Gas

WSNs are a key investment across the whole offshore oil and gas industry, including
pipelines, exploration, production and transportation. By providing secure and reliable
wireless communications, WSNs enable automation and controiossiuhat are not
feasible with wired networks. It is a multidisciplinary research area which requires good
collaboration between users, hardware designers and engineers and software developers

(Akhondi, et al,, 2010)

There ae four main application areas where WSNs would be extremely useful on board

offshore platforms:

Remote monitoring: WSN solutions provide remote monitoring capabilities or the
offshore industry to adhere to new technology, regulatory and productivity demand
Below are some examples of where WSNs can be applied for remote monitoring
purposegPetersen, 2008)

1 Pipeline Integrity monitoring.

1 Onboard system integrity monitoring.
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1 Tank Level monitoring.

1 Wellhead Automation and moniiag.

Condition monitoring and maintenance The overall aim of fault diagnostics is the
estimation of the status of a component through sensor measurements and the
monitoring of system components. Equipment diagnostics tries to determine the root
cause oh component failure whereas system diagnostics is performed on a system of
components. Utilising sensor measurements preventative and almost predictive
maintenance can be performed, and subsequentifgadstliagnostics is improved.

The predictive mainteance methodologies require that the system be monitored in
real time. Sensors may detect vibration, temperature, power consumption, gases,
performanceandelectromagnetic properties, when combined with other sensors in a
network, these continuous signatn demonstrate clear and significant information
about the status and integrity of a component or system. This allows for the detection,
or even prediction, of potential upcoming failu(esrreira & Alves da Silva, 2007)

Toxic substance monitoring During the exploration and extraction of oil and gas,
many types of toxic gases are produced as a productmnobyct of the production
processes. The largest concern, with all toxic substances, is the potential for leaks.
Not only is this damaging to people and the environment, any leak in a transport
pipeline required a shutdown of the process. Leakages can be caused by any number
of faults, such as: corrosion, earthquakes, general wear and tear, material flaws and
even sabotag@khondi, et al, 2010)(Xiaojuan,et al., 2009)

Due to the extensive installation and maintenance costs, a stationary, wired sensing
system may not cover the whole containment and transygtem. Hence, each crew

member must carry a portable sensor device as a safety precaution. The application
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of a WSN here would potentially give a cross section of any leaks for a more extensive
analysis. Existing sensing systems do not correlate datmrsgeroduce information
independently, and so determining the nature of the leak can be difficult and time
consuming Xiaojuan,et al, 2009)

Production performance Given the relevant level and amount of data, from a
numberof performance aspects of an offshore platform facilitated by WSNs, an
unsupervised selfrganising map can prioritise key sensor values and classify
operational performance. This can show when a plant is operating normally or
abnormally. This type of WS¢ often used in conjunction with supervised methods.
Whereby the unsupervised network will perform-precessing of data and the
supervised system will conduct the analysis and estimate the associated parameters

(Akhondi, et al, 2010)

2.5.6 DecisionMaking for WSNsand ER Justification

There is increased demand for diverse applications within the communication services
industry, within which WSNs gain increasingly more attention. WSN development and
deployment has been and is tinnally being enhanced in terms of autonomously
supporting a variety of potential applications as well as providing more adept solutions.
However, decisions lie within the appropriate selection of key WSN features such as,
topology, the number of sensoes)d the most efficient pathway for data transfer. This
has given rise to the application of MADA techniques to determine the best or most
suitable aspects of WSNs for specific deployment scenarios. One such example is the
work presented by Tanet al, (2014) in which an algorithm is developed based upon
multiple criteria decision making to determine the most energy efficient routihon a

WSN. Their research takes into account key factors affecting the network lifetime, and a
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chaos genetic algorith to determine the next most energy efficient hop in the data route
(Tang,et al, 2015) Similarly, a fuzzy decision model has been applied to the selection
of wireless technology by Jiangf, al,, (2012). This work developsavaluation hierarchy

with six major criteria and a set of saliteria in order to determine the most suitable
WSN technology for the tracking of construction materials. The work concluded that a
Wi-Fi device was the best alternative, as opposed to RER%, ZigBee and UWD
deviceqJiang.et al, 2012) Finally,Gao,et al, (2010) propose a novel MADA approach

to cluster head selection within WSNs. The approach combines -AlzRy and
hierarchical fuzzy integral in order tmayse the optimum criteria that can influence
energy efficiency to determine the selection of cluster head nodes in thg ®@&8Net

al., 2010)

Numerous decisiomaking problems in management and engineering involve a severa
attributes of both a qualitative and quantitative nature. A comprehensive decision cannot
be made with taking into account all attributes in question. It is the normal handling of
qualitative attributes along with uncertain or incomplete information taatses
complexity in multiple attribute assessments. There has been an increase in the
development of theoretically sound methods and tools which deal with Multiple Attribute
Decision Analysis (MADA) problems in a coherent, rational, reliable and repeatab
manner(Chen, et al., 2015)Y¥ang & Xu, 2002)(Yang, 2001) In more recent times, the

ER approach has been applied to decisi@king problems in engineering, desigmd

safety and risk assessment and supplier assessment. For exaoipleycle assessment,
cargo ship desigfivang & Xu, 2002)and matiime safety analysisind risk assessment
(Ren,et al, 2005)(Zhang,et al, 2016) Hence, the evidential reasoning algorithm was

selected as a viable and accurate decisiaking tool.
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The ER algorithm is not without its limitations in terms of its application to belief decision
matrices The main limitation of the ER approach in belief decision matrices is that it can
be seen as highly complex when compared to conventional decision matrices. This issue
is more apparent when dealing with purely quantitative MADA problems. However, the
apgication of IDS software and modern computer power assist with the computational
complexity(Ruan,et al, 2008) Furthermore, in this research thelief decision matrix

is not highly complex, hence limiting the complexity thle ER algorithm and its
respective calculations. Similarly, the IDS software is not applied here. Instead the ER
algorithmis entered using the formularfctions in EXCEL spreadsheets as the computing

power can more than handle the level of complexithiwithe calculation.

2.6 Conclusion

The fundamentals of offshore safety assessment have been outlined along with the
introduction of safety cases in the offshore industry. Similarly, the advantages and
disadvantages of safety cases has been demonstrateare@ththat could be improved

with the addition of live dynamic risk assessment via the Asset Integrity Case.
Furthermore, statistics regarding offshore gas turbine incidents have been outlined and
examined. The emphasis on these incidents is to outlin@ghiicant role that human

fuel gas detection and incident reporting has on the management of gas turbine fuel gas
releases. This in turn showed that there is consistent under reporting or submission of
incomplete data here human detection is concernéd.addition to this, an in depth
statistical analysis of ship to platform collisions is conducted to demonstrate the reporting
of incidents could potentially be heavily influenced by the periodic release of regulations.
This analysis further adds to théaon that offshore safety assessment and safety case

regulations would be much improved by the inclusion of a coherentimealdynamic
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risk assessment approach. The justification of utilising Bayesian Networks as a viable
risk assessment tool to develplynamic risk assessment model has also been outlined.

Finally, an overview of the current status of WSNs is presented with key areas that can
benefit the offshore industry as well as specific areas that would benefit greatly from the

inclusion of WSNs aan asset integrity monitoring tool.
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CHAPTER 3:

RESEARCH METHODOLOGY AND TECHNIQUES

Summary

This chapter aims at delivering a riflased research methodology framework to establish

the guidelines for developing the dynamic risk assessment and the remote detection methods
for the NUFAsset Integrity Case. The Bayesian Network elements of the framework shall be
capable of dealing with dynamic risk assessment by accommodating thetalmibntinually

update the conditional probability data. Furthermore, the remote sensing and detection
methods along with the decisiomaking methodology shall allow for the determination of a
suitable method for detecting and identifying asset integrityan offshore platform. The
chapter also includes the individual dynamic risk assessnagigt decisioamaking

methodologiesalong with the applied research techniques.

3.1 Research Framework

Conducting and operating any project or organisation of any sit®wv a proper
framework in place is a difficult task. It is hard to control the steps within a project if
there arenodot clear, established aims and

project depends greatly on a clear and coherent reseaménagement framework.

Figure 3-1 demonstrates an illustrative view of a research framework proposed for the

purpose of this research, from which teeearch methodology is directed.
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Figure3-1: Proposed research framework for the initial development of aAdét Integrity Case
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The research framework has been developed from a generic risk management framework
and adapted tassist with thelevelopnenta NUI-Asset Integrity Caselhe framework

breaks down the key elements required for the Assegiity Case, namely a coherent
dynamic risk assessment model and the ability to sense and detect asset integrity on a
NUI. As the Asset Integrity Case is a novel idea, a research management framework has
never been presented and so it makes sense toadagtmanagement framework for

use in this research.

Figure3-1 outlines a number of kegomponentand steps. These steps directly correlate

to thetechnical research presented in Chapters 4, 5.dndiélly the framework requires

the identification and outline of the scope and domain of the project. This is determined
based upon the literature review in Chapter 2 as well as the project ratiroohépter 1.

By analysing the literature regarding offshore incidents the domain for the research can
be stated. In this situation, the domain to be utilised for developing theAbkét
Integrity Case is to be the electrical generation module. The regdonithis is stated in
Chapters 1 and 2. Briefly, the rationale is that there have been many incidents regarding
gas turbine driven electrical generators over the past 20 years in the offshore industry,
with the majority detected by human methods. Tleedirect correlation between the
number of under reported incidents and the number of incidents detected by human
methods. Similarly, the scope and domain is also determined by the statistical analysis of
other offshore areas, further solidifying th@ge that a dynamic risk assessment model

should be employed to aid with the enforcement of regulations.

Moving into the area of the dynamic risk assessment development, the domain must again
be stated. This applies to the research in Chapters 4 and % thleedynamic risk

assessment models are developed utilising BN modelling techniques. However, before
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the models can be constructed a separate methodology for formulating BNs must be
determined. This methodology is outlined in Section 3[Be BN formulation
methodology is outlined here and not in Chapters 4 and 5 as the methodology is repeated
for two BN models. Hence, demonstrating the methodology here avoids some elements
of repetition. Furthermore, the framework is defined as 4isised, therefore a kis
analysis is required. Hence the process of determining risk is essential to the framework
and methodology. The proposed framework, in the long term, has the potential to result
in more comprehensive application to offshore systems for asset integriagemaent

with regard to the offshore regulations. As the dynamic modelling in the research is a risk
assessment, key components of Formal Safety Assessment (FSA) are contained within
the modelling process and structuf€SA was developed and introduced bhe t
International Maritime Organaion (IMO) in 1993, during the 62nd session of the IMO
Marine Safety Committee (MSC) by the Maritime and Coastguard Agency (NVGDWY,

2002) Theinitiative was preceded by a number of marine incidents which brought into
question the safetselated rules and regulations. The prior rules were derived as a
reaction to an incident at sea in order to prevent accidents of a similar nature occurring in

the future(Yang & Wang, 2008)

FSA is a systematic process for assessing the potential risks relating to maritime safety,
the marine environment and cost and benefit analysis of thesgMalsralis,2007)

The FSA consists of five steps, and the interaction between these steps is skaundy

3-2. There are repeated iterations betweerstBps which make the process effective, as

it constantly checks for changes within the analysis. The execution and recording of each

task is imperative as it enables the preceding steps to be carried out with ease. Similarly,
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for the process to be accurdle analyst appreciates and understands the objectives of

each step, and carries them out without any half meagRitlesy & Wang, 2003)

Step 1:

Identification of

A A

Step 2:

Risk Estimation

Step 5:
Recommendations

for Decision

Step 3:

Risk Control

A

A

Step 4.

CostBenefit

_________________________________________________________________________________________________________

Figure3-2: Flowchart of the five FSA Stef{Rillay & Wang, 2003)

The proposedynamic risk assessmemiethodology and framewoirkcorporates Steps

1, 2, 3 and 5 of FSA. Step 4, Cost Benefit Analysis is not considered at this stage of the
Asset Integrity Case development. Similarly, the dynamic risk assessment metljodolog
also incorporates the core steps of compete risk manageFRigate 3-3 gives a
demonstration of a risk management process. The components of the risk management
diagram are contained within dynamic risk assessment section of the Asset Integrity Case
framework. For example, the sté&malysisfrom Risk Assessment) Figure 3-3, is
embedded in the framework stage @dmain outline and Hazard IDSimilarly, the
components ofEvaluation are contain within the Dynamic Risk Angkis and

Development & Analysisteps of the frameworkinally, areas oReduction and Control
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are incorporated i€onsequence Evaluatioklaving this riskbased framework within

the Asset Integrity Case methodology and framework provides a clear geasaithht

can potentially be applied to several offshore systems. This will allow for the further
development and expansion of the Asset Integrity Case to other offshore areas and

systems effectively.

Risk Management

Risk Assessment

Analysis
- Domain and :
system definition Reduction and Control
i ggzkard D > - Decision making
- isk estimation - Monitoring
l - Implementation
Evaluation

- Risk tolerability
options

- Analysis of
options

Figure3-3: A risk managemerygrocessadapted fronfjMatellini, 2012)

The final section of the framework is concerned with the detection and remote sensing
techniques. This incorporates areas and ideas that are key to developing system whereby
asset integty can be monitored without the use of manual methods. This includes both
wired and wireless techniques. However, due to the remote and hazardous locations of
some offshore equipment, wireless methods tend to be preferred. This methodology

incorporateshe design of a number of WSNs in a number of orientations regarding the
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hardware and most suitable forms of connectivity. Furthermore, the framework includes
a methodology to determine the most suitable WSN design based upon a set evaluation
hierarchy anctriteria. This methodology can again be applied to a number of offshore
areas where remote sensing of asset integrity would be of great importance, not only for
the ability to continually monitor components and equipment in remote locations, but also
to remove the hazards associated with using manual methods. In theory, this eliminates
the risk to personnel who would normally be given the task of monitoring equipment in

remote and hazardous locations.

Given that a dynamic risk assessment model has beetoded, along with the remote
monitoring and sensing method, the two can be combined to develop the Asset integrity
Case for the specified domain. Further work is required in order to combine the two
models and methods by incorporating the sensors inttyti@mic risk assessment model.
Furthermore, these sensors, once incorporated would transmit data to update the risk
assessment model. This results in a live, dynamic risk assessment model for a given

system.

Finally, all generic aspects of the analysisteas of the framework are outlined in the

rest of this chapter. This includes an overview ef BN and probability techniqueas

well as the BN methodology employed in Chapters 4 and 5. Similarly, the data analysis
techniques applied across Chapters dnd 6 are outlined. This removes the need for any
unnecessary repetition. The techniques are outlined in Chapter 3 while the numerical
assessments are presented in Chapters 4, 5 and 6. The deakinog methodology

applied in Giapter 6 is also outlimealong with the decisiemaking techniques employed.
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3.2 Overview of Bayesian Networks

Bayesian Networks (B#) are a Directed Acyclic Graph (DAG) encoding Conditional
Probability Distribution (CPD). There arn@o main components to Bi\are the graphical
structure which is the qualitative part and the probability distribution which is the

guantitative par(Matellini, 2012)

3.2.1 The Graphical Representation

There are two key elements to the graphical structure of BNs, these a&® &NwbArcs:

1 Nodes:Drawn as circles, represent random variables suckants that take
values form the given domains. The relationship between nodes is expressed using
a family notation. Influencing Nodes arddrents, influenced nodes are
"Childrent'. If a node has noParent it is Marginal or UnconditionalNodes
wi t hout FReoroeowessndaades without children éré e moties.

1 Arcs: Represent the direct probabilistic dependence relationship between

variables.

The graphical structure is referred to as the DAG. The DAG contains a set of nodes each

representing a random/chance variable which can take the form of an event, the presence

Figure3-4: A simple BN
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of something, a measurable paeter, a latent variable and an unknown parameter or
hypothesis. Nodes are connected together by arcs iwapdirections. Arcs can also be
referred to as directed edges, and they represent the direct probabilistic dependence
relationship between variad.A simple example of a BN is shownkigure3-4. In this
example, nodeA andB are the parents of nod NodeC is the parent of nhodd3 and

E and the child oA andB. NodesD andE are children ofC. Following this logic, nodes

C, D, andE are descendants afandB. NodesA andB are the root nodes, while nodes

D andE are the leaf nodg$enton & Neil, 2013]Bolstad, 2007)

3.2.2 Probability Distribution

Each node in the DAGas a number of possible states which must apply at any one time.
Probability distribution indicate the strength of the belief in how the states of parent nodes
can afect the states of their child nodes. Nodes can represent either discrete random
variables with a finite number of states
can represent a continuous random variable with a normal density distribution, such as
for temperature ranges or altitude. For root nodes a marginal probability table is defined.
Non-root nodes are assigned conditional probability tables (CfNEg)politan, 2004)If

the node is discrete then each cell in the €Bitains a conditional probability for the

state of the node given the state of the parent node or combination nodes. When
constructing a BN it is important to note that the number of permutations in the CPTs
increases exponentially with the number of pareodes and the number sthtes in the
CPT.Forexampléf nodex6 ap damaesmidsn uwwnktenr 60o0f st at es,
X6 permutations in the CPT or node A. Si
equal to the product of the possiblember of states in the node and the number of states

in the parent noddggenton & Neil, 2013)
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3.3 Principles of Probability Theory

It is important to review the fundamtals of probability theorBayes Theorenn order
to further explore BNs, as the technique is built upon these princésssime that there

are two events that exist in sample space 'S’, these events are A and B.
"Yp 0oweE O O
P(A) is assigned to measure the degree of uncertainty occurred by event A. The

probability must adhere to four properties or axidisatellini, 2012)

Axiom 1: The probability of event A lies between 0 and 1.0, it cannot have a negative

probability.

This is because if you divide a percentage probaliltyl00, the result lies between O
and 1.0, as the percentage that expresses uncertainty cannot be more than 100. This also
means that an event cannot have a negative probdbaibgon & Neil, 2013)Therefore,

the following @n be stated,;

Axiom 2: All possible outcomes are contained within the sample space 'S'.

For"Yp 0 => The sum of the probabilities #fand its complement must be equal to

1.0. The complement &f(A)is simply the Probability of the event being 'nfat’
0 06 0ol p (3-1)

If0 6 ™, thend @ 1. In some cases the values of the probability are not

given, words such d3rue & False'or 'Yes & No'may be used. In this caseHfA) is
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True, therP ( Us)False. This can also be written &sd pandd @ 1, should

the values be needed for calculation purp@sSespolitan2004)(Fenton & Neil, 2013)

Axiom 3: For mutually exclusive events, the probability of either event happening is

the sum of the probabilities of the individual events.

This is the probability of either everAsOR B occurring. The notation OR in probability

is also known as the Union and is denoted hy '
066 06 06 OLiYp ORY 6 E MO, 6 1 (3-2)
Two events are considered mutually exclusivéhey have no elementary events in
common. For example;
In a die rolling experiment, these two events are considered:
1 E:1- Roll a number greater than 4 (i.e.; the set of elementary events {5,6})

1 Ez2- Roll a number less than 4 (i.e.; the se¢leimentary events {1,2,3})

Events k and E are mutually exclusive as there are no elementary events in common

(Fenton & Neil, 2013)

Axiom 4: If events arenot mutually exclusive then their conditional probability is

subtracted from their union.

The conditional probability or Intersection is the probability of both events occurring

simultaneously, and is denoted by. The intersection is the product of the events.
06, 6 0066 (3-3)

Therefore, the union of none mutually exclusive events is;
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0DO6°6 006 06 006, 6 0LV oOoRYY 6 OEIW, 6 1 (3-4)
The proof for AXiom 4 isdemonstrated below, withigure 3-5 being used as a visual
representation for the interactions of eveh@ndB. It is based on the idea of breaking

the union of the two events down into events that are mutually excluBigare 3-5

shows events represented by shaded &Feadon & Neil, 2013]Neil, et al, 2000)
1.A" B is the union of thenutually exclusive event® 6 h6., 6 h6. @.

2. A is the union of mutually exclusive events & hd, 6 .

3.B is the union of mutually exclusive events, 6 h6, @8

4.6°6 006 6 06, 6 0 6. @ ,byAxiom 3 applied to 1.

06, 6 ,byAxiom 3 applied to 2.

)]
o
c-.
o:
o
C

6. Thereforep 6, 6 0O 0 &, 6 ,byrearranging.
7.6 Vo 6 06 @ ,byAxiom 3 gplied to 3.
8.Therefored 6, @ 0 6 0 6 6 byrearranging.

9. 0° 06 DO, O 0O VO, O L O 0O, 0 ,by
substituting 6 an@ into 4.

10.0 6 & 06 0 6 00 6 ,bysimplifying9.
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Union of A and B

h @
‘B Intersection of A and B

- @

QOutcomes in A but not in B

Outcomes in B but not in A

Figure3-5: Visual representation of the interactions betwesmts A and B,
adapted from Fenton & Neil, (2013)

3.4 Conditional Probability

Conditional pobabilities are essentitd BNs. they can be expressed by statements such
as 'B occurs given that A has already occurtemhd 'given event A, the probability of
event B is 'f; which is denoted by 6D . This specifically means that if event A
occurs and everything else is unrelated to eBeeixcept evend), then the probability

of Bis'p’' (Fenton & Neil, 2013)Conditional probabilities are part of the joint probability

of the intersection of andB, P(Az B), and can be shown as;
DO O 06, 670 (3-5)

For any two events A and B:
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06 6 06DDE 06D DO (3-6)
It should be noted that § & T then A is an event with no possible outcomes.
Therefore, it follows thad & also contains no possible outcomes @nd. ¢  TU

The independence of events can be shown by definitiorA hatiB be any events with

0 6 T thenAandB can be defined as independent if,

06 069 (3-7)

06, 6 Vo6& (3-8)

3.4.1 Bayes Theorem

Bayes Theorem of probability theory is seen as a way of understanding how the
probability that a theory is true, is affected by new evidence. For example, the probability

of A can be updated if new evidence about eBastknown(Matellini, 2012)

Y s 8

0 0D (3-9)

It is very common for Bayes theorem to accommodate more than two events, for example

if a second parent nod€, for child A is introduced then the equation becomes:
b opiy (3-10)

3.4.2 BN Connections and dseparation

From very simple to very complex BNs the nodes contained within a network are always
connected through one of the following three types of connedt@mion & Neil, 2013)

(Matellini, 2012)
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1. Serial connections (Casual and evidential trafegture nodes in which the first node
influences the second, which in turn influences the third. An example of this is shown
in Figure3-6 where nodeA connects nodeB andC. In this case if new evidence is
known about nod®, then it shall influence nod€ throughA, and this is true in
reverse if new evidence is known ab@utHowever, if the state gk is known then
nodesB andC become independenf each other. Hence, nodBsandC are said to

be d-separatedjivenA.

If the relationships in the serial connection are casual, then it is knowceasa trail.

If one is interested in reasoning frddrto B then it is known as agvidential trail.

Figure3-6: A Bayesian Network seriabanection.

2. Converging connections (common efféesture two or more parenandC, which
influence a child noddy, as shown ifrigure3-7. If no new evidence is available then
parent node® andC are independent of each other, but if new evidence is known
about child nodé, thenB andC are conditionally dependent @&n In other wordsB

andC ared-connectedjivenA.

If the relationships in the connection are casual then Bodeacommon effeds it

is shared by more than one cause.
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Figure3-7: A Bayesian Networkonverging onnection.

3. Diverging connections (common causiature a parent node, A, which
influences at least two child nodé&andC, as shown irrigure3-8. All child nodes in

this type of connection can influence each other, provided new evidence about A is
unknown.However, if new evidence is known At thenB and C are conditionally

indepenént or equivalentlyB andC ared-separatedjivenA.

If the relationships in the connections are casual, fisrecommon causkecause it is

the cause of more than one effect variable.

Figure3-8: A Bayesian Network divergingpanection.

3.5 Formulating a BN Model

When formulating a BN it is important to clearly outline the domain that it is to represent.
Nodes and their subsequent states must be appropriately allocated, with rewnibnatt
being paid to what each node shall symbolise and how they relate to one another. This is

essential as to leave no area for misinterpretation. The fundamental part of building a BN

71



with the ability to deliver meaningful results lies in its graph&talcture and the input

of data, hence the precise linking of nodes and the assignment of probability distributions
is imperativg(Fenton & Neil, 2013)With this in mind a BN has been produced to model
the probabilities of fdure within an electrical generation unit within one camal
section of an installatiofo ensure that a coherent model was constructed, knowledge

was obtained through reviewing literature and speaking to members of RMRI Plc.

Attempting to build a model that incorporated several modules of an installation or an
entire installation at this point in the research would be impractical. The focus is to
determine whether it is possible to coherently model the cause and effechsbligsoof

various components within a system to establish a base model for expansion further to
other connected systems and an increased number of observed failures. From this some
constraints and assumptions were made to ensure that the model remapiedystm

clear and relevant to the research aims, these assumptions and limitations are outlined in

Chapters 4 and 5 for each specific BN model.

3.5.1 BN Formulation and Analysis Methodology

There are many stdpy-step procedures in use that allow for consiomcof the various

parts of the BN model. The procedures are useful as it allows for maintaining consistency
throughout the process and offers an element of confident to the model. The procedures
have varying parts depending on the context of the modeh@mdnuch information is
already availabléNeapolitan, 2004)Neil, et al, 2000) However, there are key elements

which all the procedures follow, these are:

Step 1- Establish the domain and project definition.
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This involves putting boundaries in place for the model. It has already been stated
that the model represents the series of events within a system where a specific
component failure has been observed, withindole 2 on the Thistle Alpha
platform. The model begins with the initial failure and ends with major events

occurring.
Step 2 Identify the objective.

This involves stating what results are expected to be achieved from the model. For
the initial model tle focus is on the interaction of the components and their

probability of occurrence.
Step 3 Identify the set of variables relative to the problem.

This involves filtering possible parameters that are relevant to the description and
objective. For the itial model the initial variables where devised utilising a
sequence of events diagram. It is always necessary to keep the number of
variables/nodes to a minimum to avoid over complication initially. For the initial

model approximately twentgne nodes whe first outlined.
Step 4 Create appropriate nodes corresponding to the variables identified.

From reviewing the risk assessment projects and relevant literature, the list of

variable/nodes from step three is reduced to those that will be used indbe mo
Step 5 Creating arcs between nodes.

Once the relevant nodes are identified, they are input into a BN software package,
HuginResearcher7.7, and connected. This entails referring to the sequence of

events from the initial failure to determine the melective way of connecting
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the nodes together. The network is reviewed to ensure there are no missing factors.
HuginResearcher7.7 was selected as the BN software package for this research
based upon testing comparisons with another BN package in NEtiese two

were tested due to the availability of full software licences. It seemed much more
prudent to utilise an existing software licence. After testing both packages, Hugin
was selected due to the preferred interface and ease of use of its ke fsatthre

as, the Sensitivity Analysis Wizard.
Step 6 Obtain data and construct probability tables.

The data is sought from various sources including; experts, industrial & academic
publications, the RMRI Plc. risk assessment projects, as well as detabab as:
OREDA, HSE & OGP. The data is then used to create the marginal or conditional

probability tables.
Step 7- Analyse BN model.

This is where the Hugin software is used to run the model and test for conflicts in

data by inserting evidence in vauis hodes.
Step 8 Validate the BN Model.

Validation is a key aspect of the methodology as it provides a reasonable amount
of confidence to the results of the model. In current work and literature, there is a
three axiom based validation procedure, whechised for partial validation of a
proposed BN model. The three axioms to be satisfied are as f¢lonsset al,

2010)

1 Axiomii.
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A small increase or decrease in the prior subjective probabilities of each parent
node shoulaertainly result in the effect of a relative increase or decrease of the
posterior probabilities of the child node.

1 Axiomii.
Given the variation of subjective probability distributions of each parent node, its
influence magnitude to the child node shdoddkept consistent.

1 Axiomiiii.
The total influence magnitudes of the combination of the probability variations
from Axo0 attributes (evidence) on the

from t he osfg}unttributes. i x

3.6 Data Acquisition and Analysis Methods

3.6.1 Developing Relative Weights throughPairwise Comparison and

Analytical Hierarchy Process

The AHP approach is a structured technique for organising and analysing complex
decisions. It is based on the wa#fined mathematical structure ainsistent matrices

and their associated right eigenvectords
(Merkin, 1979)(Saaty, 1980)Also, it enables comparison of criteria or alternatives with
respect to a criterion in a nature of the paise comparison mode. Such a comparison

uses a fundamental scale of absolute numbers, for example, ragb@schihe scale is

as foll ows; Al i s equally i mpontogntid, ifE3
i mportant o, A9 is extremely importanto a
i mportanto. This fundament al scale has b
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preferences with respect to quantitative and qualitative attslj8taty, 1990)Saaty,

1994)

To find the relative weight of each criterion, an AHP approach containing -avisair
comparison matrix will be used. To conduct the page comparison matrix, at first, set

up € criteria in the row and column ofé&@ € matrix. Then, perform the pawise
comparison to all the criteria by applying a ratio scale assessment. The assessment scale
is shown inTable3-1 and each expert has to understandefore completing the pair

wise comparison. This table contains two parts which describe the numerical weighting
together with the explanation of each number. The first part is on the left hand side which
explains Al MPORTANTO, sthédedord partlofehe talblegwinich h a |

descri bes @ UNAhM& GIRIT 2006)Kou, et al, 2016)

Table3-1: Weighting sale for tle Pairwise ©mparison

IMPORTANT UNIMPORTANT
Numerical Numerical
Explanation Explanation
Weighting Weighting
Equally Equally
1 1
important important
A little A little
3 1/3
important unimportant
5 Important 1/5 Unimportant
Very
7 Very important 1/7
unimportant
Extremely Extremely
9 1/9
important unimportant
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Intermediate Intermediate
1/2, 1/4, 1/6,
2,4,6,8 important unimportant
1/8,
values values

The qualified judgements on pairs of attritaube andd are represented byia 1

matrix A as shown in EquationB1 (Koczkodaj & Szybowski, 2015)

%p @ 8 0]
. o p 8 ® .

0O L 8 8 8 8:: (3-11)
Lo Po 8 pu

where'@Q phchotB [ and eachd is the relative importance of attribuie to attribute

0 .

For a matrix of orden, ¢ & p 7¢ comparisons are required. According to Ahmed
et al. (2005), the weight vector indiczg the priority of each element in the paise
comparison matrix in terms of its overall contribution to tleeisionmaking process

(Tan & Promentilla, 2013)Such a weight value can be calculated usiggaion 312.

~

Q  phghofB ke (3-12)

v -B

wherew stands for the entry of roixand columrj in a comparison matrix of order

The weight valug obtained in the pawise comparison matrix are checked for
consistency purpose using a Consistency R@).(TheCRvalue is computed using the

following equationgSaaty, 1980)

8'Y & IX O (3-13)

50 —— (3-14)
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(3-15)

wheren equals the number of items being compared, stands for maximum weight
value of the& €& comparison matrixRl stands for average random ind&alfle 3-2)

andCl stands for consistency indéRonegan & Dodd, 1991(5aaty, 198Q)
Table3-2: Saaty's Random Index (Rlxes

Order of Matrix 2 3 4 5 6 7 8 9 10

Saaty's Cl ‘o 058 0.9 112 124 132 1 145 1.49

CRis designed in such a way that a value greater than 0.10 indicates an inconsistency in
pairwise comparison. IERis 0.10 or less, the consistency of the pase comparisons

is considered reasonalffgaaty, 198Q)

3.6.2 Developing Relative Weights through Incomplete Data

When constructing a BN the prior probabilities are required to be assigned locally to the
probability link, P(ParenfA)) Y P ( CB)), asda(conditional probability?(B|A:).

Wherei is the number of gssible states of the parent node and the child node. However,

it is not always a straightforward process to obtain the relevant data. In principle, the
majority of the data can be acquired through failure databases or experimentation.
However, designingral conducting experiments can prove difficult and historical data
does not always satisfy the scope of certain nodes and CPTs within a BN. Therefore, in
practice, it is necessary to rely on subjective probabilities provided by expert judgement
as an expresi on of an i ndividual 6s degree of
probabilities are based on informed guesses, it is possible for deviation to occur when the

data is expressed as precise numbers.
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As the process of creating PC questionnaires, distributing them and waiting for feedback
can be time consuming, this process to be amended by utilising hard data from risk
assegsent experimentation and historical data. This entails utilising hard data from the
parent nodes and sections of the child node CPT to create relative weights for the parent

nodes and apply those to the symmetric method algorithm.

B

Figure3-9: Sample BN representing 3 parents and 1 child
Figure3-9 demonstrates a sample BN with three parents and one child, with the notation

A, B, C & Drespectively. While it is not possible to accurately ob®(D|A, B, C)or

even P(D|A, B)through historical or experimental data. It is polesto obtain the
conditional probability of ever# give the individual parents. i.e?(D|A), P(D|B) and
P(D|C). These conditional probabilities can be used to develop normalised weights for

the parent nodes.

The individual local conditional probabibts of the parent to child can be distributed by
relative importance fothe associated child node, itke normalised weight. Hence, in
normal space and using the notation outlineBigure3-9, the probability oD being of
statefi Y e given that the probability oA being in statdi Y e is €gual tab , where®

is the relative importance of the parent néd@his is applied acrosdl the parent nodes

and is demonstrated by Equati816 (Riahi, 2010)
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where,0 & is the individual probability of A.

Therefore,

In normalised space, based on the influence of each parent node, the conditional
probability of a binary child nodeD" given each binary parent nod&, , where r= A,

B, ...,n., can be estimated as follows.

C2

C

0O W BB 0
é (3-17)

0O GUEE @B 0

Following from Eguations 316 and 317, it is possible to calculate the weights oé th

parents given the individual parent to child conditional probabiljikshi, 2010)
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3.6.3 Symmetric Method

The symmetric method provides an input algorithm which consists of a set of relative
weights that quantify the relativérengths of the influences of the pareides on the
child-node, and a set of probability distributions the number of which grows only linearly,
as opposed to exponentially, with the number of associated parees Yet the most
common method of gatheg the required data for the algorithm is to use expert
judgements. It is also possible to utilise the symmetric method with historic data and
experimentation. While it is very difficult or not possible to complete a large CPT in a

BN using hard data, isipossible to obtain key conditional probabilities for a node.

To outline the symmetric method let us consider the networkigare 3-9. In this
example, node D has different parental configurations, as there are three parents with
two states each (Yes and No). Hence the CPT will consistmbBability distributions.

The scale and scope of the CPT and node provides considerable difficulty when
attempting to gather data to complete the CPT. Even if one were to utilise expert
judgements to complete the CPT, it would demand a considerable amount of intensive
effort on the prt of the expert. An additional issue is that the CPT grows exponentially
given the number of parents and states. A CPT quantifying the dependempgar@mts

would demand Zistributions in order to be functional. It is this exponential growth with
the number of parents that constitutes the essential problem. This symmetry method

simplifies the problem of exponentially large CPTs.

For calculation of the CPT for the child
grows linearly as opposed to eqentially. i.e. with the network shown there ars 2

distributions linearly as opposed tbdeXponentially. If the states of the parents have one
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to-one capability correspondence (which is an equivalence relation) then the number of

0 Quest i on théCPT orghe chid nadg is reduddhs, 2008)

The parenhodes, A, B and C, in this instané®ve the same number of states= k»

=.... =kn, = k, where ki represents the number of states ofrfi@ode.
SupposeB = b! is compatible withA = a, for 1 Ot Ok.

B = b' is not compatible wittA = b° whenevert | s wheret ands are the sets daf

elements of the parents.

Let {comgB = b®)} denotethe Gompatible Parent Configuratiowhere parenB is in the

statey® and the rest of the parents are in states compatiBetb®
Therefore, using the symbol: "' to relat:
WEAd @O k ©OEad & k vféad o ko6 OB OB o

Consider the network shown Figure 3-9, Starting with parenA and interpreting the

compatible parent configurations as follonsequation 318 (Das, 2008)

WEad i k GEad i k GEad i k o i i i (3-18)
where the set contains two statgs. Yes, No

Hence the probability distribution over the child n@leill be:

0 Os®é ad i 00 GO ad i 00 G ad i (3-19
where the set contains two states.Yes, No

However, the CPT requires probability distributions for all possible parental

configurations compatible or not. This leads to the concept of relative weiglgs.
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relative weights are calculated utilising the individual parent to child conditional

probabilities(Das, 2008)
The Weighted Sum Algorithm

It is possible to apply the weighted sum algorithm as the following informationeleas

identified:

)] The relative weightsf the parent nodes, , ..., w, and,
i) Thek:t ... +kn probability distributions ovee v e D& of thie linear type, for

compatible parental configurations.

Given the information provided the following algorithmuised to produce an estimate
based information from historical data soura&stheky x ... x ka distribution for child

nodefiDo (Das, 2008)
0 ®s® ho h8 ho B 0V& wsbdEadh (3-20)
where:!l =0, 1, ..., mand§ =1, 2, ..., k

This weighted sum algorithm is applied tothé st r i but i on Doforer ch
compatible parental configurationighe algorithm utilises the weights determined by the

AHP method

3.7 DecisionMaking Formulation and Analysis Methodology

When developing a decisieanaking methodology it is important to clearly define the
domain that it is to represent. The attributes must be appropriately allocated, which careful
attention being paidtwhat each attribute shall represent and where they shall rank in the

evaluation hierarchy. The fundamental part of developing a coherent deuiaking
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method, with the ability to deliver coherent results, lies in its evaluation hierarchy and the
allocaion the belief degrees and weights. With this in mind, a decrs@king method

has been established to ascertain the most suitable WSN design for use in the asset
integrity monitoring of an offshore electrical generation system. To ensure a coherent
metlod was established knowledge was obtained through reviewing literature and

conversing with industrial expertkiu, et al, 2004)

There are a number of steps involved in the procedure for applying a deuneskimy
algorithmto a problem. Having a number of steps is key for maintaining consistency
throughout the process and offers and element of confidence to the final afhalysas
al., 2004) There are key elements that the procedure mustvolhese areutlined as

follows:

1. Establish the domain and definition.
This involves putting boundaries in place in order to prevent the process from
becoming too complexA finite number of wireless sensor nodesll be
established in key areas oetmachinery.

2. Identify the objective
This involves stating what results are to be expected to be achieved from the
problemsolving process. For this procedure and analysis, the goal is to determine
the most suitable WSN based upon a set of attributatedeto the design of a
WSN. Furthermore, the evidential reasoning approach shall be utilised for the
decisionmaking process.

3. Identify a set of attributes relative to the problem.
This involves filtering possible attributes that are relative todésription and

the objective. For this problem, the attributes were devised from literature studies
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based upon the key hardware attributes and criteria of a WSN. It is necessary to
keep the attributes to a sensible number at this stage to avoid overcebiwms
when applying the decisiemaking algorithm.

4. Develop the evaluation hierarchy.
Once the attributes have been established, a hierarchy must be determined n order
to coherently develop a solution to the problem. This hierarchy groups certain
attibutes under one general attribute. This allows for a smaller number of
attributes to be aggregated gradually to reduce the calculation complexity of the
decisionmaking algorithm.

5. Outline suitable evaluation grades.
This key for the process of data lgating for the decisiemaking algorithm. A
sensible set of evaluation grades was established to maintain consistency
throughout the problersolving process. In the enfive grades were selected in
order to accurately outline each WSNs suitability arastst with the qualitative
to quantitative assessment.

6. Obtain data develop the belief degrees and attribute weights.
The belief degrees are sought from expert judgement through the use of data
questionnaires. Initially the weights of the attributessasaimed to be normalised,
then weights determined from expert judgements through Pairwise Comparison
and AHP are to be applied to the deamsiaking process. The Pairwise
Comparison and AHP processes/b been outlined in section 3L6This allows
for agood degree of comparison when establishing the final results and WSN
performance rankings.

7. Attribute aggregation.
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Once the weights and beliefs of the basic attributes are determined the ER
algorithm can be applied to aggregate the attributes to determine the belief degrees
for the general attributes. Similarly, once the beliefs for the general attributes are
determine, they also can be aggregated to find the overall suitability belief degree
for each WSN. The data aggregation for both the basic attributes and general
attributes is conducted with both normalised weights and calculated weights.

8. Utility assessment ahranking.
Once the overall belief degrees of each WSN have been determined, then the
WSNs can be ranked in terms of their suitability for offshore applications. A
utility interval is determined for each WSN for both the normalised weights and
the calculaéd weights. These utility intervals are then ranked from greatest to
smallest. The WSN with the greatest value is the most suited for offshore
application.

9. Analyse the results.
Each of the proposed WSNs are to be ranked based upon their performthece in
decisionmaking analysis. The analysis includes the comparison of applying
normalised weights and calculated weights. This is useful to test conflicts on the
data and the potential accuracy of the belief degrees.

10. Sensitivity analysis.
A sensitivityanalysis is conducted to determine how responsive the output of the
analysis are to small variations in the input data. The sensitivity analysis provides
a degree of confidence that the ER algorithm has been applied correctly and has
functioned as intende

11.Validate the decisioimaking process.
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Validation is a key aspect to the methodology, as it provides a reasonable amount
of confidence to the results. In current literature, there is an axiom based validation
procedure, which is useful for partialliation of the process. The aggregation
process may not be rational or meaningful if it does not follow certain axioms.
The four axioms to be assessed are as fol[Masng & Xu, 2002)(Durnbachm,
2012)
1 Axiom 1(Independence)
A general attribute must not be assessed to an evaluation igradenone of
the basic attributes i are assessed k.. This means that i, i= 0 for i =
1, éhenbh=0(n = 1.,/kKé, N, n
1 Axiom 2(Consensus).
The general attributes should be precisely assessed to aHgrafall of the
basic attributes it are assessed ky. This means that b k=1 andbn,,i=0
andn = 1, | & thenbx=1andb,=0.
1 Axiom 3 (Completeness).
If all basic attributes i are completely assessed to a subset of evaluation
grades, then the general attributes should be completely assessed to the same
subset of grades.
1 Axiom 4 (Incompleteness).
If an assessment for any basic attributé isincompete, then the assessment

for the general attribute should be incomplete to a certain degree.
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3.7.1 Evidential Reasoning

3.7.1.1 Background

Numerous decisiomaking problems in management and engineering involve a several
attributes of both a qualitative and quantitative nature. A comprehensive decision cannot
be made with taking into account all attributes in question. It is the normal inguadli
qualitative attributes along with uncertain or incomplete information that causes
complexity in multiple attribute assessments. There has been an increase in the
development of theoretically sound methods and tools which deal with Multiple Attribute
Decision Analysis (MADA) problems in a coherent, rational, reliable and repeatable

manner(Yang & Xu, 2002)XChen, et al., 2013)

There has been considerable research conducted on integratingueshrom Artificial
Intelligence to Operational Research for handling uncertain information. From this line
of research, the Evidential Reasoning (ER) approach was developed for MADA. This
method of decisioimaking is based on an evaluation analysis rhadée the Dempster
Schafer (BS) theory of evidenc@he ER approach has been applied to decisiaking
problems in engineering, design and safety and risk assessmenpphersassessment.

For examplemotorcycle assessment, cargo ship deéyang & Xu, 2002)and marine
system safety analys{Ren,et al, 2005) The key componerdf the ER approach is an

ER algorithm developed around a muattribute evaluation framework or hierarchy and

the evzidence combination rule of-8 theory(Yang & Xu, 2002)Chen.et al, 2013)

This ER algorithm can be used to aggregate attribute in a multilevel structure, and a
rational aggregation process de¢o satisfy certain sedfvident rules, commonly referred
to as synthesis axioms. Suppose there are two levels of attributes with general attributes

at the top and several basic attributes at the bottom level. Each basic attribute can be
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assessed agairesgiven set of evaluation grades. An attribute may be assessed against an
individual or a subset of the evaluation grades, with different degrees of (ivelief &

Xu, 2002)(Yang,et al, 2003)(Zhang, et al., 2016)

In order to apply the ER algorithm, st of variables and hkierarchical structure of
general and basic attributes must first be definedvahables andhierarchical structure
arebasedhe definition and scope of the given probléfigure 3-10 shows an example
of a general attribute with 3 basic attributes, taken ftoenfull analysis presented in

Chapter 6.

Maintainability, z

Ease of Maintenancge

€

Auto-Configuration

€7

Figure3-10: Evaluationhierarchy example

3.7.1.2 The Evidential Reasomng Algorithm

Subjective judgements may be used to distinguish one alternative from another in terms
of qualitative attributes. For example, to evaluate the Maintainability of a WSN some
typi cal | udg e themaintsinabilayyfthe &/SN i©padverdageor good .

In this instance the ternp®or, averagandgooddenote clear, distinct evaluation grades.
However, in terms of applying evidential reasoning, three evaluations grades are not

sufficient. Therefore, five evaluation terms have been outlined,Kvittenoting then™
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evaluation gradé€Ren, et al, 2005)(Yang & Xu, 2002). This is demonstrated by

Equation 321
O 0€E£D 0EQUQQDI QHAI FONQ
"VEED O Qa®QE o (3-21)
Maintainability is no an easy attribute assess directly, so it is defined by three basic

attributes, as previously stated. It is possible to directly assess the basic attributes and

hence the general attribute.

In hierarchical assessment, higher level attributes are ads#sseigh lower level
attributes, i.e. if th&ase of Maintenance de Autc-Configuration () andcost (g) are

all deemed to bé\veragefor a WSN. Then theMaintainability (z)is deemed to be
average In evaluation of the qualitative attributes, uncertain judgments can be used. It is
important to note that in the analysis expert judgements are used for data collection and
analysis. In this instance, the assessmentahtainability (z)may be as fotdws (Yang

& Xu, 2002)

i. 50% sure thaEase of Maintenance dieis goodand 50% sure that it is
excellent.
ii.  20% sure that thAuto-configuration (e) is indifferent, averagandgood
and 40% sure that it excellent
ii.  20% sure thtathe Cost (&) is poor and averageand 60% sure that it is

good.

In the above assessment, the percentages are referred to as belief degrees, and sometime:
used in decimal format (0.2, 0.4, Ge€). It should also be noted that all assessment

grades sunio 1 for each attribute. This is key in the application of the ER algorithm and
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all beliefs in the future analysis shall sum to 1. It is possible to adapt the ER algorithm to
deal with incomplete belief degrees. However, that shall not be outlined fuftirer.
further reading purposes, Yang & Xu (2002) outlines an ER algorithm for incomplete

beliefs in great detail.

Continuing on, it is supposed that there is a simpleléwvel hierarchy, as outlined.
Suppose there atebasic attributes ( i = 1 sgsocdted with general attribute the

basic set of attbutes are defined yquation 322:

0O 0 Q0808 Q (3-22)
Suppose the weights of each attribute are given by Equaiin

] 1 1 871 87 (3-23)

where,¥i is the relative weight of thé" basic attributde) with 0 O¥; O1. The relative
weights play a vital role in the ER assessment. The relative weights may be estimated
using simple rating methods pairwise comparison methodki & Liao, 2007)(Ren,et

al., 2005)(Yang & Xu, 2002)

Suppose there ard evaluation grades defined collectively to provide a full set of

standards for the assessment of the attribute, as shoaquiagion 324:
O O 08 080 (3-24)

where,Hn is then™" evaluation grade and it is assumed tHat is preferred tdH,. The

given assessment fer( i = ah élterhajive can be represented by Equaidh:

3

YQ 01 f R pBR Q p H (3-25)

c:
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wherebniO ,B | ; pand denotes the belief degree of an attribute given a certain
evaluation grade. In other words, the attribeiie assess to the graHe with a degree of
belief ofbn,i, n = thdadseddment of an attriblB€g) is complete if the sum of the

belief degreesisequalto1,iB. T { p.

Let bn be the belief degree that the general attritniteassessed, to the grade the
problem is to generate, ( N = 1 by aggregathhy the assessments for all of the

associated basic attributei3 is where the ER algorithm is applied.

The ER algorithm can now be outlined. Inati be the probability mass representing the
degree to which thé" basic attributeg, supports the hypothesis that the attritwite
assessed to the™ grade,H.. Smilarly, let my,i be the remaining probability mass
unassigned to any individual grade after all grades have been considered for the
assessment of the general attrib{itie& Liao, 2007) (Yang & Xu, 2002)(Chen,et al,

2013) In terms of the basic attributess, the probability mass is calculated by Equation

3-26:

arp 1T 5 & pBH (3-26)

(3-27)

Q
=
o

o8]

Q-
5¢
o
—1

o8]
¢

Also, Eijy must be defined as the subset ofithasic attributes, as given byjiation 3

28:

0 0 Q8 Q (3-28)

Let mn, i) be the probability mass defined as the degree to whidha#tilibutes inEj)

support the hypothesis thais assessed to the grade Similarly, my, i) is the remaining
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probability mass which is unassigned to individual grades after all of the basic attributes
in Eij have been assessed. The tenmg) andmy, i) can be determined by combining
the basic probability masses, j andmy, j for all values oin = 1 , e, N(L& =1,

Liao, 2007)(Yang & Xu, 2002)Chen,etal., 2013)

Given the definitions and terms outlined in the above paragraphs the ER algorithm can

be demonstrates by Equatiols29), (3-30) and (331):

O f Gr aF G5 C e

a q ) a5 A g ¢ pBH (3-29)
a g 0 a 5 a p (3-30)

~ 11

0 ¥0) anp Gp -

11 )

u ¥y
Q pBH p (3-31)
where 0 is a normalising factor so thBt & a g p. Itis
important to note that a pforn =1 é anddN j a 5. Continually, the

basic attributes are numbered subjectively, meaning that the resuitsyin and
G i are not the dependent on the order that the basic attributes are aggfieigéted

Liao, 2007)(Yang & Xu, 2002)

Furthermore, in the ER algorithm, the combined belief defgreaust be found in order

to finalise the decisionmaking process. This is calculated throgjuation 332:
i — " R & PR QB

rp B T (3-32)
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where,by is the belief degree that is unassigned to any individual evaluation grade after
all of the basic attributes have been properly assessed. It shows a degree of

incompletenss in the assessmdhitu, et al, 2004)

Finally, the attributes must be ranked based upon their aggregated belief degrees from the
ER algorithm. This can be done through utility assessment. Suppose the utility of an
evaluation grade Hn, is denoted byi(Hn). The utility of the evaluation grade must be
determined beforehand, witl{H1) = 0 andu(Hs)=1 assuming there are five evaluation
gradeg(Yang, 2001) If there is not preference information available then the values of

u(Hn) can be assumed to be equidistant, as shovwighbwtion 333:

~

60 60 MO MWMWO WHO WWWO p (333

The estimated utility for the general and baattributes,S(z(€), given the set of

evaluation grades is given Bguation 334:

0 Y4 Q B 001 Q (3-34)

In Equation 334 the ternf  Q determines the lower bound of the likelihood thas
assessed to a gradhk. the uppebound is given by Q I Q. This is given the
assumption that there is an incomplete belief degree. In the eveBt that pthen
this is the utility estimation and a rank for each attribute can be deter(Yiaed, 2001)

A numerical assessment and exangblall be conducted iGhapter 6

3.8 Conclusion

A frameworkand methodology for the Assettégrity Case has been proposed to assist
with the initial development and decision making. A generic risk bas@defvork has

been used as the basis the majority of the Asseitégrity Case development focuses on
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dynamic risk assessment. Hence it makes sense to primarily base the framework for
development from a risk based framework. There are a number of congpuostéirt the
framework, split into three key areas. These three areas involgedpe andamain of

the risk assessment, the dynamiskrassessment itself and the addition of remote
monitoring and sensind@ he framework is designed so that it can beleysul to several
offshore areas to further develop the Asset Integrity Case. This framework should be

viewed as part of a process of continuous improvement.

Two key research methodologies are outlined; i) a BN formulation methodology which

is applied in Chpters 4 and 5, and ii) a decisioraking methodology which is applied

in Chapter 6. Furthermore, the research techniques used throughout Chapters 4, 5 and 6
have been outlined to avoid continuous and unnecessary repletion within the thesis. All
techniquesare outlined in Chapter 3 and are applied to numerical analyses across

Chapters 4, 5 and 6.
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CHAPTER 4:
INITIAL BAYESIAN NETWORK MODELLING OF A
SINGLE COMPONENT FAILURE IN AN OFFSHORE

ELECTRICAL POWER GENERATOR

Summary

In this chapter, the proposdghyesian Networknethodolgy, outlined in Gapter 3, is
demonstrated bgpplying it to a case study. The study undertakes the evaluation of the
effects a rotor retaining ring failure has on an offshore electrical generation unit and key

surrounding systes) within a module of a fixed steel offshore platform in the North Sea.

4.1 Introduction

The Thistle Alpha Platform, located in the North Sea, has three gas turbine driven
electrical generators, (termed Unit A, Unit B & Unit C), each of which is capable of
providing 100% of the platform power requirements. The platform is currently part of the
Thistle Late Life Extension (LLX) strategy, which aims to recover over 35 million barrels
of oil through to 2025 from the Thistle and Deveron oil fields. In ordethf®mplatform

to be operable to 2025 and beyond, the LLX strategy incorporates a series of major
initiatives to improve structural and topside integrity, upgrade safety and control systems,
improve the oil production and water treatment process and pnalidele power. This
provides an ideal scenario to identify possible areas of failure and what possible

consequences could ocq@resswell, 2010)
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During the initial part of the LLX strategy, in 2009, the Unit A generator wealonger

in operation due to a fire which occurred in 2007 and Unit C was providing all of the
power as Unit B was under refurbishment. The alternator on each generator has two rotor
retaining rings which ensure that the rotor windings, insulation arkirgablocks are
contained as they rotate at the operational speed of 3600 rpm. These rings are considered
to be the most highly stressed components in the generator unit. There was a concern on
the Thistle Alpha platform of the possibility of one or boththe rings failing due to

stress corrosion cracking. This provided a sound basis with which to begin constructing
an initial BN to show the cause and effect relationships on failure potentially has on the

surrounding equipment and systems.

4.2 Location of Equipment

The potential damage scenarios from the failure of the retaining rings shall be assessed
for the Unit B generator as it is contained within module 2 of the platform, which has
significant hydrocarbon inventories adjacent to either side of the moasiishown by
Figure4-1. Hence the potential for damage to key hydrocarbon systems is present and
provides an ideal position to model the cause #iedtaelationship of the retaining ring
failure across various systems. Unit C on the other hand is located in module 21 (see
Figure 4-2) with no hydocarbon inventories adjacent or directly below (module 5 is
redundant), and therefore the potential major events regarding hydrocarbon release is not
considered for this ared&igure 4-3 shows the north elevation of the platform and
locations of Units B and C for completeneBgyure4-1, Figure4-2 andFigure4-3 are

adapted from the plot plans for the Thistle Alpha platform in Adpek.
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Figure4-1: Plan view of thedcationof generator Unit B (adapteédom Appendix B
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Figure4-3: North elevation of Tistle Alpha (adapted froppendix B

4.3 Damage Scenarios

The turbine generator set consists of a primary alternator, driven by a gas turbine. Located
after the alternator is an exciter, which generates the electromagnetic field in the stator
coils of the alternator. The alternator rotor and shaft are forgedarpmce with the
exciter coupled onto one end. The opposite end of the shaft is coupled to the turbine drive
shaft, which has an operating speed of 3600 rpm. The main shaft is supported by two
main bearings, housed in large pedestals, on stools on thgldias The main bearings

are situated in two places, between the turbine and the alternator and between the

Turbine Alternator Exciter

Stator

Compressor Blades ) Casing
Turbine Blades

Rotor

Baseplate Bearings Retaining Rings

Figure4-4: Schematic of a generatoniti
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alternator and the exciteFigure 4-4 shows the generic layout of the generator set

(McGeorge, 2002)

Should one of the retaining rings fail, the main shaft would become unbalanced causing
potential fragmentation of the rings inside the alternator. Given the exteemetr anc e s
within the generator construction, the unbalanced shaft could also cause damage to other
areas of the equipment, such as: the turbine blades and the exciter. Should the retaining
ring fail within the alternator casing, and fragment, debris wbeldreated within the

casing. Furthermore with the machine operating at 3600rpm, an out of balance shaft
would cause substantial vibrations, which could cause the main bearings to fail. Should
the bearings fail, causing the shaft to become misaligneeyutd result in increased

damage to the turbine, alternator and ex¢RMRI Plc., 2009)

From this the most likely point of failure within the turbine is the turbine blades shearing.
Multiple blade failure could lead to the turbine casing not fully containing the turbine
blade debris. This would result in turbine blades being expelled thtbeglrbine casing

as high velocity projectiles. Continually, the violent shaft vibrations and misalignment
could have a severe impact on the exciter and which may result in the exciter, weighing
approximately one tonne, becoming detached from the mafh Swme catastrophic
failures have resulted in the exciter breaking up and some have had the exciter remain
mostly intact(RMRI Plc., 2009) Should the bearings not fail, the alternator stator coils

& casing, can provide enolgesistance and are substantial enough to prevent the debris
from the retaining ring penetrating the alternator casing. However, it is possible for the
fragments to be expelled axially towards either the turbine or the excibatio(U.S.

Nuclear Regulatory Commission, 2008)
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4.3.1 Physical Consequences

In the event of one or two rotor retaining ring failures, significant damage could occur
within the alternator casing and fragments of the retaining ring could be expelled axially.
Should the ring debris be expelled, it is assumed that it will travel in two possible direction;
i) towards the turbine or ii) towards the exciter and out of the casing. Should the debris
travel to the turbine there is potential for the fragments to ibthaduel gas line within

the turbine. This then provides the escalation to a fire (given the location of the potential
release, ignition is assumed). Should the debris travel out of the casing towards the exciter,
it is considered by RMRI. Plc (2009) thahile the axial velocity may be considerable, it

is likely to be lower than the radial velocity that the debris would be expelled at were the
casing and stator not there. Therefore, while it is possible for the ring debris to penetrate
the casing, they auld not have the required velocity to penetrate the module walls or
deck. From this it is deemed that if retaining ring failure does not cause a bearing failure,
then the consequence of the event is likely to be limited to the damages caused by the

retairing ring (U.S. Nuclear Regulatory Commission, 2008)

However, should the main bearing fail, the potential consequences become much more
severe. It has been stated(BMRI Plc., 2009}that the sigrficant damage caused by the
bearing failure can potentially produce high velocity projectiles from the turbine blades
being expelled and/or the exciter becoming detached. In these events, there is potential

for the projectiles to impact the hydrocarbonteamment around generator Unit B
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4.3.2 Areas of Escalation.

4.3.2.1 Escalation due to Turbine Blades

Based upon research conducted by the FAA (US Federal Aviation Agency) and RMRI
Plc., there is a possibility of the gas turbine blades being expelled radially, thheugh t
casing as high velocity projectiles. However, it is considered not to be feasible for the
projectiles to have enough energy to penetrate the module walls, nor will it be possible
for the projectiles to penetrate the module decking/floor as the tudr@esounted on a

substantial steel baseplgtaindin, 2002 RMRI Plc., 2009)

On the other hand, should the turbine blades be expelled axially out of the generator, there
is potential for theblades to impact the gas import riser located in module 5a. It is
important to note that should Loss of Containment (LOC) occur, due to the impact from
projectiles, ignition is not assumed for the initial model. The escalation to gas riser loss
of containnent is taken as either Small (10mm Diameter), Medium (50mm Diameter),

Full-bore and No LOGMeherHomji & Gabriles, 1998)

4.3.2.2 Escalation due Exciter

As stated in section.d, should the main bearings fall, it is considered that toées

may become detached from the main rotor shaft and be expelled radially as a projectile.
Should the exciter remain largely intact, the weight of the exciter coupled with the
generator housing would prevent it from exiting the confines of the maddaleever,

should the exciter fragment, the debris could be projected in several directions, but
according to RMRI Plc. (2009), the likelihood of both the generator housing and the

module wall being penetrated is reduced.
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Based upon the layout of the modsjl¢he location of the equipment and engineering
judgement, it is considered possible for the exciter to impaéttititePressureH{P) Flare

drum contained in module 2a, should the exciter become detached and be expelled from
the housing. As stated in tirestance with the gas import riser, ignition is not assumed in

the event of LOC from the HP flare drum.

4.4 Possible Sequence of Events

Based upon thenformation stated in Sections 4.2 and 4 Bossible sequence of events

is outlined to demonstrate the iaitvariables identified, as shown Bigure4-5.

As shown inFigure4-5 if the retaining ring fails, there is a possibility that this will have
an effect on the bearings, and potentially cause a failure with the bearings. This can result
in one of two scenarios, violent shaft vibrations could beezhos only the bearing fail

and shaft vibrations do no occur.

If violent vibrations do not occur, attention is drawn to the fragments of the failed
retaining ring. These fragments potentially become projectiles within the alternator and
are expelled in tlee possible direction; towards the gas turbine, towards the exciter or
remaining in the alternator. Should the fragments of the ring fragments not become
projectiles and remain within the alternator, this would provide no further escalation in
terms progession of the fragments within the generator. However, should the fragments
be expelled, they are assumed to move axially either to the turbine or towards the exciter.
Should the fragments project towards the exciter they can potentially leave theagenerat
unit but have no further impact on the surrounding equipment due to their low velocity
(MeherHomji & Gabriles, 1998)In the event that the fragments are expelled toward the

turbine, they have the potential to impact the turbié s f u el gas | ine.
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escalate to a fuel gas fire, as the conditions within the turbine are sufficient to ignite the

gas, should a leak from the impact oc@RMRI Plc., 2009)

On the other hand, should violenbrations occur following a bearing failure, attention

is drawn to the possibility of turbine blades being expelled as projectiles or the exciter
detaching from the shaft. If the turbine blades are not expelled and/or the exciter does not
detach, that it isleemed that a major event has occurred regarding the failure of the
bearing but the situation doesndt have er
that the turbine blades become projectiles, they have the potential to cause escalation in
the form of possibly impacting a gas import riser located in module 5a. This event can
cause escalation to the failure of the gas import riser, or should the gas riser not be
impacted, a major event is deemed to occur without further escalation. Similarlig shou
the exciter become detached and become a projectile in any way, it is deemed to have the
potential to impact thédP gas knockout flare drum. This event has the potential to
escalate to failure of the HP gas flare drum, yet should the gas flare drbmimgtacted,

the situation is again deemed to be a major event without further escalation.

The sequence of events shownFRigure 4-5 are to form thebasis of the BN by
representing the possible variables outlined in step 3 oBthemethodology The
sequence of events diagram is created by analysing the situations highlighted in the

potential damage scenarios and the possible physical consequences.
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Figure4-5: Possible sequence ofants following aRetaining Ring failure withitunit B
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4.5 The Initial BN Model

4.5.1 Assumptions and Limitations

There are some underlying assumptions within the model that must be explained for the

model tovalid and understood:

1 The model has been built for the situation where the offshore platform contains
no crew and hence does not consfdalities,i.e. human injury and deatfhere
are two key reasons for this; the first is that the BN model is torban NUI
(Normally Unattended Installation) Integrity Case, where humans are not present
on the platform for large periods of time, and are monitored from other platforms
or onshore. Secondly, the BN is part of the development of an Integrity Case
which shall focus on maintaining the integrity of the equipment as a priority, as
well as the effects of incidents on the environment. Hence fatalities are not part of
the initial model.

1 The model is only an initial model in the development of a-hitdgrity Case.
Its purpose is to demonstrate that the cause and effect relationships between
offshore failure modes, systems and components can be modelled effectively
using the methodology stated@tapter 3

1 There are many component failures that can have ast efiehe outcomes of the
stated events, however, the BN model presented is an initial model. Hence, the
cause and effects of one component failure are analysed, to show that the model
is valid before expansion to other related component failures.

T For IhF@Gas Feed | mpact & Failureo bei

assumed due to the nature of the environment where the fuel release is located. In
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other words, the temperature within the turbine, during normal operations, is
sufficient enough to ignitany fuel released from the fuel gas line.

T I'n contrast it is assumed that if fAGas
| mpact & Failureo are of the state AY
area where the leaks would be located. This &depmodel from becoming too

complicated by adding possible ignition sources to the analysis.

4 5.2 Nodes and Structure

The initial model is demonstrated KFigure 4-6 and is designed around the variable
identified in the sequence of events showRigure4-5, and is to represent the cause and
effect ofone initial component failure has on systems within the stated domain. The Initial
BN model is not a direct representation of the sequence of events in terms of the section
of the model where possible debris is expelled. Within the sequence of eveatiebtls

is not expelled initially, it is assumed to remain in the alternator, yet if debris expelled, it
is assumed to travel towards the exciter. Similarly, should the debris not be expelled to
the exciter, it is assumed to be expelled towards the wiridithile this is all possible, it

is more realistic to assume that if the debris is created from the retaining ring failure, it
has the potential travel to the turbine and the exciter in the same instance. However, it is
possible for debris to be expelladthe exciter and not to the gas turbine, whereby some
debris would remain in the alternator. The way in which the BN model is created ensures

thatit contains all relevant possible outcomes.
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Figure4-6: Initial BN Model representing Retaining Rifgjlure within an offshore gnerator.

In this case the analysis is conducted within module 2 of the Thistle Alpha Platform. The
initial model is made up of seventeen chance nodes labelled 1 to 10 and ETt® E7.
latter nodes represent the possible events that can result from the initial mechanical failure.

All nodes have two states except for event node E6 which has four. The nodes are

describedn the following paragraphs.

Initiating Circumstance.

1. RetainingRing [States: Failure, No Failurg]This is a root node or parentless chance
node which represents the initiating, observed component failure. The data within the

node represents the frequency of either of the two retaining rings contained within the

alternator failing.

Intermediate Events.
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. Debris Expelled [States Yes, NO]This chance node represents the probability of
debris being created from fragments of the retaining ring and being expelled. Its
conditional probabilities are set based upon the stditiés parent node 1.

. Debris Expelled into Turbine [States: Yes, NoJhis chance node represents the
probability of the retaining ring debris being expelled towards the turbine. Its
conditional probabilities are based upon the states of its paren2node

. Debris Expelled towards Exciter [States: Yes, Ndhis chance node represents the
probability of the debris created by the retaining ring being expelled towards the
exciter. Its conditional probabilities are based upon the sates of its parent node 2.
Fuel Gas Feed Impact [States: Yes, Nolhis node describes whether the debris
from the retaining ring impacts the fuel gas feed within the gas turbine. Its conditional
probabilities are based upon the states of its parent node 3.

. Generator Bearings [States: Failure, No Failiirdhis chance node represents the
generator bearings failing or not failing. The conditional probabilities of this node are
based upon the states of its parent node 1.

. Turbine Blads Expelled [States: Yesi0] i This chance node represents turbine
blades being expelled axially out of the turbine casing, due to the generator bearings
failing and causing violent vibrations. Its conditional probabilities are based upon the
states of its parent node 6.

. Exciter Detaches [States: Yes, nb[This chance node represents the exciter being
detached and acting as a projectile due to the generator bearings failing causing
violent vibrations. Its conditional probabilities are based on the states of its parent

node 6.
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9. Gasimport Riser Impact [States: Yes, No[This chance node represents the gas
import riser being impacted due to turbine blades being expelled. Its conditional
probabilities are based upon the states of its parent node 7.

10.HP Flare Drum Impact [States: YespN This chance node represgettie HP flare
drum being impacted due to the exciter detaching and acting as a projectile. Its

conditional probabilities are based upon the states of its parent node 8.

Final Events.

E1.Debris contained in Alternator [Statese®, No]i This chance node represents the
debris being contained within the alternator following debris being expelled and
debris not being expelled into the turbine and/or towards the exciter. Its conditional
probabilities are based upon the states gfatent nodes, 2, 3 and 4.

E2.Debris Escapes Generator Housing [States: Yesj Ndiis chance node represents
the retaining ring debris leaving the generator unit following its expulsion towards the
exciter. Its conditional probabilities are based upon tides of its parent node 4.

E3.Fuel Gas Fire [States: Yes, NoT his chance node represents a fuel gas fire occurring
within the turbine following the retaining ring fragments impacting the fuel gas line
within the gas turbine. Its conditional probabilitee based upon the states of its
parent node 5.

E4.Debris Remains in Turbine Housing [States: Yes, INOhis chance node represents
the retaining ring debris remaining within the gas turbine in the event that there is not
a fuel gas feed impact. Its condia probabilities are based upon the states of its
parent node 5.

E5.Event Escalation [States: No, Yéds[rhis chance node represents the probability of

there being no further escalation to
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LOCO. | t s c abiities ateibased aipon therstatbs of its parent nodes 7, 8,
9, and 10.

E6.Gas Import Riser Loss of Containment [States: Small (10mm Dia.), Medium (50mm
Dia.), Fultbore, None] This chance node describes key loss of containment levels
in terms of the sizef the hole in the gas import riser, from impact by turbine blade
projectiles. Its conditional probabilities are based upon the states of its parent node 9.

E7.H.P. Flare Drum Loss of Containment [States: Yes,iNidjis chance node represents
escalation tohe release from the high pressure flare knockout drum, located in
module 2a (sedrigure 4-1), following impact from the detached exciter. Its

conditioral probabilities are based upon the states of its parent node 10.

4.6 Data for the Initial BN Model

It is important to note that the numerical results of the model are not significant in terms
of being absolute, but rather to serve to demonstrate the praddiazftihe model. Once
a full set of verified data is fed into the model, the confidence level associated with

planning and decision making under uncertainty will improve.

Data for the initial model was compiled from various sources and is by no midlys a
complete representative of each possible variable. Some problems were encountered in
terms of data being scarce or rexistent, data being based on small samples or data
based within a given time and not up to date, such as: failures for compoo&nsng
between 1991 and 2004. It has been previously mentioned that the initial BN model
presented here is purely to demonstrate a valuable method of modelling cause and effect
relationships of components and systems based upon one specific init@bremorm

failure or no failure. Work involving improving deficiencies in data and the accuracy of
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the model can be dealt with in later research. Data and information that is fed into the BN
model in the form of marginal and conditional probabilities hasraigd mostly from
risk assessment projects conducted for the Thistle Alpha Platform, academic papers, risk

assessment databases and expert judgement.

To complete the CPTs within a BN, certain data and knowledge is required regarding
each specific node of some nodes data is limited or not available. For cases where there
is an absence of hard data, CPTs must be completed through subjective reasoning or the

application of expert judgement. This process can be demonstrated by looking at the node

AEvenal aBsicono. Thi s node represents t he
component failures. The parents of this
Detachesodo, Gas I mport Riser Piping | mpact

to put togethean appropriate estimate, experts must judge the situation and provide their
opinions. This data acquisition can be either qualitative or quantitative in nature. However,
the child node AEvent Escalationodo hys a
fill with their own judgements and opinions. Therefore, an effective way to gather
information, to fill these large CPTs, from experts is to apply the use of a Pairwise
Comparison technique in questionnaires and make usd¢iBfto analyse the results,
combined with the symmetric methadgorithm to fill the large CP3 (Zhang, et al,

2014)

The AHP will produce a weighting for each paireriterion in the Pairwise @nparison
matrix. These weighting are applied to fyenmetric method whicis utilised to fill large
CPTs. The symmetric method provides an input algorithm which consists of a set of
relative weights that quantify the relative strengths of the influences of the-padad

on the childnode, and a set of@bability distributions the number of which grows only
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linearly, as opposed to exponentially, with the number of associated-pada¥Lin &

Kou, 2015)(Saaty, 198Q)

Table4-1 summarises the origins of the data for each node in the initial BN model. There
were several sources of literature and it is not practical to list them all. For exaioqbé

1 was determined from historical data sources, sucliUaS. Nuclear Regulatory
Commission, 2008nd(Sherlock & Jirinec, 1993Wwhilst, in comparison, data for node

9 is from(Atkins, 2008)and(RMRI Plc., 2009)

Table4-1 also contains the number of states for each node and the number of permutations
to demonstrate an idea of how data had to be brdo&em before being insed into the
corresponding CPTSince the purpose of this study is to produce a functional BN model
data collection for the Initial BN model was halted at this point. However, further in depth

data acquisition and analysis is to be conducted once the model is exjpa@Gtagter 5
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Table4-1: Details of each nodand theirdataorigins

Permutations
Node Node Name States  Parents Data Sources
in CPT

1 Retaining Ring Failure 2 0 2 Literature (HD)

2 Debris Expelled 2 1 4 Literature (DB & RAP®)
Debris Expelled into

3 2 1 4 Literature (DB & RAP3)
Turbine
Debris Expelled towards

4 2 1 4 Literature (DB & RAP?)
Exciter

5 Fuel Gas Feed Impact 2 1 4 Literature (DB & RAPS)

6 Generator Bearings 2 1 4 Literature (DB & RAPS)

7 TurbineBlades Expelled 2 1 4 Literature (DB & RAP?)

8 Exciter Detaches 2 1 4 Literature (DB & RAP?)
Gas Import Riser Piping

9 2 1 4 Literature (DB & RAP?)
Impact

10  HP Flare Drum Shell Impac: 2 1 4 Literature (DB & RAPS)
Debris Contained in

El 2 3 16 Literature (DB & RAP?)
Alternator
Debris Escapes Generator

E2 2 1 4 Literature (DB & RAP?)
Housing

E3  Fuel Gas Fire 2 1 4 Literature (DB & RAP3)
Debris Remains in Turbine

E4 2 1 4 Expert Opinion
Housing

E5  Event Escalation 2 4 32 Expert Opinion

E6  Gaslmport Riser LOC 4 1 4 Literature (RAP)

E7  HP Flare Drum LOC 2 1 4 Literature (HD & RAP)

Historical Data (HD)?Databases (Db)such:88REDA, HSE, OGP3Risk Assessment Projects (RAP) fo

Thistle
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4.6.1 Application of Pairwise Comparison Technique and AHP

In order to obtain datior nodesin the BNwhere historical data is not availapgepair

wise comparison technique was utilised in the form of questionnaigesgherdata from

experts in the offshore industry. Pairwise comparison is required as tbdsezgnnot

simply analyse the individual nodes and provide their judgements. A specific criterion is
required in order for the experts to understand the situation and provide the relevant
information. Furthermore, the BN contains some nodes which anengioment level and

some nodes which are at system level. Forexaripleur bi ne Bl ades Exp
a specific component, whereas fAGas | mpor
system. The pairwise comparison provides a hierarchy for coropais® the experts can

see the breakdown of the situation and compare areas that are system related and those
that are omponent related (see Appendifor the data collection questionnaifgjn &

Kou, 2015) Similarly, the Pairwise Comparison and AHP techniques are outlined in

Chapter 3.

A set of questionnairewas sent to selected experts in the offshore industry for their
evaluation. The feedback is investigated according to their judgements on tha criteri
under discussion. The back grounds of the five experts, who shall remain anonymous, is

as follows:

Expert 1is a current member @fnational regulatory organisatiavith over 20 years of

experience in the offshore industry. This person current holdsobé engineer status.

Expert 2is currently in the employment af leading classification socieand holds a
university qualification at the MSc. Level. This person has 8 years of experience at sea

and more than 5 years as an offshore safety manager.
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Expert 3is currently in the employment af leading classification socieand holds a
university degree at PhD | evel. This pe

working in the offshore industry.

Experts 4 and 5are both currently colleagues in themmoyment ofa multinational
energy corporatioandhave university degrees to M8svel. Both also have more than

10 yearsd experience in the offshore indi

Referring to the system level criteria in part A of the questionnaire as an example of the
AHP method, a 3x3 pairwise comparison matrix is constructed to obtain the weights of
these criteria.Table 4-3 is a Pairwise @mparison matrix expressingpe qualified
judgement with regard to the relative priority of GIR, HPD and EG. An explanation of

the abbreviations is given fable4-2.

Table4-2: Criteria required for comparison at systewdl

System Failures

Electrical Generatofailure EG
Gas Import Riserdilure GIR
High Pressure gas flareriimfailure HPD

Table4-3: Pairwise Comparison matrix for system levéteria

GIR HPD EG
GIR 1 3.4 6.33
HPD 0.29 1 5
EG 0.16 0.20 1
SUM 1.45 4.61 12.26
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A standardised matrix is calculated to show the performance ratio of the system level
criteria. This is done by dividing the importance rating in each cell by the sum of its
column. From here the relative weights of the criteria can be calculated byiageteg

rows in the standardised matrix. A measure to know if the data is performing correctly is
that all of the columns in the standardised matrix must sum to 1.0. The standardised matrix
with calculated relative weights for the system level criters@vn inTable4-4. These

step by step calillations as a whole represermjuation3-12.

Table4-4: Stardardised matrix of systenmiteria dong with their relative wights

Weight
GIR 0.69 0.74 0.52 64.88%
HPD 0.20 0.22 0.40 27.31%
EG 0.11 0.04 0.08 7.81%
SUM 1 1 1 100.00%

The next phase of AHP is the consistency ratio calculation. Each value in the columns of
Table4-3 is multiplied by the weight value of each criterionTable4-4. For example

each value in the colunfdIR of Table4-3 is multiplied by the wight of theGIR row in
Table4-4. Once these figures have bexahculated, they are to be summarised by row, as
shown inTable4-5. A Sum Weight is then calculated by dividing the summarised row of
Table 4-5 by the corresponding weight ifable4-4. Forexamp | € 0 SuGIRiRo w0

divided by the weight in ro&IR in Table4-4. The full results are shown rable4-5.
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Table4-5: Theproduct of the Pairwise Comparison matrix values and the calculated weights(s 2 4). Along

with the sim of eaclrow and the sum weight of eacthiteria.

Sum Row  Sum Weight

GIR 0.65 0.93 0.50 2.07 3.20
HPD 0.19 0.27 0.38 0.85 3.10
EG 0.10 0.06 0.08 0.24 3.02

Theamaxv al ue i's then calcul ated by o6dibwi diheg n
of criteria,n in the PairwiseComparison, which in this case isThis calculation utilises

Equation 315. Hence amaxis calculated as:

o8t
: o8 o < o p

o

Next the Cl is computed usingjiation3-14, as follows:

o}
50 PP 0
o p

T8t L
Subsequently the consisten@tio (CR) is calculated usingglation3-13. There are 3
criteria in this pairwise comparison under evaluation, so the corresponding Random Index

(RI) is 0.58, as shown iimable 3-2. The CR ofthe system level criteria can now be

calculated as follows:

oY

T8t v B
T®

The CR value of the system level criteria is 0.09. This means that the degree of

consistency within the pairwise comparison is acceptable as the CR value is less than 0.10.
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Similar calculations were conducted for the other criteria in the pairwise comparison with
one other CR being calculated as 0.00. This again is acceptable as it is less than 0.10. The
full pairwise comparison and AHRsults are shown in Append& CR calcuations are

not possible for matrices of less than 2x2 as the Saaty RI values for 2x2 matrices is zero.

4.6.2 Application of Symmetric Method

To outline the symmetry methauitlined in Chapter ,3et us consider part of the initial

BN model consisting of nodes &, 9, 10 and E5. as shownFkigure4-7.

Also, for ease of explanatiomable4-6 shows a simple notation for each parent node.

8. Bxciter
Oetaches

T. Turbine Blades
Ezpellad

4. Gas Import
Rizer Piping
Impact

10. H.P. Flare
Orum Shell
Impact

E5. Event
E=calation

Figure4-7: Small BN taken from thanitial BN model

Table4-6: Notation for parentaedes in Figure £

Parent Nodes (from left to right in figure 4-2) Notation
Gas Import Riser Piping Impact w
Turbine Blades Expelled X
Exciter Detaches Y
HP flare Drum Shell Impact z

In this example the child node E5 hdsdi#fferent parental configurations, as there are

four parents each with two states (Yes &m). Hence, the CPT will consist of* 2
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probability distributions. This large number of distributions demands a considerable
amount of intensive effort on the part of an expert to generate the CPT. The vexing part
is that it is not just large but exponetitidarge. A CPT quantifying the dependency on

n parents would demand' @istributions in order to be functional. It is this exponential
growth with the number of parents that constituteefsential problem. This symmetric

method simplifies the plidem of exponentially large CRT

For calculation of the CPT for thehild Node (Event E5), assume that the number of
distributions grows linearly as opposed to exponentially. i.e. with the network shown
there are 2x4 distributions linearly as opposed“ex@onentially. If the states of the
parents have or®-one capability correspondence (which is an equivalence relation)
then the number of O6éQuestionsd re@asrding
2008) The symmetric méiod demonstrated i@hapter 3 is utilised to complete the CPT

and so the theory is altered to accommodate four parent nodes instead of three. Hence the

compatible parent configuration for is demonstrated by Equatibn 4
WEAR ® Kk 0éd®d U Kk o&and o k ofdad) a k
w 0 M o o a (4-1)
Consider the network shown kigure4-7 where the 24 linear probability distribution

has been assigned. Starting with par@ntand interpreting the compatible parent

configurations as follows in equatiorR24Das, 2008)
wéa® | k ©GEad i k ©GEad i k
WEAa® i k o ihd ihd (R i 4-2)

where the set contains two states.Yes, No
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Hence the probability distribution over the child naewill be:
0 QUswé a® i 0 Qs®é A
0L G aR i 0 wéa® i (4-3)
where the set contains two &s$ = Yes, No

Given the network ifFigure4-7 it is possible to assign the relative weighs, (..., w),
demonstrated ifable 4-4 and AppendixG, to the parent®, X, Y, Zrespectively, to

quantify the relative strengths of their influences on child risfsle

The weights are positive and ©hfonidld.., be

n,andws+ ... +wp= 1.
The Weighted Sum Algorithm
If all the information that the expert is willing to give is:

The relative weightss , ... , wi, and,
The k+ ... +k probability distributions oveES5, of the linear type, for compatible

parental configurations.

Given the information provided the following algorithm is used to produce an estimate,
based upon expert judgements, of ke ... X kn distribution for child nodee5 (Das,

2008)

0 wshd ho h8Fd B 08 0sbéadp (4-4)

where:l=0, 1, .., mand§=1, 2, ..., k
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This weighted sum algorithm is applied to thstribution ovelE5for compatible parental
configurdions. Table4-7 shows the compatible distributions over child nétfe with

data obtained from expert judgement throughpise comparison and AHP.

Table4-7: Distribution over E5 for compatible parentahdigurations {CompgW = s)}

Probability Distribution over E5 s=Yes s=No

P(E5 = Yes{Comp(W = s)}) 0.23 0.77

P(E5 = No|{Comp(W = s)}) 0.77 0.23

In addition,Table4-8 shows the relative weights for the parents of event E5, which were

obtained from expert judgment thrdupairwise comparisoand AHP.

Table4-8: Relative weights of parenbdes of Event E5

Parent Node Weighting Notation Relative Weights
Gas Import Riser Piping Impact (W) W1 0.65
Turbine Blades Expelled (X) W> 0.05
Exciter Detaches (Y) W3 0.03
HP flare Drum Shell Impact (Z) W,y 0.27
Total 1.00

Utilising the data shown ifiable4-7 andTable4-8, it is possible to calculate all of the
2* parental distributions requid to populate the CPT for evefs. Consider an example
to demonstrate the algorithm for a specific parental distribution, where the probability of

E5=Yes is required. One possible distribution is showrainie4-9.
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Table4-9: Possible parental configuration faanents of Event E5

Parent Node State: Yes or No

Gas Import Riser Piping Impact (W) No
Turbine Blades Expelled (X) Yes
Exciter Detaches (Y) No

HP flare Drum Shell Impact (2) Yes

Given the states of the parentsTiable4-9, the distribution oveE5is to be:
0L O &Hd O & OQi (4-5)

Once all of the relevant data is known, according to Equatidn the following

computation is required:

D' OQ 08 O 080 OQi 0V H O OQsLE a®q 0 &
V&0 OQOEER OQi 0 &0 MQIwéE a®y U ¢ o0& 0

OO$HE ad Qi (4-6)

From Equation 4 it can be deduced that for the parental configuration shoviable

4-9, when the correct compatible probabilities and weights are substituted in, the

Y

probability of evenE5S5bei ng i n the state AYesoO is to
0 & O&d OTCh & Qi @ (4-7)

Subsequentlyaccording to Axiom 2 shown ine8tion 3.3, the complement of -Z

[0Qw O ¢ isto be:
DL O&o 0800 O 0§ &Hd dQi

p 0 Oy GHd A 0éhd ©Qi m  (4-8)
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The relative weight algorithm is applied toedlls within the relevant CPT table to obtain
the full conditional probability distribution. This process was completed using the
formula function in Microsoft Excel, which also saves time éaiculations. The

completed CP3 for the Initial BN Model cabe found in ApendixH.

4.7 Model Validation

Prior to generating the results for the Initial BN model, a series of test were carried out to
demonstrate that the network operates as intended. This involves examining several
different combinations and scenarafsevents taking place, such as 100% probability of
failure. This process serves to highlight potential problematic areas that could require
closer scrutiny and should a certain event occur. Furthertherget of axioms outlined

in Section3.5.1should [ satisfied by the model. A sensitivity analysis is also carried out
to demonstrate how responsive or fAsensit

its inputs(Joneset al, 2010)(Cai, et al, 2013)

4.7.1 Propagation of Evidence

4.7.1.1 Retaining Ring Failure

The propagation of evidence, as previously stated, examines combinations and scenarios
of events occurring. With regard to this case study the focus of the first analysis shall be
on the seven filagevent nodesHE1 to E7) when evidence is inserted to the pafdate

ARetaining Ring Failurebo.
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From the scenario, illustrated Bigure4-8, a failure of a retaining ring (100% probability

of State AFail ureo) r eisswtfthedinalementaddesnThie s |

shows that the nodes closer to the initial event (Retaining Ring Failure) display larger
changes than nodes further away in the network. The same can be said for evidence

i nserted in the ot her stsa tfFdhuooddh Hovvevebrethel , Al

changes are very smal/l as the prior prob.

already very highFigure 4-10 shows three scenariogrom left to right,A) The
Marginalized prior probabilities of node 1 and Node$ - E7, B) The posterior
probabilities of nodesE1 1 E7, given that the retaining ring fails, and C) The posterior

probabilities of nodeEli E7, gi ven that the retaining r
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Figure4-8: Scenario showing the effect of evidence in the form of 108#ré of a Retaining Ring
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Figure4-9: Scenario showing the effect efidence in the form of 100% nailure of a Retaining Ring

Figure 4-10 demonstrates that when evidence is presented in node 1, representing the
initial component failure, this will have an effect on all of the presented final events. It
can also be seen that individual node react in the way they would be expected, for example
should the retaining ring failtidrma& ilndckred
from 25.19% to 25. 43 %. Similarly, in the
being contained within the Alternator o di
the corresponding effects the initial failure has on the pardnevent E1, and the
likelihood of the debris being expelled towards the turbine or towards the exciter are

increased, as shown Bygure4-8.

126



1, Retaining Ring Faiure

0.2000 Failure
Mo Failure

E1l. Dehris Contain, []

EE 4552 Yes
I 37.5118 Mo

Ez. Debris Escapes.[x]

0.0180 Yes
Mo

E3. Fuel Gas Fire

0.0085 Yes
Mo

E4. Debris Remains [3]

| 7.3552 Yes
Mo

ES. Event Escalatic]

R4 Mo
B 251859 ves

Ef. Gas Import Riser Loss of Conta

0.0351 3mal {10mm Dia. )

0.0085 Medium {S0mm Cia. )

0.0176 Large (Fullbore)
MNone

E7. H.P.Flare Drum

1.7437E-5 Ves
Mo

1. Retaining Ring Failure

IENEEE il
0.0000 Mo Failure

El. Debris Contain,[]

e Tz ves
I 41,7978 Mo

EZ. Debris Escapes.[>]

0.0187 Yes
Mo

E3. Fuel Gas Fire

0.0066 ‘Yes
Mo

E4. Debris Remains [

| 7.2935 Yes
EETGES Mo

ES. Event Escalaticl<]

TR0 Mo
N 254310 Yes

Ef, Gas Irmport Riser Loss of Conta

1, Retaining Ring Faiure

0.0000 Failure
Mo Failure

El. Dehris Contain,[]

B 4957 Yes
I 37.5043 Mo

Ez. Debtis Escapes.[]

00180 Yes
Mo

E3. Fuel Gas Fire

00065 Yes
Mo

E4. Debris Ramains []

| 7.3553 Yes
EEEEE Mo

ES. Event Escalaticl<]

TR 46 Mo
N 25,1854 Yes

Ef, Gas Import Riser Loss of Conta

0.0352 small {10mm Dia.)

0.0085 Mediumn (S0nmm Dia.)

0.0176 Large (Fulbore)
Maone

0.0351 3mall {10mm Dia.)

0.0085 Medium {S0mm Dia.)

0.0176 Large (Fullbore)
Mane

E7. H.F.Flare Drum

0.0003 Yes
Ma

E7. H.PFlare Drum

1.6892E-5 Yes
Mo

Figure4-10: A) Prior probabilities B) Pogrior probabilities after 100% failure of retaining ring C) Posterio
probabilities after 100% nailure of Retaining Ring

4.7.1.2 Event Escalation
Further analysis is caed out on a specific section of the Initial BN model, shown in

Figure4-11, t hi s ti me concerning the eveist AE?!

analysis involved systematically inserting evidence into each of the parent nodes and
have a

and 8 parent

finally the child node. In additionpnd e s 7
which has no evidence inserted, and there is no evidence inserted anglsbexihin
the model. However, in this section of the BN model Nodes 7 and 8 are parents of nodes

9 and 10 respectively, and therefore will alter the posterior probabilities of these nodes
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when evidence is inserted. This relationship has been left imrthbysis to give an

accurate representation of the posterior probabilities of the B&emthich is the focus

node in this analysis.

T 2 Exciter 7. Turbine Blades . B. Exriter Detache
7. Turbine Blades El.etacheg 0.1228 Yes 0,1493 Yes
Expelled SENEETE Mo SENEE0Z Mo
9, 5335 Import Riser. 10. H.P. Flare Cr..
9. Gas Import 10. H.P. Flare 65,2030 Yes 0.0206 Yes
Rizer Piping Drum Shell Q37970 No 00,9704 Mo
Impact Impact

ES. Event Escalatic

hE14l Mo
£5.1839 Yes

E5. Event
E=calation

Figure4-11: A) Specific £ctionof BN to be analysed. B) Priorghabilities for Event E5 anits parent ndes.

The scenario shown iRigure 4-12 illustrates the gas turbine blades being expelled as
projectiles from the generator housing. This increases the probability of the events

escalating from 25.19% to 35.09%. This increase wawdlve some concern as a

7. Turbine Blades . 2. Exciter Detache
TN es 14,7111 Yes
0.0000 Mo BEIZES0 Mo

8. Exciter
Detaches

7. Turbine Blades
Expelled

9, 5as Import Riser,

9. Gas Import

25 0000 Yes | mp 10. H.P. Flare 10, H.P. Flare Or,.
?EIUDDD M Riser Piping Drum Shell 1.4759 Yes
: ? Impact Impact aEs24l No

ES. Evernt
Escalation

ES. Event Escalatic

69,9036 MNo
35,0904 Yes

Figure4-12: Probability of "Event Escaln” given Turbine Blades arepeelled
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potential escalation from this is the impact of the turbine blades on the Gas Import Riser.
This can also be seen igure4-12 where the probability of there being a gas import

riser impact increases from 6.2% to 25%.

7. Turbine Blades . 3. Exciter Detache
[ T o R 14.7111 Yes
0.0000 Mo BSIEE39 Mo

¥. Turbine Blades
Expelled
[E]

9. Gas Import
Riser Piping
Impact

10. H.P. Flare
Ormm Shell
Impact

9, Gas Imnport Riser, 10, H.P. Flare Cr..
I -
1.4759 Yes
0.0000 Mo 95.5241 N?\

ES. BEvent
Escalation

ES. Event Escalatid
38,5786 Mo

Bl.4214 Yes

Figure4-13: Probability of "Event Escalation" given both Turbine Blades Expelled and Gas Import F
Impact

Furthermore, as shown kigure4-13, the expulsion of the turbine blades coupled with a

gas riser impact, the probability of their being escalatimreiases from 35.09% to
61.42%. This is a very large increase as the impact of a gas riser is the largest threat to
escalation, due to the loss of containment of the gas, this hypothesis was also confirmed
by expert opinion. It can also be noted that ithdéigure 4-12 and Figure 4-13 when
evidencas inserted into nodes 7 and 9, there is no effect on nodes 8 and 10, which is to
be expected as they should be independent from each other. Should this scenario have the
potential to occur, immediate action should be taken to prevent a major accitient in

form of LOC of hydrocarbons and potential explosion & fire.
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Figure 4-14 further demonstrates the potential for escalation by showing that the
generatords exciter detxweléddearsd,gasaderampgct. Wi t h
shows that again the potential for escalation increases from 61.42% to 63.86%. This
scenario also increases the probability of the HP flare drum being impacted from 1.47%

to 10% as would be expected.

7. Turbine Blades . 8. Exciter Detache
[ 100.0000] Yes 000000 Yes
0,0000 Mo 0,0000 Mo
8. Eeciter
¥. Turbine Blades
Ecpelled
[=]

9. Gas Import
Rizer Piping
Impact

10. H.P. Flare
Orum Shell
Impact

0.0000 Mo

9, Gas Import Riser, 10, H.F. Flare Dr
Yes 10,0000 %Yes
Q0L0000 Mo

ES. Bvert
E=scalation

ES, Event Escalatic
a6, 1400 No
B35,.5600 Yes

Figure4-14: Probability of "Event Escalation” given Turbine Blades Expelled and Gas Import Riser Impact, t
with the ExciteiDetaching.

Figure4-15demonstrates the final influencing factor on the possibility of event escalation,
whereby the HP flare drum is impacted. This increases the potential for ieschtan

63.86% to 77%.

The final scenario, shown iRigure 4-16, demonstrates the effect of there being an
escalated event, for example, observingeaplosion or a fire within the area of the
platform containing the electrical generator, and the effect this has on the influencing
parameters. This serves to obtain areas that would require closer inspection. This scenario
has given insight to the poskbcauses of the event escalation, based upon the data

presented, here the main influenicYesqg f ai
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i ncreases from 0. 12%

nGas | mport

itYes, ificredsas ftogm 0ARxtac0ilT%e r
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Figure4-15: Probability of "Eent Escalation" given that all influencinactors take place
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Figure4-16: BN Model ilustrating when "Event Escalation" takes place.
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4.7.2 Validation

In order for the modeb be validategit should satfy the three axioms stated ir@ion

3.5.1 Examination of the model ifigure4-8, Figure4-9 & Figure4-10shows that when
evidence is inserted in the form of the initigt component failing or not failing, the
posterior probabilities for the final events decrease or increase depending on the node in
guestion. This analysis also demonstrates that nodes closer to the focus node, in this case
node 1, will display a largenfluence than those which are further away. This can be
shown as nod&1 demonstrates a larger change, 62.49% to 58.70%, when the retaining
ring fails, as opposed to eve®b which has a small change from 25.19% to 25.43%, as

it is further from the focusade than everiEl.

Furthermore, examination of a specific part of the moddkignre4-12, reveals when

Aturbine Blades Expelledodo is set to 100
probability for AEvent Escal &igure4IBéhovwsc c ur 1
both the change iRigure4-12and @A Gas IPmpomtg Rimpearct 0 set
This resulted in a further increatéigurei n t h

4-14 shows the changes Figure4-13pl us t he HAExciter Detach

60Yesb6, again resulting in an increage f ol
state OY®éEiguesdlS5showb!|l gl 1 of the influenci ng
being set to 100% O6Yesb6, resulting in ye

Escal ationd occurring from 63.86% to 77. |

This exercise of increasing each of the influencing nodeskhsswthe changes displayed
when increasing or decreasing the probability of the initial event occurring satisfies the

three axioms states the BN methodologythus givirg validation to the BN mwdel.
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4.7.3 Sensitivity Analysis

Sensitivity Analysis (SA) is eentially a measure of how responsive or sensitive the
output of the model is when subject to variations from its inputs. Having the
understanding of how a model responds to changes in its parameters is important when
trying to maximise its potential anch®uring correct use of the model. SA provides a
degree of confidence that the BN model has been built correctly and is working as
intended. In the context of this research, SA will be used as a demonstration to determine
how responsive an event node is Mariations in other nodes. Knowing the most
influential nodes can assist in the experimentation and further expansion of the model.
Similarly, nodes which have very little influence can be altered or discéktkellini,

2012)

The SA conducted for the Initial BN model focuses on the e&®&and its parent nodes,
shown inFigure 4-11, to furthervalidate the claims in &ion 4.7.2 However, the
analysis will be conducted using smaller increases and decreases in the probabilities of
the parent nodes as opposed teitisg 100% occurrence probability into the input node

CPTs.

A possible way of undertaking this is to manually insert evidence into the input nodes,
one by one, and subsequently analyse the effect on the output node via its posterior
probability. When daig this the input nodes are increased or decreased by equal
percentages, individually. This allows for clear comparison of their impact upon the
output node. However, this manual method was not applied to this analysis. Instead a
parameter sensitivity wizd within the Hugin BN software was used. In this program
wizard the input node is individually paired with the output node in its desired state. In

this case that was nNES5. Event Escal ati on
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nodeswaspure |l v sel ect ed. It should be noted
bearingso has hadievVadlewced nN@uilO@¥%. sThit
allows for nodes 7, 8, 9 & 10 to remain independent from each other, which allows for
the valies analysed in the sensitivity analysis to remain consistent. Following this the four
input nodes (Nodes 7, 8,9 & 10) are all settogtaieNo 6 i n t he par ame
wizard. In this way a sensitivity value from Hugin was obtained for each imuoiet and

using Microsoft Excel a graph was constructed to show the results.
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Figure4-17: Sensitivity functions for the four input nodes feeat "E5. Event Escalation"

From the graph ifFigure4-17i t can be seen that the mos

Escal ationo is nGas i mport Ri ser Irmpact
Detacheso. I f t héeNmd&,o bifatba d i Riys eorf ISmpaa cet 0
the probability of fAEvent Escalationo de:
State- 6 No 0 , AExciter Detacheso incr &estes b
Escal ationdo only decreases by 0. 29 %. Fr

sensitivity function is a straight line which further add to the model validation. The

sensitivity values computed within Hugin are showii ale4-10.
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Table4-10: Sensitivity values for the four input nodegiag upon event "E5. Event Escalation”

Input Node Sensitivity Value
7. Turbine Blades Expelled: No -0.095
8. Exciter Detaches: No -0.029
9. Gas Import Riser Impact: No -0.263
10. HP Flare Drunshelllmpact: No -0.073

It should be noted that the sensitivity valueSable4-10 are negative as in their current

states of ONod, they have a negatioYeséf f
For example; with the probability of ATur
it i s | es sntEscdtatol Gyd Ytehsabt ofcEEw r s .

4.8 Further Development of the Initial BN Model

The nitial BN model could be further developed to investigate, in more specific detalil,
addition component failures and their subsequent events within module 2 of the Thistle
Alpha platform.This allows for a more comprehensive dynamic risk assessment model

to be included as part oh&UI-Integrity Case.

One interesting modification i s to expanc
and AEvent Escal ati onRde lbeya sien cwiutdhiinng Moodsusli
Figure4-18. The reasoning behind this is to incorporate additional initiating failures to

the model and explorether causes of the current final events stated in the Initial BN
model . The reasoning behind the addition

not all fuel fires, or hydrocarbon fires for that matter, are caused my immediate ignition.
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Thereforeby wor king back from the node fAFuel
other than impact of the fuel gas line within the turbine, such as an external gas leak.
Foll owing the node fAnGas Released in Modu
hasbeen detected or not. Should the leak be detected, the Turbine Control System (TCS)
has the potential to shut off the fuel gas supply to prevent further release. Continually,
should a gas release occur, it is possible for the gas to ignite. The prolmdivilitgther

the fuel gas would ignite is commonly s
ADel ayedo or ANoneo. Should the | eak i nsi
ignition is fAdel ayedo, p os s i dphere ndb heingah e o
it optimum for ignition, the gas can continuously release, if not detected. This causes a
build-up of fuel gas within the confined area and until the optimal gas to oxygen ratio is
achieved. Ignition at this point could cause an explogf varying magnitude, and
severely damage the module and other areas of the offshore platform. If there is no

ignition of any kind, the gas is either shut off or continuously released into the atmosphere.

Another possible modification to the model i thddition of instances that induce
mechanical failures. In a similar way that a retaining ring within an alternator can cause
damage and failures of an electrical generator, the turbine running overspeed can has a
similar effectFigure4-19s hows t he addition of the pare
to the Initial BN model. A turbine running overspeed has many of its own causes, such
as loss of loadrad control system failure, and are not shown here as these arbdsgsot

that can be expanded on.

AOverspeed Excursiono would potentially
related to the rotor on the generator. This is demonstrakédure4-19as the node could

potentially have an effect on the retaining ring, the generator bearings, the turbine blades
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and the exciter, by increasing theesses on these components that have small

mechani cal tol erances. From the AOverspe

Detectiondo could occur and potentially st

of event escalation.
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Figure4-18: Modified version of thenitial BN model, featuring the addition of "Gas Release in Module", "Gas Detection",
Shutoff Fuel Supply" and "ignition Type"
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Figure4-19: Modified version of the initial BN del featuring the addition of "Overspeed Excursid@Vverspeed
Detection" and "Turbine Shutdown"

Further modifications are possgbin other aspects. For examplee model is part of

researchintt he devel opment of dynamic ri sk

ass

have very limited physical human presence, the way in which failures and hazards are

observed becomes different. In this instance, it would be feasible for future research to

take inb account addition detection methods within the model, whereby, an observer

onshore, monitoring a section of the installation, can observe failures as though one where

on board. These future developments are key to the creation of the dynamic risk

assessnreg models for an NUIntegrity case.
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4.9 Discussion and Conclusion

This chapteihas outlined the Bayesian Network technique that has been used to model
the cause and effect relationship of a specific component failure within a module of an
offshore platform.tihas been stated that offshore systems can be very complex and when
coupled with the volume of data required to model failures within these systems, it makes
BNs a challenge to model effectively. As well as in some cases a lack of reliable data
means thasome risk assessment models cannot always be applied. With this in mind, the
Initial BN model, which deals with a single component failure within module 2 of the
Thistle Alpha Platform, demonstrates that BNs can provide an effective and applicable
methodof determining the likelihood of various events under uncertainty. The model can
be used to investigate various scenarios around the systems and components outlined and
to show the beginnings of establishing where attention should be focused within the
objective of preventing offshore incidents, as well as having a clear representation of
specifically where these accidents can originate from. This method of modelling offshore
risk assessment is to be improved upon in future research to potential modedleage

with several systems and their components to gain a wider understanding of how offshore

systems interrelate.

Continuing with the initial BN model, a number of tests were generated to validate the
hypotheses of model by applying the methodologydase study (Sectich7). The BN

model demonstrated the effect a possible retaining ring failure would have on the
electrical generation system,dasurround area, of an offshore platform. The levels of
fatalities have been omitted from the analysis as the objective of the research was to
determine whether it is possible to accurately model equipment failures using BN. This

is because the BN model jmart of the development of NWihtegrity Cases, whereby
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there is very limited physical human presence on board. Furthermore, the BN was
constructed utilising equipment on a manned installation as a further objective of the
research is to demonstrate whestlit is possible to create a dynamic risk assessment
model that will allow for humans to not be continuously present on a large installation,
such as the Thistle Alpha platform, but monitor its operations from onshore. Hence, the
Initial BN model presentkin thisChaptemprovides a base to expand the research and the

BN model to achieve this goal.

In relation to the validation of the model a sensitivity analysis was carried out to determine
how responsive the output of the model is to varimaslifications in the inputs and
subsequently validate that the model works as expected. This exercise is vital as it
provides an indication to what the most important variables. In addition, inputs can be
ranked or weighted in terms of their importancerugite output or final consequences.

For example, in the Initial BN model @AGas
ef fect on the possibility of A éement of E s c
conducting SA in BN is that they take into congiction the chain of events below the

input node leading to the output node, which presents a closer approximation to reality.

Finally, the section entitled AFurther D
additional hypotheses could be incorporaiatb the modelling process and what
purposes they would serve. There are several interesting and relevant possibilities that
can be considered and explored with relative ease now that the core structure of an initial
model has been constructed. Howevefple expanding the model it is vital to maintain

that it must remain practical and close to reality from the perspective of gathering data

and generating results. Continually too many variables which display vague information
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or increasingly irrelevant &fcts can diminish the quality of results and findings. The

further development of the model should add further insight to this.
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CHAPTER 5:
BAYESIAN NETWORK MODELING OF FUEL GAS
RELEASE WITH POTENTIAL FIRE AND EXPLOSION

CONSEQUENCES

Summary

In this chaper, the proposed BN methodology, outlined in Chapter 3, is demonstrated by
applying it to a case study by focusing on the development of a BN model for modelling
control system and physical failures of a gas turbine utilised in offshore electrical
generaion. The intention is to model a sequence of events following several component
failures, under certain conditions and assumptions. These initial failures are defined in
two categories; control system failures and physical or structural failures. The BN is
subject to a series of test cases to demonstrate its validity. A sensitivity analysis is also

applied to a section of the BN.

5.1 Introduction

This chapterfocuses on the development oB& model for modelling control system

and physical failures of a gasritine utilised in offshore electrical generation. The
intention is to model a sequence of events following several component failures, under
certain conditions and assumptions. These initial failures are defined in two categories;
control system failuresna physical or structural failures. This should provide a base with

which to expand the BN model to facilitate the requirement of having a dynamic risk
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assessment model that allows for accurate representation of the hazards and consequences

associated witlgas turbine fuel gas releases.

The research presented within tbi@ptelis an expansion of previous research conducted

for an electrical generation system of an offshore installatiddhiapter 4 The initial
research focused on creating a dynamicaggdessment model for an electrical generation
system, based upon one initial component failure in the form of a Rotor Retaining ring
failure. From the initial research a sequence of events and a BN was produced to
demonstrate the cause and effect relatigogssbetween the safety critical elements of the
generator. The BN demonstrated a number of potential consequences, such as: Gas Import
Riser failure, High Pressure Gas Flare Drum failure and Fuel Gas Release & fire. These
final consequences were not exgad or demonstrated in great detail to keep the initial
model as less complex as possible while achieving valid results. This is where the research
presented in thishaptercomes into play. The model to be presented here is an expansion

of the previous mael, focused on the consequence Fuel Gas release and Fire. In the initial
BN this scenario this was represented as one node in the network, this research expands
by constructing an entire new network to demonstrate the consequence of Fuel Gas

release in mch more detail.

The underlying theory &N is provided incChaptei3, similarly the step by step procedure

used to construct the BN model is also describedhapter3. The model representing

the potential for fuel gas release from an offshore gas tyraloag with the further
consequences of fire and explosion, begins at the point of several initiating events. These
events are the beginning of the sequence of events and continues through the point of

potential gas release, the barriers involved in preng the release and the potential
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consequences should these barriers fail. The sequence of events method was outlined in

Chapter 4 The same method was applied to construct the fuel gas release BN model.

5.2 Model Assumptions and Limitations

There are somendlerlying assumptions and limitations within the model that must be
explained for the model to be valid and understood. These limitations are split into two

groups: space & domain and model data.

5.2.1 Space and Domain Limitations

The purpose of the model issbow what the effects of several component failures have

on a gas turbine which can lead to a fuel gas release. Hence, the consequences of said fuel
release are analysed, and in order to do this, the boundaries of the model need to be
defined. These boundas are concerned with the affected area, the detail of the
consequences and the ignition types & sources. The outlined assumptions and limitations

concerned with the model domain are as follows:

1 The model has been built for the situation where the offshore platfoes not
house any crew arftence does not consider fatalities. There are two key reasons
for this: The first is that the BN model is to be for an NUI (Normally Unattended
Installation) Integrity Case, where humans are not present on the platform for
large periods of time, and are monitored from other platforms or onshore.
Secondly, the BN is part of continual development of an Integrity Case which
shall focus on maintaining the integrivf the equipment as a priority, as well as
the effects of incidents on the environment. Hence fatalities are not part of the BN

model consequences.
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1 The model is designed to demonstrate the hazards and consequences associated
with the fuel gas release froan offshore gas turbine. Hence, the consequences
regarding fire and explosion are not concerned with the probability of other
hydrocarbon releases contributing to fires and explosions.

1 The scope of the model is primarily within the power generation reada large
fixed offshore platform. Therefore, the section of the model assigned to the
probability of equipment damage due to fire and explosion is confined to the
equipment and machinery located only within the stated module.

1 The model is representadi of fuel gas being released into the module and not
within the gas turbine itself. This is due to the fact that should there be a gas
release the turbine, it is assumed that the combustion chamber is of sufficient
temperature to ignite the fuel. Howeveire presence of an ignition source within
the confines of the module is not a t
represents this uncertainty and possibility of a source being present.

1 While the level of consequence is confined to the modulethrengdresence of an
ignition source is not certain, it is still possible for the gas levels to reach
dangerous levels. These dangerous levels do not represent a direct threat to human
personnel as it has been stated that humans are not present in the foelule
dangerous levels relate to the potential environmental impact of harmful
substances being released into the atmosphere. This is in conjunction with the
revised requirement of safety cases for offshore installations to contain
precautions for potentianvironmental impact of offshore incidents and accidents

(HSE, 2015)
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5.2.2 Model Data Limitations

It is important that some remarks are made regarding the uniformity of the data within
the model. Statistics exist in a number of formats and originate from many sources. When
formulating a model as specific and confined as the one being created, itost alm

impossible to gather data sets from the same consistent sources.

It is important to understand that many statistics are not fully representative of reality.
For instance, there are cases where the full extent of an incident is not reported, such as a
fuel gas release. For example, from 1992 to 2014, 40% of fuel gas and power turbine gas
releases were not detected by an automatic sensor, but were detected by human detection.
The human detection includes smell, visual and a portable detector. In Hrecassbf

human detection, the recording of information is scarce, with 56% of fuel gas release
incidents having little to no information regarding the location and cause of the release
and in some cases, the extent of the dispersion. Furthermore, thagynudjtre 56% of
releases with incomplete information and
of their severity leve{HSE, 2014) It is inconsistencies within the data, such as this, that

provide sound reasoning tionit data to automatic detection and shut down barriers.

There are some differences in terms of data relating the type of installation operating the
same type of gas turbine generator. However, the location of the installations is restricted
to the UKCS (Wited Kingdom Continental Shelf) and the North Sea. Much of the data
represented in the model is adapted from gas turbines operating on fixed platforms, yet it
is not feasible to obtain data from all sources relating to fixed installations. This limitation
with the data goes back to either the absence of data or the lack of appropriate data
recording. Hence, data is from fixed installations and FPSOs (Floating, Production,

Storage and Offloading) which make use of very similar gas turbine machines.
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There ae also differences with the age of the data and the data sources used in the Fuel
Gas Release model. All data utilised is taken from sources post 2002. Most of the data
close to 2002 has been obtained from OREIA2 as full access to the database at this
time was available. On the other hand most of the conditdatal used to complete the
CPTsfor the nodes, in the BN, has come from risk assessment projects conducted on
offshore installation for gas turbines, with the main focus of the projects being
hydrocarbon and fuel gas release. These risk projects were conduct2d@@dbty RMRI

Plc., Petrofac and Maersk.

Finally, most of the nodes are based upon hard evidence statistics, while two of the nodes
incorporate subjective judgement by utilising a syetnio algorithm from hard evidence.

By combining information in this way it allows for situations that have little to no
information to be overcome. This process does not compromise the validation and
analysis of the model however it is important to takeerof this when interpreting the

information presented in the results.

5.3 Structure of the Model and Nodes

The fuel gas release model (shown in Figure 2.1) is primarily designed to represent key
initial events of gas turbine failure, in two main areas: tinleime control system and the
physical structure. Following the initial events and failures the BN model is designed to
show the possible progression of these failures into fuel gas release and the potential fire
& explosion consequences that can occuer&lare a number of more intimate functions

that the model provides. Firstly, the initial stages of the model demonstrate which initial
event or hazard demonstrates the greater probability for potential gas release, as well as

whether the greatest threaiginates from the turbine control system or the physical
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structure. Secondly, the cause and effect relationships between the barriers is
demonstrated in terms of the probability of whether a certain barrier operates as expected,
based upon the operatiohtbe previous barriers. Thirdly, the type of consequence that

can occur following a fuel gas release. These consequences can be; none, a gas leak only,

fire, explosion and resulting equipment damage from a fire and/or an explosion.

There is one transferode within the fuel gas release BN which links the initial BN
demonstrated i€hapter4 Thi s node is fAFuel Gas Feed
updates from the initial BN model shall result in updates to the posterior probabilities of
the fuel gas relase BN. The model contains nineteen chance nodes with either two or

three states.

To understand how the model operates and the reasoning behind why it has been
constructed in the way it has, it is necessary to explain the logic behind each node. It is
also necessary to explain what each state means (this is mostly applicable to the nodes
Al mmedi at e/ Del ayed Il gnitiond and AConseq
each nodehow the data for the different CPTs has been baiit the relationshipsf

each node with their respective parents and child nodes. The nineteen nodes have been
arranged into five <categories; Al nitial
ABarrierso, Al ncidents/ Accidentso and nC

following descriptions by category.

Initial Events/Roots

1. Exceed System Capability [States: Yes, N@his is a root node or parentless chance
node which represents an initiating event whereby the turbine control system incurs a

failure and operatesoutsd e t he systembds capabilities
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is a failure within the control system that controls the speed of the turbine, the turbine
could run at overspeed hence exceeding the 3600 rpm capacity. This would be
considered as the turbieex ceedi ng t he systemds capaci
collective of a number of failures. More specific failures, such as overspeed or power
surges are to be conducted in further BN models.

. Operational Error [States: Yes, No|This parentless chanaede represents the
operational errors incurred by the turbine control system. The operational errors
outlined in this node pertain to pressure, temperature and other electronic sensors and
detectors. However, it does not include the Gas Detector asetigsr is applicable

after the potential gas leak. Whereas, the pressure and temperature sensors can fail to
cause a potential fuel gas release.

. System Defects [States: Yes, Nb]This parentless chance node represents the
possibility of there being inhent system defects within the turbine control system.
The system defects are defined as an eftaw, failure or fault in the turbines
computer progranandbr control systenthat causes it to produce an incorrect or
unexpected result, or to behaveamunintended way.

. Structural Support Failure [States: Yes, Nd]his parentless chance node represents

the probability of the main structural supports for the gas turbine experiencing a fault
or failure. This can result in an unbalanced rotor shaft anehtutidades, which in

turn has the potential to damage fuel gas feed lines, pumps and valves, hence leading
to a fuel gas release.

. Corrosion [States: Yes, N®] This parentless chance node represents the possibility

of corrosion being a factor in a potaitfuel gas release. Corrosion is a huge factor

when considering possible failures on board an offshore installation due to the level
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of salt water in the atmosphere. Most modules on an offshore platform are not closed
off to the elements, for example, nyaof the decking sections are steel grating to
primarily prevent the pooling of hydrocarbons. This prevents pool fires and slipping
hazards for the crew. As the modules are mostly open and much of the offshore
equipment is made from steel alloys, corrosgan eveipresent concern unless the
steel is coated to prevent corrosi@iRoberge, 2000)

14.1gnition Source [States: Yes, N&] This parentless chance node represents the
probability of there being an ignition source suffitienough to cause ignition of the
fuel gas release. While this node is not an initiating failure, it is a root node. The node
is a demonstration as to whether the ignition source is present to ignite the fuel gas
within the electrical generation modulenhi$ does not include combustion within the
turbine i tself as t he stated scenari o
temperature of some of the equipment within the turbine is sufficient enough it ignite
the fuel gas, should the gas to oxygen mixtgraleal.. It is also important to note
that the fuel gas has a much higher Auto Ignition Temperature (AIT) than diesel,
which is approximately 53C as opposed to 290 for diesel. Furthermore, it can be
deemed unlikely that the exterior of the combustbamber will cause the gas to
auto ignite as the external temperature of the gas turbine combustion chamber can

reach approximately 200400°C (HSE, 2008b)

Categorized Initial Events

6. Control System Failures [States: Yes, No]This chance node represents the
probability of there being an overall failure due to the turbine control system given
the states of its three parents; AEXCee

NSysteefncl so. The purpose of producing
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parent nodes is to ease the complexity of the m@iteliping the initial event nodes
(nodes 1, 2 & 3) together into an intermediate node, the data acquisition becomes less
challengingand the model, in theory, becomes less complex in terms of the
complexity levels of some of the CPTs.

7. Physical/Structural Failures [States: Yes, NoJThis chance node represents the

probability of there being an overall failure due to a physical andigtstal failure

given the states of its three parents.
Support Failureo and fACorrosiono as we
| mpact o. The reasoning behind thisreaede

chance node, outlined in the above paragraph.

Barriers

9. Gas Detection [States: Yes, Nio[This chance node represents the probability of a
potential gas release. The majority of gas turbine enclosures and/or modules have both
gas and oil mist detdon in the exhaust ductingdSE, 2008h) The data within the
node focuses on the fire and gas detectors within the electrical generation module.
While this node can represent the probability of the gas being detected givierelthat
gas was release, it can also show the probability of the detectors showing the presence
of gas without a gas release. This can demonstrate the probability that the gas detector
within the module has malfunctioned.

10.TCS Shut Off Fuel [States: Yes, Nb[This chance node represents the probability
that the Turbine Control System (TCS) will shut off the gas given fuel gas detection.
The process for the fuel shutting off is split into two nodes as there are two separate
fail safe systems concerned with ttn@dule and the equipment. One is the F&G

system (outlined as node 11 below) and the other TCS. This node focuses on the
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TCS6s fuel shut off . Thi slecsidalland preefiniatics y s t
shutoff valveswithin the turbine for fuel shdbwn and isolation in the event of a
detected releaqe&ISE, 2008hb)

11.F&G System Shut Off Fuel [States: Yes, NoJThis chance node represents the
probability of the second fuel shut off system operating in the event of a faiel ga
detection within the electrical generation module. When the turbine in question is gas
driven, not diesel driven, a venting system removes excess fuel gas and routes to the
platforms flare system. Diesel is normally routed to a dump tank or hazardmss dra
Furthermorethe F&G system applies the use of fuel isolation valves as well as
venting systems, to minimise the risk of fire and explos{bl&E, 2008b)

13.Fuel Supply Off [States: Yes, N®] This chance node represents ghebability of
either of the fuel shut off systems preventing the supply of fuel gas to the turbine, or
both systems operating or neither system operating. This node acts much like nodes
6 and 7 whereby it reduces the complexity of the model by redu@r@Rh's of three
nodes,; AContinuous Gas Rel easeo, il
AConsequenceso. The CPTs are reduced 1in

are reduced without compromising the integrity and purpose of the model.
Incidents/Accidents

8. Fuel Gas Release [States: Yes, Ndhis node represents the probability of fuel gas
being released given that there is either a TCS failure or a structural failure or both
combi ned. Thi s node i s driven by t he
APhysictalwr &It rbai |l ureso. This node i s a
Gas Release0 node as there are five ini

that can occur within a gas turbine. The purpose of this node is to demonstrate a
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12.

15.

potential fuelgas leak of sufficient volume to trigger a gas detector and potentially
cause a fire within the electrical generation module.

Continuous Gas Release [States: Yes, NoJhis chance node represents the
probability of the gas continuing to be released giamthe success of the fuel shut

off systems in the event of a gas detection. In the event both systems operate as
expected and shut off the fuel, the gas is assumed to not continue to belrdlemse

is also true in the opposing scenario. If both systéail to operate, then the gas is
assumed to continuously be released. However, as one system operates within the
turbine and the other within the offshore module, the probability of gas continuously
being released will vary depending on whether only system operates when both

are need or whether the gas release is location specific. For example; should the gas
leak be detected in the module and not the turbine, it makes sense that the modules
F&G system is responsible for the fuel shut off and noTth8 and vice versa.
Immediate/Delayed Ignition [States: Yebnmediate, Ye$ Delayed, None[ This

chance node represents the probability of the fuel gas within the module being ignited.
The ignition of the gas is dependent on a couple of key poirtiseri¢ must be an
ignition source present and ii) the oxygen to flammable gas mixture must be at an
ideal mixture. This leads to three possible states of possible ignition. The first of these
i's Ainoneod, representing t hideal miktiiwesonbote. o f
The secontdmmedifi¥eseo, which is the prob:
source present and the gas to oxygen mixture is igeding the gas at the point of
release The third arn®et ayeaedypanightioresednce is ol e s

present at the moment the gas is released and the volume of gas within the module is
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able to increase. The gas builds to a large volume in the module and given an ignition
source, along with the ideal gas to oxygen mixture,yaelagnition can occur.

16. Fire [States: Yes, Nd] This chance node represents the probability of a fire occurring
within the electrical generation module. The probabilities of the noddeteemined
by three prior nodes: fieFou ed n dS ufpiprhnye doif & tc
I g ni fAll ootootnes from the three prior nodes have an impact on the occurrence
probability of a fire in the module.. In this instance it is assumed that given any
situation that results in a fire, the fire type is deemedet@bet fire due to the
hydrocarbon in question being fuel &GP, 2010)Lloyd's Register, 2008)

17.Explosion [States: Yes, Nd] This chance node represents the probability of an
explosion occuing due to fuel gasetease. The probabilities of thrsode are
determined by the HAFuel Supply offo, f
l gnitiond nodes. Based upon testing and
it is concluded that an immediate ignition has a very unlikbnce to producena
explosion Delayed ignition is the result of the builgh of a flammable vapour cloud

which is assumed to result in explosi¢@ssP, 2010)

Consequences

18.Consequences [States: Yiesgnition, Yesi Gas Leak, Nonej] This clance node

generically represents the consequences that can experienced from a fuel gas leak.

This node is primarily influenced by tw
and AFuel Supply of f o. The occurrence
ACpbsequenceo node are determined by the
nodes. Firstilly,nitthe not datse hfeddevs |y i nfl ue
ADel ayedo states of the ignition node
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node. This arrangement is due to the fact that if the fuel is shut off, there would be a

very unli kely chance that i ¢g@adilosmakvioud
i's more influenced by the AFuedintRupply
Al mmeetdei/ Del ayed l gnitiono node. Finall

dependent on the Fuel supply being shut off and their being no ignition.

19.Damage due to Fire and Explosion [States: Yes,iNDhis chance node represents
the probability of machinery arebjuipment being damaged by possible fires and/or
explosions withintie electrical generation modulehe machinery and equipment in
guestion are the twagas turbine driven electrical generators, the exhausts for the
generators and the control panels fbe tgenerators. It is assumed that the
fire/explosion has the pettial to damage the generators and surrounding equipment
(RMRI Plc., 2009)

20.Damage to Adjacent Areas [States: Yes, NoThis chance node represents the
probability that in the event of an explosion occurring, it has the potential to affect
adjacent modules to the electrical generation module. In this event, it is assumed that
the walls of the module are that of H60 rating due to the hydrocarbon inventories
located adjacent to the electrical generation module. The H60 estsuges the wall
can maintainintegrity for 60 minutes and insulation for 30 minutes in the event of a
jet fire. Hence afire is unlikely affect an adjacent module. However, there is the
possibility that an explosion has the potential to damage the H60 wall enough to then
damage equipment in an adjacent aildee probability of the escalation to adjacent
areas is based upon the likelihood of an explosion being of more than 1 bar

overpresare (HSE, 2012)
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The BN model for apotential fuel gas release is demonstratedFlgure 5-1. The
graphical structure of the model is designed to keep the nodes that fall under the same
group together and organised in a Atop
inference nodé€node located within the squara)e close together at the top. Then the
categorised nodes are next in the top down sequé@&heelnference node is the input
connection from the BN outlined in Chapter 4, with the node outlined in grey representing

the output node from the inference no@entinuing from the failures there is a potential

BpaEltn:d System Structural
5T Detects Support Failure
Contal Systam FPhysicalfStructural
Failures

Failures
Gas Detection
F&i% System
Shuts off Fuel

Exceed System
Capability

Initial_BM_M...

33z Ralese
in Module

lgnition
Source
Fuel Supply
off

Immediatef Delayed
lgnition

Continuous Gas
Releasze

Consequence

Explosion
Damage to
Adjacent Areas

Pamage due
to Fire and
Explozian

Figure5-1: BN model demonstrating the cause and effect of a potential fuel gas leak from a gas driven el
generation system.
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incident, which then leads to the barrier nodes. Pending the probabilitcodss or
failure of the barriers there is potent.i
Following from thebarriers there are further incidents, accidents and consequence nodes
which are systematically introduced. One node does remain slagidtpalous from this
organi sation. The #fAigniti otheiXioants @aidents o d e

and consequences as it directly affect one of the incidents

Furthermore, there are certain parameters that have been excluded from the model. These
parameters have been excluded to prevent the model from becoming overly complex. An
example of one such parameter is the level ventilation in the offshore module and the
subsequent gas dispersion. This issue of ventilation and dispersion would brinigen fu
parameters such :@a@utomated ventilation systems, i.e. HVAC (Heating Ventilation and

Air Conditioning) and natural ventilation and dispersion, i.e. varying types of weather
(i.e., wind, rain). As well as the time taken for the gas to disperse which is dependent on

the volume of gas released.

These parameters would allow the model to be much more intricate and complete.
However, there are many specific parameters that are time basety on further
specific parameters which exponentially increases the complexity of the model. This in
turn can hinder the accuracy of the model due to the large amount of subjective data
requiredHence, the initial parameters selected for the BN laadmalysis are all internal
failures within the gas turbine that can be measured accurately in terms of their reliability

and integrity.
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5.4 Data for the Fuel Gas Release Model

The BN model for fuel gas release has been kept as simple as possible while still
maintaining a coherent, accurate and logical pathway from the initial root nodes to the
final consequences. This level of complexity has allowed CPTs to be manageable when
it comes to gathering data. While the majority of the connections in the modehple s
converging and diverging connections, consisting mostly of two arc connections in each
connection type, there are two node which are the result of triple converging connections.
In terms of the size of the CPTs, this is not a huge issue. Howeven theesubject of
these nodes (AControl System Failureo an
to no hard data available to complete their CPTs. It is possible to compile data for the rest
of the nodes based upon current literature, dataljpsesarily for the root nodes) and

actual risk assessment project data.

As it is not possible to utilise hard data sources to complete the CPTs of nodes 6 and 7
while still maintaining a high degree of accuracy, other techniques must be used. In this
ca® a variation of the Symmetric Methodulined in Chapter 3 and demonstrated in

Chapter 4 shall be applied to the CPTs of nodes 6 and 7.

5.4.1 Establishing the Conditional Probabilities

When constructing a BN the prior probabilities are required to be assapady to the
probability link, P(ParenfA)) Y P ( CB)), asda(conditional probability?(B|A:).
Wherei is the number of possible states of the parent node and the child node. However,
it is not always a straightforward process to obtain the retedata. In principle, the
majority of the data can be acquired through failure databases or experimentation.

However, designing and conducting experiments can prove difficult and historical data
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does not always satisfy the scope of certain nodes and WiRilis a BN. Therefore, in
practice, it is necessary to rely on subjective probabilities provided by expert judgement
as an expression of an individual 6s de
probabilities are based on informed guesses, it is pedsibtleviation to occur when the

data is expressed as precise numbers.

It can be seen i€@hapter 4hat a fully subjective approach has been applied to construct
certain CPTs in the BN. This involved experts providing their judgement through a
Pairwise @mparison (PC) method. The data from the PC is further analysedAldihg

and relative importance weights were determined from this for each parent node in
question. These weights are then applied to an algorithm that allows a large child CPT to
be constrated cell by cell. This method of compiling data for large CPTs proved simple
to implement and produced accurate results for the BN. However, it was found that a time

consuming part was the gathering of data from experts through PC in questionnaires.

As the process of creating PC questionnaires, distributing them and waiting for feedback
can be time consuming, this process to be amended by utilising hard data from risk
assessment experimentation and historical data. This entails utilising hard dataefrom th
parent nodes and sections of the child node CPT to create relative weights for the parent

nodes and apply those to the symmetric method algorithm.

5.4.2 Symmetric Method utilising hard data

The symmetric metho(butlined in Gapter 3 and demonstrated in Cleapt) provides
an input algorithm which consists of a set of relative weights that quantify the relative
strengths of the influences of the pareaties on the childode, and a set of probability

distributions the number of which grows only linearly, ppased to exponentially, with

159



the number of associated pareodes Yet the most common method of gathering the
required data for the algorithm is to use expert judgements. This method has been applied
in Chapter 4 However, it is also possible to utilifee symmetric method with historic

data and experimentationhis method is outlined in Chapter 3, specifically Section 3.6.2
While it is very difficult or not possible to complete a large CPT in a BN using hard data,

it is possible to obtain key conditial probabilities for a node. For examplede 6, the
chance node representing AiControl System
states. This produces a parental distribution in the order Wigile this does not seem a

large CPT,the natue of the nodeds scope | imits th
cannot be completed fully with hard data. However, it is possible to obtain key conditional

probabilities and apply them to the symmetric method to complete the CPT.

Figure5-2: Sample BN representing 3 parents and 1 child

Figure3-9 andFigure5-2 demonstrate the situation in the BN of nodes 1, 2, 3 & 6 (see
Figure 5-1) with the noation A, B, C & D respectively. While it is not possible to
accurately obtaiR(D|A, B, C)or evenP(D|A, B)through historical or experimental data.

It is possible to obtain the conditional probability of ev&given the individual parents.
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i.e.;P(D|A), P(D|B)andP(D|C). These conditional probabilities can be used to develop

normalised weights for the parent nodes.

5.4.2.1 Demonstration of Symmetric Method utilising hard data
To outline the symmetric method using hard data, let us consider part of the fuel gas

release BN model consisting of nodes 1, 2, 3 & 6 [tsgare5-1) as shown irFigure5-3.

Operational
Errar

Contal System
Failures

Exzeed System

Swstem
Capability Vet

Dafacts

Figure5-3: Small section of the Fuel Gas Release BN

Also for ease of explanation, the notation applieérigure 3-9 shall be applied to the

section of the BN irFigure5-3, as shown byable5-1.

Table5-1: Notation for nodes ifrigure 32

Parent Nodes shown in Figure 2 Notation
ExceedSystem Capability A
Operational Error B
System Defects C
Control System Failure D

In this example, node D haddifferent parental configurations, as there are three parents

with two states each (Yes and No). Hence the CPT will consist girgbability
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distributions. The scale and scope of the CPT and node provides considerable difficulty
when attempting to gather data to complete the CPT. Even if one were to utilise expert
judgements to complete the CPT, it would demand a considerable aafantensive
effort on the part of the expert. An additional issue is that the CPT grows exponentially
given the number of parents and states. A CPT quantifying the dependempgar@mts
would demand Zistributions in order to be functional. It igglexponential growth with
the number of parents that constitutes the essential problem. This symmetry method

simplifies the prblem of exponentially large CRT

Calculating the relative weights

As mentioned previously, in the symmetric model the indizidiwcal conditional
probabilities of the parent to child can be distributed by relative importance for the

associated child node, i.e. the normalised weight.

In order to demonstrate the calculation of relative wejdbtsparent nodes, BandC,
in the network shown irFigure 5-3 shall be used as an examplable 5-2 shows the
| ocal condi tional probabilities for the

individual child node. The notation outlinedTiable5-1 is also applied for simplicity.

Table5-2: Individual conditional probabilities for Control Systéailure

Control
Exceed System Operational
System System Defects Sum
Capability Error
Failure
D A B C
Yes Yes Yes
Yes 0.0584 0.0610 0.1330 0.2524
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The information presented fable5-2 can be represented as follows:

DO G @M miuv YPtd @
00 G GEB mWrep WO
00 AW GB oo d

0 & T VCT

Hence, with the individual conditional probabilities, the relative weights of the parent

nodes can beatculated utilising Equation-36.

56 0 ® T[8IUL|JTT[&0 0
B 0 ® ™ UCT P

. 0 TBLep T ,

0 ® — T 0
B U W T[EQUCTT[& PX

. 0 COoT

V) = i ™ ¢ @

B 0 T LV QT

Following from this,Equation 317 shows that the summation of the relative weights

should be equal to 1, as follows:

6 0 0 0 TROPTETPX®DC QU

As the relative weights for parent nod&sB and C havebeen calculated and assigned
accordingly, they can be applied to the weighted sum algorithm. Along with the linear

compatible parental configuration to produce complete the CPT.

The Weighted Sum Algorithm
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It is possible to apply the weighteds@algorithm as the following information has been

identified:

i) The relative weightsf the parent nodes, , ..., w, and,
iv) Thek:t ... +kn probability distributions ovee v e D& of the linear type, for

compatible parental configurations.

Given the information provide&quation 320 is used to produce an estimabased
information from historical data sourcesthek; x ... x k, distribution for child nodéDo

(Das, 2008)

0 ws® ho R8 ha B 0 0sB8E66 (3-20)

where:l=0, 1, ..., mand§=1, 2, ..., k

This weighted sum algorithm is applied totieé st r i but i on Do fore r
compatible parental configuratioriBable5-3 demonstrates the compatible distributions
over chibDbd (A€dat Mol System Failureo),

databases andfshore risk assessment projects.

Table5-3: Distribution overD for compatible parentalnfigurations {Compf = s)}

Probability Dis s=Yes s=No
P[D = Yes{CompQ = s)}) 0.936 0.064
P(D = No|{Comp(A=s)}) 0.064 0.936
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In addition, Table 5-4 shows the relative weights for the parents of evel ,0which
were obtained from @liations 34 and 35 as well as historical data and risk assessment

projects.

Table5-4: Relative weight for the parent nodescbfld node "D" (Control Systenaflure)

Parent Node Weighting Notation Relative Weights
Exceed System Capability (A) W1 0.2314
Operational Error (B) W; 0.2417
System Defects (C) W3 0.5269

Total 1.00

Utilising the data shown iffable5-3 andTable5-4, it is possible to calculate all of the
2parental distributions required to popul
to demonstrate the algorithm for a specific parental digtabuwhereP ( D=1f Yise s 0 )

required. One possible distribution is showT able5-5.

Table5-5: Possible parental distribution for parents of child "D"

Parent Node State: Yes or No
Exceed System Capability (A) Yes

Operational Error (B) No

System Defects (C) Yes

Given the states of the parentsTiable5-5, the distribution ovefi D s to be:
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00 OD OB 08 OQi (5-1)
Once all of the relevant dats known, according to Equation15 the following
computation igequired:
00 MQH OB H OQi 0V HO OQIwE ad OQI
00 WQIWE ad & 00 MQ$DE ad OQi (5-2)
From Equatiorb-2 it can be deduced that for the parental configuration showalie

5-5, when the correct compatible probabilities and weights are substitutedein, th

probability ofevenfiDbei ng i n the state AYesoO is to
00O O OB & Qi T qu (5-3)
Subsequently, the complement of Equatie&iS to be:
DO 0& OUD 0& OQi
p 0O OO OO & ®Qi ™ x v (54)

The relative weight algorithm is applied to all cells within the relevant CPT table to obtain
the full conditional probability distribution. This process was completed using the
formula function in Mcrosoft Excel, which also saves time for calculations. The
completed CPTs for thieuel Gas Release modelRkigure5-1 can be found il\ppendix

Continuing on from the data acquisition and analysis process which consists of gathering
data from historical failure databases, risk assessment projects and experiments as well

as utilising the symmetric method to complete larger CPTs. It is possildenjuete the
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BN by completing the CPTs and ascertaining the marginal probabilities for the nodes and

conduct several test cases to validate the BN model.

Table5-6 summarises the origins of the data for each node in the initial BN model. There
were several sources dtelrature. For exampleode 10was determined from historical
data sources, such as (OREDA 2002) and the HSE databases. Whilst, insmmpata

for node 17 is from (Atkins, 2008), (RMRI Plc. 2009) #hkbyd's Register, 2008Yable

5-6 also contains thaumber of states for each node and the number of permutations to
demonstrate an idea of havata had to be broken down before being inserted into the
corresponding CPT. Similarlfigure5-4 shows the marginal probabilities for each node

in the BN
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Table5-6: Detailsof eachnodes CPT and their data soutces

Permutations in

probability table Data Sources

Node Node Name States Parents

Transfer node from Initial BN

Fuel Gas Feed

Literature
Impact

Initial Events/Roots

Exceed System

H 2
1 Capability 2 0 2 Literature (DB & HD?)
Operational Error Literature (DB & HD?)
System Defects Literature (DB & HD?)
g4 Stuctural Support 0 2 Literature (DB & HD?)
Failure
5 Corrosion 2 0 2 Literature (DB & HD?)
14  Ignition Source 2 0 2 Literature (DB & HD?)
Categorized Initial Events
6 Co.ntrol System 5 3 16 theratgre with subjective
Failure analysis
Physical/Structural Literature with subjective
7 _ 2 3 16 .
Failures analysis
Barriers
9 Gas Detection 2 2 Literature (HF & RA9)
10  TCS Shut Off Fuel 2 1 Literature (HF & RA9)
F&G System Shut . 3
11 Off Fuel 2 1 4 Literature (HZF & RA?9)
13 Fuel Supply Off 2 2 8 Literature (HZ¥ & RA?9)
Incidents/Accidents
8 Fuel GasRelease 2 2 8 Literature (H)
1o Continuous Gas 2 2 8 Literature (HD)
Release
15 Immediate/Delayed 7 12 Literature (H & RAY)
ignition
16  Fire 2 1 4 Literature (HF & RA?9)
17  Explosion 2 1 4 Literature (HF & RA?9)
Consequences
18 Consequences 3 2 18 Literature (HD)
19 DamageduetoFire 2 8 Literature (HD & RA?)
& Explosion
po Damageto 2 1 4 Literature (HD & RA?)

Adjacent areas

1DB: Data has been utilised form Failure Databases, such as OREDA and OGP.

2HD: Data has been utilised frortistorical Data in literature, such:akurnalsandHSE reports,

SRA: Data has been utilised from Risk Assessment projects conducted by RMRI Plc., Petrofac, Mast
and LIl oydés Register.
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5.5 Fuel Gas Release Model Test Cases and Sensitivity
Analysis

As demonstrated in Appeices F and Gcase studies are important for showing how
research can be put into practice. The Fuel Gas Release model is now used to analyse a
series of possiblesaltworld scenarios. All vaables from external BNs, i.¢éhe transfer

node fAFuel | @BpacFeée are to remain unchang:¢
the study for Fuel Gas Release shall be altered using the Hugin software. The Hugin

sof tware all ows for evidence to beRun nser

Exceed Systemn Caf3].  Operational Error Systern Defects [5] Structural Support, Corrosion
00738 ‘es 1.0210 ‘es 0.6233 ‘es| || 3.7218 Yes 0.4075 Ves
Mo || | ENSEETEE Mo || | NESISTER Mo | | SEEEE Mo Flo
Contol Systern Failur Physical/Structural |
[ | 6.9165 Yes [ 40,8841 Yes
EEnEsE Mo ES9.1159 Mo

Gas Relese in Modu
NET 3460 Yes
I 42,1540 Mo

Gas Detection  [5<]

[ 43,4039 Yes
G 5961 Mo

TCS Shut Off Fuelsd]—

Ignition Source I 277647 Yes .(/
0.0530 Yes NFEEISS Mo | | ;
Mo F&i3 System Shuts .
| 20,3779 Yes
21 Mo
Fuel Supply off [

e c0eg Mo | T —————— (T, 4509 Yes
I 57.5191 Mo

I 35.3932 Yes Continuous Gas Rel.]?'

Irnrediate) Delayed Ignitior
0.0192 ¥ - Immediate
00267 Y - Delayed CDHSEQUEHEE

MNone 0.0244 ¥ - Ignikion
[NEE 5609 Y - Gas Leak]

: Fire I 35,4148 No
Explosion
0.0187 Yes A
EEEETE Mo
Explosion Damage . Damage due to Fir)
4,1303E-5 Yes 00021 Yes
Ome0Ea Mo EEEETEE Mo

Figure5-4: Marginal probabilities for each node within the Fuel Gas Release BN
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Mo d éunction. This evidence is to the degree of 100% in a given state of a node. It is
the posterior probabilities that are of interest and are computed given particular evidence

of specific nodes.

The focus of the Fuel Gas Release model is on the effects of thefaiitiees on the
likelihood of a gas release. As well as the possible performance of the barriers designed
to mitigate against the escalation of a release to further, more severe incidents.
Furthermore, the model analysis shall demonstrate the probabilitypossible
consequences that may arise given that these barriers do not perform their required
function. As well as the potential further escalation given other external factors, such as
the presence of an ignition source. The model also allows foothparison of combined
effects of various, simultaneous failures and their combined effect on the probability of
events. There are a number of test cases which shall demonstrate the effects of different
scenarios on the potential of a gas release and #stblity of fire and/or explosions.
Similarly, to add to the validation of the model through these test cases, the effect of
initially observing a consequence, suchakeak or an ignition, is demonstrated through

the change in the probability of thegrnodes. This is a potential route to identifying the

main unknown cause of a consequence.

It is important to note that before any evidence is inserted into the model, the probability
of a there being a AContLiermk®uilCndRredlesxplsernc
node are quite high. This is because the
node. Before evidence is inserted, the n
detection, and hence the model assumes a higher probability ehaaelt can be seen

in the test cases that once the probability of detection inadvertently increases because of

the presence of fuel gas, the probability of a leak as a consequence reduces. The effects
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of the detection system failing is demonstrated entdst cases to ascertain the severity

of the probability changes to the potential consequences.

The primary purpose of Test Case 1 is to demonstrate partial validation of the model by
demonstrating the behaviour of the probabilities is akin teahworld scenario. Test

Case 2 shall demonstrate the effects, on the BN, of a barrier failure along with the
presence of an ignition source. Furthermore, Test Case 3 shall demonstrate the effects on
prior probabilities given evidence inserted in the consequerd® Finally, a sensitivity
analysis shall provide further validation utilising f@rameter Sensitivity Wizard the

Hugin software.

5.5.1 Test Case 1: Control System and Physical/Structural Failures

This case study demonstrates the effects of individualcantbined control system
failures within the fuel gas release model. This case study is split into four test cases: 1A)
is a demonstration of the effects of control system failures on the network, 1B) is a
demonstration of the control system failures witl presence of an ignition source, 1C)

is a demonstration of the effects of Physical/Structural failures on the network, and 1D)
is a demonstration of the effects of Physical/Structural failures on the network with the

presence of an ignition source.

5.5.1.1 Test1A: Control System Failures without Ignition

In the context of the presented model, the probability of a fuel gas release from a gas
turbine due to the turbines control system, is mostly dependent on three key events;
AExceeding SystenDpGapaathiiolniatly cEr(rEoS®) ,( GE)
(SD). These events can occur either individually or in conjunction with each other. The

effect on the likelihood of a gas release is demonstrated along with the effects on the fuel
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shut off system. The conseques from these likelihoods is also demonstrated. In this
case the likelihood of a continuous fuel release is analysed as well as the probability of
the AConsequenceo -heakobandgiNonesd.atlket ii

t he-l §Ni t i ocsnhis test tdoastnet incdude the possibility of an ignition source.
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EFuel Off 35.39 3843 38.53 4225
Continuous Release 62.48 59.21 59.09 55.08
BY_Leak 64.56 61.53 61.43 57.71
m None 3541 38.45 38.55 4227

Figure5-5: Effects of the turbine control system failures on the posterior probabilities of "Gas Release", "Fuel Sh
"Continuous Gas Release" and "Consequence; Statesak'& None"

The results are presented by means of a bar chart shovigume 5-5, which
demonstrates the probability of gas release, fuel shut off, continuous release, the
consequences and the effect on the overall control system failure, omaxtise Yhe x
axis shows which individual event is presumed to be occurring. Fromesles, it is
evident that a major system defect would have the greatest effect on the probability of the
gas release, as shown by the increase in probability from 57.85% without evidence, to

69.5% when a potential system defect causes a failure. It carméhaethe effects of a
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system defect in the control system produces the more significant changes in in the
likelihood of there not being a consequence due to the increase in the probability in gas
release. The key information to be taken is the sigmifiean the change of posterior

pr ob a bgivéni theyebidence inserted. This method provides a basic sensitivity
analysis along with probability interpretation. Furthermore, the likelihood of
consequences and continuous release decreases with thedirsgstence in control

system failures as it is assumed in the model that the gas detection system has no reason
to not function correctly at this stage. Therefore, the increase in the probability and level
of gas release will increase the probability of datection and hence the probability that

the fuel will be shut off. This is a scenario that would be expectetatavorld situation.
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mCSF 6.92 271 47.99 936
M Gas Release 57.85 63 68.33 79.98
EFuel Off 3539 38.43 41.56 4842
Continuous Release 58.81 5921 55.82 4842
BY-Leak 64.56 61.53 58.39 51.55
B None 3541 38.45 41.58 48 43

Figure5-6: Cumulative &ects of the turbine control system faiis on the posterior probabilities of "Gas Releas:t
"Fuel Shut Off", "Continuous Gas Release" and "Consequence; Statestk¥& None"
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Figure 5-6 shows the cumulative effect of the control system failures. As with the

individual failures, the cumulative failures demonstrates that when the gas detection
system is assumed to function as normal, the likelihood of the fuel being shut off and
there beig no consequences increases. Adversely, the probability of there being a

continuous release and a leak consequence decreases.

5.5.1.2 Test 1B: Control System Failures with Ignition

As stated in Test 1A, the probability of a fuel gas release from a gas turbite tthee
turbines control system, is dependent or
Capabilityo, AOperati onal Erroro and nASy
effects of each failure on the BN model as both individual effects and thdativau

effects. This test expands upon the findings in Test 1A by again demonstrating the
individual and cumulative effects of the control system failure, except in this test there is
assumed to be an Ignition Source (IS) present. This will illustrateftbet the initial

failures has on the accident and consequence nodes. The results are again presented in a
bar chart Figure5-7) which shows the prability of gas @tectionjmmediate or delayed

ignition, explosion, ire, the potential damage incurred and the overall consequences on
the yaxis. The xaxis shows the nodes where evidence has been input. The first column

in the table inFigure 5-7 showsposterior probabilities of several nodes given that there

are nocontrol system failures but there is evidence of an IS
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Figure5-7: Effects of Turbine Control System failures, with an ignition source present, on the posterior probabilities
Detection", "Consequences", "Immediate/Delayed Ignition", "Explosion”, "Fire" and "Damage due to Fipbo&i@x'

From thegraph,it can be seen that the probability of there being a gas release, given any

of the initial failures, is the same as Test 1A despite there being an ignition source present.
This provides some partial validation to the model aglitates the nodes that should be
independent from each other,suchfe$ gni t i on Sourceodo and AGa:
as with test 1A, the initial event MnASyste
model. It can also be seen that the prdiiglmf gas detection increases proportionally to

the probability of gas release. This affects the relationship between the probability of
detection and the probability of accidents and consequencex&mplejn the event that

there is only an ignitiorsource present the probability of there being either fire or an
explosion increases from 0.0113% to 13.56% and 0.0187% to 22.51% respectively (for
marginal probabilities refer tbigure5-4). This shows how the significant the presence

of an ignition source is to the probability of fire and explosion before any other evidence
i's inserted. Continually, when etvsademaccee,

the posterior probabilities for fire and explosion decrease from 13.56% to 12.12% and
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22.51% to 20.12%. This is because the probability of the gas detection increases with the
probability of the gas release, as it is assumed that the gas defeotition as expected.
Furthermore, this in turn has an effect on the fuel gas shut off by increasing the probability
that fuel gas will be shut off. Hence the probability that a fire or explosion will occur

decreases.
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®mExplosion 2251 2145 20.36 17.97
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Figure5-8: Cumulative #ects of Turbine Control System failures, with an ignition source present, on the posteri
probabilities of "Gas Detection", "Consequences", "Immediate/Delayed Ignition”, "Explosion", "Fire" and "Damage
Fire & Explosiori

Figure 5-8 shows the cumulative effect of the control system failures while there is an
assumeds present. As with the individual failures, the cumulative failWlesonstrate

that when the gas detemti system is assumed to function as normal, the likelihood of the
fuel being shut off again decreases. It is also poignant to notice that given the presence of
an ignition source, the probability that there will be fire or explosion significantly
increasedefore any evidence is present for the initial failures. Adversely, the probability

of there being a fire or explosion given evidence for the initial failures decreases. This is
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due to the probability of a gas release increasing, hence increasing thkilgyobf the

gas being detected, and further increasing the probability that the fuel gas will be shut off.

5.5.1.3 Test 1C: Physical/Structural Failures without Ignition

Test Cases 1C and 1D are similar to the previous cases, 1A and 1B, in that they
demonstrate the effectsf initial failures on the BN model both with and without an
ignition source present. However, tests 1C and 1D are concerned with the effects that
Physical and Structural failures potentially have on the BN model. It is important to

specify that the analisin the Hugin BN software is applied to only discrete chance nodes

and therefore the inference node fiFuel G
Figure5-9s hows t he effects of the individual
(SSF) and fACorrosiono (Cor.), on the pos

continuous release t he cons e Y-leadon ceeNothe) Js taant de st hie e f f
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Figure5-9: Effects of the physical argtructuraffailures on the posterior probabilities of "Gas Release", "Fuel
Off", "Continuous Gas Release" and "Consequence; Stateeak & None"
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overall physical failure, on the-gxis. The xaxis shows the individual event which is

assumed to be occurring.

From the graph ifrigure5-9 it can be seen that of the two events, represented as chance
nodes, corrosion demonstrates the largest effect on a potential fuel gas release. It is
evident that a failure caused by corrosiayuld have the greatest effect on the probability

of the gas release, as shown by the increase in probability from 57.85% without evidence,
to 70.01% when corrosion potentially causes a failure. Similarly, a failure caused by
corrosion also produces thadest percentage change in the likelihood that a consequence
will not occur. The effects that a failure due to corrosion has on the posterior probabilities

in the model also represents the largest percentage change out of the five initial events.

As with the previous test cases, the probability of there being a leak consequence and

continuous gas release decreases with the insertion of evidence at the root nodes, due to
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Figure 5-10: Cumulative effects of thphysical and structuréhilures on the posterior probabilities of "Gas
Release", "Fuel Shut Off", "Continuous Gas Release" and "Consequence; Siate& & None"
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the probability of a release being detected given an increase in the probability that a
release will occur. Furthermore, as with Test Case 1A the key information be taken is the
significance in the change of posterior
method provides a basic sensitivity analysis along with probability intatfmet as well

as partial validation to the BN model.

Figure 5-10 shows the cumulative effect of the physical and structural failures. As with
the indvidual failures, the cumulative failureemonstratehat when the gas detection
system is assumed to function as normal, the likelihood of the fuel being shut off and the
probability of there being no consequences increases. Alternatively, the probability

there being a continuous release and a leak consequence decreases.

5.5.1.4 Test 1D: Physical/Structural Failures with Ignition

As stated in Test 1C, the probability of a fuel gas release from a gas turbine due to the
physical and structural failures, is depemit on key initi al even
Failuresodo, and ACorrosiono. Test 1C then
BN model as both individual effects and the cumulative effects. This test expands upon
the findings in Test 1C by agattemonstrating the individual and cumulative effects of

the physical and structural failures, except in this test there is assumed to be an IS present.
This will illustrate the effect the initial failures has on the accident and consequence nodes.
The resuts are again presented in a bar chart as showigure5-11 which shows the
probability of gas dtectionjmmediate or delayedjnition, explosion, ire, the potential
damage incurred and the overall consequencdseopaxis. The xaxis shows the nodes

where evidence has been input. The first column in the tattegure5-11 shows the
probability of there being no evidence inserted in the control system nodes but does

indicatethat there is an ignition source.
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Figure5-11: Effects of Physical and Structural failures, with an ignition source present, on the posterior probabil
"Gas Detection", "Consequences”, "Immediate/Delayed Ignition", "Explosion”, "Fire" and "Damage due to Fire &
Explosion"

From the graph it canebseen that the probability of there being a gas release, given any

of the initial failures, is the same as T€stselC despite there being an ignition source
present. This again provides some partial validation to the model as it indicates the nodes
thatshould be independentin each other,suchdsl gni ti on Sourceo ar
This has previously been demonstrated in Gaste 1B. Furthermore, as witksiCase

1C, the initial event ACorr osi oncdandleomon st
be seen, as with Test 1B, that the probability of gas detection increases proportionally to
the probability of gas release. This affects the relationship between the probability of
detection and the probability of accidents and consequence.dopkxin the event that

there is only an ignition source present the probability of there being either fire or an
explosion increases from 0.0113% to 13.56% and 0.0187% to 22.51% respectively (for

marginal probabilities refer tBigure 5-4). It is important to note that this percentage
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increase is identical to the increase demonstrated inCesstslC when only an ignition

source is present. Continbay , when evidence is then ins
the posterior probabilities for fire and explosion decrease from 13.56% to 12.06% and
22.51% to 20.01%. This is because the probability of the gas detection increases with the
probability of thegas release, as it is assumed that the gas detectors function as expected.
Furthermore, this in turn has an effect on the fuel gas shut off by increasing the probability
that fuel gas will be shut off. Hence the probability that a fire or explosion wgliro
decreases. The percentages changes demonstratiegria5-10 andFigure5-11 show

that the event AiCorr osi on oprobadilgies inhthe BNy r e a t

model of all of the initial events.

Figure5-12 shows the cumulative effect of the physical and structural failures while there
is an assumed ignition source present. As with the previous Test Cases, the cumulative

failuresdemonstratéhat when the gas detection system is assumed to function as,normal
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Figure5-12: Cumulative effects of Turbine Control System failures, with an ignition source present, on the g
probabilities of "Gas Det¢ion”, "Consequences”, "Immediate/Delayed Ignition”, "Explosion”, "Fire" and "Dar
due tofiFire & Explosion”
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the likelihood of the fuel being shut off again decreases. Adversely, the probability of

there being a fire or explosion given evidence for the initial failures decreases.

Test Cases 1A, 1B, 1C and 1D demonstrate the cause and effect relationshigpfthat t

initial events have on the posterior probabilities in the BN model. The sixth root node,
Aignition Sourceo, is also applied to th
the initial events with an ignition source preséifiis establishedomepartial validation

to the model as the posterior probabilities are increased and decreased as one would
expect given evidence inserted at the root nodes. One key element demonstrated in the
four test cases is that of the relationship between gaseetaal gas detection. As the
probability of there being gas released increases, the probability of gas detection
proportionally increases. This is because in a real scenario, it is assumed that when gas is
present in the offshore module, the gas detegtorgd sense it and hence the gas would

be shut off, either by the Turbine Control System (TCS) or the Fire & Gas system (F&G).
This, as demonstrated by the Test Cases, decreases the probability of and accident or
sever consequences. However, it is impdrtardemonstrate the effects a dysfunctional
barrier, such as the gas detection system, has on the posterior probabilities of the BN

model. Test Case 2 outlisthis type of scenario.

5.5.2 Test Case 2: Gas Release and No Detection with and without an

Ignition Source

This case study demonstrates the effects of the probability of a gas release being 100%
fYe® on the BN model. Along with the gas release, the effect of the gas detection not
functioning, i . e. Glaos wh el tle catlisoon efbbee thasnga | 1y0s

case study is split into two test cases: 2A) is a demonstration of the effects of a gas release
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and no gas detection without an ignition source, 2B) is a demonstration of the effects of

no gas detection combined with an ignition source beiaggnt.

5.5.2.1 Test 2A: Gas Releaseno Gas Detection no Ignition Source

In the context of the presented model, the probability of a fuel gas release from a gas
turbine due to the turbines control system, is dependeft®k ey event s; i E:
SystemCapai | hOper at i dinSayls tkEernr,dDréddSeé ctuusd ur al Sup
and i C o.rAs aemorstrated in Test Case Hege events can occur either
individually or in conjunction with each othédn test 2A is assumed that one or more of

these events haveagared and a Gas Release (GR) is observed. In this case the likelihood
of a continuous fuel release is analysed
node bei ngLdaak & tarndk si Niorne 0. lt-lignimnobbnke ¥

as ths test does not include the possibility of an ignition sodrce.analysis is presented

in Figure5-13.
100
90
80
9 70
£ 60
=
E 50
=]
1=}
~ 40
30
20
O — —
No Evidence GR (Yes) GD (No)
®None 3541 602 1.22
BY-Leak 64.56 39.78 98.74
B Continuous Release 58.81 29.26 99.565
TCS 27.76 4747 0.58
BE&G 2037 347 0.61
m Fuel off 3539 60.19 1.182
B Gas Detection 43 4 74.866 0

Figure5-13 Ef f ect s of @fAGas Released being AYes=100%0 a
AfConti nuous, GaRBu Redte aBfefoo ( T¢S,ankH& @ Garsd DEu @lct ©Ofofn 0

183



From the graph ifrigure5-13it can be seen that when there is 100% chance of a fuel gas
release, the probability of gas detection increases from 43.4% to 74.87%s dhesto

the assumption that the gas detection system functions as expected, i.e. in the event of a
gas release it is assumed, with some confidence, that the gas detection system will detect
the gas in the atmosphere and the fuel will be shut off. Thiksésdemonstrated by the
posterior probability of the three fuel s
Given a 100% probability of a gas release and hence a 74.87% probability of gas detection,
the posterior probabilities of the fuel being sbif is as follows: i) TCS shuts off fuel
increases from 27.76% to 47.47%, ii) F&G system shuts off fuel increases from 20.37%
to 34.7%, and iii) the probability that the fuel will be shut off by either or both systems
increases from 35.37% to 60.19%. 8arly, the posterior probabilities of a continuous
release and the consequence of a severe leak decrease from 58.81% to 29.26% and
64.56% to 39.78% respectively. This shows that the BN model can represent the
behaviour of safety barriers in the event ofuel gas leak. Furthermore, while the
posterior probabilities of a consequence and continuous release still seem substantial, it
is the significance of the change in probability that is of importance. These significant
changes demonstrate that the basrigave a large effect on the mitigating of accidents

and consequences regarding offshore systems. However, the importance of these barriers

can also be demonstrated by assuming that they do not function or are simply not present.

From the graph irFigure 5-13 it can be seen that the right most column shows the
posterior probabilities given that the Gas Detection (GD) has a 100% of failing or not
functioning. The graph and data table show thdtéretvent that there is a gas release and
the gas detectors do not function then there is a very high probability of there being a gas

leak as a consequence as well as a continuous leak from the system. The continuous leak
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would occur because the fuel slofit systems would not react to the gas detection. This
effect can be seen in the posterior probabilities of the fuel shut off systems. In the event
t hat gas detMNoslD0%® nt hsen imhst@atebdbi | ity th
by either the TS or the F&G system are as follows; i) the probability that the TCS shuts
off the fuel decreases from 27.76% to 0.58%, ii) the probability that the F&G system
shuts off the fuel decreases from 20.37% to 0.61%, and iii) the probability that the fuel
will be shut off by either or both systems decreases from 35.37% to 1.18%. This illustrates
the dependency that the fuel shut off systems have on the operational of the gas detection
system. Furthermore, given a gas release and no gas detection, it can lmatsten t
probability of a continuous gas release increases from 58.81% to 99.57%, and the
probability of a gas leak as a consequence increases from 64.56% to 98.74%. These
significance of these percentage increases in the posterior probabilities indiatthas t

gas detection system is a vital barrier in the mitigation of accidents resulting from fuel

gas releases.

However, this analysis considerers only the repercussions of a fuel gas release without
the possibility of an ignition source being presemtthie event that there is a gas release

and the gas detection system fails to operate as required, the fuel has a high probability
to continue to be released and accumulate in the offshore module. This poses a huge issue
should the gas release not be di®red by means other than the gas detection system. In
the event that an ignition source is present, there is potential to cause a fire or an explosion.
It is understood that should the gas be allowed to continuously release and accumulate,
there is an ewancreasing probability that an explosion will occur. Hence, it is vital that

this scenario be analysed to show the potential, significant alterations to the probabilities
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that accidents and severe consequences will occur. Test Case 2B shall anafisetshe e

of an ignition source given that a fuel gas release is not detected.

5.5.2.2 Test 2B:Gas Release, no Gas Detection, with an Ignition Source

As demonstited in Test Case 2A, it is assumed that one or more events has led to a gas

release being observed. In this case the likelihood of a continuous fuel release was

anal ysed as wel | as the probabili-tgakd t

and nfeMa However in this Test Case, the e
detected and the effects that an ignition source has on the posterior probabilities of several

nodes. The nodes in questyd gni andhakd Conse

Al mmedi at e/ Del aylendmd dyammna Dalayed ) , ( BEaxtpPpée ® sfi on

1]

Damage du&xpbo&ioeo &and WAExpl osi on Dama

effects of the analysis are to be analysed both as individual occurrences and a cumulative

100.00
90.00
80.00

70.00

B 60.00
E 5000
4000
30.00
20.00
10.00
0.00 I _ - -
No Evidence NGD IS
Y-Ignition 0.02 0.04 20.34
Y-Leak 64.56 98.74 9.29
B Immediate 0.02 0.03 2313
Delayed 0.03 0.04 44 67
= Explosion 0.02 0.03 22.50
Fire 0.01 0.02 13.50
m F&Ex Damage 0.00 0.00 2.55
m Adjacent Mod. 4.10E-05 6.31E-05 0.049

Figure5-14Ef f ect s of AG
(St atlegsniftyi o-heabkod
AFireo, fADa

s Detectidn®nb Siong cieNoHEO MHPO A&
Al mmedi at e/ Del ayed Il gnitiono (Stat
age due to Fire & Explosiond and A EHX

a

m

186



occurrenceFigure5-14 shows the individual effects of an undetected gas leak (NGD)

and the presence of a4 |

The emphasis in this analysis is on the more severe accidents and consequences in terms
of fire, explosion and the damage that they can causel the graph ifFigure5-14 it

can be seen that in the event of a 100% failure of the gas detection system, the probability
of there being any accides or consequences related to ignition remain virtually
negligible. It can been seen that the probability of there being a gas leak as a consequence,
however, increases from 64.56% to 98.74%. This first stage of the test demonstrates that
the ignition rehted accidents and consequences have a very unlikely occurrence
probability, according to the BN model, unless there are both a fuel source and an ignition

source present.

The second column ifigure 5-14 demonstrates the effects on the fire & explosion
consequences given only an ignition source present, assuming that the probability of a
gas release is at the marginal probability of 57.85%. The pugidbkes is to show how
sensitive the fire & explosion consequences are given an ignition source and a likely
chance of a gas release. It can be seen that the posterior probabilities increase drastically
when an ignition source is present. The probahiligt there will be a delayed ignition
demonstrates the largest percentage change to the posterior probability as it increases
from 0.03% to 44.67%, with the probability of an immediate ignition increasing from
0.02% to 23.13%. Furthermore, the second kirgercentage change to the posterior
probabilities is the likelihood of there being ignition as a consequence, as it increases

from 0.02% to 44.88%Figure5-14 also shows that the probability of there being only a
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gas leak as a consequence decreases from 64.56% to 9.29% due to the increase probability

of there being an immediate delayed ignition.

The second stage of Test Case 2B is to demonstrate the cumulative effects of the fuel gas
not being detected and the presence of an ignition source, as shbigaigp-15. It can

be seen that the second columirigure5-15that the probabilities are only the posterior
probabilities given no gas detection. This is the santeqse5-14 to demonstrate the
percentage chmyes when an ignition source is also present. The third column shows the
cumulative effects of a failed gas detector and an ignition source. The posterior
probabilities display a very similar pattern to the posterior probabilities when there is only
an igntion source present as showrHigure5-14. However, in this case (the cumulative
effects) the posterior probabilities are much greater, i.e. timapility of there being an
ignition as YalLea®q n sge gvueenn ceen (ifigni ti on sour
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compared to the cumulative effects of NGD + IS which increases the probability to
44.88%. This shows large percentage increases in the prokahilitpotential ignition
accidents and consequences. Furthermore, it is important to state that even though there
is a gas detection failure and an ignition source present, the probability of there being an
ignition accident or consequence is not 100%sThibecause the relationships between

the nodes in the BN takes into account the fact that for an ignition to occur there must be
an ideal air to fuel mixture. This ideal mixture is approximately15% of fuel in the air

(HSE, 20@b). The data for the CPTs in the BN was analysed to accommodate for the

ideal mixture variable.

5.5.3 Test Case 3: Effects of ®Oserved Consequenceson Prior

Probabilities

In order to provide further verification of the BN model it is importamdmonstrate the

effects of inserting evidence as a consequence and observing the effects on prior nodes.

The focus node in this test case is the |
on inserting 100%alev iadlgnitidne. tToh es tedtfedc tis o
lead0 f ocuses on the <changes in the probe:
continuous r el e &%eitionOWH @rcaiae,s OO % hfe pr ob
the ignition, fire and explosion accident and consequence nddbseY-Igfitiono

analysis does not focus on the barriers as the prior probabilities would be the same as the

effects demon¥leaka.t ed by 100% i
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Figure5-l16d e monstr at es t Yiecake fdre cttlse odr ilduel%p rio b
Supply off*, "TCS Fuel Shut off", "F&G Fuel Shut off", "Continuous Gas Release" and
fiGas Detection” The graph shows t hat-Legkh veinhd 0P o
probabilities concerned with thed fugldeasthl
decrease to almost zero. Similarly, the probability of the gas being detected also decreases.
However, not to the extent of the fuel shut off systefihe probability of gas detection
decreases from 43.4% to 13.44%. This shows that in the event of a gas leak the most
likely barrier to fail would be the fuel shut off system. However, the barrier that displays

the most significant change in probabilityhe gas detection system. Where the TCS and

F&G show decreases of 27.66% and 20.35% respectively, the gas detection system
demonstrates a total decrease of 29.96%. This indicates that while the fuel shut off system
is the most likely barrier to fail in thevent of a gas leak, the gas detection system
demonstrates the most significant effect on a gas release. Finally, the probability of a

continuous gas release increases 62.48% to 96.19%. This significant increase is to be
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Figure5-16: Effects of 100% "YLeak" on the prior probabilities of "Fuel Supply off", "TCS Fuel Shut off", "Fé&
Fuel Shut off", "Continuous Gas Release" &@as Detection"
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expected as there is a 100% praligiof a leak. The probability of a continuous release

is not 100% as there is 13.44% that the gas may be detected.

Figure 517 s hows t he effects on t he prior p
Al mmediaayteed Diegdni t i ono, AFireo and AExpIl o
conseque Nigntionst a T b e iFmurebAhindicates that prior to a 100%
consequence of ignition, the likelihood of any ignition, fire and explosion accidents or
consequences are almost negligible. However, when evidence is inserted into the state
fY-lgnitond i n t he ¢ o0 n s e q uababilities greatly iecreasé. ike mest i o r
obvious increase is the probability of an ignition source being present, which increases to
100%. This is due to an ignition source being required along with the fuel gas in order to
have an ignition take place. Canially, the probability of there being and immediate or

a delayed ignition increase from 0.019% and 0.027% to 78.82% and 21.18% respectively.
The immediate ignition is determined to be the more likely source of the ignition

conseqguence as the delayedtigniis more dependent on the ideal gas mixture variable.
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This is also reflected on the probability of fire or explosion. As the probability of a
delayed ignition is lower that of an immediate ignition, the probability of a fuel gas fire

is greater than th probability of an explosion. The probability of there being a fire
increases from 0.011% to 31.69% when compared to the increase from 0.019% to 14.8%.
This shows that the accident type that contributes the most to the ignition consequence,

given that thee is a fuel gas ignition consequence, is a fuel gas fire.

5.6 Sensitivity Analysis

Sensitivity Analysis (SA) is essentially a measure of how responsive or sensitive the
output of the model is when subject to variations from its inputs. Having the
understandig of how a model responds to changes in its parameters is important when
trying to maximise its potential and ensuring correct use of the model. SA provides a
degree of confidence that the BN model has been built correctly and is working as
intended. Inhie context of this research, SA will be used as a demonstration to determine
how responsive an event node is to variations in other nodes. Knowing the most
influential nodes can assist in the experimentation and further expansion of the model.
Similarly, nodes which have very little influence can be altered or discgMatkllini,

2012)(Loughney.et al, 2016)

The SA conducted for the fuel gas rel eas
more speci fi cYaledloy ,anidt st hset antoed efis r epr esent i
release. However, the analysis will be conducted using smaller increases and decreases
in the probabilities of the parent nodes as opposed to inserting 100% occurrence

probability into the input node CPTs, as demonstrates in Test Cases 1, 2 and 3.
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A possible way of undertaking this is to manually insert evidence into the input nodes,
one by one, and subsequently analyse the effect on the output node via its posterior
probability. When doing this the input nodes are increased or decreased by equal
percentages, individually. This allows for clear comparison of their impact upon the
output node. However, this manual method was not applied to this analysis. Instead a
paramegr sensitivity wizard within the Hugin BN software was used. In this program
wizard the input node is individually paired with the output node in its desired state. In
this case that was YA€#ons eAqusdrmd e€o0 fiomestetae hs
was purposely selected. The input nodes f
ATCS Fuel Shut offo, AF&G System Fuel Sh
set t¥Yedstiant ¢ hfe parameter sensift iAFiutey Wiup
of fo as this node is the child of ATCS Fu
this node has YdsieTeOS:s eYte st, @ FAESIHTCBLOATF&G:

Ye®. This all ows for the s e wmgignthdoutputofitsof t
parent nodes. This method is also necessary as in the event both the parent nodes are in
st avWems d§vo ,A t he probability of HAFuel Supp
cannot be analysed in the sensitivity parameterndizathe Hugin Software. Following

this a sensitivity value from Hugin was obtained for each input node and using Microsoft

Excel a graph was constructed to show the results.

From the graph inFigure 5-18 it can be seen that the most influential factor on

AConseddealbce:s AGas Detectionodo, whilst th
off: TCS=No, F&G=Yes . This concur s GwiStyls ttehme Sdirua p ho
has a smaller effect on the consequence

probability of AYe®ds i Dereatsiesn byStldt%e t he
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AConsequeintfdeald Sltextreeases byt Me 6@6. 0 bhbeirleiats)
Supply off: State- TCS=No, F&G=Yes i ncreases by 10 %, t he
AConseqgueinYlLeald Slteactree as es bgrapitisBatéo apgarerda m t I
that the sensitivity function is a straight line which furtherssddhe model validation.

The sensitivity values computed within Hugin are shownhahle5-7.

It is important to state that the sensitivity values aegative as they have a negative
effect on the focus node Aconsequenceo. |

for example, increases, then the probability that there will be a gas leak decreases.
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Figure5-18: Sensitivity Functions for the Input Nodes for Event "Consequence”
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Table5-7: Sensitivity Valuedor the Input Nodes for Event "Consequence"

Input Node Sensitivity Value
F&G SystemShut off Fuel -0.16
TCS Shut off Fuel -0.23

Fuel Supply off: ATCS|-0.15

TCS|-0.08

=13

Fuel Supply off:

Gas Detection -0.46

5.7 Discussion and Conclusion

This chapterhas outlined a Bayesian Network model which demonstrates the cause and
effect relationships that several initial failures can have on an offshore electrical
generation system. In particular, the potential for a fuel gas release from the gas turbine
which drives the electrical generation system. The research presented here expanded upon
the work presented i€hapter 4 which illustrates the cause effect relationship of one
component failure within an electrical generator and the general consequences that can
result. The BN model presented in this research expands on this by incorporating part of
the model irChapter 4along with several initial failures to analyse a specific consequence

in further detail. This consequence concerns itself with a possiblgdsetlease and the
potential fire and explosion hazards that can occur. However, while it is easier to
demonstrate the effects of accidents involving fire and explosion, it is not easy to
demonstrate the consequences of a leak without an ignition sdbese consequences

are equally important for offshore platform operators due to the improved HSE
regulations within Safety Cases regarding hazards to the environment in any instance.
Therefore, in the event that there is a fuel gas leak without ignitipases a large issue

for operators and duty holders given that the release is undetected. While it is not as severe

as a hydrocarbon release into the sea, it is still vital as it is the ejection of natural gas into
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the atmosphere which can have severseguences depending on the weather conditions.
The BN model also clearly demonstrates that it can provide an effective and applicable
method of determining the likelihood of various events under uncertainty, and more
importantly show increased uses as aaigic risk assessment tool. Given the research
presented it is now much clearer to see the advantages for Bayesian Networks and
Bayesian Theory being applied to create dynamic risk assessment tools to work in

conjunction with Safety Cases and in an Intggtiase.

Continuing with the Fuel Gas Release model, three Test Cases were used to demonstrate
the models validity and to demonstrate its effectiveness to provide clear cause and effect
relationships between initial failures, mitigating barriers, accidants consequences.
Similarly, given the specific scenario of fuel gas release, it is clearly demonstrated in the
test cases how severe the consequences can be given that the initial failures occur or the
mitigating barriers do not function as intended. Tifst Test Cases (1A, 1B, 1C and 1D)

were designed to demonstrate that the model functioned as expected and provided some
partial validation before the conducting Test Cases 2 and 3. Test Case 1 focused on the
initial failures and their impact on the pot&l and severity of a fuel gas release as well

as the impact on the model with the presence of an ignition sdiniseestablished some

partial validation to the model as the posterior probabilities are increased and decreased
as one would expect giveavidence inserted at the root nodes. A key element
demonstrated in Test Case 1 is the vital relationship between a gas release and the
probability of the release being detected. Test Case 2 expanded upon Test Case 1 by
demonstrating the level of consequesthat can occur, through probabilities, given that

a specific barrier failed to operate. In this case the failed barrier was the gas detection

system. The consequences of this were demonstrated with and without an ignition source

196



present. The effects othe BN showed that the gas detection system is vital in the
mitigation of a fuel gas release and the fire and explosion consequences. This is due to
the Fuel Shut off systems being linked to the detection system. If a gas release is not

detected then thaiél system cannot shut the release off. Finally, Test Case 3 illustrated

the effects of inserting evidence in the
the prior probabilities. It was conel ude
lealb) the probability that either the TCS

negligible. However, the probability of the gas not being detected showed the most
significant change in probabil i Y-Igntionburt h
is 100%, it was determined that the most

hence a fire was the most likely cause.

In relation to the validation of the model a sensitivity analysis was carried out to determine
how responsive the output tie model is to various modifications in the inputs and
subsequently validate that the model works as expected. This exercise is vital as it
provides an indication to what the most important variables. In addition, inputs can be
ranked or weighted in tesrof their importance upon the output or final consequences.
For exampl e, in the Fuel Gas Rel ease mod
on the possibiliYitgaldo of TH €0 Mmoe uatenteneafn t a g e
conducting SA in BN is that thg take into consideration the chain of events below the

input node leading to the output node, which presents a closer approximation to reality

(Loughney.et al, 2016)
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CHAPTER 6:
DECISION MAKING ANALYSIS FOR OFFSHORE

WIRELES S SENSOR NETWORK DESIGN

Summary

In this chapterthe development o\&SNfor an offshore system is presented. The system
in question is the electrical generation units. The intention is to design the structure of a
number of WSNs within the electrical generation system with varying connection types
and methods of relaying datéhe research is concerned onlytwihe design of the WSNs,
I.e.the hardware and orientation of the sensor nodes and not the software, programming
or data protection. This should provide a good base, once an ideal WSN design is
determined, to expand tinetwork further incorporating more attributes and develop the
necessary software to complete the WSN. BatysAnalysis and validation angrovided

for the analysis.

6.1 Wireless Sensor Network Designs

6.1.1 WSN DesignOutline

The problem considers a region of an offshore platform to be covered by wireless sensor
nodes. The number of sensors is determined by the requirements of the application.
Typically, each sensor node has a sensing radius and it is required that therserdss p
coverage of the specified region with a high probability. The sensing and transmitting
radius of the node depends on the phenomenon that is being sensed as well as the sensing

hardware of the node. Hence, in general, the number of sensor nod#atesidby the
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application. In this research, the application is known and so the problem of where to
deploy the sensor nodes is an easy one to solve. The application here is the integrity of
the electrical generation equipment on board an offshore ptatfdore specifically the
Thistle Alpha Platform located in the North Sea. The WSNs to be proposed will focus on
the key areas where integrity of the electrical generation equipment must be maintained.

These key areas are outlined by Meggitt: Gas Turbingifg and Monitoring.

In order to first develop the WSNs topology, one must know the domain in which the
sensors will be deployed. In this problem, the sensors will be distributed within the
electrical generators located within the electrical generatmatufe of the Thistle Alpha

platform. There are a number of steps involved in the generation of the domain.

1. Domaini The domain must first be established in order to definitively and
accurately place the sensor nodes.

2. Dimensionsi The dimensions of the dommamust be specified in order to
determine the size of the sensor field, as well as to determine thecasest
battery life and in the case of mditop connectivity, determine the average size
of each nodes transmitting radius.

3. Sensor placemernt Once tle dimensions of the domain are known the sensor
nodes can theoretically be placed to begin forming the network. The nodes are
placed based upon the phenomenon that they are going to be detecting.

4. Data Transmissioil Once the sensors nodes have been apptely placed, a
decision is made as to whether the network should be gwogleor multihop

based upon a given set of criteria.
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The WSN designs proposed in this research are only part of the initial stages of
developing the Asset Integrity Case or Ndstallations. The WSNs are not to be

considered as complete models for 1tgale application at this moment in time.

6.1.2 Establishing the Domain and Dimensions

The domain has already been identified as the electrical generation module on the Thistle
Alpha Platform As stated in Chapter 4e Thistle Alpha Platform, located in the North
Sea, has three gas turbine driven elegtgenerators, (termed Unit A, Unit B & Unit C),

each of which is capable of providing 100% of the platform power requirements. The
platform is currently part of the Thistle Late Life Extension (LLX) strategy, which aims

to recover over 35 million barretd oil through to 2025 from the Thistle and Deveron oll
fields. In order for the platform to be operable to 2025 and beyond, the LLX strategy

incorporates a series of major initiatives to improve structural and topside integrity,
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Figure6-1: Plan view of the location ofamerator Unit A and B (adapted frokppendixE)
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upgrade safety and contrey/stems, improve the oil production and water treatment
process and provide reliable power. This make this platform the perfect candidate to base
the Asset Integrity Case development arquagipreviously stated in Chapters 4 and 5
Figure 6-1 shows the generic outline of the main electrical generation module, which

houses gener atCoessweal2010)6s A and B

While Figure6-1 gives a good overview of the generic layout and location of equipment,

it is not enough to accurately create a size model of the generator module (Module 2).
However, it is possible to determine thienensions of the module and the equgnmn

from the plot plans of the Thistlelgha platform (seéppendix E). From these more
detailed plans, the dimensions of module 2, the electrical generators and the orientation
of equipment in the space can be deteed. Table 6-1 gives an outline of the key
dimensions. All equipment dimensions, i.eturbine and alternator are external

measurements.

Table6-1: Dimensions of module 2 and electrical generation equipment

Item Measurement

Module Length 27m

Module Width 13.8m

Module height 10m

Height to Mezzanine 6m

Total Generator Length 17m

Alternator Length 7.8m

Alternator Width 4.3m

Alternator Height 4.3m
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Gas Turbine Length 9.2m

Gas Turbine Width 2.9m
Gas Turbine Height 3.5m
Spacing between Alternators 0.9m

Distance of Unit A from the Module Wa 1.4m

From these dimensions, it is possible to produce a much more accurate and scale depiction
of module 2 on the Thistle Alpha Platforfigure6-2 andFigure6-3 show the module 2
deck level and side elevation respectiveljhese fgures are adapted from the Thistle

Alpha platform plot plans in Appendi
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Dimensions:
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Figure6-3: Module 2schematiavith dimensions (Side Elevatipn
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6.1.3 Sensor Placement

Now that the domain and dimensions of said domain have been identified, it is possible
to place the sensor nodes and determine the size of the sensor field and determine battery
power given the type of communication. The nodes are dependent entirely tatheyha

are detecting and are placed accordingly. In this research the focus is on the integrity of
the gas turbine generator as well as developing the Asset Integrity Case, and so a finite

number of nodes will be proposed to keep the initial WSNs simpites initial stages.

It is necessary to identify where the sensor nodes should best be deployed in order to
accurately maintain integrity. A key place to begin is to currently identify where gas
turbines and alternators already have wired sensors ¢e ppamonitor the integrity of
equipment. Meggitt Sensing systems currently identifies a number of key areas where
wired sensing and condition monitoring takes place within an electrical generation unit

(Meggitt, 2016) These ee outlinedas follows:

1. Absolute vibrationi The sensors here determine the seismic vibration of the
system relative to the Ear(dargar, 2014)

2. Shaft vibrationi These sensors monitor the levels of vibration incurred by the
main generator shaft that runs through the gas turbine and the alternator. The
sensor here provides data on the vibration of the shaft against the bézanggs,

2014)

3. Shaft Displacemerit Sensors and probes here are useddasure the movement
of the shatft in the vicinity of the probe. They cannot measure the bending of the
shaft away from the probe. Displacement probes indicate problems such as

unbalance, misalignment, and oil whilargar, 2014)
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. Static oil pressuré Sensors here measure the force per unit area exerted on the
walls of a container by the stationary fluid. In this case the stationary fluid is the
bearing oil(Kiameh, 2003)

. Temperaturé The sensa here simply measutke temperature of various areas

of the generator such as: temperature of the combustion, the exhaust gases and the
bearing lube oi(Kiameh, 2003)

. Speedi This sensor measures the speed of the main ahdlfte bearings in
between the gas turbine and the alternator. This node indicates as to whether the
turbine is in danger of running overspeed or not at the required speed. Typically,
the gas turbines on the Thistle Alpha platform run at 3,60qQRMRI Plc., 2009)

. Combustion pressurel' he combustion section has the difficult task of controlling

the burning of large amounts of fuel and air. It must release the heat in a manner
that the air is expanded and accelerated to give a smooth stream of uriformly
heated gastaall starting and operating conditions. This must be accomplished
with minimum pressure loss and maximum heat release. Therefore, monitoring
the combustion pressure is vital for the operation of the tufKiiaeneh, 2003)

. Blade lealth - Heavy duty industrial gas turbines are widely used in power
generation plants worldwide. Axial flow compressor and expansion turbine are
key subsystems of the gas turbine. Due to inlet air flow aero dynamic load and
rotor rotation, various modgisplacement and vibration on the turbine blades are
excited. Excessive vibration may accumulate high cycle fatigue and thermal
mechanical stress on a rotor blade, and cracks may initiate and propagate over

time. Having sensors here to detect and mothltade cracks and provide early
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warning before material liberation is the main focus for any blade health
monitoring systentYu & Shrivastava, 2016)

9. Emissionsi The purpose of sensors here is to detect the quality of the ¢xhaus
emissions from the gas turbine. There are strict regulations in place that regulate
the levels of NOx and CfOin turbine emissions. Most air pollution NOx
measurements are done on a volumetric concentration basis, in parts per million
by volume (ppmv) oin some cases in a weight/volume fraction such as fhg/m
Uncontrolled gas turbine NOx emissions are in thef 380 ppmv range (about

300 600 mg/m) (Klein, 2012)

Alternator dischargé Sensors here measure the level of pagtectrical discharge from

the alternator. Partial discharge is an electrical discharge that occurs across a localised
area of the insulation between two conducting electrodes, without completely bridging
the gap. It can be caused by discontinuities guerfections in the insulation system.
Discharge monitoring thus gives an indication of deterioration of the insulation and is an

indicator of incipient fault§HVPD, 2016)

As these key areas have been identified and outlihedptations of the sensors can be
assignedFigure6-4 shows the prime locations for the wireless sensor nodes within the

gas turbine and the alternator.

As shown inFigure6-4, there are 31 proposed sensales within each generator unit.

As the module consists of two generattns,sensor field is comprised of 62 sensor nodes

at this initial stage. Starting from the left Bigure 6-4, it can be seen that there are 3
nodes on the first bearing set monitoring the absolute vibration, the static oil pressure and

the temperature. This arrangement at the first bearcmnisistent with thapplicationof
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Figure6-4: Proposed locations of the wireless sensor nodes within the electrical generator

probes and sensors at this posit{deggitt, 2016) Following this to the compressor
turbine, there are eight nodes monitoring the blade health, as is the case with the power
turbine. There are combustion pressure sensors monitoring the combustidechdoe

to the smalimargins of pressure loss available. Continuing through the generator to the
exhaust of the power turbine and the bearings between the turbine and the alternator.
There ae two nodes monitoring the emissions of the turbine as well as six nodes on the
bearing. There are more nodes here due to it being a midpoint location on the main shaft.
Therefore, along with the absolute vibration, oil pressure and temperature sdmwsers, t

are also nodes monitoring the speed of the shaft at the exit of the power turbine, the
relative vibration of the shaft to the middle bearing and the displacement of the shaft.

Monitoring the displacement and relative vibration of the shaft here graské is a
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potential vibration node point of the shaft, due to its locating from the two end bearings
(Kiameh, 2003) Moving through the alternator, there are four nodes monitdahag
partial discharge. Finallythere are far further nodes on the final bearing after the
alternator. The nodes here again include absolute vibration, static pressure and
temperature nodes, just as the first bearing. However, there is also a relative shaft
vibration sensor due to there being agix after the alternator, which does not form
part of the analysis but must still be treated as though it is there in relation to the operation

of the generatofRMRI Plc., 2009)Kiameh, 2003)

6.1.4 Data Transmission

Now that there are a proposed number of sensors with a stated purpose, it is possible to
determine the method of data transmissions. There are two main data transmission types;
singlehop and multhop, as outlined i€hapter2. However, i is possible to split these
further. It is possible to have singh@p routing directly to the gateway node and single

hop transmission via cluster heads. Similarly, it is possible to havemoplitonnectivity

based upon the size of each sensors aveesaljes of connectivity, i.e. muitiop with a

large radiusR, and multihop with a small radius}.

In this research four types of data transmission are to be analysed and compared against
a set criteria to determine the most applicabteute inintegrity monitoringan offshore
environment. It is important to note that the gateway node is assumed to be at the origin
point as shown ifrigure 6-2 andFigure6-3 and any cluster head nodes are assumed to

be on the mezzanine deckkigure6-3. These four forms of transmission are outlined as

follows:
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A. Single-hop - Nodes connect directly to the Gateway node. Due to congestion,
Nodes transmit data in sequence. i.e. Node 1 transmits data, Nodad? ca
transmit until the gateway has received information from Node 1, and so on.
Complexity is not applicable to the Sindlep design as all nodes send data
to the same ddstation and do not relay datas shown inChapter 2

B. Single-hop with Cluster nodes - Nodes transmit data to the nearest cluster
node in sequence. Hence, several nodes can transmit simultaneously to
different cluster nodeslhis requires less battery power than Sinlgtgp as
there are two short connections from the node to the clusteframdthe
cluster to the gateway, apposed to amconnection over a longer distance.
However, the battery power in this instance is also digr@mon the number
packets from other nodes being relayed to the gateway.

C. Multi -hop with a smallest sensor node radius Nodes relay (transmit/
receive) information from each other to achieve the best route from the source
node to the cluster node. The dhmadius denotes the smallest transmittable
distance of the node. i.e. it would require more conoestio reach the cluster
node. Thisrequires more battery than Singlep as the nodes must transmit
and receive data.

D. Multi -hop with a largest sensor nde radius- The theory is the same for the
Multi-hop (SmallR), however, nodes have a larger sensor radius and can
transmit/receive data from nodes further away. Meaning fewer connections to
the cluster node. Requires much increased battery power to iaeseive
over a large area. Due to the large area, the network can almost act as a single

hop cluster network.
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Even wth the four types of data transmission outlin&dther information would be
required to even attempt to determine the most suitalplggooation This information

would be the specification of specific components, such as, the individual sensor nodes,
the battery life, and transceiver electronics. This would involve further research into the
most suitable components for use offshore wodld begin to incorporate the software

of the WSN. Hence the selection of the most suitable WSN is to be determined through
the use of linguistic terms to outline the most important attributes and criteria for

application of a WSN to an offshore elecatigeneration module for integrity monitoring.

Given the dimensions adapted from the Thistle plot plandgeiee6-2 andFigure6-3)
and the proposed location of the sensor nodesHiggre 6-4) it would bepossible to
determine the node furthest from the gateway notteedbp and centre of module 2. This
would be the beginnings of the calculation to determine the maximum Wditesf/the
network. However, too many assumptions are requireduaticer information is needed
to complete the calculationgurthermore, this would only demonstrate which WSN
would be the most suitable based upon on criteria of Battery Power. Thid natube
sufficient to produce logical decision for WSN applicatitirere are other attributes that
contribute to the design of the WSNKlence, a decisiemaking methodology shall be

utilised, based upon a set of criteria and attributes to determinsotesuitable WSN

6.2 Numerical Study and Assessment

The decisiormaking methodology outlined in Chapter 3 shall be applied to the problem
of determining the most suitable WSN design for use in offshore asset integrity
monitoring. The fundamental part of ddeping a coherent decisianaking method,

with the ability to deliver coherent results, lies in its evaluation hierarchy and the
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allocation the belief degrees and weights. As the domain, definition and objective of the
problem have been determined, thaleation hierarchy can be developed. From there
the dataacquisition an@nalysis can be conductedutilise the ER algorithm outlined in
Chapter 3. Finally, the WSNs can be ranked in terms of their suitability and a sensitivity

analysis and validation nabe carried out.

The first three steps of the decisioraking methodology have been followed and
identified by Section &. The remaining sections in Chapter 6 shall identify step 4 and

onwards in the decisiemaking methodology.

6.2.1 Evaluation Hierarchy

In order to apply the ER algorithm to the decision of the most suitable WSN design for
use in an offshore systemsat of variables and la@erarchical structure of general and
basic attributes must first be defined. Magiables andhierarchical structurere based

upon the hardware requirements for a WSN and for application on an offshore platform.
In this analysis, there are three general attributes outlined and eight basic attributes. The

hierarchical structure is demonstrateddigure6-5.

Figure 6-5 shows the three general attributes to be Complexity, Resilience and
Maintainability. The General and Basic attributes of the evaluation hierarchy have been
developed from a number of sourtleat consistently outline these attributes as being the
key factors in the generation of a WSN, in terms of the topology and hardware selection
(Chong & Kumar, 2003(Carlsengt al, 2008)(Akhondi, et al, 2010)(Fischione, 2014)

(IEC, 2014) These general attributes are outlined as follows:

1 Complexity is defined as the intricacy of the WSN. Usually, this wbeldhe

number of nodes and their location, however, this is already bounded by the
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scenario on board an offshore platform. Hence, the complexity is defined by three
basic attributes relating to the design and hardware:

o Transmission over the shortest poksitoute: The ability of the network
to transmit information over the shortest possible route from one sensor
node to the Gateway node.

o Transmission over the longest possible route: The ability of the network
to relay information over the longest possibistance to the Gateway
given that one or more nodes fail to transmit/receive data.

o Large number of cluster head nodéBe necessity of the network to have
many cluster nodes in order to reliably transmit data to the Gateway.

1 Resilience is defined as thi¢SNs ability to deal with faults to the system. As this
research does not include any software analysis, the issue ofattdisks cannot
be fully analysed therefore, the resilience of the WSNs is determined by two basic
attributes.

o Battery power: This tmalready been outlined in some detail, and in this
analysis, it is defined as: The ability of the network to have a substantial
source of battery power for the longevity of the network life and reduced
time between maintenance. Battery power must becgarifito power the
sensors, initially, for several months.

0 Relaying data: This is a key attribute as it deals with the ability of the
network to relay information between nodes in the event of sensor node

failures and/or network disruptions.
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1 Maintainability: This focuse®n the capability of the WSN design to be easy to
maintain, its selsustainability and the costs incurred by installation and
maintenance. It is outlined by three basic attributes:

o Ease of Maintenance: This is dependent on the Compleixiheaodes,
i.e. the number of components within the nodes (sensor, transmitter,
receiver, battery size). Location is not a factor as all nodes in this study are
located within the electrical power generator.

o Auto-Configuration: The ability of the netwotk auto configure on start
up and after maintenance. Nodes that can relay information can ease this
issue, however, it is easier to program networks to-eomdigure with less
complex and fewer connections.

o Cost: The cost of theetwork is determined by the number of nodes
required (including cluster nodes), the sophistication of the nodes (battery

size, transmitters, receivers and sensors) and the cost of maintenance.
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Figure6-5: Evaluation Hierarchy for the four WSN designs
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It can be seen frorkigure6-5 that WSN 1 (SingldHop) is not associated with the first

two general attributes Complexity and Resilience. This is due to a number of reasons;
firstly, as the network is singleop, the issuef transmitting over the shortest or longest
route is not applicable. As previously outlined, the shinglp transmission has each node
transmit their data one after another in sequence, directly to the gateway. Hence there is
only one possible transmissi route that each node can transmit data. Secondly, there
arendét any cluster heads associated with
to associate WSN 1 with any number of cluster heads, and subsequently cannot relate it
to the generaltiibute, Complexity. Thirdly, as the data is theoretically transmitted over
only one possible route for each node, there is no ability or need for WSN 1 to relay data.
Similarly, as the general attribute, Resilience has only two basic attributes, it canno
possibly be included in the analysis for Resilience. However, it can be included in the

analysis for Maintainability as all basic attributes are relatable to WSN 1.

6.2.2 WSN Assessment Problem

In this section, the ER algorithm is applied to analyse the suitability of four different WSN
designs for use in asset integrity monitoring of an offshore electrical power generator.
The four WSN designs are based around the type of data transmissi@nethsyollows:
Singlehop transmission, Singleop transmission with cluster head nodes, Mudp
transmission with a small sensor node radius and 4naititransmission with a large
sensor node radius. The four WSNs shall be denoted as WSN 1, WSN\23\aisd

WSN 4 respectively.

Before the analysis can be conducted the weights of each attribute, both general and basic
(outlined inFigure6-5), mustbe determined and the belief degrees of the basic attributes
must be determined based upon a set of evaluation grades. Initially, the weights of the

attributes are assumed to be normalised, with further analysis demonstrating the weights
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through pairwise @mparison and Analytical Hierarchy Process (AHP). These weights
through AHP and the belief degrees are determined by qualitative assessment from expert
judgement though he use of questionnaires. Thisiegtionnaire is demonstrated in

Appendix J.

As outlined previously, three general suitability attributes are considered, which are
Complexity, Resilience and Maintainability. These attributes are generic and difficult to
assess directly. Therefore, lower level attributes are required. The attribute hiésarchy

shown inTable6-2 along with the notation for each attribute and their weightsd

¥i). Initially these weghts are to be normalized, ieach attribute is to be the same

weight with their sum equal to 1. As shown by Equaéidia, b, c & d:

[ . pfo (6-1a)
] ] T pTo (6-1b)
] T PG (6-1c)
] ] ] pTo (6-1d)

However, the belief degrees must be deteech against the evaluation grades for each
basic attribute. This is done through part b of the questionnaire demonstrapgebidix

J. Five experts and their judgements were used to complete the qualitative questionnaire
across disciplines of offshoregneering and computer science. This allowed for a more
comprehensive view point as the designs of the WSN are to be ubedmhan offshore
platform. The five experts are to remain anonymbuowever, their expertise are outlined

as follows:
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Expert 1 is currently in the employment of a leading classification society and holds a
university qualification at the MSc. Level. This person has 8 years of experience at sea

and more than 5 years as an offshore safety manager.

Expert 2 is currently in the emplogf a leading provider of risk management services
and holds a university qualificationih.D.level. This person has 10 years of experience

as an offshore technical director.

Expert 3 is currently a CEO of a leading energy service and holds a university

qualification atPh.D.level.

Expert 4 is currently in the employ of a UK university as a senior lecturer and researcher.
This person has 10 year s o6 dhepregressemoftee i n
Internet of Things and interdisciplinary technologies. This person also holds a university

qualification atPh.D.level.

Expert 5is currently in the employ of a UK university as a senior lecturer and researcher.
Thispersonhas1pear s6 experience in research ar
Internet of Things and Computer, communication and control technologies. This person

also holds a university qualification@h.D.level.

Each of the five experts completed the questimenin AppendixJ. This allowed for the
completion of the belief degrees for the basic attribttee belief degrees are generated

by taking the average for each attribute given what evaluation grade each expert has
highlighted.The hierarchy and normakd weights of all attributes is demonstrated in

Table6-2, as well as the completed belief degrees for each basic attribute.
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Table6-2: Generalised decision matrix for WSN suitability assessment with normalised weights and belief degrees

WSN1 WSN2 WSN 3 WSN 4

General : Single  Multi-Hop Multi-Hop ~ Evaluation
Attributes Basic Attributes Smg;)e Hop (Small (Large Grades
(Cluster) Radius) Radius)
0.6 0.2 0.2 Ha Poor
Transmission over 0 0.2 0 Hz  Indifferent
the shortest route 0.4 0.6 0.2 Hs  Average
(@) 1(=0.333) 0 0 0 Hs  Good
0 0 0.6 Hs  Excellent
0 0.4 0.8 Hi
Complexity (x) Transmission over 0 02 0 Ha
( ¥=0.333) the(lo;zgiesot gc;ti})e 113 0.6 0.4 0.2 Hs
- 0 0 0 Ha
0.4 0 0 Hs
0.6 0.2 0.6 Hi
Large number of 0 0 He
Cluster nodes & 0.2 0.3 Hs
( ®=0.333) 0.2 0.2 01  Ha
0.2 0.4 0 Hs
0 0 0.2 Hi
0.2 0.2 0 H2
Batt(erg){/1 E%Wse)r ® 0.2 0 0 Ha
' 0.4 0.2 02  Ha
Resilien 0.2 0.6 0.6 Hs
=0.333) 0.2 0 0 Ha
_ 0 0 H2
Re"'z‘ygi '?)ast‘)"‘ ® 0.2 04  Hs
0.2 0 0 Ha
0.6 0.8 0.6 Hs
0 0 0.2 0.4 Hi
_ 0 0.4 0 0 H
E?;‘; °f3'z"_f£_t§£‘§)”°‘ 0 0.2 0.4 0 Ha
0.4 0.4 0.4 Ha
0.5 0 0 0.2 Hs
0 0 0.2 0.4 Hi
Maintainabilit figurati 02 02 ° ° e
(2 )ee 0.383) A(‘g;’ Ci’;;%“gg” 0.2 0.4 0.4 04  Hs
0.2 0.4 0.2 0 Ha
0.4 0 0.2 0.2 Hs
0.2 0 0.4 0.4 Hi
0 0.4 0 0 H2
COStO(?SS)“:” 0.2 0.4 0 0 Ha
' 0.6 0 0.6 0.2 Ha
0 0.2 0 0.4 Hs
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6.2.3 Normalized Weight Aggregation Assessment Utilising theER

Algorithm

The problem is how the judgements Table 6-2 can be aggregated to arrive at an
assessment as to the best suited WSN for asset integrity monitoring on and offshore
platform. The weight assessment for the attributes has already beemrduaili being

hypothetical by assuming normalised weights for each attribute.

To demonstrate the procedure of the ER algorithm the detailed steps of the calculation
shall be shown for generating thy basses
aggregatinghe three basic attributes Transmission over shortest @yt& ansmission

over the longest routed) and large number of cluster nodes.(The evaluation grades

have been defined EBquation3-21. FromTable6-2 andEquation3-25the following can

be stated:

As stated previously, it is assumed initially that all three weights are of equal importance.
So, fromEquation 61bthe weights are, 1 1 pXo. FromEquations 3226

and 327 the basic probability masses carchiulated:
45 TIoch & mIch & ;5 mdfoh Gy ™ &y mh

a5 ™o Ca iy T QX

=

Gy m™@Ich &y m&fch & m@foh & m @ ;

a5 ™olo Ca y TE QX
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G p mFoch & m Gy mIoh &y Tm&Ioh & ; m&7Toh
a p ™ol Ca iy T QX

It is now possible to us&quations 29, 330 and 331 to calculate the combined
probability masses. Firstly, attributesande; are to be aggregated. As statedElgyation

3-31:

Equation 331 is solved in stages tetermined  , as follows:

ap agp a G f a G f a G j a 4 f
g, T& T8 18
—8— —8— T m TIpoo
0 O O O

anp anp a 4§ a qa j a R p a R p
8§ T8 ] 18
—g— —8— W T TBIpXY
O O O O

arp ap a (A F a (G j a (G j a (G j
® 18 T T8
—8— —8— Tt Tt TS T
O O O O
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) P TBIpOoOo®BIp X Yrdrt P8 X X

Given thatthe value o)  has beemleterminedEquations 229 and3-30 can now be

utilised, along with the basic probability masses, as follows:

a 0 aﬁa;ﬁéc’(x:aﬁ ¢ pBH
a i 0 a p a i
a p 0 A pGp apap a G R T UL o p
a 0 a p@fp apd rp G [A f TP TTTT T
a ; L G RAEF G RA [ G RA R TR QX W®
a p 0 ad & p G R0 5 G (A 11
a p 0 ad & p G R0 5 G A 11
a O & p@ 5 T X YU

As the first two basic attributes; ande;, have been aggregated, it is possible to combine

the above results with the third attribateas follows:

Equation 331 is again solved in stages to find , as follows:
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T8t o o U

anp an anp ap anp ap an af anp 4 f
T8IX pU

anp anp anp af an ap an ap an ap
Tt

an ap ar & p anp &g anp G p anp G p
Tt
0 p TEIT MYUBIooUBIX pPL PP X TTX

Giventhat the value ob  has beemleterminedEquations3-29 and 330 can now be

utilised, alang with the basic probability masses, as follows:

A ; b Gr G Gr GF [ GfF TOOYY

a i 0 af adfp G G5 af ap X Pt

Ofp O Gf GRr GfF @[ GfF Gr TROXT

a i 0 af adfp G a5 af ap T8toX o

a p 0 ap 0 G a5 af ap @Y T X
a q VL O p G p TWYXOT
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As thebasic attribute®:, & andez have been aggregated, the combined belief degrees

are calculated usingquation 332:

i S a h & pBRh 1Q pBH
I p I

a ™ @YY

T p G i p T[EG:)((;TTIE&’@OOT
a i Pty

! P a pmﬁrxwmﬁ’wp
a i @ QX1

f o & : 0 H&XGTHSC(PX
a g neitcy)(crn81

! p & j P ™ XOT v oo
a ¢ TSI X T

I al XX mpwe

p O q P T XOT

Therefore, the assessment for the Complexity of WSN 3 by aggregating Trsinemis
over the shortest routeqf, Transmission over the longest routg @nd large number of

cluster headss§), is given by:
YO € anaQuYWAQAIQ
0 € 4mig @ W0 QQQ G CUIPd U Qi [HROQ @iy

"O¢ #18t o ¢h 'O o  'Q AT P duxx
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It is important to note that changing the aggregation order does not change the final results

in any way.

6.2.3.1 Results and Analysis of Normalized Weight Aggregation

The calculations demonstratedSection6.2 for the assessment of WSN 3 in terms of its
Complexity were repeated for the other basic attributes for each of the WSNs proposed.
The results were then aggregated further to give the overall beliefs for the general
attributes for each of the WSNs. All tife calculations were completed using Microsoft
Excel as it provided a simple way of inputting the ER algorithm and displaying the results
clearly. Given the information demonstraiadlrable6-2 the assessment for the general
attributes for each WSN were calculatédble6-3 shows the aggregated assessment for

the general attributes for each WSN design.

Table6-3: Aggregated assessment for the general attributesafdr WSN design

WSN 1 WSN2 WSN3 WSN4
Multi - Multi -

General Single Evaluation
Attributes Sing|eHop Hop Hop Hop Grades
(Cluster) (Small (Large
Radius) Radius)
Complexity 0.413 0.269 0.575 H1 Poor
( ¥=1/3) 0.000  0.125 0.000 H. Indifferent

0.335 0.427 0.225 Hs Average
0.060 0.060 0.029 Ha Good
0.192 0.119 0.172 Hs Excellent
Resil ize 0.091 0.000 0.085 H:

=-1/3) 0.091 0.081 0.000 H:
0.091 0.081 0.169 Hs
0.309 0.081 0.085 Ha
0.418 0.758 0.661 Hs

Maintainability 0.059 0.000 0.265 0.428 Hi
( ¥=1/3) 0.059 0.342 0.000 0.000 H
0.124 0.342 0.258 0.118 Hs

0.464 0.258 0.419 0.188 Hq

0.295 0.059 0.059 0.266 Hs
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Similarly Figure6-6, Figure6-7 andFigure6-8 show the graphical representation of each

of the aggregated assessment of the general attributes for each WSN.

Complexity
70%

60%
50%
40%
30%
20%
10%

0%

o
[EnY

2 3 4 5 6

—0—WSN2 —e—WSN3 —e—WSN4

Figure6-6: Graphshowing the aggregated assessment for the Complexity of WSNs 2, 3, and -

Resilience
80%
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30%
20%
10%

0%
0 1 2 3 4 5 6

~—0—-WSN2 —e—WSN3 —e—WSN4

Figure6-7: Graph showing th aggregated assessment for the Resilience of WSNs 2, 3, and
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Maintainability
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Figure6-8: Graph showing the aggregated assessment for the Maintainability of each of the WSNs

From the graphs iRigure6-6, Figure6-7 andFigure6-8it is possible to distinguish some

of the differences between the WSNs and rank ttmenvever, this can be very difficult.

For exampleit would seem that WSN 3 fairs bettet@rms of resilience than WSN 2 or

4. Similarly, in the only case where WSN 1 is assessed, maintainability, #esstto

be the best performing WSN design. However, WSN 1 cannot be assessed in complexity
or resilience as it is a very simple design inm of its data transmission. It therefore

makes sense that WSN 1 performs better than the other WSNs in terms of maintainability.

Continuing on the procedure of ranking the WSNSs, it is necessary to determine their
overall performance and suitability foffshore use. This is done by aggregating the
general attributes still further using the ER algorithm. This demonstrates the overall
suitability of WSNs 2, 3 and 4.able6-4 andFigure6-9 demonstrate overall suitability
beliefs for the WSNs. ITable 6-4 the beliefsrelating to the overall suitability of the

WSNsare shown as a percentage.
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Table6-4: Overall suitability of the WSNSs to be applied to asset integrity monitoring in offshore installations

OVERALL SUITABILITY

Evaluation Grades WSN2 WSN 3 WSN4

1 Poor 16.13 17.63% 36.99%
2 Indifferent 13.83% 6.52%  0.00%
3 Average 26.49% 26.30% 16.32%
4 Good 21.11% 18.32%  9.22%

5 Excellent 22.43% 31.20% 37.46%

1 1 1

Overall Suitability
40%
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25%
20%
15%
10%
5%

0%
0 1 2 3 4 5 6

WSN2 —e—WSN3 —e—WSN4

Figure6-9: graph showing the overall aggregated assessimetiite WSNs

Again, it is difficult to accurately rank the WSNs performance based on the graph and
data inFigure 6-9 and Table 6-4. It canbe seen that WSN 3 may be the most suitable
design as it scores consistently high frArerageto Goodto Excellent However, this is

by no means a clear indicator of which WSNfpens the best. Therefore, as stated in

Section 3.7.1.2each WSN must be ranked by estimating their utility grades.
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TheWSN designganbe ranked based upon their aggregated belief degrees from the ER
algorithm. This can be done through utility assessment. Suppose the utility of an
evaluation gradetn, is denoted byi(Hn). The utility of the evaluation grade must be
determined beforehandvith u(H1) = 0 andu(Hs)=1 assuming there are five evaluation
gradeg(Yang, 2001) If there is not preference information available then the values of

u(Hn) can be assumed to be equidistant, as shoviEghgtion 333:
60 60 MO MWMWO MWHO WO p
60 60¢¢imh 608 QQQQUQIMEE O 60060 Qi & Qdh
GOt EQME B O 0WOQAAME O
The estimated utility for the general and basic attribusz(e)), giventhe set of

evaluation grades is given by Equatic848

0 Ya'Q 6001 Q

Equation 334 can be used as the belief degrees sum to 1, therefore there can be no upper
or lower bound limit on the utility estimation, just one utility value facle WSN. Each

WSN can be ranked both in terms of each general attribute and the overall suitability of
the WSNs. By applyingequation3-34 and the data ifable6-3 to the general attribute

Complexity for WSN 3, its utility score can be determined.
O0YOEanNnaQwQo w
001 007 00t 007 007

T T QW MU ML T T8 (X TULU T8

P TPWTE MW
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The utility estimation is calculated the same was for each general attribute for each WSN
and for the overall suitability for each WSN. These results are tabulated and the WSNs

can be ranked accordingly.

Table6-5 shows the utility values for the general attribute complexity for WSNs 2, 3 and
4. It can be seen that WSN 3 has the greatest ability to deal complex data transmissions,

with WSN 2 performing better than WSN 4. In other words, in terms of their complexity:

®Ylo w'Y0G "YUt

Table6-5: Utility values and ranking of WSNs, 2, 3 and 4 for the general attribute Complexity

Complexity (x) belief

Grades u(Grades) WSN2 WSN3 WSNA4
H1 Poor 0 0.413 0.269 0.575
H2 Indifferent 0.25 0.000 0.125 0.000
H3 Average 0.5 0.335 0.427 0.225
H4 Good 0.75 0.060 0.060 0.029
H5 Excellent 1 0.192 0.119 0.172

u(Total) 0.404 0.409 0.306
Ranking 2 1 3

Similarly, Table 6-6 shows the utility values for the general attribute resilience. Here
WSN 3 again scores higher than the other WSNs. This is concurrent with the statement
made regarding the best performing Wig$ed upon the graphkingure6-7. The order

of ranking for Resilience is as follows:

®wYlo Yot w"Yiq
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Table6-6: Utility values and ranking of WSNSs, 2, 3 and 4 for the general attribute Resilience

Resilience (y) belief

Grades u(Grades) WSN 2 WSN3 WSN4
H1 Poor 0 0.091 0.000 0.085
H2 Indifferent 0.25 0.091 0.081 0.000
H3 Average 0.5 0.091 0.081 0.169
H4 Good 0.75 0.309 0.081 0.085
H5 Excellent 1 0.418 0.758 0.661

u(Total) 0.718 0.879 0.809
Ranking 3 1 2

Continually, Table 6-7 demonstrates the utility values for the general attribute
Maintainability for all WSNs. Here it can be seen that WSN 1 fairs the best, as was stated
when analysing the graph igure6-8. The WSNs rank in order from 1 to 4 in terms of
their maintainability. This would make sense as the transmission types of each WSN also
become more complex from WSN 1 to WSN 4. The ordeanking for maintainability

is as follows:

WwYlp WYl wVYlo w'Yit

Table6-7: Utility values and ranking of WSN4, 2, 3 and 4 for the general attribute Maintainability

Maintainability (z) belief

Grades u(Grades) WSN1 WSN2 WSN3 WSN 4
H1 Poor 0 0.059 0.000 0.265 0.428
H2 Indifferent 0.25 0.059 0.342 0.000 0.000
H3 Average 0.5 0.124 0.342 0.258 0.118
H4 Good 0.75 0.464 0.258 0.419 0.188
H5 Excellent 1 0.295 0.059 0.059 0.266
u(Total) 0.719 0.508 0.502 0.466

Ranking 1 2 3 4
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Finally, the WSNs are ranked based upon their overall performance and suitability for
application in asset integrity monitoring of an offshore electrical power generator,
utilising data fromrable6-4. Table6-8 outlines the overall suitability belief for WSIR,

3 and 4. WSN 1 cannotebincluded as it was not assessed against general attributes
Complexity and Resilience. It can be seen that WSN 3 would appear to be the most
suitable design and data transmission choice for offshore applications. This is concurrent
with the claim made pxgously following the analysis oFigure 6-9. The ranking for

overall suitability is as follows:

®Ylo w'YOG "YUt

Table6-8: Overall dility values and ranking of WSNs, 2, 3 and 4

Overall Suitability Belief

Grades u(Grades) WSN 2 WSN3 WSN4
H1 Poor 0 0.161 0.176 0.370
H2 Indifferent 0.25 0.138 0.065 0.000
H3 Average 0.5 0.265 0.263 0.163
H4 Good 0.75 0.211 0.183 0.092
H5 Excellent 1 0.224 0.312 0.375

u(Total) 0.550 0.597 0.525
Ranking 2 1 3

The rankings demonstrated are conclusive given the expert judgements presEsaibésl in

6-2. However, these rankings are generated based upon the assumption that all of the
attributes are of equal weighting. In general, one would utilise a variety of weights to
more accuratelgetermine the most suitable WSN for offshore asset integrity monitoring
and whether the rankings generatm@ reliable. Furthermore, it [gossible or even
necessary to improve the quality of original information to achieve reliable rankings. This

improvement in information can potentially come from utilising more experts to gain
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more coherent and accurate basic attribute beliefs. Similarly, it is also possible to utilise
an increased number of evaluation grades. However, this drastically increases the

complexity of the ER algorithm and could potential produce some unforced errors.

Following the analysis presented irec@ion 6.2, Section6.3 shall demonstrate the

outcomes of the ER algorithm with the same basic attribute beliefs. However, a pairwise
and AHP analysis shall be employed to more accurately determine the weights of each
attribute. This should strengthen the accuracy of the post analysis rankings and
comparisons can be made as to the differences between the rankings when utilising

normalised weaghts and calculated weights.

6.3 Numerical Study and Analysis with Calculated Weights

Utilising the ER Algorithm

The numerical analysis iBection 6.2has dealt with the selection problem of the most
suitable WSN design for use on board an offshore installation. The purpose of which is
to monitor the asset integrity of the electrical power generator, as outliSedtion 6.1

It demonstrated that thHeR algorithm can be utilised in this decisioraking process.
However, the analysis presentedSection 6.2relied on normalised weighting for the
basic and general attributes, with the beliefs for the basic attributes determined by expert
judgement throgh part B of the questionnaire outlined Appendix J. This section
focuses on conducting the decisimaking analysis again but by determining the relative
weights of the attributes through Pairwise Comparison and AHP methods. This was done

through part Aof the questionnaire sent to experts.
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6.3.1 Determining Relative Weights of the Attributes

The Pairwise Comparison and AHP methods have been outlined in Chapter 3 and a
numerical demonstration was given in Chapter 4. The same methodology is applied and

a numeical assessment is included for completeness.

Referring to the general attributesgart A of the questionnaire in Appendlxand the
evaluation hierarchy irFFigure 6-5, a numerical assessmepf the AHP methods
demonstratedutilising a 3x3 pairwise comparison matriXable 6-10 is a pairwise
comparison matrix expressing the qualified judgement regarding the relative priority of

X, yandz. An explanation of the abbreviations is givemable6-9.

Table6-9: Criteria required for the general attributes in the evaluation hierarchy

General Attributes

Complexity
Resilience y
Maintainability Z

Table6-10: Pairwise Comparison atrix for the general attributes

X y z

X 1.00 0.48 0.66
y 2.09 1.00 1.95
Z 1.52 0.51 1.00
SUM 4.61 1.99 3.61

A standardised matrix is calculated to show the performance ratio of the general attributes.
This is done by dividing the importance rating in each cell by the sum of its column. From
here the relative weights of the criteria can be calculated by averdgmgws in the
standardised matrix. A measure to know if the data is performing correctly is that all of

the columns in the standardised matrix must sum to 1.0. The standardised matrix with
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calculated relative weights for the general attributes is showiable6-11. These step

by step calculations, as a whole, repreg&gntation 312.

Table6-11: Standardised Matrix of system criteria along with their nedatveights.

X y z Weight

X 0.22 0.24 0.18 21.34%
y 0.45 0.50 0.54 49.86%
z 0.33 0.26 0.28 28.80%
SUM 1 1 1 100.00%

The next phase of AHP is the consistency ratio calculation. Each value in the columns of
Table6-10is multiplied by the weight value of each criterioTable6-11. For example,
eachval ue i n t hEablesd0iusmnmmudxtd pdfi ed by the we
Table6-11. Once these figures have been calculated, they are to be summarised by row,
as shown inrable6-12. A Sum Weight is then calculated by dividing the summarised

row of Table6-12 by the corresponding weight rable6-11. For exampl e, ¢
O0x6 is divided byTahlle-&l Thwefill gebutts aie showndable 6 x 6 |

6-12.

Table6-12: The poduct of the Pairwise Comparison matvialues and the calculated weights (columng)2Along
with the sum of each row and the sum weight of eaitbria.

X y , Sum ng

Row Weight
X 0.21 0.24 0.19 0.64 3.01
y 0.45 0.50 0.56 1.51 3.02
z 0.32 0.26 0.29 0.87 3.01

Theamaxvalueisther al cul ated by dividing the sum o
o f ¢ r ndihteerpairaise c@amparison, which in this case is 3. Hemgegis calculated

as:

ogimmyos8t¢ adtp q
] 5 ogip o
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Next the Cl is computed usirigquation 314:

. .. 08lp OO0
§ 0 ———— TBITY
c P

Subsequently th€R is calculated usingquation 313. There are 3 criteria in this

pairwise comparison under evaluation, so the corresponding Rl is 0.58, as shii@abiein

3-2. The CR of the system level criteria can now be calculated as follows:

The CR value of the system level criteria is 0.011. This means that the degree of

consistency wit the pairwise comparison is acceptable as the CR value is less than 0.10.

Similar calculations were conducted for the other criteria in the pairwise comparison with
the other CRs being 0.01, 0.01 and 0.06. These again are acceptable as it is Ied3.than 0.
The full pairwise comparison and AHEsults are shown in Appendix KR calculations

are not possible for matrices of less than 2x2 as the Saaty Rl values for 2x2 ragedrices

Zero.

Utilising the Rairwise Comparison and AHP methods, the weights fafahe basic and
general attributes are calculated. These weights are sholablie6-13. It can already
be seen that the weights are far frequal. For examplén the first analysis, the weights
for x were outlined a3 1 1 pj o, however, they have now been calculated

as) ™oMmw TemMY TWIIXU

Table6-13: Calculated weightoof the general and basittrébute for use in the ER algorithm

X y z SUM
21.34% 49.86% 28.80% 100.00%
el e2 e3 ed eb eb e’ e8
53.09% 16.16% 30.75% 65.08% 34.92% 53.62% 20.46% 25.92%
SUM SUM SUM
100.00% 100.00% 100.00%
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6.3.2 Calculated Weight Aggregation Assessment and Analysis

Utilising the ER Algorithm

The problem now is aggregating the judgementBaible 6-2 to arrive at an assessment

asto the best suited WSN for asset integrity monitoring on and offshore platform. The
weight assessment for the attributes has been outlined through Pairwise Comparison and
AHP analysis, with the relative weights demonstratedable 6-13. The method of
applying the ER algorithm is the same aSetion 62, with the exception of substituting

the normalised weights for calculated weights. In theoryjstdeemed to be step towards

more accurate rankings of the WSNang & Xu, 2002) Therefore, the calculation shall

not be demonstrated again. The focus here is the comparison of the rankings between the

normalised weightsral calculated weights.

By applying the beliefs imable6-2, the weights inTable6-13 and the ER algorithm
calculation demonstrated 8ection6.2, it is possible to determine the belief structure for
the General attributes and rank the WSNSs in accordance with the performance with each

attribute.Table6-14 shows the new calculated belief structure for the general attributes.

Similarly, Figure6-10, Figure6-11 andFigure6-12 show the graphical representation of

each of the aggregated assessment of the general attributes for each WSN.
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Table6-14: Belief structure for the general attribute using calculated weights through AHP

WSN 1 WSN 2 WSN 3 WSN 4
General . Multi- Multi-Hop Evaluation
Attributes SingleHop Single Hop Hop (Large Grades
(Cluster) (Sm_all Radius)
Radius)
Complexity 0.561 0.225 0.405 Ha Poor
(¥ 21.34%) 0.000 0.141 0.000 H, Indifferent
0.309 0.498 0.226 Hs:  Average
0.044 0.046 0.123 Ha Good
0.086 0.091 0.342 Hs Excellent
Resi”encd ¥ 0.041 0.000 0.135 Hi
- 49.86%) 0.143 0.129 0.000 H>
0.143 0.037 0.078  Hs
0.359 0.129 0.135 Ha
0.313 0.704 0.652 Hs
Maintainab"ity 0.035 0.000 0.238 0.423 Hi
( ¥ 2880%) 0.026 0.380 0.000 0.000 H:
0.063 0.276 0.306 0.052  Hs
0.505 0.309 0.430 0.285 Ha
0.371 0.035 0.026 0.240 Hs
Complexity
60%
50%
40%
30%
20%
10%
0%
0 2 3 4 6

WSN2 —e—WSN3 —e—WSN4

Figure6-10: Graph showing the aggregated assessment for the Complexity of WSNs 2, 3, and 4 from ¢

weights
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Resilience

80%
70%
60%
50%
40%
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20%
10%

0%

0 1 2 3 4 5 6

~—0—-WSN2 —e—WSN3 —e—WSN4

Figure6-11: Graph showing the aggregated assessment for the Resilience of WSNs 2, 3, and 4 from ¢
weights

Maintainability
60%
50%
40%
30%
20%
10%

0%
0 1 2 3 4 5 6

—o—WSN1 —0—WSN 2 —&—\WSN 3 —o— WSN4

Figure6-12: Graph showing the aggregated assessment fdla@ainabilityof WSNs1, 2, 3, and 4rom
calculated weights

From the graphs ifrigure 6-10, Figure 6-11 and Figure 6-12 it is again possible to
distinguish some of the differences between the WSNs and rankHosvaver, this can

be very difficult, br example, it is difficult to determine the most suitableNAis terms

of the complexity of the WSNs. Similarly, in the only case where WSN 1 is assessed,
maintainability, it also seems to be the best performing WSN design as its tnagiasy

beliefs are across the evaluation gradegaafdandexcellent Howeve, WSN 1 cannot

be assessed in complexity or resilience as it is a very simple design in terms of its data

transmission. It therefore makes sense that WSN 1 performs better than the other WSNs
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in terms of maintainability. This is also in accordance withdesessment made when
the weights were normalised in the initial analysis. Furtherniiocan be seen iRigure
6-11 that both WSNs 3 and 4 outpemnio WSN 2. However, it is difficult to determine

which of the two WSN designs fair better in terms of their resilience.

Continuing the procedure of ranking the WSNs, it is necessary to determine their overall
performance and suitability for offshore use¢hwthe new calculated weights. This is done

by aggregating the general attributes still further using the ER algorithm. This
demonstrates the overall suitability of WSNs 2, 3 andable 6-15 and Figure 6-13
demonstrate overall suitability beliefs for the WSNsT#ble6-15 the beliefs are shown

as a percentage.

Table6-15: Overall suitability of the WSNs to be applied to asset integrity monitoring in offshore installations

OVERALL SUITABILITY

WSN2 WSN3 WSN4
1 Poor 11.085% 9.270% 25.047%
2 Indifferent 17.660% 9.760% 0.000%
3 Average 20.927% 18.360% 8.850%
4
5

Evaluation Grades

Good  30.254% 19.410% 14.407%
Excellent 20.073% 43.200% 51.697%
1 1 1

Overall Suitability
60%

50%
40%
30%
20%
10%

0%
0 1 2 3 4 5 6

WSN2 —e—WSN3 —e—WSN4

Figure6-13: Graph showing the overall aggregated assessfoetiie WSNs from the calculated weights
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It can be seen b¥figure 6-13 that it is difficult to ascertain the most suitable WSN
configuration for use offshore for asset integrity monitorldgwever, what can be said

is that WSNs 3 and 4 just out perform WSN 2 as they both have their highest beliefs at
the top evaluation gradexeellent Furthermore, when comparing the overall suitability
graph from the normalised weightskigure6-9 with the graph irFigure6-13, it can be

seen that the aggregated assessnmemiuch more coherent when the weights are
calculated instead of normalised. This partially reinforces the claims by Yang & Xu,
(2002) and Fu & Yang (2012) that applying calculated weights over normalised weights
should present a more accurate analysis and results. In order to more accurately rank the
WSNs in terms of their performance and suitability the utility estimation analysis
demonstrated i®ection 6.2.3.5khall be applied further to determine the ranlohgach

WSN and to compare the results with the ranking with normalised weights.

6.3.3 Utility Ranking Based on ER Analysis with Calculated Weights
TheWSN designganbe ranked based upon their aggregated belief degrees from the ER
algorithm. This can be dondrbugh utility assessment. Suppose the utility of an
evaluation gradetin, is denoted byi(Hn). The utility of the evaluation grade must be
determined beforehand, witl{H;) = 0 andu(Hs)=1 assuming there are five evaluation
gradegYang, 2001) If there is not preference information available then the values of

u(Hn) can be assumed to be egsidnt, as shown byquation 333:
60 60 MO MWWO MWMHO WO p
60 60£¢1imh 608 XWQQE TR B 60060 QI QB
60 EQME B 0 0WOQAAME O
The estimated utility for the general and basic attribugg(e)), given the set of

evaluationgrades is given by Equatior33:
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Equaton 334 can be used as it is because the belief degrees sum to equal 1, therefore
there can be no upper or lower bound limit on the utility estimation, just one utility value
for each WSN. Each WSN can be ranked both in terms of each general attribtite and
overall suitability of the WSNs. By applyirigguation 334 and the data imable6-14to

the general attribute Complexity for WSN 3, its utilitypse can be determined.
0 YOEANAQWQO W
001 001 001 001 001

M MU TU TMPTP ™ ™ wY UL T8IT @

p Top T MW

The utility estimation is calculated the same was for each general attribute for each WSN
and for theoverall suitability for each WSN. These results are tabulated and the WSNs

can be ranked accordingly.

Table6-16 shows that WSN 4 performs betterdtrns of the networks ability to deal with
complex transmissions and connection, with WSN 3 fairing much better than WSN 2. In
terms of their ability to deal with complex transmission s and connections the WSNs are

ranked as follows:

OYOT ®wWYlo ®™ g
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Table6-16: Utility values and ranking of WSNs, 2, 3 and 4 for the general attribute Complexity from calculated weights

Complexity (x) belief

Grades u(Grades) WSN2 WSN3 WSN4
H1 Poor 0 0.561 0.225 0.405
H2 Indifferent 0.25 0.000 0.141 0.000
H3 Average 0.5 0.309 0.498 0.226
H4 Good 0.75 0.044 0.046 0.023
H5 Excellent 1 0.086 0.091 0.347

u(Total) 0.274 0.409 0.477
Ranking 3 2 1

As stated previously when analysiRigure6-11, it was clear that WSNs 3 and 4 clearly
outperformed WSN 2, however, it was not possible to distinguish the performances of
WSN 3 and WSN 4Based on the rankings calculated’able6-17it is clear that WSN

3 out performs WSN 4 in terms of its resilience. Hence the ranking order \0f3iNs

for the attribute resilience is as follows:

®wYlo YOt w"'Yiq

Table6-17: Utility values and ranking of WSNs, 2, 3 and 4 for the general attribute Resilience from calculated weights

Resilience (y belief

Grades u(Grades) WSN 2 WSN3 WSN4
H1 Poor 0 0.041 0.000 0.135
H2 Indifferent 0.25 0.143 0.129 0.000
H3 Average 0.5 0.143 0.037 0.078
H4 Good 0.75 0.359 0.129 0.135
H5 Excellent 1 0.313 0.704 0.652

u(Total) 0.690 0.852 0.792
Ranking 3 1 2

Continuing in with the ranking of the WSNs based on their performance against each

general attributeTable6-18 shows the ranking of each WSN for Maintainability. It can
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be seen that WSN 1 drastically out performs WSNs 2, 3 and 4 in terms of their capabilities

as an easily maintainable network. Hertee tanking of the WSN is as follows:

®Yp wWYlo wYi YOt

Table6-18: Utility values and ranking of WSNS§, 2, 3 and 4 for the general attribikintainability from
calculated weights

Maintainability (z) belief

Grades u(Grades) WSN1 WSN2 WSN3 WSN 4
H1 Poor 0 0.035 0.000 0.238 0.423
H2 Indifferent 0.25 0.026 0.380 0.000 0.000
H3 Average 0.5 0.063 0.276 0.306 0.052
H4 Good 0.75 0.505 0.309 0.430 0.285
H5 Excellent 1 0.371 0.035 0.026 0.240
u(Total) 0.788 0.500 0.501 0.480

Ranking 1 3 2 4

Finally, the WSNs are ranked based upon their overall performance from the ER
algorithm with calculated weights utilising information providedTiable 6-15. Table
6-19outlines the overabuitability belief for WS 2, 3 and 4. WSN 1 cannot be included

as it was not assessed against general attributes Complexity and Resilience. It can be seen
that WSN 3 would appear to be the most suitable design and data transmission choice for
offshore aplications. This provides some clarity to the analysiBigtire6-13 where it

could be seen that either WSN 3 or WSN 4 would be the most suitable configuration
based upon the analysis with calculated weights. The ranking for overall suitability is as

follows:

®wYlo Yot w"Yiq
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Table6-19: Overall utility values and ranking of WSNs, 2, 3 andleéed on calculated weights

Overall Suitability Belief

Grades u(Grades) WSN 2 WSN3 WSN4
H1 Poor 0 0.111 0.093 0.250
H2 Indifferent 0.25 0.177 0.098 0.000
H3 Average 0.5 0.209 0.184 0.089
H4 Good 0.75 0.303 0.194 0.144
H5 Excellent 1 0.201 0.432 0.517

u(Total) 0.576 0.694 0.669
Ranking 3 1 2

The rankings demonstrated are conclusive given the expert judgements presBaibésl in

6-2 and the relative weights established'able6-13. It is clear from the data presented

in the graphs and tables that utilising calculated weights as opposed to normeigsed
organises the aggregated belief structures much more coherently. This allows for a more
accurate estimation ofi¢ rankings by simply analysing the data without calculating the
utility estimations for absolute rankings. However, the rankings of the WSNs for the
general attributes and the overall assessment must be compared in terms of the results for

normalised weiggts and calculated weights.

6.4 Comparison of Results given Normalised Weights and

Calculated Weights

In theory, the application of calculated weights through expert judgement and AHP
analysis should prove to be more accurate than the method of normalesireative
weights of attributes. To determine the validity of this statep¥eatile 6-20 shows the

utility values and rankings of each WSN against the general attributes and the final overall

assessment.
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Table6-20: Utility estimations and ranks of each WSN for the general attributes and overall assessment for
normalised weights and calculated weights

WSN1 WSN2 WSN3 WSN4

Complexity (x)
Normalised
u(Total) 0.404 0.409 0.306
Ranking ig 2 1 3
Calculated
u(Total) 0.274 0.409 0.477
Ranking ig 3 2 1
Resilience (x)
Normalised
u(Total) 0.718 0.879 0.809
Ranking ig 3 1 2
Calculated
u(Total) 0.690 0.852 0.792
Ranking ig 3 1 2
Maintainability (x)
Normalised
u(Total) 0.719 0.508 0.502 0.466
Ranking 1 2 3 4
Calculated
u(Total) 0.788 0.500 0.501 0.480
Ranking 1 3 2 4
Overall
Normalised
u(Total) 0.550 0.597 0.525
Ranking ig 2 1 3
Calculated
u(Total) 0.576 0.694 0.669
Ranking ig 3 1 2

It is immediately apparent frofable6-20 that the utility values and ranks of the WSNs

are not completely the same for normalised weights as they are for calculated weights. In
terms of complexity the ranks are slightly different in that for the normalised weighting
system WSN 3 performs the best with WSN 4 performing the worst. However, when the

calculated weights method is used, WSN 4 is apparently the most preferred method of
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dat transmission. Furthermore, the utility values for the normalised weight method show
very little difference in terms of the actual values, 0.404, 0.409 and 0.306 fos &SN

and 4 respectively. However, when the calculated weights are used, thevatiliég

differ much more drastically with 0.274, 0.409 and 0.477 for W2N 3 and 4
respectively. This shows that the equal assignment of weights has a large effect on the
outcomes of the ranking estimations. Typically, one would expect #8Shhd 4 to be

able to cope with more complex data transmission than W@Whatre & Rosenberg,
2004)(Fischione, 2014)This would lead one to suggest that the ranking generated from

utilising calculated weights is more accurate than normalising the weights.

When the rankings for the resilience attribute are analysed it caerésg the ranks of

each WSN ar&enticd for both normalised and calculated weights. However, what can
be seen is greater differences between the utility values. Wheres &/SiNand 4 for
normalised weights show utility values of 0.718, 0.879 and 0.809 respectively. These
values are rather sifar when compared to the values generated when using calculated
weights, where, WSN 2, 3 and 4 show utility values of 0.69, 0.852 and 0.792 respectively.
The ranking order of both methods follow the literature in terms of the type of WSN that
would be moe resilient in terms of battery power and the ability to relay data. It stands
to reason that WSN 2 would not have performed well in terms of relaying data, whereas
WSN 3 and 4 would have predictably performed much better in their ability to relay data

aswell have a substantial battery Ieischione, 2014{IEC, 2014)

Furthermore, in the analysis of Maintainability, where all four WSNs were able to be
analysed, itis WSN 1, in both cases, theahdnstrates that it is the best performing WSN
in terms of maintainability. This would be logical as it is in theory the least complex of
all the WSN designs. Similarly, the utility values for the normalised weight method and
the calculated weight methoa ehot differ very much. In both instances WSN 1 ranks
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first and WSN 4 ranks second, with WSNs 2 and 3 in the middle with very similar utility
estimations. The utility estimations for normalised weights read as, 0.719, 0.508, 0.502
and 0.466 for WSHI1, 2,3 and 4 respectively. These do not change much when compared
to the calculated weights utility intervals of, 0.788, 0.5, 0.501 and 0.48 for WSNs 1, 2 ,3
and 4 respectively. These out comes seem very much driven by the belief structure for
the basic attribies as the calculated weights for the basic attributes do differ from the
normalised weights. The calculated weights for attribedes; andes are calculated as
53.62%, 20.46% and 25.92% respectively which are much different from the 33.33% for
each atibute. Whereas in the belief structure of the basic attributes it is clear that for
maintainability WSN 1 has high degrees of belief in the high evaluation gradesaf
andexcellentWhereas, the belief degrees of the basic attributes for WSNs 8,8Bae
generally aimed towards the graaeerage Nevertheless, the assessment that WSN 1 is
the more maintainable of the four WSN is backed up by the literature as it is by far the
least complex WSN configuration. It would also make a fine selectiamstoas an asset
integrity monitoring tool, ofboard offshore platforms, where it not for the network
lacking the ability to relay data and alter the transmission route of its transmitted

information and datéMhatre & Rosenberg, 2@) (Fischione, 2014)

Finally, the overall assessment grades for WSNs 2, 3 and 4 for normalised weights and
calculated weights both show that WSN 3 is the most suited overall to be utilised as an
asset integrity monitoringpol. As WSN 3 is a mukhop configuration with the smallest
possible sensor node radius and WSN 4 is identical except it incorporates the largest
sensor node radius, it would stand to reason that is WSN 3 is preferred then WSN 4 would
rank second. Thisan be seen in the calculated weight assessment where the WSNs are
ranked WSN 3 > WSN 4 > WSN 2. However, in the normalised weight assessment,

WSNs 2 and 4 are reversed in their ranking. This would suggest that the calculation of
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the weights for the gendrattributes and hence the overall assessment is more accurate
that normalising the weights. Furthermore, it is clear that in some cases in the basic
attribute analysis that a number of the results are driven by the basic attribute belief

degrees much mothan others.

Based upon the analysis presented in this research and the results generated, it is evident
that should a WSN be applied to monitor the asset integrity of an offshore electrical power
generation system, then a miitp configuration with amall sensor node radius would

be the preferred option.

6.5 Sensitivity Analysis

Sensitivity Analysis (SA) is essentially a measure of how responsive or sensitive the
output of the model is when subject to variations from its inputs. Having the
understanding fohow a model responds to changes in its parameters is important when
trying to maximise its potential and ensuring correct use of the ER algorithm. In the
context of this research, SA will be used as a demonstration to determine how
deterministic the retave weights of the general attributes are in the calculation of the
overall belief degrees. Knowing the most influential attributes can assist in the
experimentation and further expansion of the evaluation hierarchy. Similarly, attributes
which have veryittle influence can be altered or discard®thtellini, 2012)(Loughney,

et al, 2016)

The SA conducted for the ER algorithm calculation focuses on WSN 3 {mopltivith a

small radius,R), specifically the general attributes, Complexity, Resilience and
Maintainability. The analysis will be conducted using small increases and decreases in
the calculated weights of the attributes as opposed to just demonstrating the difference

between normadied weights and calculated weights.

249



The method used to undertake the SA is to manually insert evidence into the weights of
the attributes, one by one, and subsequently analyse the effect on the overall belief degree
of WSN 3. This method involves individlly increasing one attributes weight by 5% and

10% and decreeing the weight 520 and-10%. However, this results in the final sum

of the weights not being equal to 1.0 or 100%. Therefore, the remaining attribute weights
are altered by the same amountths focus attribute. In other words, if the node
Complexity (x) is increased by 10%, the attributes Resilience and Maintainability are
decreased by that 10% difference. wlen attributex is increased by 10%, attribut¥s

andz are each decreased by 5%xofThis allows for the sum of the weights to remain

equal to 1Table6-21, Table6-22 and

Table6-23 show the increase and decrease of the weights when a spegbigais the

focus of the SA

Table6-21: Calculated Sensitivity Analysis weightden the general attribute Complexity is the focus

Complexity (x) Resilience (y) Maintainability (z) SUM
10% 2.13%  23.47% -5%of X 48.79% 5% of X 27.73%/| 100.00%
5% 1.07%  22.41% -25%of X 49.33% -2.5% of X 28.27% | 100.00%
0% 21.34% 0% 49.86% 0% 28.80% | 100.00%
-5% 1.07%  20.27% 2.5%of X 50.39% 2.5% of X 29.33% | 100.00%
-10%  2.13%  19.21% 5% of X  50.93% 5% of X  29.87%/| 100.00%

Table6-22: Calculated Sensitivity Analysis weights when the general attribute Resilience is the focus

Resilience (y) Complexity (x) Maintainability (z) SUM
10%  4.99% 54.85% -5% of Y 18.85%  -5%of Y 26.31%| 100.00%
5% 249% 52.35% -25%ofY 20.09% -25%ofY 27.55%/ | 100.00%
0% 49.86% 0% 21.34% 0% 28.80% | 100.00%
-5% 249% 47.37% 25%of Y 2259% 25%ofY 30.05% | 100.00%
-10%  4.99% 44.87% 5%of Y 23.83% 5%ofY  31.29%| 100.00%

Table6-23: Calculated Sensitivity Analysis weights when the general attribute Maintainability is the focus

Maintainability (z) Complexity (x) Resilience (y) SUM
10% 2.88%  31.68% -5% of Z 19.90%  -5% of Z 48.42%/| 100.00%
5% 1.44%  30.24% -25%ofZ 20.62% -2.5% of Z 49.14% | 100.00%
0% 28.80% 0% 21.34% 0% 49.86% | 100.00%
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-5% 1.44% 27.36% 25%ofZ 22.06% 2.5% of Z 50.58%| 100.00%
-10% 2.88% 25.92% 5% of Z 22.78% 5% of Z 51.30%| 100.00%
The sensitivity analysis weights calculatedable6-21, Table6-22 and

Table6-23 are applied to the ER algorithm to demonstrate the effects of small changes
on the overall belief degrees. Each belief degree is analysed against the effect each general
attribute Figure6-14, Figure6-15, Figure6-16, Figure6-17 andFigure6-18 demonstrate

the sensitivity results for each individual evaluation grade befiebr( indifferent,

average, gooa@ndexcellen}.

b, - Poor
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COMPLEXITY RESILIENCE —@—MAINTAINABILITY

Figure6-14: Sensitivity functions for the general attributes and their effect on the belief of the grade 'pa

It can be seen froigure6-14 that the belief that the performance of WSN Basr is
affected much more by the weight of the attribute resilience than the other attributes. This
is most likely due to the fact that the original weight of the resilience attribute is much
larger than that of the other two attributes, hence would havgex leffect on the final

belief degree. Furthermore, when the weight of the resilience attribute is decreased, the
belief that WSN 3 ipoorincreases. This would concur with the beliefs aggregated from

the basic attributes, where the overall resilienceebdegree for WSN 3 was more
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b 2 Indifferent
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Figure6-15: Sensitivityfunctionsfor the general attributes and their effect on the belief of the gratiéerent

inclined togoodandexcellentHence if the influence of the resilience attribute decreases

then the belief that WSN 3 poor increases.

Figure6-15show the sensitivity of the belief degree of the giadifferentgiven theSA
weights of the general attributes for WSN 3. It can be seen that theigg#terentis

more sensitive ttheweights of Resilience and Maintainability. The attribute Complexity
has very negligible effect on the outcome of the gnadiéferentas the belief aggregated

from the basic attributes shows that the belief for Complexity tends more to average.
Similarly, Resilience has a large effect again as it has the much larger weight than the
other general attributes. Furthermore, as the weight of Maintainability decreases the belief
degree increases. This is due to the aggregated belief degree generated frasit the ba
attributes for WSN 3 for maintainability is 0. Hence, reducing the weight will increase

the belief degree.

Figure 6-16 shows the sensitivity funicin for the for the belief degree of the grade
average It can be seen again that the weight of Resilience has the greatest effect on the
belief degree. This can again be attributed to the fact that resilience has the largest weight

and the largest effecdimilarly, the aggregated belief degree for resilience being average
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b 3 Average
0.220
0.210

0.200

0.190
0180 ././0/.
0.170

0.160

0.150
-15% -10% -5% 0% 5% 10% 15%

COMPLEXITY RESILIENCE —@— MAINTAINABILITY
Figure6-16: Sensitivity functions for thgeneral attributes and their effect on the belief of the geadeé r a g

is very small, hence as the weight decreases the belief degree increases. On the other hand,
the belief degree does not vary much with the weights of complexity and maintainability.
This stems from the fact that their weights are much lower than that of resilience and that
they are similar. Furthermore, the aggregated belief degrees for thegeadgeare also
substantial at 0.49 and 0.3 for complexity and maintainability respectively. Therefore,
there is minor change in the belief degree. Complexity just has slightly more effect on the
belief degree as its aggregated belief is larger thamtmadintainability, but the original

weight of complexity is slightly smaller than that of maintainability, 0.21 when compared

to 0.28

Figure6-17 shaws the sensitivity functions for the overall belief degree of the ggadé

It can be seen that the general attribute, maintainability, has the greatest effect on the
outcome of the belief degree. This is due to the fact that the aggregated beliefrdegree

the basic attributes is much greater, at 0.43, than that of 0.045, for complexity, and 0.12,

for resilience.
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b4 - Good
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Figure6-17: Sensitivity functions for the general attributes and theirceffe the blkef of the grade 'goadil

Finally, Figure 6-18 shows the sensitivity functions of the belief degree for the grade
excellent The graph demonstrates that the attribute resilience has great effect on the belief
degree. This is for two kegasons; firstly, the weight of the attribute is the greatest and
secondly the aggregated belief of the basic attributes shows that that resilience heavily

tends to the gradexcellent with the belief at 0.7. This is a substantial value when

b 5 Excellent
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COMPLEXITY RESILIENCE —@—MAINTAINABILITY

Figure6-18: Sensitivity functions for the general attributes and their effect on the belief of the eyreeléehd
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compared to th aggregated beliefs of complexity and maintainability for the grade

excellentwhich are 0.09 and 0.02 respectively.

6.6 Validation

In order for partial validation of the method of applying the ER algorithm to the decision
making process, it must first satistie four axioms stated ithe decisiormaking
methodologyin Section 3.7Examination of the analysis and results shows that when the
weights are altered either drastically or by a small margin, then the belief degrees are also
altered by similar margin&imilarly, the overall belief degrees and the general attribute
beliefs ae also very much reliant on the magnitude of the belief degrees of the basic

attributes. Each axiom shall be identified and cross examined individually.

1 The independence axionwhere a general attribute must not be assessed to an
evaluation gradesln, if none of the basic attributeskhare assessed k. This
axiom can be said to be satisfied because when the aggregation of the general
attribute maintainability is analysed, for WSN 2, it can be seen that none of the
basic attributes are assessed éogradepoor, i.e.bni=0fori = 1hecagse L .
of this, the belief degree of the evaluation graddifferent for the general
attribute, maintainability, should also be equal to 0bhe= 0, and it is. Hence,
in this instance the independermdom is satisfied. Furthermore, wh&able
6-2, showing the belief degrees for the basic attributes, is examined and compared
with the aggregated belief degree of the general attriblitddg6-3and Table
6-14) it can be seen that when all basic attributes have a belief degree of zero, for
a given evaluation grade, then the general attribute belief is also zero.

1 The consensus axiomvhere the general attributes should be precisely assessed

to a graddH,, if all of the basic attributes i are assessed k. This axiom can
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be said to be satisfied by the example of the aggregation of the basic attributes of
maintainability for WSN 2The initial belief degrees for the evaluation grades,
indifferentand average,of the basic attributes;, & andes are Indifferent(0.4,

0.2, 0.4)andaverage(0.2, 0.4, 0.4rgspectively. For the three basic attributes,
there are similar values of befidegree. When the general attribute weights are
equal, the axiom is satisfied, in this case, by the aggregated belief degree of the
basic attributes for the gradeslifferentandaverage which are 0.342 for both.

This demonstrates that whénk=1 and b, i= 0 fori = 1agndné ,=L 1, e,
N, ni k, thenbx=1andb,= 0 ( n = [ k), ThigtrendNan bensee
across all of the data aggregation for all of the attributes. Hence, the ER analysis
satisfies the consensus axiom.

Thecompleteness axiarwhere all basic attributes Bare completely assessed

to a subset of evaluation grades, hence the general attributes should be completely
assessed to the same subset of grades. This is true throughout the entire analysis
whereby all #ributes are assessed to the same set of evaluation gragesrof:
indifferent, average, gooandexcellent Therefore this axiom can be said to be
satisfied.

The incompleteness axiomhereif an assessment for any basic attribute in E is
incompletethen the assessment for the general attribute should be incomplete to
acertaindegreel hi s i s consistent throughout
incomplete belief degrees, all belief degrees sum to equal one for each attribute.
This can be seen thrghout the entire analysis. The initial belief degrees for the
basic attributes sum to one for each attribute. Subsequently, the aggregated belief

degrees for the general attributes also sum to equal one, and finally, the overall
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assessment beliefs for eadtSN also sum to equal one. Therefore, there are no

incomplete assessments and the axiom can be said to be satisfied.

Having satisfied the four outlined axioms for the ER algorithm, it can be said that the

methodology and process asasonablyalidated.

6.7 Discussion

While the analysis presented in this research proved to be conclusive, there is still room
for improvement. The initial designs of the wireless sensor networks are only concerned

with hardware and transmission configurations and not any sofavate Immediately

this is an area for improvement. The software plays a key role in the operation and

resilience of a WSN, in terms of the data that can be detected and transmitted and the
issue of cybeprotection. Further study is need in the areasaftware design and

selection, in relation to the designs and assessment outlined in this research.

Similarly, in terms of the decisiemaking algorithm, there are a number of areas that
would benefit from further work and improvement. Initially the assess contains eight

basic attributes and three general attributes, which can be extended given the application
of software analysis. This would inevitably make the analysis and results much more
coherent, by covering the comparison of a number of WSN medigsed upon the
application of software. It is also possible to apply a larger selection of evaluation grades.
In this work five evaluation grades were used to reduce complexity in the decision
making algorithm, but more grades can be utilised. For ebearRen, Jet al. (2014)

apply the usef three different evaluation grading systems for three risk assessment areas.
Each evaluation grading system contains seven evaluation grades. This provides a much

more accurate generation of the basic attributeetodegrees. However, utilising an
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increased number of evaluation grades requires further aggregation through the use of

fuzzy reasoning.

Similarly, it is possible to improve the analysis at the point of utility estimation through

the use of the probabyitmethod. This involves calculating the utilities of the evaluation
grades as opposed to estimating them, as was done in this r§¥eargl& Xu, 2002)

The probability method is initially the same as estimating the utifitieshe extreme
evaluation grades, i.Boor = OandExcellent = 1 However, the remaining grades are no
estimated they are determined by experts who are given a choice of two upper and lower
bound situations. As outlined by Yang J. (2001), the expertis@ n t wo At i c|
situations, in Yangds work the two ticke
top performancep, and probability of a chance to win a car with the worst performance,

1-p. The decisiormaker is asked to identify a probatylivalue,p, at which the two

tickets are equivalent. The decisioraker determines what value the probability halds

for a given evaluation grade, &hich point an upper and lower bound utility is produced

for the evaluation grade. This is repeatedilsirty for the other evaluation grades. This
method provides a more accurate way of determining ranks as it provides an upper and

lower bound utility value.

Finally, a further path to expand upon the decistaking within this research is to apply
extende ER algorithms to the outline situation. One unique ER rule in particular has
been developed by Yang & Xu (2013heir researclestabliskesa unique ER rule to
combine multiple pieces of independent evidence conjunctively with weights and
reliabilities. They propose thenovel concept of Weighted Belief Distribution (WBD)
extended to WBD with Reliability (WBDR) to characterise evidence in complement of
Belief Distribution (BD) introduced ithe D1 S theory of evidence-Hence thenew ER

rule constitutes a generic conjunctive probabilistic reasoning process, which is applicable
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to combine multiple pieces of independent evidence with different weights and
reliabilities in a wide range of areas such as multiple criteria decision analysis
Application of this ER rule could improve the analysis as it can determine if there is
conflict between subjective information sources, and hence one may be ratighke.
event that two pieces of evidence conflict, the weighted average rule is appttesl
belief degrees and in theory increases the reliability of the belief dgfaeg & Xu,

2013)

6.8 Conclusion

Real world decision problems and assessments are often complex and involve multiple
attributes with high unceainty. Hence, it is essential to conduct a coherent, rational,
reliable, and transparent decision analysis. This research investigated the possible
configurations and designs of Wireless Sensor Networks that could feasibly operate
within an offshore eledtral power generator for the purpose of asset integrity monitoring.
While initially, attempts were made to distinguish the most suitable WSN based upon
their required battery energy, it was found that this, while informative, was not a feasible
method of @termining the best suited WSN. Therefore, a set of qualitative criteria and
attributes was outlined to assist with the decision. Similarly, the Evidential Reasoning
approach was investigated and utilised for the purpose of determining the most suitable

WASN design by aggregating the multiple attributes.

The ER approach establishes a nonlinear relationship between an aggregated assessment
for general attributes and an original assessment of basic attributes. The numerical
analysis of the research dealt witle design selection problem outlined previously with

key information and data taken from literature and expert judgements. It demonstrated

that the ER approach could accurately be used as a viable deaisikimg tool in the
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design selection of WSN. Rhermore, the application of estimated weights and
calculated weights demonstrates how sensitive the Evidential Reasoning algorithm is to
changes initial data entries. From the analysis, it is clear that the ER approach can be
applied to a number of MultAttribute Decision Analysis problems with or without

uncertainty.

This research set out to outline a number of WSN configurations for use in the offshore
industry and determine the most suitable based upon a set of design criteria. Four WSN
configurationswere drawn up: i) WSN 1 Singlehop, ii) WSN 2i Singlehop with

cluster nodes, iii) WSN B Multi-hop with a small sensor radius and iv) WSNMulti-

hop with a large sensor radius. Following this a qualitative evaluation hierarchy was
established to fher solve tk decisioamaking problem, i.ewvhich WSN would me most
suitable for application within an electrical power generation module. The ER approach
and algorithm was applied to each of the WSNs based upon the outlined attribute
hierarchy. The sulegjuent analysis determined that a mitip configuration with a

small sensor radius woulstthe ideal solution to asset integrity monitoring of an offshore

electrical generator.
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CHAPTER 7:

DISCUSSION & FURTHER RESEARCH

Summary

This chapter discusselse research and analysis provided in this thesis, with particular
emphasis on the applicability of the work and its application to offshore oil and gas
platforms. The ability of the dynamic risk assessment methodology and BN techniques to
adapt to variousareas of an offshore platform has been demonstrated thrihegbase
studies presented inf@pters 4 and 5. Similarly, the initial development of the topology

of a WSN and flexibility of the decistamaking methodology has been analysed in detail

in Chapte 6. Additional research limitations are addressed as welpagposals for

furtherresearch

7.1 Development and Applicability of the Research

This thesis develops two risk assessment nsodehe form of BNs (Chapters 4 and 5)

and a suitable WSN for assetegrity monitoring (Chapter 6), all applied to the electrical
power generator of a fixed offshore platform in the North Sea. These BN models and
WSN facilitate the key requirements for the development of anAHdet Integrity Case.

The rationale for tls research originates from the growing need for a dynamic risk
assessment framework to operate in conjunction with safety cases to assist with the
correct enforcement of offshore safety case regulations. While certain offshore incident
data suggests thditd numbers of incidents has gradually decreased since the introduction
of safety case regulations in 1992, and subsequent amendments, there still remains an
issue of potential undeeporting and fluctuation of incidents within the offshore industry
(see apter 2 and AppendiR).
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The BNs lie at the core of the research as they form the basis for the dynamic risk

assessment required for the Asseegrity Case to be a success. These BNs have been

constructed in order to assess two key factors:

1.

Initially, a BN has been developed Chapter 4and used to model the cause and
effect relationship of a specific component failure within a module of an offshore
platform. It has been stated that offshore systems can be very complex and when
coupled with the volum of data required to model failures within these systems, it
makes BNs a challenge to model effectively. As well as in some cases a lack of
reliable data means that some risk assessment models cannot always be applied. With
this in mind, the Initial BN mdel, which deals with a single component failure within
module 2 of the Thistle Alpha Platform, demonstrates that BNs can provide an
effective and applicable method of determining the likelihood of various events under
uncertainty. The model can be usedingestigate various scenarios around the
systems and components outlined and to show the beginnings of establishing where
attention should be focused within the objective of preventing offshore incidents, as
well as having a clear representation of spedliy where these accidents can

originate from.

. A BN model was developed, in Chapter 5, which demonstrated the cause and effect

relationships that several initial failures can have on an offshore electrical generation
system. In particular, the potentiar a fuel gas release from the gas turbine which
drives the electrical generation system. The research presented in Chapter 5 here
expanded upon the work presented in Chapter 4, which illustrates the cause effect
relationship of one component failure it an electrical generator and the general
consequences that can result. The BN model pres@higater Sexpands on this by

incorporating part of the model in Chapter 4 along with several initial failures to
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analyse a specific consequence in furthetail. This consequence concerns itself with

a possible fuel gas release and the potential fire and explosion hazards that can occur.
However, while it is easier to demonstrate the effects of accidents involving fire and
explosion, it is not easy to densirate the consequences of a leak without an ignition
source. These consequences are equally important for offshore platform operators due
to the improved HSE regulations within Safety Cases regarding hazards to the
environment in any instance. Therefome,the event that there is a fuel gas leak
without ignition, it poses a large issue for operators and duty holders given that the
release is undetected. While it is not as severe as a hydrocarbon release into the sea,
it is still vital as it is the ejectio of natural gas into the atmosphere which can have

severe consequences depending on the weather conditions.

The purpose of both BN models, more so the model in Chapter 4, was to demonstrate that
the BN modelling theory and techniques could be appliegrniardic risk assessment for

asset integrity monitoring of offshore equipment. However, there can often be gaps
between research and practice. Many useful research theories and ideas can go unused
and wasted. In this thesis a number of case studies ama@sestare used to demonstrate

the real world applicability of the dynamic BN risk assessment models, particularly in
Chapter 5. This is key as it is an attempt to bridge the gap between the research and
practical issues in the offshore industry. This isi@ed and demonstrated in Chapter 4

by showing how severe the consequences can be when a single component, in a rotor
retaining ring, suffers a failur&urthermore, the model in Chapter 5 expands on this by
demonstrating several component failures ared gbwverity of the consequences. The
consequences in Chapter 5 are outlined in two ways. Firstly, the potential environmental
implications of an undetected fuel gas leak, and secondly, the level of consequences if an

undetected gas leak is ignited. Thesesamuences take the form fire and explosion, as
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well as damage to the equipment in the immediate vicinity and potential damage to
equipment in adjacent offshore modules. The models presented in Chapters 4 and 5 focus
on the risk assessment aspect of treetamtegrity case utilising data from previously
known incidents, however, this is not the case in the real world. Incidents and accidents
are extremely difficult to predict, hence the development and analysis of a number of

remote sensing methods was doated inChapter 6.

Chapter 6 set out to address the issue that real world decision problems and assessments
are often complex and involve multiple attributes with high uncertainty. Hence, it is
essential to conduct a coherent, rational, reliable, andgeaent decision analysis. This
research investigated the possible configurations and designs of Wireless Sensor
Networks that could feasibly operate within an offshore electrical power generator for the
purpose of asset integrity monitoring. A set of Igatave criteria and attributes was
outlined to assist with the decision. Similarly, the Evidential Reasoning approach was
investigated and utilised for the purpose of determining the most suitable WSN design by
aggregating the multiple attributes. Chaieoutlined a number of WSN configurations

for use in the offshore industry and determined the most suitable based upon a set of
design criteria. Four WSN configurations were drawn up: i) WSNSingle-hop, ii)

WSN 27 Singlehop with cluster nodes, iifWSN 37 Multi-hop with a small sensor
radius and iv) WSN 4 Multi-hop with a large sensor radius. The subsequent analysis
determined that a multiop configuration with a small sensor radius wdugdhe ideal

solution to asset integrity monitoring of afishore electrical generator.

The issue of remote sensing is key within the development of the Asset Integrity Case as
it relies on the continuous supply and updating of ttathe dynamic risk assessment
models. Having a strategic and fully operatioEN continually monitoring asset
integrity of offshore equipment, particularly equipment in remote and hazardous locations,
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can significantly aid with the reduction of severe offshore incidents and accidents. The
application of this has the potential teverse the industry perspective of combating

incidents from reactive to predictive.

7.2 Research Limitations

The overall limitations of the research have been outlined in Chapter 1, with more specific
limitations stated in each analytical chapter (chapters dnd 6). However, having

completed the research, some further key points can be added. The points are as follows:

1 When considering the BNs, the majority of the nodes have incorporated a binary
met hod, i .e. the states of mbosts hodes
models in terms of timbased factors. Similarly, this limits the verification and
validation of the models to be partially complete. For a full, comprehensive
validation, the models would have to be tested on board an offiglabf@m in
real time.

1 Furthermore, when considering the limited number of states of some nodes in the
BNs, it reduces the complexity of the CPTs within the nodes. This is to combat
the limitations regarding the scarcity of available data. Applying the maodls i
real world situations would allow for more complex and intricate £18be used
to increase the accuracy of the BN models and analysis.

1 When considering the WSNs in Chapter 6, only the hardware and topology was
considered for analysis. This wasréaluce complexity in the development of the
WSNs and approaching the software based areas of WSNs would drastically
increase the complexity and time frame of the research.

1 Similarly, the WSNs incorporated a finite number of sensor nodes within the

electrical generator. This is again to reduce the complexity of the analysis.
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However, it was also to only outline tltemponents and parametdos asset
integrity monitoring It would be much more ideal to consider a much larger

number of more specific comporsrto apply the WSN to.

When considering the scope and application of the research for the development of the
Asset Integrity Case, a key weakness is the age of the data that is used when compared to
the aged of the data required. What this means is thet Astegrity Case would function

in real time with continuously updated data sets. However, in this resedydtistarical

data can be utilised. This again reiterates the point of practically applying the Asset
Integrity Case framework, BN models and M&to an actual offshore safety critical
element and/or syster®imilarly, some aspects of the analysis require the opinions of
some experts. This data would undoubtedly needssessing as new experts would
replace the old ones. This in turn affectslthes| of experience and welsa difference

of intellect and opinion.

7.3 Further Research

As mentions in the previous section there are areas of limitations within the research,
these areas are a good focus for developing the research further. Somedsgarrh
sections have been demonstrated in Chapters 4, 5 and 6. Considering the BN in Chapter
4, a suggestion of developing the research to fuel gas fire was applied in Chapter 5.
However, further development was discussed in terms of other potentiedtgpefelures.

It was suggested that possible modification to the model could be addition of instances
that induce mechanical failures. In a similar way that a retaining ring within an alternator
can cause damage and failures of an electrical genetsdyrbine running overspeed

can has a similar effect. A turbine running overspeed has many of its own causes, such as

loss of load and control system failure, and are not shown here as these are hypotheses
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that can be@panded on. Overspeed Excursisauld potentially have an effect on the

mechani cal equi pment related to the roto
Running Overspeedo as a failure and fAOve
the model. These nodes would potentially haveetiact on the retaining ring, the

generator bearings, the turbine blades and the exciter, by increasing the stresses on these
components that have small mechani cal t o
i's possible that A Oocwandmpeerdalysbudownthe tubined ¢

and eliminate the possibility of event escalation.

Similarly, the research concerning the development of WSNs can be improved by
applying the development of the WSN software for data aggregation. The initghslesi

of the wireless sensor networks are only concerned with hardware and transmission
configurations and not any software at &his has been previously stated in Chapters 1
and 6 Immediately this is an area for improvement. The software plays a leewrible
operation and resilience of a WSN, in terms of the data that can be detected and
transmitted and the issue of cylgeptection. Further study is nestlin the area of
software design and selection, in relation to the designs and assessmend outline
researchThis would solidify WSNs as a vital tool in the Asset Integrity Case. Similarly,
the development of the software for a given WSN would allow the framework outlined

in Chapter 3 to be fullapplied to a real time assetegrity analysi®f an offshore system.

There are a number of areas in which the research can be further expanded and improved.

Some of these points are outlined as follows:

1 Work can be done to develop the Asset Integrity Case framework and
methodology across multiple a® and safety critical elements of an offshore

installations.
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1 Expansion of the BN in Chapter 4 has already be discussed in terms of the turbine
running overspeed or the fuel gas release within chapter 5. However, it is also
possible to expand the model terms of other aspects, such as: an electrical
overload from the switchboard or the possibility of unburnt fuel gas in the Exhaust
system.

1 The states within the BNs in Chapters 4 and 5 can be expanded from the simple
binary, AYes o a nigdbridilNdemonstrateg bytsenma nodés ini s
the BNs, such as: the size of a HC leak in Chapter 4 or the level of consequences
in Chapter 5. Further expansion can be considered in terms of continuous nodes
for time related failures and releases. Similarly, type of failure can be taken
i nto account in individual nodes, suc
node in Chapter 4, the states could be specific in terms of the level of failure. i.e.
AFatigue/ Stress Cracki ng oproaided basis fora g me
expansion into more specific consequences and allow the BN model to be more
accurate.

1 Further work can also be conducted in terms of the quality of data used.
Continually, sourcing the most recent data sets would improve the acctitaey o
model. Similarly, utilising a greater number of experts when gathering primary
data through questionnaires and surv&miilarly, the application of AHP and
the symmetric method to construct CPTs in the absence of data are not the only
methods thatan be applied. A possible technique to consider would be the use of
Noisy-OR which is applied by Matellini, (2012) to construct CPTs where data is
unavailable A disadvantage of Nois@R is that it assumes that the causes in the
BN are independenlthough this assumption simplifies model development and

CPTs treatment, it is not consistent with many applications and restricts the
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possibility to model interactions among cauddéswever,Ashrafi et al, (2017)
applies the use of Recursive Nei®R (RN-OR) which allows combination of
dependent Common Performance Conditi(®BCs).RN-OR theory presents a
rule relating various CPT values to each other to estimate the probability of an
effect, given various causal dependenéfeshrafi, et al, 2017) This could be a
potential avenue to pursue as an alternative for constructing CPTs without
available data.

1 Additional case studies can be undertaken with the results analysed first hand by
experts in the industry. This would determine whether the developed integrity case
would be ready for real world experimentation.

1 Similarly, it is possible to improve the agsis at the point of utility estimation
through the use of the probability method. This involves calculating the utilities
of the evaluation grades as opposed to estimating them, as was done in this

research. This area for further expansion is presemtedre detail in Chapter 6.

The presented suggestions are not the only areas in which the research can be further
developed. Much more research is required before any dynamic risk assessment and
integrity monitoring techniques, such as the Asset Inte@dge, are applied to the
offshore industryHowever, ifthe research presented in this thesis can be used to support
the claims and ideas for development of dynamic risk assedgsifor offshore

installations, then it can be deemed to be a value to thleonf industry.

7.4 Conclusion

An overview of the BN models in Chapters 4 and 5 are presented as well as the
development of a WSN in Chapter 6. The analysis and results of the research contained

in Chapters 4, 5 and 6 and its applicability to the offshoresinginave been discussed.
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More importantly, the applicability of BNs as a viable method for developing dynamic
risk assessment models was clearly highlighted. As well as, the flexibility of both BN
models as in terms of risk analysis and risk evaluationil&ly, the development of the
WSNs in Chapter 6 was highlighted, emphasising the unity between the data gathering
method of remote sensing and detecting of asset integrity and the analysis of said data
within a dynamic risk assessment model. Furthermtite application of the Asset
integrity Case framework and methodology was also discussed. Finally, the limitations
of the research were featured and some further research ideas aimed at improving the
research were also indicated. These further rese@deels aim to address the limitations

of the research.
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CHAPTER 8:

CONCLUSION

Summary

This chapter highlights the main aims and objectives regarding the development of a
NUI-Asset Integrity CaseThe application of the proposed Asset Integrity Case
framework, outlined in Chapter 3, is also analysed and discussed. A key part of the
research and Asset Integrity case development is the formulation of a coherent dynamic
risk assessment methodology and model. The importance of the model in addressing
dynamic aset integrity monitoring are highlighted. Furthermore, the applicability and

application of WSNs for integrity monitoring on offshore platforms is also highlighted.

8.1 Conclusions

This research project set out develop and test methodologies developmeritdf-an
Asset Integrity Case, to work alongside safety case regulations, enabling the offshore
industry to move towards a situation where asset integrity can be continually and remotely
monitored. The research targeted the fulfilment of stated aims and idge@utlined in

Chapter 1. The assessment and conclusions of these objectives are outlined below.

i. Identify a key offshore system that can be utilised as a base study for the Asset
Integrity Case.
This objective assessed in Chapters 1 and 2. When andlysiagcurrence of various
offshore incidents, it was apparent that incidents regarding gas turbine driven offshore
generators are a consistent issue, as stated by HSE, Health and Safety Executive,

(2008). This showed that there were approximately 307rtlaaa events over a 13
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year period, from 1991 to 2004. However, as the Asset Integrity Case would operate
alongside safety case regulations, ensuring the continued enforcement, more
information would be provided. It was demonstrated that there was fcsightrend

in terms of the release of key safety case regulations and offshore incidents. Particular
attention was focused on the trends between ship to platform collision incidents in the
North Sea and the release of relevant regulatidinends betweergas turbine
incidents and regulations were difficult to identify due to the vast levels of -under
reporting, as stated in Chapter 2. For example, from 1992 to 2014, 40% of fuel gas
and power turbine gas releases were not detected by an automatic sensergbu
detected by human detection. The human detection includes smell, visual and a
portable detector. In the instances of human detection, the recording of information is
scarce, with 56% of fuel gas release incidents having little to no informatiadirega

the location and cause of the release and in some cases, the extent of the dispersion.
Furthermore, the majority of the 56% of releases with incomplete information and
data were regarded as fASi gn(HSE 20B4)Thi, i n
was a key driver in determining a key offshore area to focus the development of the
NUI-Asset Integrity Case. As the Assetegrity Case was to focus purely on the asset
integrity and not on personnel, developiig integrity case around a system that
demonstrated undeeporting due to human error was vital. Similarly, by developing
the integrity case around gas turbine incidents and failures, it could further be
expanded and first developed for an offshore draawould clearly benefit from a
system of continuous asset integrity management.

Developa substantial research methodolagyd Asset Integrity Case framewdok
producing a dynamic risk assessment model utilising risk assessment and decision

making modelling methods.
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This objective was dealt with in Chapter 3. A proposed framework for the
development of the NUAsset Integrity Case was outlined in order to ftatié
accurate development and research outcomes. The core of the framework was
developed and analysed in Chapters 4 and 5 through demonstration of BNs as a viable
method for generating dynamic risk assessment models. The framework also
incorporated the delopment and decision making analysis of a WSN for remote
asset integrity monitoring, as outlined in Chapter 6.

The importance of such a framework is keyitademonstrates a methodology for
developing dynamic risk assessment in conjunction with remotgtoning methods,

which has not been presented before. The components of the framework link together
in such a way that the BN models are continually expanded to improve clarity and
accuracy. The linking of the components makes the framework an enhasiced r
management framework, with key expansions, additions and modifications for
application in the development of the Asset Integrity Case.

The framework incorporates to distinct methodologies in a dynamic risk assessment
methodology and a decisignaking methodology. The dynamic risk assessment
methodology focuses on the development and application of dynamic risk assessment
models in the offshore industry. While in this research BNs are utilised as the
modelling tool for the dynamic risk assessment, taméworks flexibility allows for

the inclusion of another modelling method. This is possible as the data gathering step
within the framework are not completely geared to the development of BNs. Similarly,
the decisiormaking methodology for the developmentVSNs can also utilise other
decisionmaking techniques other than Evidential Reasoning which was applied in

this research.
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The flexibility of the framework and methodologies is a key factor in developing an
asset Integrity Case for other systems arfdtgacritical elements of an offshore
platform. However the applicability of the framework depends heavily on the
practical value of the dynamic risk assessment and degisatxmg methodologies.

The best and most efficient way of demonstrating the fraosriesaapplicability would

be to conduct redime field tests on an offshore platform for an extended period of
time. Nevertheless, having such a framework can develop not only the management
and application of the process but also be utilised as a basisoand improved
ideas.

Develop flexible risk assessment and decisnaking models for modelling offshore

risk under uncertainty. As well as developing a number of viable methods that allows
for the detecting and monitoring of asset integrity withdutisman presence on board

an offshore installation

This objective was dealt with in Chapters 4, 5 and 6. Following from the literature
review and the development of the Asset integrity case framework, it was concluded
that the application BNs to the devetoent of the dynamic risk assessment model
would be ideal. Following the literature review it was determined that there were
several advantages of using BNs over alternate approaches, for example, in BNs
diverse data, expert judgement and empirical dataatdbe combined. This is very
useful in situations where there is incomplete data or a complete absence of data, and
thus other forms of data and information can be incorporated into the network
(Bolstad, 2007.)The advantagris nature of BNl over other methods is outlined by
Khakzad,et al.,(2011),with the exclusive nature of comparing BNs and Fault Tree
Analysis (FTA) in safety analysis within the process industry. It was concluded by

them that a BN is a superior techniqnesafety analysis due to its flexible structure,
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which allows for it to fit a wide variety of accident scaaar In conjunction to this,

BNs provide a clear visual representation of what they are representing and can be a
very powerful tool for formulang ideas and expanding the model in it§Eénton &

Neil, 2013) This trait is shared by other risk modellteghniqueshowever, BI¢ are
paticularly adaptable method. Bi\also facilitate inference and the ability to update
predictions through the insertion of new evidence or observations into its parameters.
This makes them a very useful tool when dealing with uncertainty.

Thus,two BN models were developed utilising the methodology outlined in Chapter
3. Both models focuskeon the cause and effect relationship of gas turbine failures,
within an offshore electric power generator. The idea was that later expansion could
be applied due to the flexible nature of BNs to accommodate new situations and data.
This trait was demonsated in Chapter 5 where the BN model in Chapter 4 was
expanded to focus on a more niche area of the gas turbine and ultimately focus more
on the possible fire and explosion consequentst the culmination of Chapters 4

and 5 demonstrated is that BNg aftable tool for a dynamic risk assessment model
within the Asset Integrity Case. Furthermore, these models were validated to ensure
a certain degree of accuracy and confidence within the regults developing a
flexible method of demonstrating dynammisk assessment for an offshore system.
Continually, Chapter 6 dealt with the application of the decision making methodology
to determine the most suitable method for remote asset integrity monitoring. After the
literature review, in Chapter 2, a number of WSNs were outlined based upon the four
main types of data transmission for WSNs. Similarly, based on industry standards,
the location of 62 wireless sensor nodes were proposed within the electrical
generation system. These were strategically located, with a given function, to develop

a comprehesive WSN. Thechapter set out to outline a number of WSN
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Vi.

configurations for use in the offshore industry and determine the most suitable based
upon a set of design criteria. Four WSN configurations were drawn up: i) WSN 1
Single-hop, i) WSN 2i Singlehop with cluster nodes, iii) WSNi3Multi-hop with

a small sensor radius and iv) WSN Mlulti-hop with a large sensor radius. Following

this a qualitative evaluation hierarchy was established to further sa@wdethsion

making problem, i.ewhich WSN would ke most suitable for application within an
electrical power generation module. The ER approach and algorithm was applied to
each of the WSNs based upon the outlined attribute hierarchy. The subsequent
analysis determined that a mtliop configuratiorwith a small sensor radius would
bethe ideal solution to asset integrity monitoring of an offshore electrical generator.
Provide validation of the risk assessmant decisioamakingmodels, through the

use of case studies, to demonstrate a reasonable level of confidence in the results.
This objective was dealt with throughout Chapters 4, 5 and 6. In terms of validating
the research, a number of axioms were demonstrated. These axisiise satisfied

for both methodologies to show a good level of validity.

In Chapter 4 the partial validation was conducted through the inserting of evidence in
the form of the initiating component failing or not failing, the posterior probabilities
for the final events decrease or increase depending on the node in question. This
analysis also demonstrates that nodes closer to the focus node, in this case node 1,
will display a larger influence than those which are further away. This exercise of
increasng each of the influencing nodes as well as the changes displayed when
increasing or decreasing the probability of the initial event occurring satisfied the
three axioms stated, thus giving some validation to the BN Model in Chapter 4.
Similarly, in Chapte 5 threetestcases were used to demonstrate the models validity

and to demonstrate its effectiveness to provide clear cause and effect relationships
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between initial failures, mitigating barriers, accidents and consequences. Given the
specific scenario diuel gas release, it is clearly demonstrated in the test cases how
severe the consequences can be given that the initial failures occur or the mitigating
barriers do not functionsantended. Test case 1 wadesigned to demonstrate that the
model functioed in accordance with the stated axioms. Therefore, some partial
validation could be stated befarenducting Test Cases 2 and 3. Test Case 2 expanded
upon Test Case 1 by demonstrating the level of consequences that can occur, through
probabilities, giverthat a specific barrier failed to operate. The effects on the BN
showed that the gas detection system is vital in the mitigation of a fuel gas release and
the fire and explosion consequences. Finally, Test Case 3 illustrated the effects of
insertingevidlene i n the AConsequenceod node and
probabilities. The results achieved from all three test cases provided some validation
to the BN model.

In terms of the decisiemaking analysis in Chapter 6, a sepasateof axioms was
outlined in thedecisionmakingmethodologyn Chapter 3

In order for the decisiemaking analysis to have any degree of confidence these four
axioms must have first been fulfilleBExamination of the analysis and results shows
that when the weights amdtered either drastically or by a small margin, then the
belief degrees are also altered by similar margins. Each Axiom was identified and

cross examined individually.

Furthermore, all three Chapters were further validated through a Sensitivity Analysis

(SA). SA is a measure of how responsive or sensitive the output of the model is when

subject to variations from its inputs. Having the understanding of how models respond to

changes in parameters is important when trying to maximise potential and ensuring

correct use of the modelling techniques throughout the research project. In the context of
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this research, SA was useddhapters 4 and 5 as degree of confidence that the BN model
has been built correctly and is working as intended. In Chap&k & denonstration to
determine how deterministic the relative weights of the general attributes are in the

calculation of the overall belief degrees

8.2 Concluding Remarks

A summary of the main conclusions from the research developed in this thesis are

presented belo:

1 A proposed framework and methodology for the development of an NUI
Asset Integrity Case which links the development of a dynamic risk
assessment model, along decisioaking analysis to determine the most
suitable remote detection method for asset fitiemnanagement.

1 Two methodologies are presented in Chapter 3: the first demonstrating the
formulation of a coherent BN model, arftetsecond demonstrating a valid
method of conducting a decisiomaking analysis through thieR technique.

1 Two BN models ar@resented in Chapters 4 and 5 demonstrating the cause
and effect relationship of failures within an offshore electrical generation
system. The first model in Chapter 4 demonstrating the applicability of BNs
as a good basis for a dynamic risk assessmengltimggtool. The second BN
in Chapter 5 expands on the BN in Chapter 4 by applying several component
failures to demonstrate undetected fuel gas release consequences of a gas
turbine.

1 A decisionmaking algorithm is applied to four WSN designs in order to
determine the most suitable for use as a remote detection method for asset

integrity monitoring.
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The research presented in this thesis has produced a number of contributions to
knowledge. Some of these contributions can be said to be more significanthees o

but all have the potential to be applied to real world offshore situations, systems and safety
critical elements. The idea of the Nkset Integrity Case proposed requires further
research and work in order to be at the point of readiness formmaptation along with

safety cases for offshore platforms. There are increasing, continued changes to offshore
safety case regulations and enforcement throughout platforms located across the UKCS,
in conjunction with the fluctuation of incidents with thé@mement of regulations. This

will result in further opportunities in research, such as the work presented in this thesis,
to be considered for application in the offshore industry. In addition, the call for accurate
coherent dynamic risk assessment tofalsintegrity management, for use in the offshore

and maritime industry is ever increasing. The research presented timesimnay well

assist with the facilitation of such risk assessment tools and safety case regulation
enforcement by furthering thavailable techniques within the offshore oil and gas

industry.
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Asset integrity case developmt for normally wattendedoffshore
installatiors: Bayesian network adlelling
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ABSTRACT: Thisresearctproposes the initial stages of the application of Bayesian Networks in condt
guantitative risk assessment of the integrity of an offshore system. The main focus is the construc
Bayesian network model that demonstrates the interactions éplawffshore safety critical elements -
analyse asset integrity. A NUI (Normally Unattended Installatiomjtegrity Case will enable the user
determine the impact of deficiencies in asset integrity and demonstrate that integrity is being masraxyerd
safe operations in situations whereby physical human to machine interaction is not occurring. The |
Case can be said to be dynamic as it shall be continually updated for an installatio@aanti@ative Risk
Analysis (QRA) data is recoreld. This allows for the integrity of the various systems and componeats
offshore installatiorio be continually monitored. Theagesian networkllowscauseeffect relationshipso be
modelledthrough clear graphical representatidine model accomnuates for cotinual updating of failure
data.

INTRODUCTION any large scale asset, and in the case of this research
the large asset for which the Integrity Case shall be
_ developed is an offshore installation (RMRI Plc.,
_This research focuses on the development of an 2011). By expanding on this Integrity Case
Initial Bayesian Network (BN) model for  proposal, itis intended that an Integrity Case be

modelling system and component failures on a geveloped for a Normally Unattended Installation
large offshore installation. The intention of the (NUI) in conjunction with a dynamic risk

presented research is to model a sequence of events ggsessment model to maintain a live representation
following a specific omponent failure, under  f an offshore installations integrity. Furthermore,
certain conditions and assumptions. This sequence it js proposed that theéNUl-Integrity Case be
of events is then applied to a BN model using a jnjtially developed utilising a manned installation,
proposed methodology. This should provide a base [yt modelling failure and risks without human
with which to expand the BN model to facilitate the presence on board. This is due to a much larger
requirement of having a dynamitsk assessment  yange of failure data being available regarding
model within an NUI (Normally Unattended  manned installations as opposed to anmed
Installation)- Integrity Case. installations. Similarly, should a risk assessment
An Asset Integrity Case will enable the user to  model be feasible for various hazardous zones of
determine the impact of deficiencies in asset gpinstallation, and the dynamic model proves to be
integrity on the potential loss of life and  effective in the detection of failures and mapping
demonstrate that integrity ibeing managed to of consequences, it may be possible to redoee t
ensure safe operations. The Integrity Case is an pymper of personnel on board manned offshore
extended Safety Case. Where safety cases jpgtallations, to reduce the risk of injury and
demonstrate that safety procedures are in place, the fatality.
Integrity Case shall ensure that the safety  Tpg paper is structured as follows. Section 2
procedures are properly implemented. The presents a brief background into the origins of the
Integrity Case can be applicable to operations for y(esearch. A proposed methodology of constructing
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a BN model is shown in section 3. Section 4

updating unless an operational or facility change is

outlines and analyses a case study to demonstrate made. It can be difficult to navigate through a

the proposed methodology. Section 5 summarizes
the work.

BACKGROUND

Offshore Safety Assessment

Following the public inquiry into the Piper
Alpha disaster, theaesponsibilities for offshore
safety regulations were transferred from the
Department of Energy to the Health and Safety
Commission (HSC) through the Health and Safety
Executive (HSE) as the singular regulatory body
for safety in the offshore industry (Wgn2002)
(Department of Energy, 1990). In response to this
the HSE launched a review of all safety legislation
and subsequently implemented changes. The
propositions sought to replace the legislations that
were seen as prescripti
approach. Several regulations were produced, with
the mainstay being the Health and Safety at Work
Act (HSE, Health and Safety Executive, 1992).
Under this a draft of the offshore installations
safety case regulations was produced. The
regulations requiiek operational safety cases to be
prepared for all offshore installations, both fixed
and mobile. Within this all new fixed installations
require a design safety case and for mobile
installations, the duty holder is the owner (Wang,
2002).

After many yearof employing the safety case
approach in the UK offshore industry, the
regulations were expanded in 1996 to include
verification of Safety Critical Elements (SCES).
Also the offshore installations and wells
regulations were introduced to deal with various
stages of the life cycle of the installation. SCEs are
parts of an installation and its plant, including
computer programs or any part whose failure could
cause or contribute substantially to or whose
purpose of which is to prevent or limit the effect of
a major accident (Wang, 2002) (HSE, Health and
Safety Executive, 1996).

Recently, however, it is felt that an expansion on
Safety Cases is necessary, especially in the
offshore and marine industry, as they are static
documents that are produced at the iticapof
offshore installations and contains a structured
argument demonstrating that the evidence
contained therein is sufficient to show that the
system is safe (Auld, 2013). However, this is the
full extent of the Safety Case, it involves very little
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safety case; they can be difficult for project teams
and regulators to understand, as well as often being
monolithic (Risktec, 2013). This is where the e
Safay Case comes into play-Safety Cases are
html webbased electronic Safety Cases. They are
much easier to navigate and have clear concise
information about the safety of the facility they are
provided for. However, the QRA data (Quantified
Risk Assessmdhis only updated with the release
of updated regulations (Cockram & Lockwood,
2003). Over the past 10 years it has been stated that
a dynamic risk assessment model is required within
the offshore and process industries. Khakesél,
(2013) proposedot apply BN to BowTie (BT)
analysis. They postulated that the addition of BN to
BT would help to overcome the static limitations of
BT and show that the combination could be a
substantial dynamic risk assessment tool.
Similarly, in the oil, gas & processdustry Yang

a (2010 rps ethpdolQgy of. .
%yér\{larrr}[:::aogpe%atloﬁé %ASS rsgm‘lienﬂ (D%éAf;.t |
This starts from a conceptual framework design to
mathematical modelling and to decision making
based on codtenefit analysis. Furthermore, Eleye
Datubo, et al. (2006) proposed an offshore
decisionsupport solution, through BN techniques,
to demonstrate that it is necessary to model the
assessment domain such that the probabilistic
measure of each event becomes more reliable in
light of new evidence beingceived. This method
is prefered, as opposed to obtaining data
incrementally, causing uncertainty from imperfect
understanding and incomplete knowledge of the
domain being analysed. Finally, RMRI Plc. (2011)
proposed the idea of a dynamic decision making
tool in an Asset Integrity Case.

The Integrity Case, an idea proposed by RMRI
Plc. (Risk Management Research Institute), can be
said to be dynamic as it shall be continually
updated with the QRA data for an installation as the
QRA data is recorded. This alls for the integrity
of the various systems and components of a large
asset, such as an offshore installation, to be
continually monitored. This continual updating of
the assets QRA data allows for the users to have a
clearer understanding of the curretatss of an
asset. It also allows the user to identify the impact
of any deviation from specified performance
standards, as well as facilitate more efficient
identification of appropriate risk reduction
measures, identify key trends within assaets. (
failures, failure modes). Reporting to regulators
would improve greatly and it would provide a



historical audit trail for the asset. Furthermore, the
integrity of an asset is maintained so that potential
loss of life is kept ALARP. This means that an asset
may continue safe operations under circumstances
that may have instigated precautionary shutdown,
resulting in considerable cost savings for the owner
and operator (RMRI Plc., 2011).

METHODOLOGY

Modelling and Analysis Steps

There are many stepy-step proedures in use
that allow for construction of the various parts of
the BN model. The procedures are useful as it
allows for maintaining consistency throughout the
process and offers an element of confidence to the
model. The procedures have varying parts
depending on the context of the model and how
much information is already available (Nest,al,
2000). However, there are key elements which all
the procedures follow, these are:

Establish the domain and project definition

This involves putting boundias in place for the
model. In this analysis the domain is to be defined
as a module on a large offshore installation. The
model begins with an initial component failure and
tracks the cause and effect relationship of this
failure on various other comportsrand systems.
The model ends with outlined consequences. The
objective of the model involves stating what results
are expected to be achieved from the model. For the
model in this research the focus is on the interaction
of the components and their proilay of
occurrence.

Identify the set of variables relative to the problem

This involves filtering possible parameters that
are relevant to the description and objective. For
the model the initial variables were devised
utilising a sequence of events diagram. This

Form Nodes and Arcs for the BN

The events and consequences in the sequence of
events are translated to oesponding parent and
child nodes in the Bayesian Network. The sequence
of events, however, is basic and the arcs do not
directly translate to the BN and are determined in
Step 4. The nodes can be expressed as positive or
negative. The causality betweenetlevents is
translated to corresponding Conditional Probability
Tables (CPTs). The CPTs are constructed in Step
5. Once the relevant nodes are identified, they are
input into a BN software package,
HuginResearcher7.7, and connected. This entails
referringto the sequence of events from the initial
failure to determine the most effective way of
connecting the nodes together. The network is
reviewed to ensure there are no missing factors.

Data acquisition and analysis

Primarily, data is sought from variogsurces
including: industrial & academic publications,
offshore risk assessment projects, as well as
databases such :ashe Offshore Reliability
Database (OREDA), HSE & the International
Association of Oil and Gas Producers database
(OGP). However, shouldata not be widley
available or the CPT for a node be much to large to
constuct utilising data from the outlined sources,
then expert judgement is to be utilised. The expert
judgement is to be obtained using the Pairwise
Comparision (PC) technique and bysad with the
Analytical Hierarchy Process (AHP). The data
from the AHP analysis is translated to the CPTs
using a Symmetric Method. The data from relevent
sources is then used to create the marginal or
conditional probability tables.

Analysis of BN ma#l and Sensitivity Analysis

This step concerns itself with the analysis of the
BN model using Bayesian Inference. The

sequence of events diagram represents the steps of probability of failure on demand of the operation is

various eventsvith their order and causality. The
events in the diagram are connected with arcs and
arrows. This allows for a straightforward transition
to a BN.
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obtained by forward analysis. The posterior
probabilities of the influencing factorsan be
calculated through backward analysis, given some
evidence entered into the model. the propogation of
the BN is conducted using Hugin Researcher 7.7.
The results of the analysis provide useful
information in handling the the effect of one failure



onmultiple components and systems. These results
are demonstrated through a Sensitivity Analysis.

The data for this analysis is again produced by the
Hugin Researcher 7.7 software.

Validation of the BN Model

offshore electrical generation unit. As well as other
key systems, within and adjacent to a module of a
large offsore installation.

The electical generation unit is considered to be
of a generic layout for electrical generation on a
large platform. The generator consists of a primary
alternator, driven by a gas turbine. Located after the

Gas turbine

Figurel. Generic diagram of an electrical generator unit

Validation is a key aspect of the methodology as
it provides a reasonable amount of confidence to
the results of the model. In carrying out a full
validation of the model, the parameters should be
closelymonitored for a given period of time. For
modelling a specific failure within an electrical
generator, this exercise is not practical. In current
work and literature, there is a three axiom based
validation procedure, which is used for partial
validation d the proposed BN model. The three
axioms to be satisfied are as follows (Jomtsl,
2010):

Axiom i

A small increase or decrease in the prior subjective
probabilities of each parent node should certainly
result in the effect of a relative increasalecrease

of the posterior probabilities of the child node.

Axiom ii:

Given the variation of subjective probability
distributions of each parent node, its influence
magnitude to the child node should be kept
consistent.

Axiom iii:
The total influence @mgnitudes of the combination
of the probability

(evidence) on the values should always be greater
than that faqom(tyhdteg
CASE STUDY

Establish domain and model definition

In order to demonstratethe proposed
methodology a case study is used to evaluate of the
effects a rotor retaining ring failure has on an
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Alternator
(Retaining Rings ar contained Exciter I
within, at each end of the Rotor) T
Main Bearing/ Main Shaft

alternator is the exciter. The alternator rotor and
shaft are forged in one piece with the exciter
coupled on to one end. The opposite end of the
shaft is coupled to the turbine drive shaft, which has
an approximate operating speed of 3,600 rpm. The
main shaft is supported by two main bearings,
housed in pedadta on stools on the baseplate. One
bearing is situated between the turbine and the
alternator and the other between the alternator and
the exciter. A generic flowdiagram of an electrical
generation unit is illustrated by Figure 1.

Identifying the sebf variables relative to the

problem

The variables are identified based upon the
failure of one specific component, in this case a
Rotor Retaining Ring. Should one of the retaining
rings fail, the main shaft would become unbalanced
causing potential fragmentation of the rings inside
thealtenat or . Gi ven the extr
the generator construction, the unbalanced shaft
could also cause damage to other areas of the
equipment, such as: the turbine blades and the
exciter. Should the retaining ring fail within the

v a r i aarnater reasingfal feagment, xepris gveutd be b |

created within the casing. Furthermore with the

s ¢ t a ¢nBCchifexpperaigng at approximately 3,600rpm, an

out of balance shaft would cause substantial
vibrations, which could cause the main bearings to
fail. Should the bearings fail, csing the shaft to
become misaligned, it would result in increased
damage to the turbine, alternator and exciter
(RMRI Plc., 2009).

From this the most likely point of failure within
the turbine is the turbine blades shearing. Multiple



blade failure coulddad to the turbine casing not
fully containing the turbine blade debris. This
would result in turbine blades being expelled
through the turbine casing as high velocity
projectiles. Continually, the violent shaft vibrations
and misalignment could have a se¥ impact on
the exciter and may result in the exciter, weighing
approximately one tonne, becoming detached from
the main shaft. Some catastrophic failures have
resulted in the exciter breaking up and some have
had the exciter remain mostly intact (RMRER
2009). Should the bearings not fail, the alternator
stator coils & casing, can provide enough

(given the location of the potential releasejtign

Is assumed). Should the debris travel out of the
casing towards the exciter, it is considered by
RMRI. Plc (2009) that while the axial velocity may
be considerable, it is likely to be lower than the
radial velocity that the debris would be expelléd a
were the casing and stator not there. Therefore,
while it is possible for the ring debris to penetrate
the casing, they would not have the required
velocity to penetrate the module walls or deck.
From this it is deemed that if retaining ring failure
does not cause a bearing failure, then the
consequence of the event is likely to be limited to

resistance and are substantial enough to prevent the the damages caused by the retaining ring (U.S.

debris from the retaining ring penetrating the
alternator casing. However, it is possible for the
fragments to be expelled axially towards either the
turbine or the exciter or both. (U.S. Nuclear
Regulatory Commission, 2008).

In the event of one or two rotor retaining ring
failures,significant damage could occur within the
alternator casing and fragments of the retaining
ring could be expelled axially. Should the ring
debris be expelled, it is assumed that it will travel
in two possible direction; i) towards the turbine or
i) towards the exciter and out of the casing. Should
the debris travel to the turbine there is potential for
the fragments to impact the fuel gas line within the
turbine. This then provides the escalation to a fire

Nuclear Regulatory Commission, 2008).

However, should the main bearing fail, the
potential consequences become muchensevere.
The significant damage caused by the bearing
failure can potentially produce high velocity
projectiles from the turbine blades being expelled
and/or the exciter becoming detached (RMRI Plc.,
2009). In these events, there is potential for the
projectiles to impact the hydrocarbon containment
around the module.

Form Nodes and Arcs for the BN

The initial model is demonstrated in Figure 2
and is designed around the variables identified

1. Retaining Ring Failur
0.20 Failure
99,80 Success

2. Debris Expelled<]

0.63 Yes
0937 Mo

¥
E1l. Debris Contain. [

6. Generator Bearings

0.14 Failure
99,8680 Success

2 Turhing Blades | 2. Exciter Detache

3. Debris Expeled in| 4, Debris Expelled e D15 ‘Yed
0.90 Yes B2.49 Yes 0.90 Yes : 5 SEVEE Mo
G Mo e EERT Fio SEUEE Mo

5. Fuel Gas Feed L[]

EZ. Debris Escapes.

AN

9, Gas Import Riser, 10. H.P. Flare Dr..

3.30 Yes
96.70 Mo

E3. Fuel Gaz Fire
6.51E-3 VYes
Q0,09 Mo

99042 Mo

0.58 ‘Fe’?\

6,20 Yes 0.02 Yes

99,898 Mo

E4. Debris Remains [5]

7,36 Yes
0264 Mo

Ef. Gas Import Riser Loss of Conta

935,80 Mo
ES. Event Escalatic
74.81 Mo
25,19 Yes

0,04 Small {10mm Dia.)
3.46E-3 Medium (S0rm Dia.)
0.02 Large (Fullbore)

99,94 Mone

E7. H.P.Flare Drurmn
1.74E-5 Yes
100:000 Mo

Figure 2 BN Model shown with the Marginal Probabilities for each node.
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section 4.2, and is to represent the cause and effect appropriate estimate, experts must judge the

of one initial component failure has on systems
within the stated domain. The Initial BN model is
not a diret representation of the sequence of events
in terms of the section of the model where possible
debris is expelled. Within the sequence of events if
the debris is not expelled initially, it is assumed to
remain in the alternator, yet if debris expelleds it
assumed to travel towards the exciter. Similarly,
should the debris not be expelled to the exciter, it is
assumed to be expelled towards the turbine. While
this is all possible, it is more realistic to assume that
if the debris is created from the netag ring
failure, it has the potential travel to the turbine and
the exciter in the same instance. However, it is
possible for debris to be expelled to the exciter and
not to the gas turbine, whereby some debris would
remain in the alternator. The waywihich the BN
model is created ensures it contains all relevant
possible outcomes.

In this case the analysis is conducted within an
electrical generation module of a large offshore
installation. The initial model is made up of
seventeen chance nodes l&xll to 10 and E1 to
E7. The latter nodes represent the possible events
that can result from the initial mechanical failure.
All nodes have two stat
for event node EG6 whi
AfMedi umebor@Buland eiBNon
constructed from the variables outlined is shown
in Figure 2.

Data acquisition and analysis

It is important to note that the numericatults
of the model are not significant in terms of being
absolute, but rather to serve to demonstrate the
practicability of the model. Once a full set of
verified data is fed into the model, the confidence
level associated with planning and decision imgk

situation and provide their opinions. This data
acquisition carbe either qualitative or quantitative
I n natur e. However,
Escal ationo has a CPT
expert to simply fill with their own judgements and
opinions. Therefore, an effective way to gather
information, to fill thesedrge CPTs, from experts

IS to apply the use of a Pairwise Comparison (PC)
technique in questionnaires and make use of the
Analytical Hierarchy Process (AHP) to analyse the
results, combined with the symmetric method
algorithm to fill the large CPTs (Zhangt al,
2014).

The AHP will produce a weighting for each
parent criterion in the pairwise comparison matrix.
These weighting are applied to a symmetric method
which is utilised to fill large CPTs. The symmetric
method provides an input algorithm whichetsts
of a set of relative weights that quantify the relative
strengths of the influences of the paraotles on
the childnode, and a set of probability distributions
the number of which grows only linearly, as
opposed to exponentially, with the number o
associated paremiodes (Lin & Kou, 2015) (Saaty,

8. Beciter
Detaches

10. H.P. Flare
Drum Shell
Impact

t

—_—

7. Turbine Blade=s
Expellad

a

[S V"]

X C

9. Gas Import
Ri=er Piping
Impact

E5. Evernt
E=zcalation

2. Exciter Detache
0,1495 %

==
Q9,550 Mo

7. Turhine Blades
0.1228 ¥

es
SELETEZ Mo

under uncertainty will improve.
To complete the CPTs within a BN, certain data

node. For some nodes data is limited or not

i i H ifir 9. Gas Import Riser,
and knowledge is required regarding each specific o Yf\
Q37970 Mo

10. H.F. Flare DOr..
0.02056 Yes
99,9794 Mo

available. For cases where there is an absence ¢
hard data, CPTs must be cdeted through

subjective reasoning or the application of expert
judgement. This process can be demonstrated b
|l ooking at the node

ﬁE\._,\na- I_A__An_lnd-:,\n,\ T h i A
Figure 3.A) Specific ®ction of BN to be analysed. B) Prior’

ES. Event Escalatic
45141 Mo
25,1559 Yes

n

represents the chance of escalation following keypropapilities for Event E5 and iarentnodes.

component failures. The parents of this nade:
ATur bine Bl ades

nGas mport Ri ser
Dr um hell | mpact 0.

Pipin
I n
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methods can be found in detail in Saaty, (1980) and as they should be independent from each other.

Koczkodaj & Szybowski., (2015)'he symmetric Should this scenario have the potential to occur,

method can & found in Das, (2008). Figure 2  immediate action should be taken to prevent a

shows the complete BN and the marginal majoraccidentin the form of LOC of hydrocarbons
probability distributions for each node. andpotential explosion & fire.

The third scenario demonstrates the potential for

escal ation by showing t

Results and Disscussions detaches, along with turbine blades expelled and
gas riser impact (100% i
It shows that again theotential for escalation

Analysis of BN model and Sensitivity Analysis increases from 61.42% to 63.86%. This scenario

also increases the probability of the HP flare drum
being impacted from 1.47% to 10%, dues to the

Quantitaive analysis is carried out on a specific  nfluence of the Exciter Detaching (represented by
section of the litial BN model, shown in Figure 3, node 8).
concerning the event AES E e, (¢

parents 7. Turbing Blaes . 8. Exciter Detache
- 0.1712 Yes 0,1736 Yes
5318288 1o 586264 o

Quantitative Analysis

8. Exciter
Detaches

7. Turbine Blades
Expelled

This analysis involved systematically inserting
evidence into each of the parent nodes and finally
the child node. In addition, nodesaid 8 have a .
parent node MfAGenerator - pEmwie
evidence inserted, and there is no evidence inserted BBH Mo
anywhere else within the model. However, in this
section of the BN model nodes 7 and 8 are parents
of nodes 9 and 10 respectively, and therefuaile
alter the posterior probabilities of these nodes when = Estalatlﬂic
evidence is inserted. This relationship has been left T po0m Me
in the analysis to give an accurate representation of —
the posterior probabilities of the event E5, which is
the focus node in this ana|ysise\&ra| scenarios Figure 4. BN Model lllustrating whetiEvent Escalation” take
are considered for the BN analysis and validation. ~ Place. L - .

The first scenario is gas turbine blades being Scenario five demonstratée final influencing
expelled as projectiles from the generator housing. factor on the possibility of event escalation,
This is completed by i ngvBeepy thegHP4flgre grum ig impactgd (L00% v
in node 7. This increases the proliigpiof the iYeso tTo nodes 7, 8, 9
events escalating from 25.19% to 35.09%. This Potential for escalation from 63.86% to 77%.
increase would involve some concern as a potential "€ final scenario, shown in Figure 4,
escalation from this is the impact of the turbine demonstrates the effect of there being an escalated
blades on the Gas Import Riser. Subsequently the event, for example, observing an explosion or a fire

robability of gas import riser impact increases Within the area of the platform containing the
IE)rom 6.20/2: to 2%%_ P P electrical generator, and the et this has on the

Furthermore, the second scenario involves the influencing parameters. This serves to obtain areas
expulsion of the turbine blades along with a gas that V\_/ould_ re_quire closer ins_pection. This scenario
riser impact (100% AYes §ag@iveninsighytathe pessible caysesof the eveny
results in the probability of there being escalation €Scalation, based upon the data presented. Here the
increasing from 35.09% to 61.42%. Thisa very influencingufhcherBl ades
large increase as the impact of a gas riser isthe | Y&S, increases from 0.
largest threat to escalation, due to the loss of D€t a ciles,snoreases from 0.15% to 0.17%;
containment of the gas, this hypothesis was also 1 Gas | mpor t Ri 5¥es, IndPeases n ¢
confirmed by expert opinion. It can also be noted f T Om 6. 2% to 14.319%; an
that evidence is inserted into nodes 7 andegetis | mp ai ¢réspincreasing from 0.02% tod3%.
no effect on nodes 8 and 10, which is to be expected
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Figure5. Sensitivity Functions for the four input nodes acting upo
Event "E5. Event Escalation"

The Sensitivity Analysis conducted for the
Initial BN model focuses on the event E5 and its
parent nodes, shown in Figure 3, to further validate
the claims in Secton 4.5.1.1. However, the analysis
will be conducted using smatlencreases and

decreases in the probabilities of the parent nodes as

opposedo inserting 100% occurrence probability
into the input node CPTs.
From thegraph in Figure 5 it can be seen that

t he probability of A Tu
i ncreasingly being 6Nob,
EscaladYesn®® occur s.

Table 1. Sensitivity Values for the foimput nodes acting
upon Event "E5. Event Escalation"

Validation of the BN Model

For partial validation of the model, it should
satisfy the three axioms stated in Section 3.2.5.
Examination of a specific part of the model (shown
in Figure 3), reveals when node 7 is set to 100%
6Yes b, t his pr omctaaseeis e
probability for AEvent |
25.19% to 35.09%. A further change including
th nodes 7 and 9, set
r i ncrease I n t h

he
l ationdo occu g.
n 1
a

nw c o

t

a c
e o}
t he

rrin
g set t 100% oY
se for potent
ng of the state 0O0Yesc¢

When nodes 7, 8, 9 and
it produces yet another increase in the probability
of AEvent E s ¢ #dmaB3.B680nto o C
77.00%. Finally,

This exercise of increasing each of the
influencing nodes satisfies the three axioms states
in Section 3.2.5, thus giving partial validation to the
BN Model.
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CONCLUSIONS

t he most influenti al fact ?]_r on ﬁ’Eqvenﬁ_ F’Escal atio
fiGas import Ri ser | mp ac (N5 reseggh pas ¢ outliped cthe |Baygsiap
influential is AExciter Npworkiechpiouethathasbeen ys déo”ge'ot_*l?a
of State-6 No 6, A Gas Riser | nffuss @y sl relationships of pa, Specific
10%, then the prabb i | i ty of # Ev e$QMPONgNL failje 5 pf; ag glgctrical  deneration

decreases by 2.63%. Whereas, if the probability of system, within a module of an offshore platform. It

Statee 6 N0 O Det acheso
then the probability
decreases by 0.29%. From the graph it is also
apparent that the sensitivifynction is a straight
line which further add to the model validation. The
sensitivity values computed within Hugin are
shown in Table 1.

It should be noted that the sensitivity values
within Table 1 are negative as in their current states
of & No éve anedatevg effdct on the outcome
of
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i ncr e ah@sebgen gtated thatof
o fcomplexa I>.‘vEen C%
required to mo

QpLe ystems can Qe very
Jvishithg yolurge,pilatag -
el fallures within these systems, it
makes BNs a challenge to model effectively. As
well as in some cases a lack of reliable data means
that some risk assessment models cannot always be
applied. With this in mind,the BN model
demonstrates that BNs can provide an effective and
applicable method of determining the likelihood of
various events under uncertainty. The model can be

FEvent iG¥esadat Fonoex gsmq)tp gn,/estig@;e tveHious scenarios around the



systems and components outlined andhow the
beginnings of establishing where attention should
be focused within the objective of preventing
offshore incidents, as well as having a clear
representation of specifically where these accidents
can originate from. The presented method of
modelling offshore risk assessment is to be
improved upon in future research. It has the
potential to model larger areas with several systems
and their components to gain a much wider
understanding of how offshore systems interrelate.

There are several interestingnd relevant
possibilities that can be considered and explored
with relative ease now that the core structure of the
BN model has been constructed. However, before
expanding the model it is vital to maintain that it
must remain practical and close to igarom the
perspective of gathering data and generating
results. Continually too many variables which
display vague information or increasingly
irrelevant effects can diminish the quality of results
and findings.
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Bayesian network modelling of an offshore electrical gener:
system for applications within an asset integrity case for norr
unattended offshore installations

S. Loughney, JWang
Liverpool John Moores University, UK

ABSTRACT: This paperproposes the initial stages of the application of Bayesian Networl
conducting quantitative risk assessment of the integrity of an offshore system. The main foeu
construction o Bayesian Btwork(BN) model that demonstrates the interactions of multiple offst
safety critical elements to analyse asset integfitye majority of the data required to complete the

was gathered from various databases and past risk assessmeritnexs and projects. Howeve
where data was incomplete or rexistent, expert judgement was applied through Pairwise Compa
Analytical Hierarchy Process (AHP) and a Symmetric Methdiiltthese datagaps and to complet
larger Conditional Probdily Tables (CPTs). A NUI (Normally Unattended Installatior) Integrity

Case will enable the user to determine the impact of deficiencies in asset integrity and demons'
integrity is being managed to ensure safe operations in situations wipéyediyal human to machin
interaction is not occurring. The Integrity Case can be said to be dynamic as it shall be con
updated for an installation as the Quantitative Risk Analysis (QRA) data is recorded. This allc
the integrity of the varios systems and components of an offshore installation to be contir
monitored. The Bayesian network allows caaffect relationships to be modelled through cle

graphical representation. The model accommodates for continual updating of failure data.

Keywords: Offshore safety, Integrity case, Bayesian netwo®Hshore installations Electrical

generation systems
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Bayesian network modelling for offshore installations: Gas turbine ft
gas release with potential fire and explosion consequences

S. Loughney, P.A. Davies & J. Wang
Liverpool John Moores University, UK

ABSTRACT: This paper illustrates the benefits of applying a Bayesian Network in quantitative risk asse
The focus of the illustration is based on the potential release of fuel gas from a gas turbine elsettitai
power generation on an offshore platform. The potential consequences that follow said release, sucl
explosion and damage to equipment within an electrical generation module are also analysed. The col
of a Bayesian Network mobjebased upon initial research work, shall illustrate the interactions of pott
initial failures, hazards, barriers (gas detectors and fuel shut off systems) and the subsequent consec
a fuel gas release. This model allows for quantitativeyaisaio show partial validity of the BN. Partial validi
of the model is demonstrated in a series of test case.

INTRODUCTION

This work focuses on the development of a
Bayesian Network (BN) model for modelling
control system and physical failures of a gabine
utilized in offshore electrical generation. The
intention is to model a sequence of events
following several component failures, under
certain conditions and assumptions. These initial
failures are defined in two categories; control
system failuresand physical or structural failures.
This should provide a base with which to expand
the BN to facilitate the requirement of having a
dynamic risk assessment model that allows for
accurate representation of the hazards and
consequences associated with gabine fuel gas
releases.

The research presented within this report is an
expansion of previous research conducted for an
electrical generation system of an offshore
installation. The initial research, conducted by
Loughney & Wang (2016), focused on dieg a
dynamic risk assessment model for an electrical
generation system, based upon one initial
component failure in the form of a Rotor Retaining
ring failure. The dynamic risk assessment model is
for application in an Integrity Case. The Integrity
Caseis, in principle, an extended Safety Case.
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From the initial research a sequence of events and
a BN was produced to demonstrate the cause and
effect relationships between the safety critical
elements of the electrical generator. The BN
demonstrated a numbef potential consequences,
such as: Gas Import Riser failure, High Pressure
Gas Flare Drum failure and Fuel Gas Release &
fire. These final consequences were not expanded
or demonstrated in great detail to keep the initial
model as less complex as possiblhile achieving
valid results. This is where the research presented
in this paper expands upon this. The BN to be
presented here is an expansion of the previous
model, focused on the consequence Fuel Gas
release and Fire & Explosion. In the initial BN, a
gas fire was represented as one event in the
network, this research expands by constructing an
entire new network to demonstrate the
consequence of Fuel Gas release in much more
detail(RMRI Plc., 2009)

BACKGROUND

Gas turbines are used for a variety of purposes on
offshore installations, such as: power generation,
compression pumping and water injection, most
often in remote locations. Gas turbines are most



commonly duel fueled. They have the ability to run
on fuel taken from the production process under
normal operations, known as fuel gas. They can
also run on diesel fuel in emergency circumstances.
Typically, offshore gas turbines run from 1 to 50
MW and may well be modified from aeengines

or industrial enginesThe most often used gas
turbines are Aeroderivative, particularly for the gas
generator. It is known that relatively little
information is contained within safety cases
regarding the operation and safety of gas turbines.
What is contained is the modelanufacture, 1ISO
power rating (in Mega Watts (MW)), the fuel types
and the location of the turbine shown on the
respective installations drawings. Additional
information can be found on occasion, such as: text
regarding the power generation package or tgrck
generators. However, information in reference to
integrity management and maintenance can be very
limited (HSE, 2006) This information, or lack of,
provides sound reasoning to produce dynamic risk
assessment models regarding the integrity and
safety ofgas turbines.

Industrial power plants are critical systems on
board offshore platforms as they supply electrical
power to safety critical systems, which not only
provide safe working for crew and other personnel,
they also protect the integrity of the sfibre
platforms systems and structures. All of this
protection stems from power supplied by the
electrical generation systems, which is why
offshore platforms and marine vessels ensure they
have baclkup generators in the event that one or
two generators fhto operatgPereragt al, 2015)
Usually, on offshore platforms, there are three
electrical generation systems, with two in the same
module and the third in a separate module on a
higher level which usually acts as the emergency
generator. Despite thsafety precautions behind
the number of generators and their locations, there
is still the possibility of all generators failing to
operatg Ramakrishnan, 2007).

Furthermore, in recent years there has been a
marked increase in fires associated with fgaé
leaks with offshore gas turbines. A detailed review
of offshore gas turbines incidents conducted in

incidents occurring during normal operations, the
fuel gas detection is heavily reliant on either turbine
fuel detectors and/or fire and gas system detectors.
This is due to the modules containing the electrical
power generators bey almost totally unmanned
during normal operation. It was also found that
based upon the review conducted on machines in
the stated 1-year period, shows that approximately
22% of gas leaks remained undetected.
Subsequently, 60% of those undetected |eak®
found to have ignite(HSE, 2008)

It is situations such as those described that
increase the requirement for a dynamic risk
assessment model to accurately monitor the
consequences of failures within gas driven
generators as they are critical in thervival of
crew members as well as the integrity of the
respective offshore installation.

FUEL GAS RELEASE MOIEL

The model representing the potential for fuel gas
release from an offshore gas turbine, along with the
further consequences of fire aagplosion, begins

at the point of several initiating events. These
events are the beginning of the sequence of events
and continues through the point of a potential gas
release, the barriers involved in preventing and
stopping the release and the poterttaisequences
should these barriers fail. A full step by step
procedure of constructing the BN can be found in
the initial research of Loughney & Wang (2016).

Model Limitations

Space and Domain Limitations

The purpose of the model is to show what the
effects of several component failures have on a gas
turbine which can lead to a fuel gas release. Hence,
the consequences of said fuel release are analyzed,
and in order to do this, the boundaries of the model

2005 showed that there were 307 hazardous events need to be defined. These boundaries are concerned

over 13year period, from 1991 to 2004. The

review concerned itself with over 550 gas turbine
machinesThe analysis concluded that the majority
of incidents (approximately 40%) occurred during
normal operations, with approximately 20% during
startup, another 20% during or after maintenance
and the remaining 10% of fuel gas leaks occur
during fuel changear. With the majority of
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with the affected area, the detail of the

consequences and the ignition types & sources. The

outlined assumptions and limitations concerned
with the model domain are as follows:

1 The model has been built for the situation
where there the offshore platforcontains no
crew and hence does not consider fatalities.
There are two key reasons for this: The first is



T

that the BN model is to be for an NUI
(Normally Unattended Installation) Integrity
Case, where humans are not present on the
platform for large pedds of time, and are
monitored from other platforms or onshore.
Secondly, the BN is part of continual
development of an Integrity Case which shall
focus on maintaining the integrity of the
equipment as a priority, as well as the effects of
incidents on theenvironment. Hence fatalities
are not part of the BN model consequences.
The model is designed to demonstrate the

Data Limitations

It is important that some remarks are made
regarding the uniformity of the data within the
model. Statistics exist in a number of formats and
originate from many sources. When formulating a
model as specific and confined as the one being
creded, it is almost impossible to gather data sets
from the same consistent sources.

It is important to understand that many statistics
are not fully representative of reality. For instance,
there are cases where the full extent of an incident

hazards and consequences associated with the is not repord, such as a fuel gas release. For

fuel gas release from an offshore gas turbine.
Hence, the consequences regarding fire and
explogon are not concerned with the
probability of other hydrocarbon releases
contributing to fires and explosions.

The scope of the model is primarily within the
power generation module of a large fixed
offshore platform. Therefore, the section of the
model a&signed to the probability of equipment
damage due to fire and explosion is confined to
the equipment and machinery located only
within the stated module.

The model is representative of fuel gas being
released into the module and not within the gas
turbineitself. This is due to the fact that should
there be a gas release the turbine, it is assumed
that the combustion chamber is of sufficient
temperature to ignite the fuel. However, the
presence of an ignition source within the
confines of the module is nattotal certainty.
The node Al gni tion
uncertainty and possibility of a source belng
present.

While the level of consequence is confined to
the module, and the presence of an ignition
source is not certain, it is still possible the

gas levels to reach dangerous levels. These
dangerous levels do not represent a direct threat
to human personnel as it has been stated that
humans are not present in the module. The
dangerous levels relate to the potential
environmental impact of harmif substances
being released into the atmosphere. This is in
conjunction with the revised requirement of
safety cases for offshore installations to contain
precautions for potential environmental impact
of offshore incidents and acciden{$iSE,
2015)
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example, from 1992 to 2014, 40% of fuel gas and
power turbine gas releases were not detected by an
automatic sensor, but were detected by human
detection. The human detection includes smell,
visual and a portable detectdn the instances of
human detection, the recording of information is
scarce, with 56% of fuel gas release incidents
having little to no information regarding the
location and cause of the release and in some cases,
the extent of the dispersion. Furthems, the
majority of the 56% of releases with incomplete
information and data were regarded as
ASignificanto, i n (H8E ms
2014) It is inconsistencies within the data, such as
this, that provide sound reasoning to limit data to
automatic detection and fuel shut down barriers.

There are some differences in terms of data
relating the type of installation operating the same
type of gas turbine generator. However, the
location of the installations is restricted to the
UKCS (United Kingdom Continental Shelf) and
the North Sea. Muchf the data represented, in the
© HodeT is gtdap{eda from %as tutbines op rzghhg on
fixed platforms, yet it is not feasible to obtain data
from all sources relating to fixed installations. This
limitation with the data goes back to either the
absence of data dhe lack of appropriate data
recording. Hence, data is obtained from fixed
installations and FPSOs (Floating, Production,
Storage and Offloading) which make use of very
similar gas turbine machines.

There are also differences with the age of the
data andthe data sources used in the Fuel Gas
Release model. All data utilized is taken from
sources post 2002. Most of the data close to 2002
has been obtained from OREBE®02 (Offshore
Reliability Data) as full access to the database at
this time was availabléOn the other hand most of
the conditional data used to complete the CPTs
(Conditional Probability Tables) for the nodes, in
the BN, has come from risk assessment projects



conducted on offshore installation for gas turbines,
with the main focus of the pmgts being
hydrocarbon and fuel gas release. These risk
projects were conducted pg209 by RMRI Plc.,
Petrofac and Maersk.

Finally, most of the nodes are based upon hard
evidence statistics, while two of the nodes
incorporate subjective judgement by liathng a
symmetric algorithm from hard evidence. By
combining information in this way it allows for
situations that have little to no information to be
overcome. This process does not compromise the
validation and analysis of the model however it is
important to take note of this when interpreting the
information presented in the results.

Structure of the Model

The fuel gas release model is shown in Figure 1,
which also depicts the marginal probabilities for
each node. The BN is primarily designed to
represent key initial events of gas turbine failure, in
two main areas: the turbine control system and the
physical structure. Following the initial events and
failures the BN model is designed to show the
possible progression of these failures into fuel gas
release and the potential fire & explosion

barriers there are further incidents, accidents and
consequence nodes which are systematically
introduced. One node does remain slightly
anomal ous from this org
S 0 u rnode ¢s grouped along with the incidents,
accidents and consequences as it directly affects
one of the incidents.

There is one transfer node within the fuel gas
release BN which links the initial research
conducted by Loughney & Wang (2016). This node
isi Fuel Gas Feed I mpacto.
updates from the initial BN model shall result in
updates to the posterior probabilities of the fuel gas
release BN. The model contains nineteen chance
nodes with either two or three statésgure 2
Demonstrees the Structure of the fuel gas release
model.

Establishing Conditional Probabilities

When constructing a BN, the prior probabilities
are required to be assigned locally to the probability
link, P(ParentA) ) \4 P@Chas | a ( B
conditional probability P(B|A)). Wherei is the
number of possible states of the parent node and the
child node. However, it is not always a
straightforward process to obtain the relevant data.

consequences that can occur. There are a number In principle, the majority of the data can be

of more intimate functions that the model provides.
Firstly, the initial stages of the model demonstrate
which initial event or hazard demonstrates the
greater probabty for potential gas release, as well
as whether the greatest threat originates from the
turbine control system or the physical structure.
Secondly, the cause and effect relationships
between the barriers is demonstrated in terms of the
probability of whether a certain barrier operates as
expected, based upon the operation of the previous
barriers. Thirdly, the type of consequence that can
occur following a fuel gas release. These
consequences can be; none, a gas leak only, fire,
explosion and resultinggeipment damage from a
fire and/or an explosion.

The graphical structure of the model is designed
to keep the nodes that fall under the same group
together and organi zed
The five root nodes and the inference node are
close togethemat the top. Then the categorized
nodes are next in the top down sequence.
Continuing from the failures there is a potential
incident, which then leads to the barrier nodes.
Pending the probability of success or failure of the
barriers there is potentiallyanother incident
(AContinuous Gas Rel eas
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acquired through failure  databases or
experimentation. However, designing and
conducting experiments can prove difficult and
historical data does not always satisfy the scope of
certain nodes and CPTs within a BN. Therefore, in
practice, it is necessary to rely on subjective
probabilities preided by expert judgement as an
expression of an i ndi vi
However, since subjective probabilities are based
on informed guesses, it is possible for deviation to
occur when the data is expressed as precise
numbers. It is possible to ply a fully subjective
approach to construct conditional Probability
Tables (CPTs) in a BN (S. Loughney, 2016).

This process involved experts providing their
judgement through a Pairwise Comparison (PC)
method. The data from the PC is further analyzed
using Amalyfical dHerarchy Rrocess (ARP) raedr .
relative importance weights were determined from
this for each parent node in question. These weights
are then applied to an algorithm that allows a large
child CPT to be constructed cell by cell. This
method of cenpiling data for large CPTs proved
simple to implement and produced accurate results
for the BN. However, it was found that a time
eo) . Foll owing from the



consuming part was the gathering of data from
experts through PC in questionnaires.

As the process of creating PC questioremi
distributing them and waiting for feedback can be
time consuming, this process is to be amended by
utilizing hard data from risk assessment
experimentation and historical data. This entails
utilizing hard data from the parent nodes and
sections of thechild node CPT to create relative
weights for the parent nodes and apply those to the
symmetric method algorithm.

Symmetric Algorithm Utilizing Hard Data

The symmetric method provides an input algorithm
which consists of a set of relative weights that
guantify the relative strengths of the influences of
the parennodes on the childode, and a set of
probability distributions the number of which
grows only linearly, as opposed to exponentially,
with the number of associated pareotes. Yet
the most commn method of gathering the required
data for the algorithm is to use expert judgements.
However, it is also possible to utilize the symmetric
method with historic data and experimentation.
While it is very difficult or not possible to complete
a large CPTin a BN using only hard data, it is
possible to obtain key conditional probabilities for
a node and apply them to the symmetric method to
complete the CPT.

The derivation symmetric method algorithm is
not to be outlined here, but the method of
determiningthe relative weights of parent nodes
will be outlined. The derivation of the symmetric
method can be found in Das, (2008).

Determining Relative Weights Utilizing Hard Data

To demonstrate the method of determining
relative weights through hard data, takiee
example network in Figure 1.

While it is not possible to accurately obtain
P(D|A, B, C)or evenP(DJA, B)through historical
or experimental data. It is possible to obtain the
conditional probability of eventZ give the
individual parents. i.e.;P(D|A), P(D|B) and
P(D|C). These conditional probabilities can be
used to develop normalized weights for the parent
nodes.

As mentioned previously, in the symmetric
model the individual local conditional probabilities
of the parent to child can be distributegrelative
importance for the associated child node, i.e. the
normalized weight. Hence, in normal space and
using the notation outlined in Figure 1, the
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probability ofD being of statél Y e given that the
probability of A being in statéi Y e is @gual taid

, Whered® is the relative importance of the parent
nodeA. This is applied across all the parent nodes
and is demonstrated by EquatiofRiahi, 2010).

0 @ 00 @AW GO
0 ®
B ﬁﬁﬁa W
é (1)
SA)
B ﬁﬁSG w
Therefore,
0 0& E 0O P

In normalized space, based on the influence of
each parent node, the conditional probability of a
binary child node D" given each binary pant
node,X:, wherer = a, b, ..., n., can be estimated
using Equation 2.

00 GEw GG 0
00 G GD 0O

e (2)
00 GXE GBHB 0

Following from Equations 1 and 2, it is possible to
calculate the weights of the parents given the
individual parent to child conditional probabilities
(Riahi, 2010). In order to demonstrate the
calculation of relative weights for parent nodes, the
network shown in Figure 1 shall be used as an
example. Table 1 shows the local conditional
probabilities for the
Fai | i D)aiwen éach individual child node.



Tablel: Individual conditional probabilities for Control ° e e
System Failure

D A B C Sum
Yes Yes Yes

Yes 0.0584  0.0610 0.1330  0.2524 °

The information presentEd in Table 1 can be Figure 1: Simple BN representing 3 parents and 1 child
represented by Equation 3:

] . 0 ® L Pt ,
50 W ®E m@o Yt o "0 B e mocrm P
L0 C_&)Q_ao @ ‘i e p W W
00 G GB mpoomwd (3) . 0 & T8I P T ,
O - S n&ucTnanXU
0 ® T® LCT his
. A ™ OoOoT .
v B mﬁw T[&UCTTEB)C(pw
Hence, with the individual conditional _ _ _
probabilities, the relativaveights of the parent Following from this, Equation 2 can be used to
nodes can be calculated utilizing equation 1. show that the summation of the relative weights

should be equal to 1.

Exceed Systern Cafl>].  Operational Error Systern Defects <] structural Support. Carrosion
0.0756 Yes 1.0210 Yes 0.6233 ves| |1 5.7215 Yes 0.4075 YVes
Mo EEETEn Mo OENEFET Mo | || SEETEE Mo Mo

e

Contol Systern Failur] PhyysicalfStructural |
[ | &6.9165 Yes N 40,8841 Yes
I G3.083z

Mo ENED, 1159 Mo

Gas Relese in Modu

E7 . 5460 Yes
I 42,1540 Mo

Gas Detection [5]

N 43,4039 ‘Yes
e, 5061 Mo

TCS Shut Off Fue[=]—

Ignition Source [ ] 27.7647 Wes
FEG Systern Shuts | '
[ ] 20,3779 Yes
e

|:| 0530 ‘-" NFEEEEES Mo
Z1 Mo

Fuel Supply off [ _
I 35,3937 Yes Continuous Gas Rel.r‘>_<"|

ER a065 Mo | [T —————— |EE 4509 Yes
s 37.5191 Mo

Imrnediatef Delaved Ignitior
0.0192 ¥ - Irmmediake

0.0267 % - Delayved Consequence
L 99,9541 —
Mane 0.0244 ¥ - Ignition

Es . ce09 ¥ - Gas Leakd

) Fire I 354148 No
Explosion
0.0167 Yes e
Mo
Explosion Darmage . Damage due  to Fir,
4,1303E-5 Ves 0.0021 Yes
OO o EETeEEl o

Figure 2: Marginal probabilities for each node within the Fuel Gas Release BN
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As the relative weights for parent nodesBand
C have been calculated and assigned accordingly,
they can be applied to the weighted sum algorithm.
Along with the linear compatible parental
configuration to produce complete the CPT.

Two CPTs were compiled using this method due
to the nature of their scepbeing specific to this
mo d e | These nodes are
and APhysical/ Structur a
the complete BN and the marginal probability
distributions for each node.

BN TEST CASES

The BN is now used to analyze a serids o
possible real world scenarios. All variables from
external BNs, [ e. the
| mpact o, are to remai
directly linked to the study for Fuel Gas Release
shall be altered using the Hugin BN software. The
Hugin software allows for evidence to be inserted
to all nodes wi
function. This evidence is to the degree of 100% in
a given state of a node. It is the posterior
probabilities that are of interest and are computed
given partcular evidence of specific nodes.

Test Case 1: Control System Failures

This case study demonstrates the effects of
individual and combined control system failures
within the fuel gas release model. The effect on the

are presented inTable 2, which shows the
probability of gas release, fuel shut off, continuous
release and the conseque

Table 2: Effects of the turbine control system failures on the
posterior probabilities of "Gas Release", "Fuel Shut Off",
"Continuous Gas Release" and "Consequence; States: Y
Leak & None"

Focus Nodes No evidence ESC OE SD

(%) (%) (%) (%)

Gas Release 57.85 63.00 63.18 69.50

Fuel Off 35.39 38.43 38.53 42.25
ACedut r ol System Falil ur es
| Hegade! UT®BBo . SRF PUP 6508 s h

Y-Leak 64.56 61.53 61.43 57.71

None 35.41 38.45 38.55 42.27

It is evident that a major system defect would
have the greatest effect on the probability of the gas
release, as shown by the increase in probability
from 57.85% without evidence, to 69.5% when a
pote_ntial system defectauses a f_ailure. The
eleed 7 spseiagees snfepinygus e gese
sygtem fagllure@ §stit isassimed in %gmogﬁtha
the gas detection system has no reason to not
function correctly at this stage. Theyee, the

tRhuinn M ohdeei ﬁr_eea§e\kp&qe Rrobgbﬂity %mf Igvel f gas release
Wi a

increase the probability of gas detection.
Test 1B demonstrates the effects of the control
system failures, in the presence of an Ignition
Source (IS), on ignition, fire and explosiandes.
Table 3 demonstrates the results of test case 1B.

Table 3: Effects of Turbine Control System failures, with an
ignition source present, on the posterior probabilities of
iGas Detectiondé, "Consequenc
Ignition”, "Explosion”,"Fire" and "Damage due to Fire &
Explosion"

likelihood of a gas release is demoastd along Focus Nodes 100 %IS ~ESC ~ OE  SD

with the effects on the fuel shut off system. The (%) (%) (%) (%)
consequences from these likelihoods is also _ Gas Detection 43.4 47.25 4738 52.1
demonstrated. In this case the likelihood of a Y-Ignition 29.34 27.97 2792 26.23
continuous fuel release analyzedas well as the Y-Leak 9.29 8.85 884 8.30
probability of the @ Con singdatelqy c 931 n ®20& 2H0¢ 2068 | r
statesn YLeak 0 and nANoneo. T hbelgyedIg. a s 82.20s t @0d9y 30i64s 28.78
split into two test cases: 1A) is a demonstration of Explosion 22.51 21.45 21.42 20.12

the effects of control system failures on the Fire 13.56 12.93 129 12.12
network, 1B) is a demonstration of the control F&Ex Damage 2.55 244 243 229
system failures with the presence of an ignition The probability of gas detection increases

source.
The probality of a fuel gas release from a gas
turbine due to the turbines control system, is mostly
dependent on three key
Capabilityo (ESC),
AfSystem Defectso (SD).
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decrease from 13.56% to 12.12% and 22.51% to
20.12%. This is because the probapibf the gas
detection increases with the probability of the gas
release, as it is assumed that the gas detectors
function as expected. This also has an effect on the
fuel gas shut off by increasing the probability that
fuel gas will be shut off. Hence tipeobability that

andyY-Leao ) , Al mmedi at e/ De!
( St dtmense dfia a tDelayed ) , disEixgn o
AFireo, AfDamage due to
AExpl osi on Damage to Ad.

demonstrates the results of Test Case 2B.

Table 5: Effects of no Gas Detection and presence of an

a fire or explosion will occur decreases. Il gnition Source o-hgnriiCtoincsred u
Leald ) , il mmedi at e/ Del ayed | g
Test Case 2: Gas Release without Gas Detection @ Del ayedo), H@GExplosiono, #AFI
Expl osiond and AExplosion Da
No No GD
Test case 2A demonstrates the effects a Focus Nodes  Evidence N2CP o
malfunctioning gas detection (No GD) system in (%) (%) %)
the event of a gas release. In test 2A it is assumed Y-Ignition 0.02 0.04 44 88
that oneor more of the initial events has occurred i
| : hi h Y-Leak 64.56 98.74 14.20
a.md.a Gas Re ease.(GR) is observed. Inthis case the | adiate Ig. 0.02 0.03 35.38
likelihood of a continuous fuel release is analysed
. Delayed Ig 0.03 _ _0.04 49.25
as wel |l as the probabil Eyplosinf t g, NCph s epdence
node beingLeakstanesiNaneo ., labl g 0.01 20.74
4 demonstris the results. F&Ex Damage 0.00 0.00 3901
, _ Dam. Adj. Mod.  4.10E05 6.31E05 0.076
Table 4: Effects of a Gas Release without Gas Detection on The e

AConsequenceso, fiContinuous
(TCS, F&G and Fuel Oof f) and
Focus Nodes No Evidence GR No GD

(%) (%) (%)

Gas Detection 43.4 74.87 -
None 35.41 60.2 1.22
Y-Leak 64.56 39.78 98.74
Cont. Release 58.81 29.26  99.57
Fuel off: TCS 27.76 47.47 0.58
Fuel off: F&G 20.37 34.7 0.61
Fuel off (All) 35.39 60.19 1.18

If there is a gas release and the gas detectors do
not function, then there &svery high probability of

mphasis in this analysis is on the more severe
%@cﬁjen%e bi§deon&eyuenbds ViR  termB Yot fifdl T ¢
BxXphSion®&nd Gitfet dafndde that they can cause.
From Table 5 it can be seen that in the event of a
100% failure of the gas detection system, the
probability of there being any accidents or
consequences related to ignition remairtually
negligible. However, the final column in Table 5
demonstrates the effects on the fire & explosion
consequences given no gas detection and an
ignition source present. The purpose of this is to
show how sensitive the fire & explosion
consequenceare given an ignition source and a
likely chance of a gas release. It can be seen that

there being a gas leak as a consequence as well asthe posterior probabilities increase drastically when

a continuous leak from the system. The continuous
leak would occur because the fuel shut off systems
would not react to the gas detection. This effect can
be seen in the posteriprobabilities of the fuel shut

off systems. Furthermore, given a gas release and
no gas detection, the probability of a continuous
gas release increases from 58.81% to 99.57%, and
the probability of a gas leak, increases from 64.56%
to 98.74%. The signifance of these percentage
increases in the posterior probabilities indicates
that the gas detection system is a vital barrier in the
mitigation of accidents resulting from fuel gas
releases.

The emphasis of Test Case 2B shall be on a gas
release not beingetected and the effects that an
Ignition Source (IS) has on the posterior
probabilities of several nodes. The nodes in
guestion ar e;
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an ignition source is present without gas detection.
Test Case 3: Effects of observed Consequenees (Y

Leak and Yignition) on prior probabilities

To provide further verification of the BN model it

is important to demonstrate the effects of inserting
evidence as a consequence and observing the
effects on prior nodes. The key node in this test
case 1 s t he ndi& withsategtiore n c
being focused on inserting 100% evidence to states
AY-Lealkd afinyd g n i .tTabte s ademonstrates
the effectr-keakmf ol O O Boe A mi
barriers of a gas release.

(States



Table 6: Effects of 100% "Y.eak" on the prior probabilities
of the mitigating barriers
as 100%fA Y gni tom the donsequence and accident

nodes.
No Evidence . s
Focus Nodes %) Leak Ignition
(%) (%)
Fuel off (All) 35.39 0.00 -
Fuel off: TCS 27.76 0.10 -
Fuel off: F&G 20.38 0.03 -
Cont. Release 62.48 96.19 -
Gas Detection 43.40 13.44 -
Ignition Source 0.083 - 100.00
Immediate Ig. 0.019 - 78.82
Delayed Ig. 0.027 - 21.18
Fire 0.011 - 31.69
Explosion 0.019 - 14.80
Table 6 shows that o4 ve
Lealo |, the prior probabil
fuel shut off

greatly decrease to almost zero. Similarly, the
probability of the gas being detected also
decreased-However, not to the extent of the fuel
shut off systems. Table 6 also indicates that prior to
a 100% consequence of ignition, the likelihood of
any ignition, fire and explosion accidents or
consequences are almost negligible. However,
when evidence is inset e d
Ignitiono i n t he
probabilities greatly increase.

CONCLUSIONS

The BN model presented in this research
demonstrates the effect that several initial failures
have on a potential fuel gas release as welhes t
potential fire and explosion hazards that can occur.
These consequences are equally important for
offshore platform operators due to the improved
HSE regulations within Safety Cases regarding
hazards to the environment in any instance.
Therefore, if thee is a fuel gas leak without
ignition, it poses a large issue for operators and
duty holders given that the release is undetected.
The analysis presented in the three test cases
clearly demonstrates the vital role that the
mitigating barriers play in pwenting severe
consequences due to a gas turbine fuel leak. The
BN model also clearly demonstrates that it can
provide an effective and applicable method of
determining the likelihood of various events under
uncertainty, and more importantly show increased
uses as a dynamic risk assessment tool. This is
especially applicable in monitoring offshore areas
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No. Year Source Accident Date Name of Unit Floating/Fixed Type of Unit Shelf Damage

1 1971 WOAD 08/04/1971 NEPTUNE 7 Floating Semisubmersible UKCS Minor damage
2 1972 WOAD 10/22/1972 ZAPATA NORDIC Floating JackUp Norway Minor damage
3 1973 WOAD 12/29/1973 BRITANIA Floating JackUp UKCS Minor damage
4 1974 WOAD 12/06/1974 BRITANIA Floating JackUp UKCS Minor damage
5 1974 WOAD 06/02/1974 ZAPATA UGLAND Floating Semisubmersible UKCS Minor damage
6 1975 WOAD 12/05/1975 STADRILL Floating Semisubmersible UKCS '”j’;%f]‘gg ”eo

. : . Significant

7 1975 WOAD 10/28/1975 BORGNY DOLPHIN Floating Semisubmersible UKCS damage

8 1975 WOAD 09/03/1975 FRIGG,10/1,CPD1 Fixed Concrete structure UKCS Minor damage
9 1975 WOAD 8/29/1975 AUK,30/16,A Fixed Jacket UKCS S'dg;r']:gggt
10 1975 HSE 29/08/1975 Fixed Fixed Steel UKCS Severe

11 1975 HSE Fixed Fixed Steel UKCS moderate
12 1975 HSE 20/09/1975 Floating JackUp UKCS moderate
13 1975 HSE Fixed Fixed Steel UKCS Minor

14 1975 HSE 16/01/1975 Floating Semisubmersible UKCS Minor

15 1975 HSE 17/01/1975 Floating Semisubmersible UKCS Minor

16 1975 HSE 08/03/1975 Floating Semisubmersible UKCS Minor

17 1975 HSE 19/06/1975 Floating Semisubmersible UKCS Minor

18 1976 HSE Fixed Fixed Steel UKCS moderate
19 1976 HSE 14/08/1976 Floating Semisubmersible UKCS moderate
20 1976 HSE Floating Semisubmersible UKCS Minor

21 1976 HSE Floating JackUp UKCS Minor

22 1976 HSE 25/02/1976 Floating Semisubmersible UKCS Minor

23 1976 HSE 17/03/1976 Floating Semisubmersible UKCS Minor

24 1976 HSE 08/04/1976 Floating Semisubmersible UKCS Minor

25 1976 HSE 11/04/1976 Floating Semisubmersible UKCS Minor

26 1976 HSE 12/04/1976 Floating Semisubmersible UKCS Minor

27 1976 HSE 18/09/1976 Floating Semisubmersible UKCS Minor

28 1976 HSE 17/10/1976 Fixed Fixed Steel UKCS Minor
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

1976
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1977
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978
1978

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

25/10/1976
12/04/1977
05/11/1977

11/02/1977
18/02/1977
19/04/1977
23/04/1977

14/01/1977
21/03/1977
06/05/1977
07/05/1977
07/10/1977
22/11/1977
17/12/1977

04/01/1978
02/02/1978
02/02/1978
13/02/1978
14/02/1978
31/03/1978
16/08/1978
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Floating
Fixed
Floating
Fixed
Floating
Floating
Fixed
Floating
Fixed
Fixed
Floating
Floating
Floating
Fixed
Floating
Floating
Fixed
Fixed
Fixed
Fixed
Floating
Floating
Floating
Floating
Floating
Floating
Floating
Fixed
Floating
Floating
Floating
Floating
Floating

Semisubmersible
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Semisubmersible
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Semisubmersible
Semisubmersible
JackUp
Fixed Steel
Semisubmersible
Semisubmersible
Fixed Concrete
Fixed Steel
Fixed Concrete
Fixed Steel
Semisubmersible
Semisubmersible
Semisubmersible
Semisubmersible
Semisubmersible
JackUp
Semisubmersible
Fixed Steel
Semisubmersible
Semisubmersible
Semisubmersible
Semisubmersible
Semisubmersible

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Minor
Severe
Severe
moderate
moderate
moderate
moderate
moderate
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
moderate



62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

1978
1978
1978
1978
1978
1978
1978
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979
1979

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
WOAD

10/01/1978
05/02/1978
16/06/1978
05/08/1978

28/06/1979
06/11/1979
14/11/1979
19/11/1979
01/01/1979

16/01/1979
03/02/1979
11/03/1979
17/03/1979
02/05/1979
11/05/1979
07/09/1979
11/09/1979
16/10/1979
23/10/1979
27/11/1979
07/12/1979
21/12/1979
11/17/1979

NORSKALD
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Floating
Fixed
Fixed

Floating
Fixed

Floating

Floating

Floating
Fixed
Fixed

Floating

Floating

Floating
Fixed
Fixed

Floating
Fixed

Floating

Floating

Floating
Fixed

Floating
Fixed
Fixed

Floating
Fixed

Floating
Fixed
Fixed

Floating
Fixed

Floating

Floating

Semisubmersible
Fixed Steel
Fixed Steel

Semisubmersible
Fixed Steel

Semisubmersible

Semisubmersible

Semisubmersible
Fixed Steel
Fixed Steel

Semisubmersible

Semisubmersible

Semisubmersible
Fixed Steel
Fixed Steel

Semisubmersible
Fixed Steel

Semisubmersible

Semisubmersible

Semisubmersible
Fixed Steel

Semisubmersible
Fixed Steel
Fixed Steel

Semisubmersible

Fixed Concrete

Semisubmersible
Fixed Steel
Fixed Steel

Semisubmersible
Fixed Steel

Semisubmersible

Semisubmersible

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
Norway

moderate
moderate
moderate
moderate
moderate
moderate
moderate
moderate
moderate
moderate
moderate
moderate
moderate
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor damage



95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112

113
114
115

116
117
118
119
120
121

1980

1980

1980

1980

1980

1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980

1981
1981
1981

1981
1981
1981
1981
1981
1981

WOAD

WOAD

WOAD

WOAD

WOAD

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

WOAD
WOAD
WOAD

HSE
HSE
HSE
HSE
HSE
HSE

12/18/1980

11/10/1980

10/20/1980

5/15/1980

02/06/1980

07/01/1980
18/04/1980
21/05/1980
23/05/1980
28/05/1980
23/07/1980
26/10/1980
25/11/1980

9/15/1981
02/08/1981
03/10/1981

10/02/1981

OCEAN BOUNTY
BRENT,211/29,C

BRENT,211/29,C

DIRK

TRANSWORLD RIG 58

DIXILYN -FIELD RIG 97
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Floating
Fixed
Fixed

Floating

Fixed

Fixed
Fixed
Fixed
Fixed
Fixed
Floating
Fixed
Fixed
Floating
Fixed
Floating
Floating
Fixed

Floating
Floating
Floating

Fixed
Fixed
Floating
Fixed
Fixed
Fixed

Semisubmersible
Concrete structure
Concrete structure
Semisubmersible

Fixed Steel

Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Drill Ship
Semisubmersible
Fixed Steel

Semisubmersible
JackUp
Semisubmersible

Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel

UKCS
UKCS
UKCS

UKCS

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Norway

Sweden

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Significant
damage
Significant
damage
Significant
damage
Significant
damage
Significant
damage
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Significant
damage

Minor damage

Significant
damage
moderate
moderate
moderate
Minor
Minor
Minor



122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145

146

147

148

149
150
151

1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1981
1982

1982

1982

1982

1982
1982
1982

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
WOAD

WOAD

WOAD

WOAD

WOAD
HSE
HSE

15/01/1981
16/01/1981
12/02/1981
15/02/1981
16/02/1981
01/03/1981
19/03/1981
10/04/1981
25/05/1981
13/07/1981
04/08/1981
20/09/1981
27/09/1981
02/10/1981
06/10/1981
02/11/1981
12/11/1981
24/12/1981
9/29/1982

7/20/1982

4/13/1982

07/01/1982
4/13/1982

08/02/1982

SEDCO 707

WESTERN
PACESETTER 2

BORGLAND DOLPHIN

VALHALL,2/8A,QP

EKOFISK,2/4,H HOTEL
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Fixed
Floating
Fixed
Fixed
Fixed
Floating
Fixed
Floating
Floating
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Floating
Fixed
Floating
Fixed
Floating

Floating
Floating

Fixed

Fixed
Fixed
Fixed

Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible

Semisubmersible

Semisubmersible

Jacket

Jacket
Fixed Steel
Fixed Steel

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
Norway

UKCS
UKCS

Norway

Norway
UKCS
UKCS

Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor

Minor damage

Significant
damage
Significant
damage
Insignif/no
damage

Minor damage

Minor
Minor



152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1982
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983
1983

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
WOAD
WOAD
WOAD
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

24/02/1982
27/02/1982
06/04/1982
06/05/1982
13/05/1982
22/05/1982
10/07/1982
19/07/1982
17/09/1982
24/09/1982
13/12/1982
28/12/1982

25/03/1982
09/07/1982

18/07/1982

18/10/1982
01/12/1983
6/29/1983
11/10/1983

10/03/1983
09/11/1983
16/07/1983

21/01/1983
24/01/1983
02/02/1983
05/02/1983
24/03/1983
28/05/1983

EKOFISK WEST,2/4A,D

PENROD 85
ODIN,30/10A
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Fixed
Floating
Fixed
Fixed
Floating
Fixed
Fixed
Fixed
Floating
Fixed
Fixed
Floating
Fixed
Fixed
Fixed
Fixed
Fixed
Floating
Fixed
Fixed
Floating
Fixed
Fixed
Floating
Floating
Fixed
Fixed
Floating
Floating
Floating
Fixed
Floating
Floating

Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Jacket
JackUp
Jacket
Fixed Steel
Semisubmersible
Semisubmersible
Fixed Steel
Fixed Steel
TLP
Semisubmersible
JackUp
Fixed Steel
JackUp
Semisubmersible

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
Norway
UKCS
Norway
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
moderate
moderate
moderate
moderate
moderate
moderate
moderate
Minor damage
Minor damage
Minor damage
moderate
moderate
moderate
Severe
Minor
Minor
Minor
Minor
Minor
Minor
Minor



185 1983 HSE 30/05/1983 Floating Semisubmersible UKCS Minor
186 1983 HSE 15/07/1983 Fixed Fixed Steel UKCS Minor
187 1983 HSE 17/07/1983 Fixed Fixed Steel UKCS Minor
188 1983 HSE 10/08/1983 Fixed Fixed Steel UKCS Minor
189 1983 HSE 16/08/1983 Floating Semisubmersible UKCS Minor
190 1983 HSE 03/10/1983 Fixed Fixed Steel UKCS Minor
191 1983 HSE 26/10/1983 Floating Semisubmersible UKCS Minor
192 1983 HSE 18/11/1983 Floating Semisubmersible UKCS Minor
193 1984 HSE 12/01/1984 Fixed Fixed Steel UKCS Minor
194 1984 HSE 19/01/1984 Fixed Fixed Steel UKCS Minor
195 1984 HSE 21/04/1984 Fixed Fixed Steel UKCS Minor
196 1984 HSE 23/05/1984 Floating Semisubmersible UKCS Minor
197 1984 HSE 30/05/1984 Fixed Fixed Steel UKCS Minor
198 1984 HSE 14/07/1984 Floating Semisubmersible UKCS Minor
199 1984 HSE 08/10/1984 Floating Semisubmersible UKCS Minor
200 1984 HSE 21/11/1984 Floating Semisubmersible UKCS Minor
201 1984 HSE 10/05/1984 Floating Semisubmersible UKCS moderate
202 1984 HSE 28/08/1984 Floating Semisubmersible UKCS moderate
203 1984 HSE 10/11/1984 Floating JackUp UKCS moderate
204 1984 HSE 30/11/1984 Floating Semisubmersible UKCS moderate
205 1985 WOAD 11/04/1985 GULLFAKS,34/10,B Fixed Concrete structure  Norway S:jg:r';:ggt
206 1985 WOAD 6/26/1985 LEMAN,49/27,H Fixed Jacket UKCS Minor damage
207 1985 WOAD 08/01/1985 EKOFISK,2/4A,C Fixed Jacket Norway Minor damage
208 1985 WOAD 7/31/1985 GILBERT ROWE Floating JackUp UKCS S:jg;r::'acggt
209 1985 WOAD 7/31/1985 FORBES,43/8,AW Fixed Jacket UKCS Minor damage
210 1985 HSE 17/01/1985 Floating Semisubmersible UKCS moderate
211 1985 HSE 05/01/1985 Floating Semisubmersible UKCS Severe
212 1985 HSE 10/01/1985 Fixed Fixed Steel UKCS Severe
213 1985 HSE 26/09/1985 Floating Semisubmersible UKCS Severe
214 1985 HSE 13/01/1985 Fixed Fixed Steel UKCS Minor
215 1985 HSE 29/03/1985 Floating JackUp UKCS Minor
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216 1985 HSE 04/05/1985 Fixed Fixed Steel UKCS Minor

217 1985 HSE 11/05/1985 Fixed Fixed Steel UKCS Minor

218 1985 HSE 04/06/1985 Fixed Fixed Steel UKCS Minor

219 1985 HSE 11/07/1985 Fixed Fixed Steel UKCS Minor

220 1985 HSE 04/08/1985 Floating JackUp UKCS Minor

221 1985 HSE 10/08/1985 Fixed Fixed Steel UKCS Minor

222 1985 HSE 15/09/1985 Fixed Fixed Steel UKCS Minor

223 1985 HSE 18/09/1985 Fixed Fixed Steel UKCS Minor

224 1985 HSE 22/10/1985 Fixed Fixed Steel UKCS Minor

225 1986 WOAD 12/24/1986 ODIN,30/10A Fixed Jacket Norway Minor damage
226 1986 WOAD 5/25/1986 COD,7/11,A Fixed Jacket Norway S'dg;r']:gggt
227 1986 WOAD 7/29/1986 GULLFAKS,34/10,A Fixed Concrete structure  Norway '”j’;%f]‘gg ”eo
228 1986 HSE Fixed Fixed Steel UKCS Minor

229 1986 HSE Fixed Fixed Steel UKCS Minor

230 1986 HSE Fixed Fixed Steel UKCS Minor

231 1986 HSE 05/01/1986 Floating JackUp UKCS Minor

232 1986 HSE 08/06/1986 Fixed Fixed Steel UKCS Minor

233 1986 HSE 08/10/1986 Fixed Fixed Steel UKCS Minor

234 1986 HSE 11/10/1986 Fixed Fixed Steel UKCS Minor

235 1986 HSE 12/12/1986 Fixed Fixed Steel UKCS Minor

236 1986 HSE 13/12/1986 Fixed Fixed Steel UKCS Minor

237 1986 HSE Fixed Fixed Steel UKCS moderate
238 1986 HSE Fixed Fixed Steel UKCS moderate
239 1986 HSE 22/01/1986 Floating Semisubmersible UKCS moderate
240 1986 HSE 17/04/1986 Floating Semisubmersible UKCS moderate
241 1987 WOAD 12/01/1987 EKOFISK,2/4A,A Fixed Jacket Norway Minor damage
242 1987 WOAD 10/05/1987 BRAE NORTH,16/7A,B Fixed Jacket UKCS Minor damage
243 1987 HSE 28/07/1987 Fixed Fixed Steel UKCS Minor

244 1987 HSE 08/08/1987 Fixed Fixed Steel UKCS Minor

245 1987 HSE 17/08/1987 Floating Semisubmersible UKCS Minor

246 1987 HSE 06/09/1987 Fixed Fixed Steel UKCS Minor
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247
248

249
250
251
252
253
254
255

256
257
258

259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

1987
1988

1988
1988
1988
1988
1988
1988
1988

1989
1989
1989

1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989
1989

HSE
WOAD

HSE
HSE
HSE
HSE
HSE
HSE
HSE

WOAD
WOAD
WOAD

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

02/10/1987
15/05/1988

11/01/1988
20/05/1988
12/07/1988
31/08/1988
05/09/1988
13/11/1988
18/11/1988

12/14/1989
12/11/1989
11/05/1989

28/08/1989
01/01/1989

03/02/1989
08/04/1989
08/04/1989
23/04/1989
01/05/1989
20/05/1989
15/06/1989
03/08/1989
01/09/1989
12/09/1989
18/09/1989
21/09/1989
14/10/1989
28/10/1989

STATPIPE,16/11S,RISEF

FRIGG,25/1,TCP2
GYDA,2/1
DEEPSEA BERGEN
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Fixed
Fixed

Floating
Floating
Floating
Floating
Floating
Floating
Fixed

Fixed
Fixed
Floating

Floating
Floating
Fixed
Fixed
Floating
Floating
Fixed
Floating
Floating
Floating
Floating
Fixed
Fixed
Floating
Fixed
Floating
Fixed
Floating

Fixed Concrete
Jacket

Semisubmersible
Semisubmersible
JackUp
JackUp
JackUp
JackUp
Fixed Steel

Concrete structure
Jacket
Semisubmersible

Semisubmersible
JackUp
Fixed Steel
Fixed Steel
JackUp
JackUp
Fixed Steel
TLP
Semisubmersible
JackUp
Semisubmersible
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible

UKCS
Norway

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Norway
Norway
Norway

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Minor
Insignif/no
damage
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Insignif/no
damage

Minor damage

Significant
damage
Moderate
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor



277

278

279

280

281
282

283

284
285
286
287
288
289
290
201
292
293
294
295
296
297
298
299
300
301
302
303

304

1990

1990

1990

1990

1990
1990

1990

1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990
1990

1991

WOAD

WOAD

WOAD

WOAD

WOAD
WOAD

WOAD

WOAD
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

WOAD

09/11/1990

7/15/1990

7/26/1990

5/18/1990

2/25/1990
12/25/1990

7/22/1990

4/24/1990
14/01/1990
14/03/1990
21/03/1990
22/04/1990
29/04/1990
25/05/1990
28/06/1990
23/07/1990
11/10/1990
18/10/1990
22/10/1990
16/11/1990
03/12/1990
07/12/1990
09/12/1990
31/12/1990

29/05/1990
12/10/1990

10/21/1991

MONTROSE,22/17,A
POLYCONFIDENCE
POLYCONFIDENCE

OSEBERG,30/9,A

LEMAN,49/27,G
ARCH ROWAN

LEMAN,49/27 AP

STATFJORD,33/9A,A

OCEAN KOKUEI
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Fixed
Floating
Floating

Fixed

Fixed
Floating

Fixed

Fixed
Fixed
Floating
Floating
Fixed
Fixed
Fixed
Fixed
Floating
Floating
Floating
Fixed
Floating
Fixed
Fixed
Fixed
Floating
Fixed
Floating
Floating

Floating

Jacket
Semisubmersible
Semisubmersible

Concrete structure

Jacket
JackUp

Jacket

Concrete structure
Fixed Steel
Semisubmersible
JackUp
Fixed Steel
Fixed Steel
Fixed Steel
Fixed Concrete
Semisubmersible
Semisubmersible
Semisubmersible
Fixed Steel
JackUp
Fixed Concrete
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Semisubmersible

Semisubmersible

UKCS
UKCS
Norway

Norway

UKCS
UKCS

UKCS

Norway
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

UKCS

Significant
damage
Significant
damage
Significant
damage
Insignif/no
damage

Minor damage
Minor damage

Significant
damage

Minor damage

Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
moderate
moderate
Severe
Insignif/no
damage



305
306
307

308

309

310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

1991
1991
1991

1991

1991

1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1991
1992
1992
1992
1992
1992
1992
1992
1992
1992

WOAD
WOAD
WOAD

WOAD

WOAD

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
WOAD
WOAD
HSE
HSE
HSE
HSE
HSE
HSE
HSE

04/02/1991
4/15/1991
01/05/1991

11/03/1991

8/16/1991

10/02/1991
11/10/1991
01/01/1991
03/01/1991
03/01/1991
21/01/1991
04/03/1991
09/03/1991
18/03/1991
28/04/1991
22/08/1991
31/08/1991
04/09/1991
07/11/1991
18/11/1991
27/11/1991
12/23/1992
12/06/1992
21/01/1992
31/01/1992
05/02/1992
11/02/1992
27/02/1992
07/04/1992
23/04/1992

POLAR PIONEER
PENROD 81

WEST SOLE,48/6,WC

GYDA2/1

WEST OMIKRON

LEMAN,49/27,CP
GANNET,22/26,A
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Floating
Floating
Fixed

Fixed

Floating

Floating
Floating
Floating
Floating
Floating
Floating
Floating
Floating
Floating
Fixed
Fixed
Fixed
Fixed
Floating
Floating
Floating
Fixed
Fixed
Floating
Floating
Fixed
Floating
Fixed
Floating
Floating

Semisubmersible
JackUp
Jacket

Jacket

JackUp

Semisubmersible
Semisubmersible
JackUp
Semisubmersible
JackUp
Semisubmersible
JackUp
Semisubmersible
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Concrete
Fixed Steel
Semisubmersible
JackUp
Semisubmersible
Jacket
Jacket
Semisubmersible
Semisubmersible
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Semisubmersible

Norway
Netherlands
UKCS

Norway

UKCS

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Significant
damage

Minor damage

Significant
damage
Insignif/no
damage
Insignif/no
damage
moderate
moderate
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor

Minor damage
Minor damage

Minor
Minor
Minor
Minor
Minor
Minor
Minor



335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352

353

354
355
356
357
358
359
360
361
362
363
364
365
366

1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1992
1993
1993

1993

1993
1993
1993
1993
1993
1993
1993
1993
1993
1993
1993
1993
1993

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
WOAD
WOAD

WOAD

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

04/05/1992
07/05/1992
15/05/1992
21/05/1992
27/05/1992
31/05/1992
14/06/1992
19/06/1992
20/09/1992
02/10/1992
25/10/1992
16/11/1992
22/11/1992
11/12/1992
16/12/1992
19/04/1992
8/30/1993
5/20/1993

04/12/1993

11/01/1993
14/01/1993
16/01/1993
02/02/1993
04/02/1993
06/02/1993
25/03/1993
27/03/1993
28/03/1993
01/07/1993
27/07/1993
07/09/1993
29/10/1993

ULA,7/12A,Q
OSEBERG,30/9,A

SLEIPNER,15/9,RISER
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Fixed
Floating
Floating

Fixed
Floating
Floating
Floating
Floating
Floating

Fixed
Floating
Floating

Fixed
Floating
Floating
Floating

Fixed

Fixed

Fixed

Fixed
Floating
Fixed
Floating
Floating
Floating
Floating
Floating
Floating
Floating
Floating
Floating
Fixed

Fixed Steel
Semisubmersible
Semisubmersible

Fixed Steel
Semisubmersible

JackUp
JackUp
Semisubmersible
FPS
Fixed Steel
JackUp
JackUp

Fixed Steel
Semisubmersible
Semisubmersible
Semisubmersible

Jacket
Concrete structure

Jacket

Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Semisubmersible
FPS
Semisubmersible
FPS
Semisubmersible
FPS
JackUp
Semisubmersible
Fixed Steel

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Norway
Norway

Norway

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Severe

Minor damage
Minor damage
Insignif/no
damage

Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor



367 1993 HSE 10/12/1993 Fixed Fixed Steel UKCS Minor

368 1994 WOAD 10/12/1994 VALHALL,2/8A,PCP Fixed Jacket Norway Minor damage
369 1994 WOAD 8/14/1994 WEST SIGMA Floating JackUp UKCS '”j;%z‘gg ”eo
. Significant
370 1994 WOAD 04/03/1994 F G MCCLINTOCK Floating JackUp UKCS damage
371 1994 WOAD 2/27/1994 SEDCO 706 Floating Semisubmersible Netherlands Minor damage
372 1994 WOAD 8/21/1994 BRAGE,31/4 Fixed Jacket Norway '”j’;%f]‘gg ”eo
373 1994 HSE 17/01/1994 Floating JackUp UKCS Minor
374 1994 HSE 11/03/1994 Fixed Fixed Concrete UKCS Minor
375 1994 HSE 14/03/1994 Fixed Fixed Concrete UKCS Minor
376 1994 HSE 10/04/1994 Fixed Fixed Steel UKCS Minor
377 1994 HSE 01/07/1994 Uknown UKCS Minor
378 1994 HSE 09/07/1994 Fixed Fixed Steel UKCS Minor
379 1994 HSE 19/08/1994 Fixed Fixed Steel UKCS Minor
380 1994 HSE 06/11/1994 Floating Semisubmersible UKCS Minor
381 1994 HSE 01/12/1994 Fixed Fixed Steel UKCS Minor
382 1994 HSE 11/12/1994 Fixed Fixed Steel UKCS Minor
383 1995 HSE 11/09/1995 Floating JackUp UKCS Minor
384 1995 HSE 17/11/1995 Floating JackUp UKCS Minor
385 1995 HSE 23/12/1995 Floating Semisubmersible UKCS Minor
386 1996 WOAD 9/15/1996 SCARABEO 5 Floating Semisubmersible Norway Minor damage
387 1996 WOAD 05/08/1996 SCARABEO 5 Floating Semisubmersible Norway '”;;%Z‘gg ”eo
388 1996 WOAD 3/18/1996 ROSS RIG Floating Semisubmersible Norway Minor damage
389 1996 HSE Fixed Fixed Steel UKCS
390 1996 HSE Fixed Fixed Steel UKCS
391 1996 MAIB Fixed Fixed Steel UKCS None
392 1996 HSE Fixed Fixed Steel UKCS Minor
393 1996 HSE Fixed Fixed Steel UKCS Minor
394 1996 HSE Fixed Fixed Steel UKCS Minor
395 1996 HSE Fixed Fixed Steel UKCS Minor
396 1996 HSE Fixed Fixed Steel UKCS Minor
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Insignif/no

397 1997 WOAD 02/07/1997 NEDDRILL 9 Floating JackUp Netherlands damage
398 1997 WOAD 02/11/1997 OSEBERG,30/9,B Fixed Jacket Norway '”;;%‘;‘gg ";0
399 1997 WOAD 11/23/1997 VALHALL,2/8A,PCP Fixed Jacket Norway '”;;%‘;‘gg ";0
400 1997 WOAD 08/12/1997 CAPTAIN, 13/22A, FPSO Floating FPSO/FSU UKCS Minor damage
. : . Insignif/no
401 1997 WOAD 3/26/1997 BYFORD DOLPHIN Floating Semisubmersible Norway damage
402 1997 WOAD 3/21/1997 DEEPSEA TRYM Floating Semisubmersible Norway '”;;%’,l‘gg ”eo
403 1997 HSE Floating JackUp UKCS Unspecified
404 1997 MAIB Floating FPS UKCS Unspecified
405 1997 HSE Floating JackUp UKCS Unspecified
406 1997 HSE Fixed Fixed Steel UKCS Unspecified
407 1997 HSE Floating FPS UKCS Unspecified
408 1997 HSE Fixed Fixed Steel UKCS Unspecified
409 1997 HSE Fixed Fixed Steel UKCS Unspecified
410 1997 HSE Fixed Fixed Steel UKCS None
411 1997 HSE Fixed Fixed Steel UKCS Minor
412 1997 HSE Floating FPS UKCS Minor
413 1997 HSE Fixed Fixed Steel UKCS Minor
414 1997 HSE Floating FPS UKCS Minor
415 1997 HSE Floating Semisubmersible UKCS Minor
416 1997 HSE Fixed Fixed Steel UKCS Minor
417 1997 HSE Floating JackUp UKCS Minor
418 1998 WOAD 04/09/1998 SCARABEO 5 Floating Semisubmersible Norway Inds;gnzgg;o
419 1998 WOAD 1/22/1998 MAERSK GUARDIAN Floating JackUp Norway '”gggr:gg ’;0
420 1998 WOAD 11/11/1998  VARG,15/12B,BFPSO Floating FPSO/FSU Norway '”5;%2‘% ”eo
421 1998 HSE Floating Semisubmersible UKCS Unspecified
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422
423
424
425
426
427
428
429
430
431
432
433
434
435
436

437

438

439

440

441

442

443

444

445
446
447

1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998

1999

1999

1999

1999

1999

1999

1999

1999

1999
1999
1999

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

WOAD

WOAD

WOAD

WOAD

WOAD

WOAD

WOAD

WOAD

HSE
HSE
HSE

12/31/1999

09/10/1999

02/01/1999

2/23/1999

11/29/1999

8/25/1999

6/20/1999

5/31/1999

GULLFAKS,34/10,A

EKOFISK,2/4,K
WATERFLOOD

DEEPSEA TRYM

TRANSOCEAN ARCTIC

TRANSOCEAN
WILDCAT

BIDEFORD DOLPHIN
MAERSK GUARDIAN

ELDFISK,2/7,A
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Floating
Floating
Floating
Floating
Fixed
Fixed
Floating
Floating
Floating
Floating
Fixed
Floating
Floating
Fixed
Uknown

Fixed
Fixed
Floating
Floating
Floating
Floating
Floating

Fixed

Fixed
Floating
Uknown

JackUp
FPS
JackUp
JackUp
Fixed Concrete
Fixed Steel
Semisubmersible
JackUp
FPS
Semisubmersible
Fixed Steel
Semisubmersible
JackUp
Fixed Concrete
Uknown

Concrete structure
Jacket
Semisubmersible
Semisubmersible
Semisubmersible
Semisubmersible
JackUp

Jacket

Fixed Steel
Semisubmersible
Uknown

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Norway
Norway
Norway
Norway
Norway
Norway
Norway

Norway

UKCS
UKCS
UKCS

Unspecified
Unspecified
Unspecified
Unspecified
Unspecified
Unspecified
Unspecified
Unspecified

Minor

Insignif/no
damage

Minor damage

Significant
damage
Insignif/no
damage

Minor damage

Insignif/no
damage
Insignif/no
damage
Insignif/no
damage
Unspecified
Unspecified
None



448
449
450
451
452
453
454
455
456
457
458

459

460
461
462
463
464
465
466
467
468
469
470
471
472

473

474
475
476
477
478

1999
1999
1999
1999
1999
1999
1999
1999
1999
1999
1999

2000

2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000

2001

2001
2001
2001
2001
2001

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE

WOAD

HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
HSE
MAIB

WOAD

WOAD
HSE
HSE
HSE
HSE

4/13/2000

4/23/2001
1/19/2001

AASGARD B

P/15(RIIN)F
DEEPSEABERGEN
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Fixed
Fixed
Floating
Floating
Floating
Floating
Fixed
Floating
Floating
Fixed
Fixed

Floating

Fixed
Floating
Floating
Uknown

Fixed

Fixed

Fixed
Floating

Fixed
Floating

Fixed

Fixed
Floating

Fixed

Floating
Floating
Floating
Fixed
Floating

Fixed Steel
Fixed Steel
JackUp
Semisubmersible
JackUp
Semisubmersible
Fixed Steel
JackUp
Semisubmersible
Fixed Steel
Fixed Steel

Semisubmersible

Fixed Steel
Semisubmersible
JackUp
Uknown
Fixed Steel
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
Fixed Steel
Fixed Steel
JackUp

Jacket

Semisubmersible
Semisubmersible
Semisubmersible
Fixed Steel
JackUp

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Norway

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Netherlands

Norway
UKCS
UKCS
UKCS
UKCS

None
None
None
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Significant
damage
Unspecified
Unspecified
Unspecified
None
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Minor
Insignif/no
damage
Minor damage
Unspecified
Unspecified
None
Minor



479
480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

2001
2001

2001

2001

2001

2001

2002

2002

2002

2002

2002

2002

2002

2003

2003

2003

2003

HSE
HSE

HSE

HSE

HSE

HSE

WOAD

WOAD

HSE

HSE

HSE

HSE

MAIB

WOAD

HSE

HSE

HSE

37013

37063

37087

37192

12/29/2002

05/08/2002

05/01/2002

11/04/2002

25/04/2002

19/10/2002

11/21/2003

37658

37764

37918

, John Shaw
, Captain WPP
, Viking CD
, Murdoch 44/22AMD
STENA DEE
ROUGH,47/8,BD
Ocean Guardian
Magellan
Sedco 706

Alba FSU

BRAVO DELTA (Fixed
Steel)

EIDER 211/16A

Fixed
Fixed

Floating
Fixed
Fixed
Fixed

Floating
Fixed

Floating

Floating

Floating

Floating

Uknown
Fixed

Floating
Fixed

Fixed

Fixed Steel
Fixed Steel

Semisubmersible
Jacket
Fixed steel
Fixed Steel
Semisubmersible
Jacket
Semisubmersible
JackUp
Semisubmersible
FSU
Uknown
Jacket
JackUp
Fixed Steel

Fixed Concrete

UKCS
UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

UKCS

Minor

Minor
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage

Insignif/no
damage
Significant

damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage

Minor

Insignif/no
damage

Collision that
causes damage
Collision that
causeslamage
Collision that
causes damage



496
497
498

499

500

501

502
503

504

505
506

507

508

509

510

511

512

513

2003
2004
2004

2004

2004

2004

2005
2005

2005

2005
2005

2005

2005

2005

2005

2005

2005

2005

HSE
WOAD
HSE

HSE

HSE

HSE
WOAD
WOAD

WOAD

WOAD
WOAD

WOAD

HSE

HSE

HSE

HSE

HSE

HSE

37979
03/07/2004
03/03/2004

26/03/2004

26/08/2004

07/10/2004

06/02/2005
4/14/2005

4/27/2005

10/30/2005
06/02/2005

18/07/2005

27/03/2005

11/05/2005

21/05/2005

24/07/2005

25/08/2005

09/10/2005

West Venture

C Prospect
Douglas Complex
West Sole Alpha Platforn

Forties Charlie
Ekofisk T
Ensco 70

Grane

BORGLAND DOLPHIN
EKOFISK,2/4A,P

Noble Al White
GSF Galaxy Il
Buchan Alpha
Forties Alpha
Brent A
Forties Delta

Buchan A
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Floating
Floating

Uknown
Floating
Fixed

Fixed
Fixed
Floating

Fixed

Floating
Fixed

Floating

Floating

Floating
Fixed
Fixed
Fixed

Floating

JackUp
Semisubmersible

Uknown
JackUp
Fixed Steel

Fixed Steel

Concrete structure

JackUp

Jacket

Semtsubmersible
Jacket

JackUp
JackUp
Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel

Semisubmersible

UKCS
Norway

UKCS
UKCS
UKCS

UKCS
Norway

Denmark

Norway

Norway
Norway

Netherlands
UKCS
UKCS
UKCS
UKCS
UKCS

UKCS

Collision that
causes damage
Minor damage
Collision that
causes damage
Collision that
causes damage
Collision that
causeslamage
Collision that
causes damage
Minor damage
Significant
damage
Significant
damage
Minor damage
Minor damage
Insignif/no
damage
Collision that
causes damage
Collision that
causeslamage
Collision that
causes damage
Collision that
causes damage
Collisionthat
causes damage
Collision that
causes damage



514
515
516
517
518

519

520

521

522

523

524

525
526
527

528

529

530

531

2005
2006
2006
2006
2006

2006

2006

2006

2006

2006

2006

2006
2007
2007

2007

2007

2007

2007

HSE
WOAD
WOAD
WOAD
WOAD

WOAD

HSE

HSE

HSE

HSE

HSE

HSE
WOAD
HSE

HSE

HSE

HSE

HSE

03/11/2005
11/13/2006
02/10/2006
06/03/2006
06/07/2006

28/02/2006

16/08/2006

11/09/2006

07/10/2006

25/10/2006

30/11/2006

08/12/2006
07/09/2007
11/03/2007

02/06/2007

16/06/2007

08/07/2007

27/07/2007

BP Schiehallion FPSO
NJORD B
HEIMDAL,25/4,A
SNORRE, 34/7
TYRA, 5504/6.2, TWA

BIDEFORD DOLPHIN
Douglas DW
Shearwater WHP
Buzzard

The FPSO Uisge Gorm

Rig E92- Vessel- Havila
Fame

ETAP CPF
Grane
FPSOMaersk Curlew

Sea fox 4 and the power
express

Rowan Gorilla V11
Sedco 704

Rowan Gorilla VI
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Floating
Floating
Fixed
Floating
Fixed

Floating
Fixed
Fixed
Fixed

Floating

Floating

Fixed
Fixed

Floating
Floating
Floating
Floating

Floating

FPSO
FPSO/FSU
Jacket
TLP
Jacket

Semisubmersible
Fixed Steel
Fixed Steel
Fixed Steel

FPSO
JackUp

Fixed Steel
Jacket
FPSO

JackUp
JackUp
Semisubmersible

JackUp

UKCS
Norway
Norway
Norway

Denmark
Norway
UKCS
UKCS
UKCS
UKCS
UKCS

UKCS
Norway

UKCS
UKCS
UKCS
UKCS

UKCS

Collision that
causes damage
Minor damage
Insignif/no
damage
Minor damage
Insignif/no
damage
Insignif/no
damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Minor damage
Collision that
causes damage
Collision that
causes damage
Collision that
causeslamage
Collision that
causes damage
Collision that
causes damage



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547
548

2007

2007

2007

2007

2007

2007

2008

2008

2008

2008

2008

2008

2008

2008

2008

2009
2009

HSE

HSE

HSE

HSE

HSE

HSE

WOAD

HSE

HSE

HSE

HSE

HSE

HSE

HSE

HSE

WOAD
WOAD

28/07/2007

31/07/2007

04/08/2007

01/10/2007

04/11/2007

24/12/2007

11/04/2008

05/05/2008

02/09/2008

29/09/2008

05/10/2008

06/10/2008

03/11/2008

17/11/2008

26/11/2008

02/04/2009
05/03/2009

GSF Galaxy

GSF Labrador

Viking Echo Delta
Platform NUI

LemanAlpha
Borgholm Dolphin

BP Harding Platform

TRANSOCEAN
WINNER

Noble Julie Robertson

Goldeneye Offshore
PlatformInstallation

Transocean Rather
ENSCO 100
n.k
Stamford Well
Sedco 704

Noble Julie Robertson
Ensco 92
Thistle, 211/18A, A
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Floating
Floating
Fixed
Fixed
Floating
Fixed
Floating
Floating
Fixed
Floating
Floating
Uknown
Fixed
Floating

Floating
Floating
Fixed

JackUp
JackUp
Fixed Steel
Fixed Steel
Semisubmersible
Fixed Steel
Semisubmersible
JackUp
Fixed Steel
Semisubmersible
JackUp
Uknown
Fixed Steel
Semisubmersible

JackUp

JackUp
Jacket

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
Norway
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

UKCS

UKCS
UKCS

Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causeslamage

Minor damage

Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causeslamage
Collision that
causes damage
Minor damage
Insignif/no
damage



549
550
551

552

553

554

555

556

557

558

559

560
561
562

563

564

565

2009
2009

2009

2009

2010

2010

2010

2010

2010

2010

2011

2011
2011
2011

2011

2011

2011

WOAD
WOAD

HSE

HSE

WOAD

HSE

HSE

HSE

HSE

HSE

WOAD

WOAD
WOAD
HSE

HSE

HSE

HSE

10/09/2009
06/08/2009

28/06/2009

08/10/2009

1/18/2010

40238

40251

40401

40460

40503

4/22/2011

09/03/2011
1/23/2011
40594

40695

40737

40775

K5-P
EKOFISK,2/4,W
Stena Spey

Schiehallion FPSO
Songa Dee

FPSO Petrojari Foinaver

Ensco 100 MMSI
636009436 Cygnus

Byford Dolphin
Ocean Princess

Leman 49 /27 / AC

Magnus,211/12,
Production

Unknown fixed platform
WACP

Ekofisk J

Britannia Platform

Piper B Platform

Noble Julie Robertson
(Jackup MODU)

Ganret Alpha/ Edda Fides
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Fixed
Fixed
Floating

Floating
Floating
Floating
Floating
Floating
Floating
Fixed
Fixed

Fixed
Fixed
Fixed

Fixed
Floating

Fixed

Jacket
Jacket

Semisubmersible
FPSO
Semisubmersible
FPSO

JackUp
Semisubmersible
Semisubmersible

Fixed Steel
Jacket

Uknown
Jacket
Fixed Steel

Fixed Steel
JackUp

Fixed Steel

Netherlands
Norway

UKCS
UKCS

Norway

UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

Netherlands
Norway

UKCS
UKCS
UKCS

UKCS

Insignif/no
damage
Total loss
Collision that
causes damage
Collision that
causes damage
Significant
damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Insignif/no
damage

Minor damage

Minor damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage

Collisionthat
causes damage



566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

2011

2012

2012

2012

2012

2013

2013

2013

2013

2013

2013

2013

2013

2013

2013

2014

HSE

WOAD

HSE

HSE

HSE

WOAD

WOAD

WOAD

HSE

HSE

HSE

HSE

HSE

HSE

HSE

HSE

40846.14236

03/11/2012

29/03/2012

16/09/2012

18/09/2012

01/04/2013

02/06/2013

12/10/2013

20/01/2013

29/01/2013

12/05/2013

26/06/2013

29/06/2013

22/09/2013

12/12/2013

04/01/2014

Starboard Aft Column
COSLPioneer
North side of installation
Walk to work platform
Clipper PT leg C1

ELDFISK,2/7,B

VALHALL FLANKE
NORD

MAERSK INNOVATOR
unknown
Well Head Platform
Janice Alpha
Installation legs
Judy Riser Platform
48/29A:48/29Q bridge
Preload Tank 7P2

PW jacket

336

Uknown
Floating
Uknown
Uknown
Fixed
Fixed
Fixed
Floating
Uknown
Uknown
Floating
Uknown
Fixed
Fixed
Uknown

Fixed

Uknown
Semisubmersible
Uknown
Uknown
Fixed Steel
Jacket
Jacket
JackUp
Uknown
Uknown
Semisubmersible
Uknown
Fixed Steel
Fixed Steel
Uknown

Jacket

UKCS
Norway
UKCS
UKCS
UKCS
Norway
Norway
Norway
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS
UKCS

UKCS

Collision that
causes damage
Insignif/no
damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Insignif/no
damage

Minor damage

Insignif/no
damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage
Collision that
causes damage



Nexen Golden Eagle Collision that

582 2014 HSE 01/03/2014 Floating JackUp UKCS
Platform causes damage
583 2014 HSE 30/05/2014 ~ -€man Alpha AD1 Jackel o o Fixed Steel UKCS Collision that
leg B1. causes damage
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APPENDIX E: Thistle Plot Plans
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