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Abstract

Managed pressure drillingPD) is a technique utilized in drilling to manage annular pressure,
hold reservoir influx, and divert mud returns away safely from the rig floor through a closed loop
system. ThusMPD plays key roles in well control operations and in drilling deepwatsis.
However, @spitethe operational, safety, and economic benefisited information is available

on understanding the complexity dPD system. Furthermore, the oil and gas industry currently
relieson a flow monitoring system for earlier kick detionbut faces severe flanendlimited
progress has been made on apprdahahmonitors kick from downholdue to the complexity of
offshore drilling operations. Thus, the main objective of this resaanthassess theafety and
reliability of MPD. In this research following novel contributions have been madeveral
dynamic downhole drilling parameters have begentified to enhance earlier kick detection
techniqueduring drilling, including abou33 1 89% damping of bitock vibrations due to gas
kick; a reliability assessment modwhs been developed to estimate the failure probability of an
MPD system as 5.74%he assess the increasergliability of kick control operation increases
from 94% to 97%due tostructural modificatiorof the MPD corponens, identify that MPD
operational failure modes are nsequential, andlentify thatan MPD control system is the most
safetycritical components in an MPD systeran automated MPD control model, which
implements anonlinear model predictiveontroller (NMPC) and a twqphase hydraulic flow
mode| has been developed to perfonmmmericalsimulatonsof an MPD operationand lastly an
integrated dynamic blowout risk model (DBRM) to assess the safety durintP® operation

has beedevelopedrd its ogeration nvolves three key steps: a dynamic Bayesian network (DBN)
mode| a numericakimulation of arMPD controloperation and dynamic risk analysis to assess
the safety of the well control operation as drilling conditions change overTimdéBRM alo
implemented novdtick control variables to assess the success / failure of an MPD operation, i.e.
its safety, and are instrumental in providing useful information to predict the performance of /
diagnose the failure of an MPD operatiand has beersucessfully applied toreplicate the
dynamic risk of blowout risk scenarios presented in an MPD operation at the Amberjack field case
study from the Gulf of Mexico

Keywords: Kick indicators, Dynamic Bayesian Nw&vork, MPD, Reliability, NMPC,

autamation,Pressire control Flow contro| Blowout, drilling
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Chapter 1 Introduction

1.1 Background

Well control practices have been an integral part of drilling opergtlanning and strategies in
oil and gas exploration and production projects. Thus, therbdenan evolution of techniques
implemented in parallel with technological advancement assimilate@ loydtistry. For instance,
by ear | yan8rilésisedorniation ikflux(into wellbore) detection techniques reéla pit
gain and delta flow tracking flow sensors, and by @t& Osignificant improvement to sensing
devices with reduced false alasmand capaldity of performing acoustic analysis for faster
detection and smaller influx size (0.5 bbl) were made (Lage et al., 1994). Nowadays, the complex
nature of oil and gas prospgecwhich have drifted further into the deepwater, makes this te@niqu
inadequateMeanwhile a flow check proceduiis favouredoverthetraditional pit gain systenof

kick detectiordue to the poor reliability, especiallyin high permeability formations in deepwater
wells where the fracture gradients are typeadl the additional volume of gas produced during
flow check can be significant (Lage et al., 1994). Shuyirocedures are normally implemented,
with activation ofblowout preventers, to prevent the escalation of kick eventacidculate the

influx out of wel.

Typically, well control operation is implemented in two stages. The primary stage is based on
preventing kick, and it is conventionally achieved by manmg the bottomhole pressure more
than the formation pore pressure (overbalanced drilling) wsingd weight. The secondary stage

is activated to prevent the escalation of kick event into a blowout incident using a blowout
preventer (BOP$ystem Well blowout results in catastrophic consequences, including personnel

injuries and/or fatalities, envinmental pollution, loss of assets, and fines (Rice et al, 1987).

1



Drilling operation is becoming more compl@speciallyn the offshore operatigandfacesmany
operational challenges, including well control. This is even more significant consideximgasbt
remaining prospects for hydrocarbon resources are diling exploration into deepwater
(Graham et al., 201Dy that the existing ones areepented with narrow drilling windows between

the pore pressure and the fracture gradierdusetoresrvoirsdepleton or depth.The narrow
margins are most prominent in deepwater applications where much of the overburden is seawater
(Malloy and McDonalgd2008).Deyab et al., (208) documente@ series of offshore accidents that
have stemmed frorthe loss of well controldue tothe failure of equipment thas particularly
subjected to offshordnarsh environmental condition§hese extreme drilling environments
heighten geological uncertaings their complexity are becoming the norm tomdays drilling
opeaations. Issues such as, well control incidents, are periodically encountered and cae increa
operational costs (e.g. lengthy Rproductive time NPT) and risks of operations, especially when

relying onconventionaprimary well control to prevent kicccurrence.

The conventional drilling method merely relies on mud putop rates and mud weight to

manage the wellbore annular pressure. These methods have been shown to be inadequate in
controlling or monitoring wellbore pressure since any pressurgsgeuld leado frequent well

shutinit hi s condi t i ostuckkick-4 teu anle@ sacseri&rnick. For i ns
to the wellbore (or outflux to the formation) can become significantly uncontrollable quickly and

could be consequential &blowoutocaurrence This brings loss not only to the operational assets

but human lives. Even the benefits of Underbalanced Drilling (UBD) technology, which isclude
reservoir damage prevention and increash@rate of penetration, still present dealges from

operational and safety perspectver offshore applications due to well continuously being flow



to the surface while drilling (Gala and Toralde, 2011). As a resdpil and gas industry are
increasingly adopti ng 0 n rmarPdges,dwhighrpegidesy sake, dr i |
efficient, and economical drilling operation while avoiding continuous flow to surface (Gala and

Toralde, 2011; Rohani, 2012; Malloy and McDonald, 2008; Kok and Tercan, 2012).

The purpose oin MPD is to control anular fricticmal pressure losses especially in the fields
where pore pressure and fracture pressure gradient have a close margin (narrow drilling window).
Because MPD operation is a closed system, influxes and losses are detected instantaneously. This
is due to more pcise control of the annular wellbore pressure profiles and thus, esltaace

safety of rig personnel and equipment in everyday drilling operations. Additionally, MPD
operations improve drilling economics by reducing excessive drilling msts @and reduicg
drilling-related nomproductive timgNPT) as wellasenabling the drilling of many declared ron

drillable/uneconomical wells.

Many casestudies are available on MPD system and techniques that detail its operational
advantages, such asecise BHFcontrol, influx management, and economic bendfiigira et
al.,2008; Grayson, 2009Nas 2010; Driedegr et al., 2013,0yovwevotu et al., 2004 Whereas

only afew studies explore the safety benefifanMPD in terms of assessing the riskgéls in
conventional drilling practice compared to MPD techniq@syson and Gans, 2012; Handal A.

and die, 2013,Gabaldon et al.,, 2014; Zan and Bicke, 20Myimbola et al 2015. The
significance of safety ben&di that MPD technologies bring to camtional drilling can be
measured or assessed through the boost in safety barrier of conventional primary well control,

especially in deepwater drillingHowever,limited studies orsafetyanalysis ofMPD operations



may be influenced by its limited undeastding causing many oil and gas operators to have
reluctance in adopting the technologr instance, there are no clear standards of quantifying the
acceptable influx thadn MPD system can take to consider the openasafe.Additionally, the
operatioml and economic benefits are well touted by the technology providers, but limited
information is available on the complexivy the MPD systemand theoperatioml interactions
among its component3hus, more research should be devoted to understandiegrtiexity

of theMPD system anaperationsas a primary well control safety barrier elemtenfiacilitate the

development of safetgnd reliabilitymodels that will be inclusive.

1.2 Researchscope andobjectives

This research aims to assessdlgpamcs ofan MPD systemoperation and control, and model
their failure scenarigan addition tothe safety reliability, and control system involved in its
execution. The reliability assessmentaofMIPD operation will focus not only on identifying the
most sfety criticalequipmenbf the MPD system but also in achieviagetter understanding of
the componentsinteractionsduring operationand their modes of failureAdditionally, the
researh alsoaims atdeveloping an MPBimulator that implementsn advaced controscheme
and hydraulic model taumerically perform failure simulatiorsf an MPD operationdevelos
an approach to interpret failure datiging logical descriptignand evelos dynamic risk

assessmertbol to assess safety blowout scenari® inan MPD operation

Furthermore, bcause an MPD system is primarily employed as part of a well control operation
during drilling, the current research alsgploresother measures, such as markick detection

parameterso enhancehe kick detectin techniquesin summary,the main objective of this



research is tdevelop aradvancedisk assessment methodoldgyassess the safety and reliability

of managed pressure drilling operatenmd thiscan be sudivided as follows:

1 To explore and identifglownhole drilling parameters faarlier kick indcatorsas measures
of enhancing kick detection techniques during dugllin

1 To developan understanithg of the componentsinteractions in an MPD system and their
modes of failure

1 Toidentify thesafety critical componentgquipment of an MPD system

1 To developa numerical modefor simulathg an MPD control operationand asse#sg the
design limitationsand robustness of an MPystem

1 Todevelopan integratedlynamicrisk assessmeidol forassessing the sy during an MPD
operation

1 develop a comprehensive well control tool for field applications

1.3 Novel contributions

This research anovel contributionsin the safety and reliability assessment of well control
operations during drilling; specificallypy enhancing kick detection techniques and assessing the
reliability and safety of a managed pressurdlidg in kick control operationsFigure 1.1
illustrates the summary of contributions. Thtlggese novel contributions will have significant
benefitsto the oil and gas exploration and production comp#&oesactors, particularly in the
deepwater drillig where well control operation is a key componermriding safety that includes

a safety and reliability management tool for managed presslirgdsystems in conjunction with

a robust early kick detection technology.
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14  Structure of this Thesis

Thethesishas the following structure:

1 Chapter 2 focuses orthe literature reviewof managed pressure drillifeylPD) system and
operatiomas an unconventionptimarywell control safety barriegzlement citing both industry
and academititerature.lt alsohighlightsvariousMPD techniques andontrol applications,
common equipment involvedafetyand economiderefits, and commorrisk assessment
methodsn relation to an MPD operation.

1 Chapter 3 focuses onthe experimental investigatiomf dynamic drilling parameterso
enhance theearlier kick detection indicatorduring drilling. The findings provide new
improvement into kick detection techniqué&sis chapter has been published inphélished
in theJournal of Petroleum Exploration arRfoduction Technologg2018);

https://doi.org/10.1007/s1320218-0510 7

1 Chapter 4 performsa comprehensive fare analysis of a managed pressure drilling system
during kick control operatioto identify its modes offailure, most safetgritical component,
and reliability on kick corrol operation This chapteris published inthe Journal of loss
prevention in processing industri€018) Vol. 52 pp. 720.

https://doi.org/10.1016/}.jlp.2018.01.007

1 Chapter 5 present@an advancednd robustontrol model for an MPD control systemhich
implementsa nonlinear model predictive controller aadwao-phase flow hydraulic model
This provides fexibility to perform numerical simulatioaf an MPD kick control operation
and have been validated using a fiebe study and laboratory experimeiiisis chapter 5
has beempublished in thelournal of Petroleum Science and Engineering, Yé# pp 1223

1235 https://doi.org/10.1016/j.petrol.2018.11.046



https://doi.org/10.1007/s13202-018-0510-z
https://doi.org/10.1016/j.jlp.2018.01.007
https://doi.org/10.1016/j.petrol.2018.11.046

1 Chapter 6 presentsaan advanced dynamic blowout risk model (DBRM) to assess the safety
during the managed pressure drilling operation. The DBRMolves three key steps: a
dynamic Bayesian network (DBN) model, a humerical simulation of an MPD kick control
operation, and dynaigrisk analysisandimplements a novel approach gmulating an MPD
failure and assessinigedynamic risk ol blowout This chapter is under review in theurnal
of Petroleum Science and Engineerfogpublication.

1 Chapter 7 highlightsthe conclusions and@ontributions made by thiesearchand suggest

recommendationor future researcbnthistopic.



Chapter 2 : Literature Review

2.1 Managed pressure drilling improves vell control operation

Generally, well control is one of the kigportant operations that contribute to successful drilling;
however, this operation is more complex and challenging in deepwater drillingcoMélol is
categorized in to primary and secondary well controls. Primary well control is accomplished by
hydrostatic pressure from the drilling mud weight that counterbalances the wellbore pressure. The
required hydrostatic pressure by the drillingdlaverbalances the formation pressure to prevent
kick or loss of circulation. However, when the primary well coinfails dueto uncontained
formation pressure (kick) or loss of circulation, secondary well control is initiated. Secondary well
control is nainly performed by the blowout preventers (BOP), a system that functions to prevent
uncontrollable fluid influx mto wellbore or blowout of formation fluid tthe surface.This
conventionaldrilling practice uses the hydrostatic pressexerted by mud wght as the main

well control barrier to keep the wellbore balanced when not circulabtaghematically, this is

expressed as:

0 0 [ O CéE QQ0 Q¢ ¢ (2.1)
WherePuwis hydrostatic pressure exerted by mud weightRyid the bottomhole pressure
Whenthe pump is activated to resume circulatiohe hydraulicsystem becomes dynamic and
annular fiction pressure (AFRtreated by the motion of the drilling fluid along the entire wellbore
depth against the outside diameters of the entire length of the drill, $ringroduced. The mud
weightand mud pump flowates are used to primarily contaninular pressure. Matimatically,
this is expressed as:

~

0 0 500 QwE OMOD QQO Q¢ ¢ (2.2)



Problems arise with this drilling method when the well has a narrow drilling winglosh, asn

re-entry of partially depleted reservoirs or deepwaitdichis common in oil and gaelds today.
In this caseannular pressures are challenging to cordrmto kick-losskick-loss scenariog.hus,
any delaysn detecting the influx anteactingcould lead taa blowoutincident The well control

management process can be highly tcoesuming and leads to very costignproductive time

Underbalanced drilling operatioon the other handuses a closed hydraulic systemith
appropriate equipment and contrs$ntentionally lowetbottomhole pressuteelowthereservar
(pore pressue (Ppore) to induce influxinto the wellborewith the aim to protect, and preserve
reservoir from damage in addition to increasing rate of penetration (R@E)ematically, this is

expressed as follows:

0 0 (2.3)
Because thisnethodallows influxestraveling up to the surfacenany operators are skeptigal
adoptingunderbalancedechniques, especially in offshore fieldse toregulabry restrictions
against gas flaring, wellbore instability potential, safety concerns exptustic gas release the

surface in high pressure environments, and cost (Birkeland et al., 2009).

However managed pressure drilling, which is defined, by the International Association of Drilling
Contractors (IADC)asan adaptive drilling processed to precisely contréthe annular pressure
profile throughout the wellbongith intention to avoid continuous influx of formation fluids to the
surfaceas well asemploying appropriate process to safely contaip iaflux incidental to the
operationevents (Malloy andMcDonald, 2008)Alternatively, an overbalanced drilling where a

constant or correct bottomhole pressure is being maintained in a closed system by using a
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combination of backpressure, mud weight, and equivalent circulating density (ECL®) temmed

as MM (Gala and Toralde, 201 NIPD operation useseclosel hydraulic system witkheability

to monitor and control backpressure, fluid density, fluid rheology, circulating friction, and/or
annular fluid volume; hence may allow faster catikecaction to ddress any pressure events
(Malloy and McDonald, 2008When running atMPD operationbackpressure can be applied on
the wellbore annulus viarotating control device (RCD) to control the bottomhole preskurag
drilling or in a staticcondition. The backpressure can be manually or automatically controlled by
choke settings; hencprovides aimely control ofkicks and mud loss. These can be expressed
mathematically as follows:

0 0 060" ADBOAOCOOORO@ERDEI T ET ¢ (2.4)

0 0 "ADPOAOOOOROOPOBAOHAMEOET 1 (2.5)

During static condition, the choke is used to add backpressure when drilling stops to maintain the

bottomhole pressuiiastead of pumping heavieruddownhole

2.2 Managed pressure drilling equipnent

An oil rig that is either proactively and reactively configured to run MPD system is equipped with

several key components, includimgtating control device (D), nonreturn valves, drilling

choke nmanifold, MPD control systemandbackpressure pumgs shavn in Figure2.1. These are

described below

1 Rotating control device- (also called rotating control head) primarily functions to divert flow
away from the rig floor and is mostly located atop ofdhaular preventer and complements
the rig standard blowout preventer (BOP) stack. During operation, it forms a fricti@hal se

around the drill pipe ball to create the clddeop drilling system and allow backpressure to
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be applied on the annulus to miaim well control. The design ratings and size are drilling
application specific and are available in static pressure of,12800, and 5000 psi
(Halliburton, 2016).

MPD choke manifold - is a pressure regulator of MPD system that serves to control the
wellhead pressure the desired set point. Its openings are constantly adjusting to a changing
flow rate through the chokes maintain the desired downhole pressure. The choke manifold
is available in many trim sizes as well as in automatic or manuélot® A manual choke
allows the designated rig crew to control the backpressure manually with hydraulic control
panel or by means of a software application. While ahtomatic chokes controlled by
electronic monitoring equipment that has the quickress precision requiceto adjust the

back pressure to maintain desired downhole pressure. Many manifolds available today can also
feature as early kick detection (EKD) with the use of a flow meter (Gala and Toralde, 2011).
Non-return valves (NRV)1 senes to prevent backward flow from the well up the drill string
when applying backressure on the annulus. They are normally installed in the bottomhole
assembly (BHA) and it is recommended to install two or more NRVs to increase the
redundancy witlone loated at the end of BHA and least another one located in the top of
drilling string to aid bleeding of pressure; hence, increases the operational safety (Stadle et al.,
2013).

Back pressure pump (BPP)i is installed or available for MPD operation moaintan
wellhead pressure throughout the drilling operation. Typical MPD system uses BPP to provide
fluid supply and adequate flow to maintain the choke in a situation where the mud flow
decreases in volume that the choke is not able to create the hae#ipcessure. In this case,

the choke may not provide adequate backpressure, hence, the extra boost can be automatically
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RCD Services

supplied by the BPP, which in part serves as a redundancy to mud pump failure or human error

(Stedle et al., 2013).

1 Optional Equipment i are more other specialized equipment important for specific MPD

applications. Accordingp IADC (2014), other key enabling equipment, either individually or

in performance with other equipment to practice MPD operations includes downhole

deployment vives (DDV), mud/gas separators of adequate capacity, nitrogen production units

etc.

Flpid Separation Services

Drilling Pressure
Control Services

Gas flow meter

A Flare stacks

A Vacuum D-gasser

A Total gas containment

Pressurell

Relief 1

hoke [

1

Rotating :
Control

Device ~ L

Kick Detection
Services

Coriolis flow meter
- Flow kick detection -

Real-time

HPU module

Control
& module

Hydraulic
model

Human
mac hme

Rig cement
pump connection

| ¥

M,:;;...,

Backpressure pump

A Pressure & fluid mgmt

IMud gas separator
2-,3-, 4- phase

Flow ditch

Headerbox

Trip tank

Figure 2.1: Generic MPD process flow system (Source: Schlumberger)
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2.3 ManagedPressure Drilling Tedhniques

There ardour basicMPD techniqueghat are well specifiand areconstant bottomhole pressure
drilling (CBHD), pressurized mud cap drilling (PMCD), dygmhdient drilling (DGD) method,
and return flow control (RFEHSE methd. According to IADC(2014), CBHP and PMCD have
been safely and effectively practiced globally on prospects believddllaile with conventional
method due to safety, economic or technical reasons. HoweverHREGnethod is just starting
to be recognied asnaybe a bettewvay to drill some prospects that could be drilled conventionally
and while DGD is still in its infancy, there have been hundreds oflaserDGD applications,

DGD with a marine riser, and subsea BOP.

2.3.1 Constant Bottomhole Presure Drilling (CBHD)

It is uniquely suited foenvironments witmarrowpressure window (Bhnegan, 200&uch aghe
deepwater weB, and regarded ashe most commonlypracticed managed pressure drilling
techniqud ADC (2014) The bottomhole pressuigregulated andhaintanednearlyconstanand
within a predefined pressure windowimposed by the pore prasre and fracture pressure
Essentially, thebackpressure can be applied or reliewedhe annulus via chokmanifold to
achieve theressure contrah the wellboreg(Galaand Toralde, 2011CBHP technique hathe
potential to reduce the number of casing strings, hence reducing drilling TagsMPD
technique uses hydraulics models to establish wellhead pressure and maintains a suitable
equivalent circulating density (BD), annulus pressure gradient, and annulus ECD at a selected
location in the wellbore. All CBHP systems, which includediggamic annular pressure control
(DAPC) @balancesystemby Schlumbergefsee Figure 3.1Weatherford MPD technology, and
GeoBalanc® Managed Pressure Drilling (MPD) by Halliburton, perform these three objectives.

Unlike the DAPC control system, WeatheddviPD technology utilizes the Microflux® control
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system while Halliburton MPD uses the combination of an Automated Choke Contt@mSys
GeoBal anceE SentryE Data Acquisition and the

system.

2.3.2 Pressurizedmud cap drilling (PMCD)

It is anMPD technique that is suited for fractured formations wisesesre loss of circulation can
occur. ts operationinvolves drilling with no returns to surface and an annulus fluid column,
assisted bythe surface backpressureis maintained above a formatigeressurecapable of
accepting fluid and cutting$ala and Toralde, 2011PMCD deals witHoss circuationby first
pumping sacrificial (lighter) mud to drill the depleted zone and then heavier mud to ®ftedh
into the loss zone and prevent influx gas from coming to the surface (Hanned@, @9yt et
al., 2005). Drilling operation keeps anylux and sacrificial fluid into the depleted zone. Also, in
addition to RCD and other MPD equipment, PMCRQuiees a flow spool to be installed below
the RCD to allow fluid to be pumped into the annulus (Rohani, 2042atherford MPD
technology, which ulizes the Microflux® control system, can be configured to rua BRMCD

mode.

2.3.3 Dual Gradient Drilling (DGD)

It is anMPD techniquehatinvolves drilling with two different fluiedensity gradients; such that
the lighter fluid (e.g. seawater) is aleothe seafloor (or upper portion of the wellbore) and the
heavier fluid is below the mud line (Abbola et al., 2015; Rohani, 201®) deliver thesame
bottomhole pessurehat normally achieved by singlefluid gradient (Smith et al., 2001Jhis
setup an be achieved by installing an RCD abdhemudline to divert the return muwvay from
theriser through a return line to the surfacel fill the riser with lightweight fluidThis technique

has only been practiced thedeepwateoperationwhere thedtal mud column in the marine riser
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can create substantial overbalance in the w&lbdle etal., 2013)and its implementation
eliminates the impact afater depth on the mudlinéhe need for DGD technology emerged out
of the concepto reduce the riseweight and mud volumes, especially in an uttesepwater
operationwhere there iseduced fracture gradient of formations below the medBmith et al.,

2001).

2.3.4 Return Flow Control (RFC) / HSE technique

RFC/HSE techniques considered as a passiaiation of MPD system in that the technique does
not involve any control ahe annular pressure but diverts annulus returns away from the rig floor,
while drilling using conventional method, to prevent any gagosire to the rig floor. RFC
technique rquiresthe installation of two hydraulic valves, a conventional flow lindneoghakers,

and a flow line to the rig choke manifold in additionth® RCD to achievethese objectives

(Rohani, 2012).

2.4  MPD control algorithms

In an automated MPD syste,combination of hydraulic model and control system is used to
automatically ontrol downhole pressure during drilling operations (Godhavn 2010; Godhavn et
al., 2011). The key objective of an MPD is to accurately control the downhole pressure by
regulatingthe backpressure to compensate for annular pressure fluctuations. Thusjtonagied

MPD system, the automatic operation of the choke manifold is performed by a control system,
which typically consists of two main parts: a hydraulic model (to estithatdownhole pressure

in reattime) and a controller scheme (to automatesctitke manifold to maintain the desired

choke pressure). The hydraulic models can be simple or advanced, although the latter is more
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challenging and complex (Kaasa et al., 20110 #he controller ranges from proportional integral

derivative (PID) controllescheme to a nelinear model predictive controller (NMPC).

PID controller utilizes feedback and feéatward controlactionsto control the choke pressure,
whereby the feeflorward loop compensates for disturbances gain and the closetk&mipack
compensates for error and maintain system equilibrium. To improve the performance and the
capabilities of kick estimation and automatic well control system, Zhou et al. (2010htprese
adaptive observers for estimating the flow rates through #lleand the reservoir pore pressure

for improved kick management using a PI controller. Zhou et al. (2011) presents an MPD
automatic control procedure, which uses a switched control scheina Bl controller that, on

one hand, regulates the annular presguthe well during drilling and on the other hand, attenuates
kick in the event of a reservoir influx. Godhavn et al. (2011) presents a nonlinearbasddl
control scheme and observessmprove pressure control during MPD operations using a feedback
linearization method. Hague et al. (2013) utilizes a switched control concept in controlling
bottomhole pressure; whereby an MPD system controller manipulates the choke and backpressure
pump by switching between a combination of pressure and flow comtreh there is no influx,

and pure flow control when a kick is detected.

However, most processing systems are nonlinear; thaising thePI1D controllerinsufficient, in
some cases$p captue the nonlinearity aothe systemFurthermoreanotheiimportantaspect ofin
MPD control model is the accuracy of estimating the clpp&esurehottomhole pressure and kick
size. Unfortunately, this topic has not been adequately addressed in most NiiR mwmdel
simulations and onlg few studies have sparsely dissad the effects of ggdhase influx in their

MPD control simulato(Zhou et al. 2011, Kaasa et al2011;, Aarsnes et al., 2016).
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2.5 MPD Contributions to drilling

Two of the primary cotributions ofMPD are the reduction in drilling costs due reduction in NPT

and increase in safety due to additional primary well control barrier it provides. In deepwater
operations, many projects would not be economically viable without MPD techniques
(Haghshenas et al2013). Many studies are available on MPD system and techniques that detalil
its operational advantagasgcluding aprecise BHP control, influx management, and economic
benefits including Driedger et al., (2013) on how MPD system enab$man Energya drill

to the target depth through overcoming multiple abnormal pressure zones due to its features in
early influxes and losses detection, dynamic equivalent mud weight management, maintenance of

bottomhole pressum@uring static conditios.

However, oy afew studies explore the safeagsessment @ MPD in well control operation
The significance of safety benefits that MPD technologies bring to conventional drilling can be
measured or assessed through the boost in safety bardenwdntional prirary well control,

especially in deepwater drilling. For instance:

Grayson and Gans (2012) examined the key elements of a -tbogedirculating system
(including RCD and MPD influx controBnd concluded that it ineass the well contol barrier

layers and efficiency of drilling operations. They usieelPRA model to compare the risk levels

in using pen loop system (conventional well control) and closed loop system (MPD). They
developed a blowout scenario using a fadetmodel for @ach system in which they factored in
human errors probability (HEP). The fault tree model for the MPD system depicts the ability of

the MPD system to diagnose and mitigate influx based on the combination of HEP, MPD control
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system and the hedware systemTheir analyses show that the additions of MPD and RCD into
well control barrier layer reducete possible risk of a blowout by almost 500%.

Handal A. and @ie (2013) performed safety barrier analysis and structured hazard identification of
MPD system todentify its safety critical equipment due to the complexity that MPD pressure
control equipment and MPD control system bring to well control. As a result, the authors focused
their analysis on primary well barrier system with MPD pressun&@oequipmeh(mud + MPD
system), which defers from the conventional primary well barrier configuration. They used FTA
to illustrate the how failure in MPD pressure control equipment may be critical to BHP exceeding
pressure limits of exposed formaticarsd failure ofMPD control system may lead to loss of well
control.

Gabaldon et al. (2014) used well control barrier envelopes to describe how MPD improves influx
management and prevent unnecessary-ishat, in the worst case, blowout. They defined the
primary safetybarrier elements in conventional drillingitewludedrilling mud, casing, and cement
while in MPD system, it includes: MPD equipment (e.g. RCD, choke manifold, back pressure
pump, MPD control system etc.) in addition to conventional printenyier elemets. The
secondary barrier envelope (SBE) include elements in the primary envelopes as well as BOP,

choke line, kill lines and manifold for both MPD and Conventional drilling.

Zan and Bicke (2014) developed a probabilistic risk analysis (PRA) modelatatifyuthe
probability of a well control incident (WCI) in conventional drilling and how the WCI can be
mitigated by MPD system. Their model translated the qualitative assessm2@08 DOI MMS
report into the quantitative assessment. Based on assumebabilities for each deviation

categories developed in their model, they obtained WCI probability of [0.00B5].value was

19



reduced by 20% when MPD was implemented (itlee probability of WCI reduced to
p& p 1 ). Handal A. and @ie (2013) performed barrier analysis and structured hazard
identification of MPD system to identify its safety critical equipment due to the complexity that

MPD pressure control equipment and MPD colrgystem bring to well control.

According to Handal and @ie (2013), MPD systems, from alrésled perspective, introduce both
advantages (such as improved control of the BHP and enhanced well control) and challenges. The
challenges stem from the fact that varieties of pressure taquigpment are used to precisely
adjust wellbore pressures, which in turns are controlled by an MPD control system. The
applications of MPD have been seen to be common in areas (or prospects) where well control have
been most challenging, tdrillable andconventionally drilling wells have failed or grossly

exceeded budgets (Kok and Tercan, 2012; Handal and @ie, 2013).

Limited studies are available in assesshpoperational failure of constant bottomhole pressure
techniques of MPDAbimbola et al. (205) identified MPD control system, Rig pump, and RCD

as the safetgritical equipment. However, a further investigation by Sule et al. (g0dd8ntified

in addition to MPD control system being the most sadeiycal componentthatthe failure of

MPD operation can occur via several scenarios in a-sequential manner. These studies bring
MPD control system, which can be classified as a form of automated drilling technology, under
the microscope of safety and reliability investigatido. capture the ndinearity in anMPD
control systemNygaard and Neevdal (20Q0&reyholtz and Aamo (2008Nandan and Imtiaz
(2016) Park (2018) have implementemnlinear model predictive controller (NMP@) their

control model. Howevetheirhydraulicmodek arebasedn single phasdiquid flow, anddid not
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capture the multiphadtéow nature of the reservoir fluid. For instance, @s kick incident is
particularly severe and challenging to manage, especially in a deepwater drilling. Unfortunately,
this topic has nidbean adequately addressed in most MPD control model simulations and only few
studies havéndicatedthe effects of gaphase influx in their MPD control simulat&hou et al.
(2011) noted that because their model does not accougasphase, the estimatioof reservoir

fluid that contains gaphase will cause considerable modelling error in influx size. As discussed
in Kaasa et al. (2011), an influx of liquid and gas mixture into the annulus will cause the bulk
modulus in the annu$uto drop; thus, affe¢he model estimation of influx size and/or the casing

pressuréf the gasphaseof the reservoir influx is natonsidered

2.6  Safety and reliability assessment techniques

Many risk assessment techniques have been proposed for oil and gas and checesal p
operations. Khan (2001) presented most notable risk analysis techniques, including quantitative
risk analysis and probabilistic safety analy$isocess safety, in thal and gas operations, is
typically assessed using various risk and reliabdityalysis tools to identify the critical failure
components of the system and capture the level of risk (consequence) associated with the failure.
Many reliability and risk arlgsis tools for offshore operations and chemical praedsave been
covered in he literature (Haver et al., 2001; Khan, 2001; Khan et al., 2002; Espen et al., 2011;
Khakzad et al., 2012; Dikis et al., 2016). Khan (2001) presehteghost notable risk aatysis

tools, including quantitative risk analysis and probabilistic safety sisaly

The quantitative risk analysis (QRA) technique, which comprises of four stages (from initial to
final): hazard identification, frequency estimation, consequence anahgisieasure of risk, can

be performed using several diagnostic tools, includmggfault tree analysis (FTA), event tree
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analysis (ETA),and Bow-tie (BT). Fault Tree Analysis (FTA) is a deductive faiklnr@sed
approach,and the most common probabilistiechniques ugkin system risk and reliability
assessment (NASA, 2002). FTA stsamith an undesired event, such as failureh® main
equipment, and then determines its causes using a systematic, basteppidg process (NASA,
2002). The guantificationf an FT allows the determination of reliability parameters of interest
for desgn improvementNASA, 2002). FT can be evaluated either qualitatively to provide useful
information on the causes of an undesired (top) event through gates or quantitatprelyide
information on the failure probability of the top event occurrenceaiirttie intermediate events

given the knowledge of all basic events (NASA, 2002; Abimbola et al., 2015).

ETA is an inductive procedure that shows, in sequence, all possifgiemes resulting from an
initiating event and additional (pivotal) events, ddesng whether the installed safety barriers

are functioning or not (Rausand and Hagyland, 2004). It can identify all potential accident scenarios
and their sequences in a qolex system and determine the probabilities of various outcomes
resulting from tle initiating event. The Bowie (BT) is one of the common and effective graphical
method used in a risk evaluation to analyze and assess the consequences of causalpslationshi
high-risk scenarios, such as a blowout. The BT is constructed by connadtinlj tree top event

to one or more elements of the event tree. However, these conventional risk assessment techniques,
including Fault Tree (FT), Event Tree (ET), and Boig (BT) are incapable of capturing the
dynamic effects of operational risks, Bues change in well conditions due kick or sudden failure

of equipment during drilling operations, and inability to assess the sequential dependencies among
process variablem risk estimations (Barua et al., 2016; Khakzad, et al., 2012; Ferdous, et al.,

2010).
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Bayesian network (BN), however, is a more flexible modelling approach that isleagab
performing both forward and backward analyses uniquely suitable for dynakiand safety
analyses using conditional probabilities and probability reasaaidgscribe the causal influence
relationships among dependent and independent variables (Bobbio et al., 2001; Khakzad et al.,
2011, 2013; Cai et al., 2013; Barua et al.,@Qule et al.2018b). The BN model, which is
originated from the field of artifial intelligence (Langset and Portinale, 2007), have been
developed to overcome the modeling deficiencies exhibited in FT, ET, and BT risk analysis
techniques (Cai et al., 2@, 2013) and have been explicitly covered in the literature (Khakzad et
al., 2011, 2013; Abimbola et al., 2015; Bhandari et al., 2015; Pui et al., 2017; Sule et al., 2018b).
BN models can analyze the influence of dynamic risk variables such as drilidigiaos (Wu et

al., 2016). However, BN model is only restricted to one stegposanalysis and are not capable

of explicitly modeling the changes in events likelihoods or relationship over time.

Thus, a dynamic Bayesian Network (DBN), which is a terapextension of BN capable of
modeling influences over time, has been develdpedidress the dynamic restrictions in the BN
models (Murphy, 2002; Cai et al., 2013; Wu et al., 2016). The DBN models have been used in
many probabilistic analyses of dynansiystems and operations across many industries, including
oil and gas, processjanufacturing, computing etc. For instance, Cai et al., (2013) in quantitative
risk assessment of human factors on offshore blowouts; Wu et al., (2016) in prediction and
diagrosis of offshore drilling incidents; Dong C. and Yue H. (2016) in identificaitfdanctional
connections in Biological neural networks; Amin et al., (2018) in dynamic availability assessment
of safetycritical systems; Zhu et al., (2019) in Fatigue daenagsessment of orthotropic steel

deck; Lugue and Straub (2019) in optimal ingjpecstrategies for structural systems.
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Chapter 3 : Experimental investigation of gas kick effects on
dynamic drilling parameters

Preface

This chapter presents the experimental investigation of dynamic drilling parameters to enhance
the earlier kick detection indators during drilling. The findings provide new impravent into

kick detection techniques, including tii@mpingeffects of drilling vibrations due to gas kick. A
paper version of this chapter has been published irRdthenal of Petroleum Exploration and

Prod Technol (2018)https://doi.org/10.1007/s13268218 0510z Along with the ceauthors,Dr.

Faisal Khan and Dr. Stephen Buthave ceauthored thichapter | conducted the experiment to
geneatethe dataand made first attempt to analyze the data. Thegthor Faisal Khan helped

in analyzing and testing the concepts, reviewed and corrected the data and results, and contributed

in preparing, reviewing and revising the manuscript. ThegthorDr. Stephen Baicontributed

through assisting in developing and running the experimental setup, generating and analyzing the
data, testing and verifying the results and revising the manus@agduthors Drs. Butt and Khan

reviewed the revisions and pided feedback kich | have implemented. | prepared the first draft

of the manuscript and subsequently revised the manuscript based orathetch or s 6 f eed b a

the peer review process.

Abstract

Blowout incidents not only lead to fatalities but alsosealess of assets, expensive clapncostly
incident investigations and reports, and negative impact on the environment. The 2010 Macondo
blowout accident in the Gulf of Mexico was an @mener 6r many oil and gas operators and
oilfield service compasmis; thus, making early kick detection technology research one of the top

industry agenda. However, only limited progress has been made in detection technologies that
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focus on downhole parameters digethe complexity of offshore drilling operations that is
increasingly shifting towards the deepwater. Therefore, the cuotepter experimentally
explores downhole drilling parameters for kick indication during drilling. The study utilizdly a
instrumentedlaboratory scale drilling rig coupled with airjéction and surface monitoring
systems. This study observed a sudden jump in bottomhole pressure, increased volume of the
return fluid, decreased density of the return fluid, reduced rate of pgore{ROP), and increased
rotary speed as indicators otki The most significant new finding, which is also validated with
field reports, is thelampingeffects of the drilling vibrations due to kick. Frequency analysis of
the axial bitrock displacemestvibrations confirms changes of frequencies due to kidkdgtion
during drilling. Coupling this important finding with dynamic drilling models, the response of the
drilling system athe surface (e.g. standpipe, choke pressures etc.) indicating thigechan be

predicted.

Keywords: Kick Indicators, Drilling,Axial Bit Vibrations, Early Kick Detection

3.1 Introduction

Early kick detection (EKD) is a vital component @afwvell control system. The prevention or
management of kicks and/or fluid loss ocemge during drilling operations is crucial, particularly

in deepwater drilling activities due to the complexity of equipment and operations. Well control
failure occurrences could typically cost the oil and gas industry billions of dollars in a year due to
non-productive time (NPT) and/or blowoturcident andaffect the safety of drilling personnel. In
addition to the complex operation involved with deepwater drilling, many deepwater wells have

greater depths and narrow pressure margins between pore @rasduracture gradient, which
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heighten the risk of unexpeed events such askick or fluid loss. Given the extent of these
chall enging drilling operations coupled with
are continually striving to inmeve not only the drilling efficiency but also to undenstahe

behaviour of downhole fluid to survive and grow.

Blowouts can be disastrous, expensive, and cause fatalities; a good example was the dramatic BP
Deepwater Horizon blowout in 2010. Severalastigative reports indicate a need for more
sophisticatedEKD technologies among other root causes (Graham et al., 2011). Unfortunately,
limited progress has been made due to more reliance on surface detection technologies which are
challenged by respongine. There is avidely acceptedonsensus in the indugtto explore a
bottomup approach whereby kicks are detected early and can be tracked at multiple points along
the wellbore. However, only limited progress has been made on this approach due to the
complexity of offshore drilling perations. Velmurugan etl. (2015) presented an automated
system for EKD and a control system that monitors and reports the physical conditions inside
wellbore annulus instantaneously through time measurementsnvdi p e s 6 pr opagati o
annulus. Its prformance is questionabl for field applications. Nayeem et al. (2016)
experimentally investigated kick occurrence based on the changes in mass flow rate, pressure,
density and conductivity of fluid downhole and concluded that the parameters have thialpote

to improve the kicldetection system with higher precision than the surface detection system.

Vajargah and van Oort (2015) developed an algorithm that automatically sbkebisst well
control response to influx in a drilling operation runningpastant Bottomhole prage (CBHP)

managed pressure drilling (MPD); however, the paper did not clarify how this method will be
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implemented while running CBHP MPD operation in the field. Trivedi (2014) proposed an
innovative kick detection system that usesmall mud rerouting sBon consisting of two plates

and located just above the BHA. When there is an entrained formation fluid bubbles/droplet in the
flow, the medium between the two plates will undergo alteration and form a magnetic impulse
registerirg asan abnormality in fuid flow, hence detecting kick. However, this technology has
many limitations, including cuttings intrusion and capacitance limitations due to plate spacing.
Ahmed et al. (2016) proposed a new advanced early kick detection matitodses seven
parameterslata (classified as instantaneous drilling parameters e.g. pit gain, flow rate, ROP etc.
and lagging parameters e.g. total gas connection gas etc.) from mud logging while drilling;
however, this method was field specific (Offshbdlige Delta field). Schubrt and Wright (1998)
proposed the use of an acoustic device installed on the casing valve to continuously monitor the
liquid level in the annulus of wells experiencimgomplete loss of returns; thus, a rise in the liquid
level is interpreted as earlydk indication.; however, this method has a limitation of lagging time

that was not addressed by the authors.

DiFoggio and Duncan (2012) presented, in a patent, a tool and method that measure the acoustic
velocity and temperature borehole fluid from a acoustic sensor and temperature sensor placed

in a borehole to detect a gas influx in rgale due to lower bulk modulus and density of the fluid

and temperature drop. This is the closest and tested downhole deteetlmdsput it is only

limited toand/or relied on borehole density and temperature parameters. Involving more downhole
parameters in early kick detection indicators not only improve the reliability of kick detection but
also provides the capability to validate Kkioccurrence when theraeadeviations in these

parameters.
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Thus, thischapterexperimentally monitors dynamic drilling parameters, including WOB, rotary
speed, drilling vibrations etc. during drilling that give an indicatioagds kick. Many studieso

kick detection rely oma flow-loop setup including flow valves, choke valve, and pressure sensors
to simulate kick experiments. Therefore, the uniqueness of the current study lies in the utilization
of a fully instrumented laboratory scale drilling rigstimulate drilling as #kick is being induced,

controlled and monitored.

3.2 Materials and Methods

This section describes the experimental setup, the sample preparation prutaeires

implemented to conduct the experiment.

3.2.1 Experimental Setup
The setup consists of twintegrated platforms: a fully instrumented laboratory scale drilling rig
platform and a surface monitoring equipment and gas injection system platform. The drilling rig

is equipped with a rotary heaalfluid circulationsystemand a data acquisition sgst.

3.2.11 Laboratory -scale drilling rig

The schematic diagram of the laboratspale (scaledlown) drilling simulator is shown in Figure
3.1(a). The rig is powered by an electric drill motor with two rotational speed configurations (300
and 600 rpm) tprovide adequate rotary speed and torquée bit via the drillstring. The loading
system consists of a raghnion arrangement through which a suspended weight, in addition to a
constant weight, can be applied to the bit. The rotary head accounts tmmistant weight on bit
(WOB) and consist of the drill motor and the drillstring. The drillstring components include a
cradle, a swivel, a compliant tool, and a drill pipe. The swivel allows the injection of fluid into the
drill pipe down to the drill Hinozzles and the complaint tool, whichc@nfigured rigidly for the

current experiment, provides relative motion betwibentop system and the drill pipe using a set
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of coneddisc springs and rubbdampingelements. The drill pipe connects the drill With the

top system (i.e. swivel, motor etc.)

A 35 mm OD polycrystalline diamond cutter (PDC) bit with atutter configuration is used as

the drill bit in the current experiment. The mud circulation eysts equippedvith a 1000 L
capacity water tdninstalled over a triplex pump powered by ak®® motor with a flow rate and
pressure capacities of 150 L/min and 6900 kPa respectively. The pump system also includes a
variable frequency drive (VFD) to cootrthe flow rate by adjusting the rotary speédhe motor.

The circulation system includes a flow sensor, pressure transdndemwater tank level meter to
monitor and record the circulation conditions Khorshidan (2012) widterbasedmud (WBM)

is injected into the rig swivel assembly via a hasd then into an enclosed drilling/pressure cell.

The pressure cell, shown in FigBe, is located at the bottom of the rig system to serve as a
wellbore and allow application of required bottomhole pnessguring drilling. The pressure cell
includesa clamping assembly to hold the rock specimen in place during drilling. In other words,
the pressure cell serves as a closed wellbore through which confining pressure is applied to the
rock specimen during diing. The drillstring with attached PDC bit isserted into the pressure

cell through a top cap of the cell and rotary seals are placed within the cap to prevent leaks and
keep the drillstring centered. The designed pressure of the cell is 2500 kRasai#ty factor of

1.5 (Khorshidan 2012).

3.2.12 Integrated surface monitoring equipment and kick injection system

i) Surface monitoring equipment

The surface equipment for monitoring surface parameters consists of a Coriolis flow meter,
pressuretransducer, B a flow in the choke manifold, and a cctivity sensor. A pressure

transducer () located downstream of the pressure cell and upstream of the Coriolis flow meter,
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as shown in Figure 4.1(b), is used to measure the pressure in the retiemtening the surface
monitoring equipment.

drainage line from

pressure cell to surface
monitoring equipment

AN

Gas injection line

a) Drilling rig simulator b) Surface monitoring and injection system
Figure 3.1 Equipment setup for a gaskick simulation experiment

Seal

"O" ring
= Fluid outlet
Specimen
holder

Shel Tie rod

Specimen

“O" ring i Drainage

exhaust

Figure 3.2: Sectional view of a schematic drawing of a Pressure Cell (Source: Khorshidan 2012)
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The Coriolis flow meter is equipped with Elite flow sensor to provide good measurement
sensitivity and stability when measuring mydhase flow and it has tolerance for drill cuttings.

The Coriolis flow meter is installed such that the tube is in theieptation or flag up position to

allow effective drainage of cuttings and mud from the sensor. The choke manifold consists of three
valves: a pressure relief valve installed on the pressure relief loop (line), a needle (or backpressure)
valve to adjust bekpressure in the downhole pressure in the pressure cell and a manual pressure
control valve. In the event of a surge in the pressure cell, a pressure relief valve (PRV), installed
upstream of the Coriolis flow meter, diverts flow to the pressure relypb) line. The pressure
control and needle valves are mainly used to control the downhole pressure. The conductivity
sensor measures the electrolytic conductivity changes in the drilling mud return; however, was not
monitored t du¢ot h e s e n s atibilibysvithidml cuttingg.

i) Kick injection system

The kick injection system is made up of an air compressor supply, a gas flow meter, a pressure
sensor, a solenoid valve, and a check valve. The air compressor compresses air into an air pressure
vessel ad automatically shuts off at a ppeogrammed pressel. The pressure vessel is equipped

with a valve and a pressure gauge to discharge the pressured air and monitor the pressure in the
vessel respectively during the experiment. The air pressure in thel V@snaintained between

120 and 150 psi.

A gas flov meter is used to measure, with accuracies of £5% in volume flow rate, the air pressure
discharged into the pressure cell. The pressure sengan(Bhe air line measures the dynamic
pressure injectednto the downhole pressure cell. A solenoid valvdiicolv is installed just
downstream of the compressed air supply, is used to inject compressed air into the downhole
pressure cell to simulate gas kick and the check valve installed close to the inpattibto

throttle any fluid attempting to flow in theverse direction (Nayeem et al., 2016).
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3.2.1.3Data acquisition system

Two data acquisition (DAQ) systems are used to measure and acquire data for the experiments: a
fixed DAQ system termed as DAQ #and a portable DAQ system termed as DAQ #2. The DAQ

#1 is interfaced with the drilling system to measure and acquire dnitlated parameters,
including WOB, axial displacement, motor current etc. All data measured are recorded with a
sampling rate ofL0O00 Hz, which is the required minimum sampling fatecapture the axial
displacement signals from the high precision laser sefiber DAQ #2(Mobile DAQ system)
consists of a power system and a D8y3tem The DAQ system componehnas NI9188 Chassis

built-in andN19237 and N19205 for acquiring the data from sensbieDAQ #2system measures

and captures data from the integrated surface monitoring equipment and kick injection system,
including downhole pressure in the pressure cell, gas pressureamdadsnsit flow etc. Because

the DAQ #2 has a 10 Hz sampling rate capacity, the data from the two DAQ systems are compared

using a clock synchronization technique.

322 Rock specimensdé preparation

3.2.2.1Specimen properties

The current experiment is fermed on synthetic rock materials modeled by pouring a specified
recipe of concrete slurry in 4xdch empty cylinders and left to set and harden. The concrete
slurry mixture includes sand aggregates, water, cement, andlssgieizer. More informatioon
concrete preparation can be found in Zhang (2017). The physical properties of the rock specimen
used in the current study are shown in Takike The rock specimens are then stored in a

controlledmoist environment to maintatheir physical properties
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Table 3.1: Physical properties of the synthetic rock specimen (source: Zhang (2017))

Rock Property Value Units
Unconfined Compressive Strength (Ucs) | 51 MPa
Mohr Friction Angle 40 -
Tensile Strength 54 MPa
Young Modulus 29 GPa
Poisson Ratio 0.15

3.2.2.2Test specimen preparation

The rock specimens are prepared so that gas injected from the base of the rock can interact with
the rotating bit as it cuts through the rock. To accomplish this objeativele is drilled through

the center of the rock. As shown in Fig8:8 a-d, the test specimen preparation is completed

through the following steps:

a. Stepli showing the test specimen in its original state, Fig.Be

b. Step2i the center of the rock iaid out and located as shown in Fig8réb.

c. Step3i a ¥ inch Masonrpit is used in a drill press to drill a hole through the rock center of
the rock as shown in FiguB3c.

d. Step4i the top and bottom surfaces of the rocks are sanded to smoothiy fihé pressure

cell base that will house the specimens during driingwn in Figure3.3d.

4.2.3 Bit operation analysis

The bit operation analysis is conducted to ensure that the input parameters set for the experiment
are within the operational reqaments of the drilling rig simulatoFor this experiment, a PDC

bit with an outer diameter of 35 mm and two nozzle confiions with a diameter of 5.7/3@

(or 0.178125in) each is used.
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Hole through the test specimen rock

Figure 3.3: Test specimen preparation: stepd i 4

The dynamic weight on bit (WOB) measured directly from the load célhe WOB measured
by DAQ #1 during the experiment is not an effective WOB due to poiifnpressure and force

underneath the bit. Hence, the effee WOB can be determined by equatii:
®w0 0 w0 6 NOANE QOET ©Q (3.2)
Hydraulic pumpoff force (HPO) can either be measured during a drill off test or estimated by

equation3.2.

000 TP Q  p [N] (3.2)
where:DPyit [Pa] is the pressure dr@eross the bit andye[m] is the nozzle diameter in the bit

The pressure drop across the bit can be calculated using ediation

i) 8 [Pa] (3.3)
Wherer is thedensity (kgm®); q is the pump flowate (ni/s); Cais the jet nozzle discharge
coefficient = 0.95; anek is the total nozzle area @n The hydraulic pumpff force obtained
using the above equations-i66.8N The negative sign shows thHdlPO is anegative weight on

bit. Therefore, the effective weight on bityOBetr, can be calculated using equatidlj.
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Additionally, nozzle jet force 5 which is the impact force developed by the bit, can be calculated

using equation3 4):

O p&ruoyYPypm 6 R YO [N] (3.4)
Thus, the nozzle jet force calculatgd, 19.35 N.Another important parameter to be considered
is the hydraulic square inch (HSI) which is a function of pump hydraulic horseptﬂv'are(nd

bit area and can k#etermined using equatio8.%) and 8.6) respectively.

(0] (3.5)
"0"Y'0— (hp/ ird) (3.6)

|F§.=0.353 hpand HSI= 0.238 hp/ irf (or 2.75 kW/n?) are obtained. Thereforthe bit size and

the hydraulic horsepeer requirement for this experiment are well within the specifications for the
drilling simulator and Table8.2 provides the summary of the input parameters used in the

experiment.

Table 3.2: Summary of input simulation parameters

Parameters Description Values Units
WOB Applied weight on bit 54.3 kg

Q Mud pump input flow rate 47.3 L/min
P Initial downhole pressure 30-35 psi

Ps Compressed gas inpptessure 170- 180 psi

Q Compressed air input flow rate 819 SCFM
N Drilling motor speed 292- 300 Rpm
Zu_ . Waterbase mud density 1000 kg/m®
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3.24 Experimental Procedure

The drilling of the test specimerglanned and conducted such that the depth of speaimlled

experiences three consecutive stages of drilling simulation: no kick region XINKRk region

(KR), and no kick region 2 (NKR) respectively. Approximately 80% of the test specimen with

4-in total depth is drilled for each run to ensure tiast specimen fully interacts with the two PDC

cutters and remains intact after drilling simulation. The air is injected into the test specimen via

the filtration exhaust of the downhole pressure cslgt@own in Figur@.4. The test procedure is

condudced as follows:

a)

b)

d)

The drilling procedure begins by installing the test specimen in the downhole pressure cell,
which becomes a closed wellbore.

The experiment commences after the test specimen securedoiretisure cell and simulation
equipment has beenlly set up as shown in FiguB4.

After drilling about onehird of the test specimen depth (NKIR, compressed air is injected

into the pressure cell at a fixed rate 6f@SCFM and the pressured @avels from the bottom

of the test specimen thé top via the hole through the cenof the specimen. This enables

the bitrock-air interactions and simulates the kick region (KR).

After drilling approximately another oftlird or more of the test spimen duringhe kick,

the air injection is stoppkas the drilling continues with no kick (NKR. During this
operation, downhole parametric data, including rotary angular speed, rate of penetration
(ROP), average depth of cut, axial displacement dbitisemotor current and WOB are logged

by DAQ #1,while the downhole pressure, inlet pressure into the return line, return mud mass

flow and density flow rates are logged by DAQ #2.
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Figure 3.4: Kick Experiment process flow diagram

3.3 Results anddiscussons

Six downhole dynamic drilling parameters that are measured and calculated during experimental
simulations are weight on bit (WOB)thetorque on bit (TOB), downhole pressutiee rate of
penetration (ROP), rotary speed and-aital displacement (lrations). In addition to these
parameters, four surface parametershaoeitored,and these include choke pressure, return fluid
mass flow rates, volume flow rates, and density. Two experimental runs are conducted to ensure
repeatable and consistent résullhe results from these experiments have been compared and

found consistent with Al dred et al. (1998) f

Aldred et al. (1998) reports focused on the performance of Annular Pressure While Drilling too

aong with other BHA tools, for monitoring drilling performance and making proactive decisions
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during drilling operations. These tools were utilized in the Eugene Island field in the Gulf of

Mexico where the formation consistefl sequences of shaleadataget sands that were likely

depleted byheprevious production. The drilling contractor, Anadrill, utilizeskries of downhole

tools, including the Compensated Dual Resistivity, Makis Vibrational Cartridge, Integrated

Weight on Bit, and AnnulaPressure While Drilling for this well.

Thus, drilling parameters including downhole torque and weight on bit, axial and torsional

vibrations, ROP, annulus pressure, equivalent circulating density (ECD) etc., were being

measured. When kick was taken id2/+in. hole section, their measurements started to drop in

response to kick. These deviations can be observed in Fgrre.e. ROP, WOB, annulus

pressure, torques, vibrations, and ECD dropped due to kick. These responses in drilling parameters

indicaing kick occurrence are found to have consistent responses with the experimental results

that are being presented in this section.

Annulus temperature

100 °F 300 |
Standpipe pressure
| D 500
Block spee Axial vibration Tarsional vibration ECD
2 /s 400 9 Ibm/gal 11
ROP _C'Tf‘ CDR annulus pressure
500 fihr O Kt Ibf e I psi 1000
Bit depth Downhole torque qal/min
0 ft 100|0 klbf 60 me 0 kft-1bf 0~ 1500
= r =—J=—=—==1 —
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Figure 3.5: Reproduced well log with respect taime showing the kick alet in the GOM well (Source:

Aldred et al., 1998)
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