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[bookmark: _Hlk37617002][bookmark: _Hlk37618174]Robust dual barrier systems are crucial for well integrity. Regulators and industry have consistently raised the concerns in such systems regarding the testing, qualification, and prediction of leakage pathways and failure modes. Liner hanger is an example of dual barrier system in which seal assembly and cement sheath act as two barrier elements.
[bookmark: _Hlk37618480]The objective of this study is to evaluate the performance characteristics of the liner hanger dual barrier system and to identify the risks of failures that could compromise the wellbore integrity. In this study, the performance of the liner hanger dual barrier system was evaluated using experimental and numerical approaches. Results of experiments revealed that elastomers’ sealability was not affected after they were exposed to a surfactant degradation. However, the seals failed the pressure tests when they had mechanical defects present and also after exposure to carbon dioxide. The results also revealed that neat Class H cement requires gas migration control additive to act as a primary barrier. In addition, wait-on-cement (WOC), pipe material and surface roughness play key roles in the strength of cement bonding.
Finite element analysis (FEA) models were developed to evaluate the performance of the liner hanger dual barrier system. The results disclosed that elastomer contact pressure (sealability) mainly depends on the compression ratio, seal materials, pipe materials, and volumetric swelling. The friction coefficient at the seal-casing interference has a minor effect on the contact pressure. Results also showed that tensile hoop stress is the most dominant factor which compromises the cement hydraulic and mechanical integrity. 
The contribution of this research can advance performance evaluation guidelines of the liner hanger dual barrier system in terms of failure modes prediction and operational limits identification. In addition, the research highlighted some of the gaps in current industry standards and regulatory guidelines that need further considerations. 

xxii
[bookmark: _Toc39748723][bookmark: _Toc310579468]Chapter 1: Introduction
[bookmark: _Toc39748724]Overview of Liner Dual Barrier Systems
In recent decades, exploration and drilling operations have been venturing into harsh environments that pose significant challenges for operators and regulators, especially in the offshore deep and ultra-deepwater basins. The well construction in these environments requires a unique casing program that usually consists of a number of complex tubular and casing strings. In this context, liners and liner hangers are the most essential components of the well casing strings. Liners are usually deployed to penetrate the troublesome and sensitive formations, such as shallow gas-pressurized zones, salt domes, and depleted reservoirs. In addition, liners are a viable solution in the completion of wells with complicated trajectories, such as multilateral, s-shapes, and extended -reach wells. Mohamed and Al-Zuraigi (2013) claimed that deploying a liner in lieu of running a full casing string is a developing industry practice because liner provides many advantages. The advantages include but are not limited to cost-saving (less steel is used), reducing the load hung on the wellhead, requiring short running time, enabling high flow rate circulation while cementing operations, and assuring efficient completion of monobore wells. 
[bookmark: _Hlk21701779]API STD 65-2 (2010) defines liner as “A casing string that does not extend to the top of the well or to the wellhead.” Technically, liners are correlated to their respective well depth or casing. For example, a liner installed to isolate the surface depth of a well is called a surface liner. Whereas the liners used to isolate the intermediate and productive depths are called intermediate and production liners respectively as shown in Figure ‎1.1. Liner is suspended or attached from inside the previous host casing string using a device called “liner hanger.” The liner hanger technology started with the mechanical-set (conventional) liner hangers, which evolved into hydraulic-set liner hangers, balanced cylinder hangers, and expandable liner hangers (Mohamed and Al-Zuraigi 2013). Among these types, the conventional and expandable versions will be briefly described herein, as they are commonly used in the oil and gas industry. The conventional hanger version consists of setting components called slip and cone that mechanically driven by the drilling string to energize the liner hanger seal assembly. In this technique, the process of slip-cone engagement always confronts technical issues that create leak pathways for the flow of uncontrolled formation fluids into the wellbore and/or to the surrounding environment. Therefore, the failure of the liner hanger system may impose a significant risk that could compromise the well integrity (Walvekar and Jackson, 2006: Ahmed et al. 2020a). To eliminate potential risk, the liner hanger seal assembly is usually supported by a cement sheath that collectively establishes a protection system called a dual barrier system as shown in Figure ‎1.1. 
[image: ]
[bookmark: _Ref523140900][bookmark: _Toc496616081][bookmark: _Toc37489179]Figure ‎1.1: General representation of liner hanger dual barrier systems (seal assembly and cement sheath) for a deep water well
[bookmark: _Toc39748725]Problem Statement and Motivation
Current studies have revealed that most of the oil and gas incidents are caused by gas migration in shallow formations during drilling operations. These formations are commonly isolated by deploying surface liner(s) supported by a dual barrier system, consisting of seal assembly and cement sheath. Failure of this type of barrier system is always a hot topic for industry and regulators, especially failure in mechanical conventional liner hangers. In these versions, the failure rate of the top packers exceeds 40% (Nida 2005; Walvekar and Jackson 2006). The outcomes of an informal survey conducted in 1999 over several Gulf of Mexico (GoM) operators disclosed that 30% to 50% of pressure seals in overlaps failed (Moore et al. 2002). Van Dort (2009) stated that a failure of critical liner hanger seal assembly that serves in high pressure/high temperature (HPHT) environments has become a problematic issue and accounts for 18% of offshore wells integrity issues worldwide. Recently, Patel et al. (2019a) clarified that more than 46% of failure in secondary barriers originated in seal components. 
In addition to the mentioned technical issues, the testing and verification of dual barrier system elements challenge industry and regulatory agencies because the seal assembly is placed ahead of the cement sheath as shown in Figure ‎1.2. It should be noted that this topic has not been fully addressed in the current literature. Following the introduction of liner hanger technology, most of liner hanger topics addressed by many researchers have focused on leak issues on liner top (Agnew and Klein 1984 ), liner cementing issues (Hebert 1986), design criteria and axial load capacity (Moore et al. 2002), sealing problems of conventional liner hangers (Walvekar and Jackson, 2006; Jackson and Smith, 2006; Williford and Smith, 2007), liner hangers technology (Mohamed and Al-Zuraigi 2013), and liner rating capacities (Payne et al. 2016). In addition, other studies have focused on liner hangers elastomeric swellable technology (Al-Yami et al. 2008; Pervez et al. 2009; Ma et al. 2014a), HPHT expandable liner hanger technology (Royer and Turney 2019), liner hangers setting and energization (Patel et al. 2019b), casing-liner overlap cementing (Al-Ramadan et al. 2019). From this screening, it is clear that testing and verification of dual-barrier system have not been addressed. Therefore, the scope of this study includes a thorough review of dual barrier system testing and verification as well as predicts the modes of failure that may occur during the barriers’ life cycle. 
[image: ]
[bookmark: _Ref36894615][bookmark: _Toc36138089][bookmark: _Toc24653490][bookmark: _Toc37489180]Figure ‎1.2: Pressure test arrangement for liner hanger dual barrier system (seal assembly and cement)
The motivation for this study is promoted by the incident that occurred in 2013 while drilling an offshore well located in Main Pass Block 295 (MP 295), Gulf of Mexico (GoM). The incident represented a critical event that has driven service companies, researchers and regulators, to conduct further studies in liner hangers’ systems. The incident occurred because of the failure of the liner hanger dual barrier system. The barrier elements (seal and cement) were breached by a gas kick migrated while drilling a long open hole section in a gas-charged formation as shown in Figure ‎1.3. The root cause of the failure has not been well-identified due to the complex nature of this type of barrier system. The findings of the United States, Bureau of Safety and Environmental Enforcement BSEE (2014) investigation report highlighted a number of unresolved issues that require a further research. The issues raised questions related to the testing and evaluation of the dual barrier system as well as the identification of the primary barrier (seal, cement, or both).
[image: ]
[bookmark: _Ref20558662][bookmark: _Toc36138090][bookmark: _Toc37489181]Figure ‎1.3:Wellbore schematic showing gas migration into liner seal/cement overlap (reproduced after  Morris et al. 2015)
[bookmark: _Toc39748726]Research Objectives
The objective of this research is to evaluate the performance of a liner hanger dual barrier system that incorporates sealing assembly and cement sheath. To maintain the well integrity in terms of risk prevention, this barrier system must be robust, reliable, and functional. The specific objectives of this research are to:
· Study the validity of the pressure test for liners dual barrier system evaluation and review standards and regulations gaps.
· Define the primary barrier when a liner hanger seal assembly and cement are used as a dual barrier system to seal off a liner.   
· Evaluate the performance of seal assembly/ elastomers at different downhole operating conditions and predict the failure scenarios.
· Assess the effect of pressure cycling upon the elastomers’ performance.
· Evaluate the effect of using an anti-gas migration additive on cement sealability.
· Evaluate the performance of the cement sheath at different operating conditions and predict the potential failure scenarios.
[bookmark: _Toc39748727]Research Hypotheses 
Based on the challenges raised by industry and regulators in terms of primary barrier identification in liner hanger dual barrier systems, the following hypotheses are considered for this research:
· [bookmark: _Hlk36118162] Seal assembly can be identified as a primary barrier in the liner dual barrier hanger system if it is being selected, designed, manufactured, qualified, deployed and tested properly. In addition, it is maintained within its design envelope 
· Cement can be identified as a primary barrier if it is properly designed, placed, and tested. In addition, it is maintained within its design envelope  
[bookmark: _Toc39748728]Research Scope and Methodology
The methodology of this study was classified into three levels of investigations in order to cover the scope and to meet the objectives. The research levels include theoretical literature review, experimental investigation, and numerical modeling analysis. The relation interrelated these levels is structured in the framework shown in Figure ‎1.4. The scope of each investigation level is discussed in the following methodologies: 
1. Theoretical Review: The objective of the theoretical analysis conducted in this study is to provide a comprehensive critical review of literature on wellbore barriers systems, specifically the liner hanger dual barrier system. The review focuses on the following: conducting a thorough investigation on the complexities of gas migration from shallow zones into the wellbore, the type of liner hanger seal materials that are used as barrier elements, the failure modes of liner hanger seal assemblies, liner hanger cement practices, and the measurements that can be applied to control the potential leaks, kicks, and blowouts. In addition, the gaps in current industry standards and government regulations are identified to advance improvements in liner hanger seal assemblies and cement integrity. The aim of this review is to provide an in-depth evaluation of the current state of the liner hanger issues and implications that challenge industry and regulatory agencies. Findings and outcomes from this review also assisted in establishing guidelines for performance evaluation techniques and approaches, such as laboratory experiments and numerical model simulations. These approaches are utilized to accomplish the objectives of this study.
1. Laboratory Experiments: In this study, two stages of experiments were conducted to evaluate the integrity of the liner hanger dual barrier system using an experimental setup. In the first stage, pressure tests were conducted on elastomer samples that are commonly used in liner hanger technology. In this case, the elastomer seals were considered a single barrier system and the pressure tests were conducted considering two different experimental scenarios (regular and irregular conditions). Based on the outcomes of the first stage, the second stage of the experimental work was established. In the second stage, experiments were conducted to test both elastomer seals, and cement as a dual barrier. The details of all the experiments are described in Chapter 4.
1. [bookmark: _Ref508797923]Numerical Modeling and Simulations: The numerical modeling approach was validated by a lab-scale experimental work. FEA models were created to mimic the casing program of the shallow section of the well. The objective is to evaluate the performance of the liner hanger dual barrier system at various wellbore operating conditions as described in Chapter 6.
[image: ]
[bookmark: _Ref37489614][bookmark: _Toc37489182]Figure ‎1.4: Methodology model used  for performance evaluation of  liner hanger dual barrier system
[bookmark: _Toc39748729]Dissertation Structure
The study is structured into eight chapters. Chapter 1 provides an overview of the liner hanger dual barrier system and underlines the problems related to this type of barrier. The motivation, scope, hypotheses, and objectives of the dissertation are also discussed. In Chapter 2, a comprehensive literature review of the wellbore barrier systems, with special emphasis on the liner hanger dual barrier system is presented. Various types of barrier systems established to maintain the integrity of the wellbore are thoroughly discussed. Chapter 3 describes the liner hangers technologies, sealing mechanisms, liner cementing techniques, cement key properties, and dominant failure mechanisms in the elements of the dual barrier system. The latest technologies, techniques, and materials invented to improve the barriers’ performance are highlighted. The gaps in current standards and regulations relevant to testing and verification of the dual barrier system are discussed extensively. Chapter 4 outlines the experimental work conducted to evaluate the performance of the liner hanger dual barrier system at different operation scenarios. Chapter 6 demonstrates the numerical approaches used to develop finite element models that utilized to predict potential failure scenarios and to demarcate safe wellbore operating envelopes. The results of the experimental and numerical work are presented in Chapter 5 and chapter 7 to establish a comparative analysis that assists in a better understanding of the performance of the barrier. Chapter 8 summarizes conclusions and recommendations that set to help in maintaining a robust, durable, and reliable dual barrier system.             















[bookmark: _Toc39748730]Chapter 2: Literature Review of Wellbore Barrier Systems
[bookmark: _Toc39748731]Critical Events Affect the Integrity of the Wellbore
The well integrity can be compromised according to the occurrence of one or more undesirable critical events. Skogdalen et al. (2011) state that there are three categories of undesired events that may be encountered during the drilling operations. The first two categories are wellbore leakage/spills and unintentional well influx (kick). Whereas the third disastrous category is a blowout that mostly happens as a result of the loss of well control (LOWC). Due to their adverse impact on the well stability, these events are thoroughly discussed in the following subsections.  
[bookmark: _Toc39748732]Leakage and Spills
A leak (also known as fugitive emissions), is defined as an unintended movement of fluid to or from a system (ISO16530-1 2017). Leakage is defined as visible passage of pressurized fluid from the inside to the outside of the pressure-containment area of the equipment being tested (API 16A 2017). Although a leak is well defined, and a variety of robust sealing systems have been developed to prevent fluid leakage, the exact mechanism of the surface roughness induced leakage is not well understood (Persson and Yang 2008). Watson and Bachu (2007); Davies et al. (2014) emphasized three main factors required for leakage initiation, a source, a driving mechanism (e.g. buoyancy, head differential), and a pathway. The leak pathway is usually created according to the interconnection of void spaces formed by the topographical variations of the static mating surfaces (Bauer 1965). In addition to lack of knowledge of the leak mechanism, currently, there is no accepted definition of the term “zero leakage”. For instance, according to Advanced Technology Labs, zero leakage is defined as ˂ 10 -8 cm 3/ s of helium at atmospheric pressure. Whereas, according to the National Aeronautics and Space Administration (NASA), zero leakage defined as a flow rate not more than 1.4 x10 -3 cm 3/ s of nitrogen at 300 psi and ambient temperature (Bilzzard 1990). For the well barriers serving in oil and gas wellbores, NORSOK D-010 (2013) states that the acceptable leak rate shall be zero unless specified otherwise in certain well barrier element acceptance criteria. As per ISO 16530-1 (2017), applying zero-leak-rate criteria during the well operational phase is unrealistic due to the pressure build-up as a result of the effects of temperature variation, air entrapment, and media compressibility. Therefore, NORSOK D-010 (2013) recommends establishing maximum allowable leak rate criteria for evaluating the well barriers performance. ISO 16530-1 (2017) includes a leak rate acceptance matrix for most of the wellbore barrier elements.
Feather (2011) claimed that well integrity is a global challenge mainly caused by leaks in (tubular, casing, valves, packers, and reservoir issues) and/or annular flow through (cement, packers, liner seal assemblies, and plugs). As shown in Figure ‎2.1, there are thousands of onshore and offshore wells leaking worldwide. The Norwegian Petroleum Safety Authority (PSA 2006) stated that in 482 gas wells at the North Sea, 18% of the wells were leaking. The U.S. Mineral Management Services database (MMS, 2000) showed that at 6650 gas wells in the Gulf of Mexico (GoM), 45% of the wells had leakage issues. The leaking wells were diagnosed with sustained casing pressure resulting from tubing and casing leaks. MMS (2000) surveyed 200,000 onshore wells, the results showed that 16.7% of the wells had leakage problems.  
Over the years, spill incidents in the oil and gas sector have been considered critical environmental challenges. The consequences of these events have increased the technical and operational safety requirements and created more awareness of challenges resulting from spills in various operations. The Code of Federal Regulations (CFR 2016), Sec 254.46 (b) (2), obligates operators exploring in the U.S Outer Continental Shelf (OCS) to report any spill of one barrel or more. Spills above 50 barrels require more detailed reporting and monitoring. The spill events that occurred over the years 2007-2016 were reported by BSEE (2016) showed an annual average of nine spills. The high number of spills recorded in 2008 was due to facilities damaged caused by Hurricanes. The main causal factors associated with the offshore platforms’ spills are natural causes (e.g. weather), human error, external/other factors, equipment failure, and unknown. Equipment failure drives the spill events during the drilling and production phases (ABS 2016).
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[bookmark: _Ref36895600][bookmark: _Toc36138092][bookmark: _Toc37489183]Figure ‎2.1: Oil and gas wells leak around the world
[bookmark: _Toc39748733]Gas Migration and Kick
Percolation of uncontrolled gas/kick into the wellbore is a common problem that has been confronted since the first oil well was drilled. The gas can migrate when potential risk sources are not completely isolated either at the drilling operation or later during the production phase. Dusseault et al. (2000) underlined that multiple strata rich in free gas usually found in any well. The gas can migrate through the flaws at cement-rock/casing interference that have circumferential fracture aperture in the order of 10 to 20 micrometers. Watson and Bachu (2007); Dusseault et al. (2000) claimed that gas usually propagates into the wellbore and/or behind the casing string to the surface according to two mechanisms called surface casing vent flow (SCVF) and soil gas migration (GM), respectively (see Figure ‎2.2). GM is attributed to gas migration from shallow zones whereas SCVF is attributed to the gas migration from deep zones as shown in Figure ‎2.2.
[image: ]
[bookmark: _Ref36895798][bookmark: _Toc36138093][bookmark: _Toc37489184]Figure ‎2.2: Gas migration mechanisms, SCVF and GM (reproduced after  Watson and Bachu 2007)

NORSOK D-010 (2013) defines a shallow gas zone as any depth drilled before the surface casing has been deployed and the blowout preventer (BOP) has been mounted on the wellhead. Any zone penetrated after the BOP is installed is not considered a shallow gas zone. Gas is the predominant hydrocarbon fluid leaking source that can jeopardize the wellbore integrity. Prince (1990) demonstrated that shallow gas kick most likely results in complex downhole conditions during the drilling operations because it cannot be detected, confirmed, and circulated using the conventional well control procedures. Shallow gas blowouts have been reported as the most disastrous worldwide events in the oil and gas industry. The Norwegian SINTEF Energy Research database showed that shallow gas is the major cause of kicks that led to 172 blowouts recorded around the world (Goins and Ables 1987). Prince (1990) declared that around one-third of the global blowouts have been initiated by a shallow gas kick. Skalle (2012) claimed that every 100th gas kick results in one blowout. Recently, Per Holand (2017), conducted a screening study for the kick events on exploration and developmental wells drilled in various regions. Figure ‎2.3 shows that the U.S. Outer Continental Shelf (OCS) kick frequency in 2011-2015 is higher than that of North Sea OCS (Norway and U.K.) in 2009-2014. The author attributed the difference to many factors such as incident reporting procedure, well controls policies, formation type, well depth, drilling margin, well monitoring technology, and personnel qualification requirements. Wells drilled in the U.S. OCS are characterized by deeper depths, narrow drilling margins, and very young formations. All these factors increase kick probability. 
The most common causes of kick include, but are not limited to: insufficient drilling fluid density, swabbing during drilling in relatively low overbalance conditions, improper hole filling, loss of circulation, tripping out of the hole, tripping in of the hole, gas cut mud from drilled gas, drill stem testing, excessive drilling rate through gas sand, and drilling into neighboring producing well (API RP 59, 2018; Skalle 2012). Per Holland (2017) attributes the causes of a shallow kick to: too low drilling fluid density (seawater commonly used to drill shallow well sections), swabbing, cement hydrostatic decay that occurred during its transition from liquid to a solid phase, and improper cement placement. The main kick contributor factors are summarized in Figure ‎2.4.  

[bookmark: _Ref23676803][bookmark: _Toc36138094][bookmark: _Toc24653492][bookmark: _Toc37489185]Figure ‎2.3: Overviews of kick frequencies from various countries (Modified after Per Holand 2017) 

[bookmark: _Ref23676719][bookmark: _Toc36138095][bookmark: _Toc24653493][bookmark: _Toc37489186]Figure ‎2.4: Causes of kick in shallow zones (Modified after Per Holand 2017) 
[bookmark: _Toc39748734]Loss of Well Control (LOWC)
Maintaining a well under control is a primary and essential safety requirement that can be accomplished by stacked robust barrier systems. The well primary control can be lost in case the integrity of the barrier system is compromised during performing one of the major activities. Such activities include but are not limited to: drilling, completion, production, abandonment, testing operations, wireline operations, coiled tubing operations, and snubbing. LOWC incidents can be categorized into four levels of events (CRF 2016; BSEE 2016):
· Aboveground/surface blowout 
· Underground blowout 
· Flow through a diverter
· Uncontrolled flow resulting from a failure of procedures or surface equipment
Statistical records based on the number of LOWC incidents reported by BSEE (2016) on the U.S. OCS from 2006 to 2016 (Figure ‎2.5) showed an average of five LOWC events occur each year. Figure ‎2.5 shows a continuous decrease trend from 2013 to 2016. 

[bookmark: _Ref36896183][bookmark: _Toc36138096][bookmark: _Toc24653494][bookmark: _Toc37489187]Figure ‎2.5: Causes of LOWC events occurred at U.S. OCS during 2006-2016 (Modified after BSEE 2016)  

A blowout is an uncontrolled kick or uncontrolled influx into the wellbore (Skalle 2012). The author underlines that the kick can be controlled, whereas a blowout means the ability to control the kick is lost. Blowout is conventionally classified into above or underground. The underground blowout is defined as uncontrolled migration of formation fluids from a high-pressure zone into a lower pressure zone (API RP 59 2018; API STD 53 2018). Underground blowout is mainly caused according to the fracture of the weak formation located just below the casing shoe (shown in Figure ‎2.6 (a)) that is triggered by excessive annulus backpressure. This phenomenon is very common during drilling the uppermost shallow gas zone(s). In these zones, the likelihood of experiencing blowouts from shallow gas kicks is more probable than e xperiencing kicks during drilling in deeper wellbore zone(s) for many reasons (Goins and Ables 1987; Byrom 2013). First, in a shallow depth, the overbalance margin is very minor and any slight deviation from this narrow margin can cause a substantial underbalanced condition that is most likely prompting the gas kick swabbing into the wellbore. Unlike the shallow formation zone(s), the deep formation sections of the wellbore can tolerate the deviation in the overbalance margin. The second reason is linked to the fact that the shallow casing strings provide slight protection against shallow gas kicks. The formations at the conductor or surface pipe are usually very young and have low fracture gradient values. Therefore, these formations are very weak and cannot withstand the wellbore pressure spike occurs in the event of the well is shut-in during kick invasion. The formation fracture most likely results in very complicated situations, such as loss of circulation, that end up with underground blowout fires as shown in Figure ‎2.6 (a). The uncontrolled gas kick can migrate to the surface and creates a gas crater around the rig as shown in Figure ‎2.6 (b). The crater can topple the jack-ups and platforms as shown in Figure ‎2.6 (b); hence they are the most vulnerable structure of the rig foundation. The crater can also cause critical evacuation implications because the gasified zone around the rig reduces the bouncy force needed to lift the lifeboats (Grace 2017). 
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[bookmark: _Ref23679383][bookmark: _Toc36138097][bookmark: _Toc24653496][bookmark: _Toc23679455][bookmark: _Toc37489188]Figure ‎2.6 : Underground blowout mechanism (a), gas crater around semisubmersible ring (b)
[bookmark: _Toc39748735]Barrier Systems According to Current Standards
[bookmark: _Toc39748736]Overview of Wellbore Barrier Systems
[bookmark: _Hlk35074304][bookmark: _Hlk22115567]Safety is a core value for the well integrity concept that recently has been introduced in the oil and gas industry to prevent risk during the life cycle of a well. According to Skogdalen et al. (2011), the technical, operational, and organizational measures to diminish the risk mentioned in NORSOK D-010 (2013) are called safety barriers. In this context, there is no common definition of the term “barrier” available in the literature, however, all terms share the same nuances as stated in the forthcoming definitions. A barrier is an obstacle or impediment to flow and/or pressure (API RP 19LH 2019). The Norwegian Petroleum Safety Authority (PSA 2013) defines barrier as “Technical, operational and organizational elements which are intended individually or collectively to reduce possibility/ for a specific error, hazard or accident to occur, or which limit its harm/disadvantages.” Sklet (2005), defines the well safety barrier as a physical and/or a non-physical means planned to prevent, and/or control, and/or mitigate the occurrence of undesirable events or accidents over the life cycle of the well. According to Sklet (2005) and ISO 13702 (2015) prevent, in the context of this definition, means to reduce the probability of the occurrence of hazardous events. “Control” refers to the processes of limiting the acceleration of the events in a very short duration. Meanwhile, “mitigate” refers to minimizing the consequences of hazardous events. API RP 96 (2013) defines a barrier as “Component or practice that contributes to the total system reliability by preventing formation fluid or gas flow.” The standard states that when barriers are combined in one system and act collectively to prevent the influx of unintended fluids flow, the system is technically called the “barrier system.” According to NORSOK D-010 (2013), the well barrier system is defined as “Envelope of one or several well barrier elements preventing fluids from flowing unintentionally from the formation into the wellbore, into another formation or to the external environment.” As per API 65-2 (2010), well barrier system is defined as “One or more barriers that act in series to prevent flow.” The standard highlights that well barriers that do not act in series are not considered part of a single well barrier system, as they do not work collectively to support total system reliability. In this context, the total system reliability refers to the likelihood of barrier success, or one minus likelihood to fail.
 Sklet (2005) states that the barrier system is a system established (designed, installed, qualified, tested, verified, and managed) to perform one or multiple functions. Among others, the most essential objectives/ functions of the well barrier are (Torbergsen et al. 2012):
· Prevent a major wellbore fluid leakage to the surrounding environment 
· Shut-in the wellbore on direct command during an emergency shutdown scenario to prevent formation fluid influx and migration in the well 
[bookmark: _Hlk22071176]To fulfill these objectives, a barrier must meet certain performance requirements, such as functionality, availability, reliability, capacity, effectiveness, integrity, ability to withstand loads, robustness, accessibility, and response time (PSA 2013; ISO 16530-1 2017). In addition to these, failure mechanisms, failure consequences, operating conditions, and interactions with other systems should be considered as part of the performance standards (ISO 16530-1 2017). 
 According to API RP 96 (2013), well control is defined as activities or processes that are implemented to prevent or mitigate the unplanned release of formation fluids from the well to its environments. Industry and regulators agencies issued different guidelines and rules for well control. However, they agreed on a common rule for well control barriers specifying that: “at least, two tested independent barriers must be allocated between the reservoir and the environment at all times” (NORSOK D-010 2013; API RP 96 2013; ISO 16530-1 2017; API STD 53 2018). Application of this rule is also recommended by the U.S Code of Federal Regulations CFR (2016) and The Norwegian Petroleum Safety Authority (PSA 2013) regulations. It is a safety requirement for oil and gas operators to strictly apply the concept of two well barriers during all well operation activities. However, most of the investigations of the loss of well control incidents disclosed that most of the two well barriers were not maintained by the rig crew (Strand 2017).
The concept of establishing a robust barrier system incorporating several active and redundant barrier elements was introduced to enhance the integrity and reliability of the well (ISO 16530-1 2017). The number and types of well barriers are technically selected based on the downhole conditions and the governing regulations. However, it is commonly accepted safety practice to stack two independent barriers to enhance the protection layers (API RP 96 2013). Technically, the independent barriers provided are classified into primary and secondary barriers. Pertaining  to the function it is intended to perform, the barrier can be classified as: permanent (e.g. casing, cement, hangers) or temporary (e.g. drilling fluid, diverter, BOP); active (human/BOP) or passive (seals); and on-line (continuous duty) or off-line(need to be activated) (Sklet 2005). 
The primary barrier(s), defined as the first line of defense, formed by cascading a series of barrier element(s) to directly be in contact with the pressure/flow source. The secondary barrier(s) is characterized as a redundant set of barrier element(s) that do not directly contact the pressure/flow source. Technically, they are backup for the primary barrier (ISO 16530-1 2017). Backup in this context implies that an element or system is installed to function when the primary element or system is in a defective condition. The barrier can be identified as a primary or a secondary depending on the following factors:
· The direction of influx to be contained
· The operation phase of the well (e.g. drilling, completion, production, and abandonment)
· Drilling method (conventional, underbalanced, and managed pressure)  
[bookmark: _Toc496615104][bookmark: _Toc39748737]Special Requirements for Barriers Serve in Corrosive and Geothermal Environments
Drilling and completion operations at formations containing high concentrations of corrosive gases, such as H2S, SO2, CO2, and CH4, require the barrier systems to be designed, fabricated, installed, tested, and verified in very rigorous methods in order to maintain the well integrity. According to CFR (2016), Sec 250.490, the barrier installed to work at bottom-hole with H2S must be manufactured from materials that resist or prevent sulfide stress cracking (also known as hydrogen embrittlement and stress corrosion cracking). Critical materials of wellbore barriers, such as tubular (drill pipes, tubing, casing, connections, and flanges) and BOP system elements shall be specified in accordance with NACE standard MR0175-1. The drill string must not be subjected to high stresses. Elastomer seal shall be manufactured from materials with high resistivity to H2S. In addition, non-metallic materials of temporary barriers, such as bridge plugs and retrievable packers shall be designed to resist the harsh nature of H2S gases. In this context API 17TR8 (2015) defines corrosion resistant materials (CRM) as “Ferrous or non-ferrous alloy that is more corrosion-resistant than low-alloy steels.” Examples of CRM are duplex, austenitic, martensitic stainless steels, and corrosion-resistant alloy.
CFR (2016), Sec 250.490 recommends the injection of corrosion inhibitors to control chemical reactions between barriers and H2S. The code also states that, during drilling, completion, and work-over operations, sets of sensors shall be installed at some control points, such as mud return line, bell nipple, trip tank, shale shaker, and other areas where H2S may accumulate. 
Formations rich with acidic gas usually exist under high-pressure and high-temperature (HPHT) conditions (Bihua et al. 2018). Therefore, cement recipes designed for zonal isolation of these types of formations must be acid resistant with a high density. Many researches have been performed to develop slurries that meet the requirements of the regulations. Adding additives to the base cement is a common field practice, enhancing its acid resistance and improving the other cement tensile properties. Experimental results conducted by Ahmed et.al (2015) revealed that Class H based hydroxyapatite and magnesium oxide containing cement is the best formulation resisting acidic gas attack under HPHT environments. Cement resistance can be significantly enhanced by adding corrosion -resistant for Fe2O3-amended cement (Bihua et al. 2018) and adding pozzolan-amended cement (Zhang et al. 2013). Many researchers recommend the addition of silica flour to improve the properties of cement shear bond (Ahmed et al. 2015) and to prevent cement retrogression in geothermal wells (Kosinowski and Teodoriu 2012). To avoid cement retrogression at a temperature above 230oF, API RP 65-1 (2018) recommends the addition of approximately 35 % to 40 % crystalline silica by weight of cement. Allan and Philippacopoulos (1998) state that for geothermal applications, the cement requires to develop a 1000 psi after 24 WOC (this value must be well-maintained for at least 12 months) and to develop a bond strength of 100 psi to steel.

[bookmark: _Toc496615127][bookmark: _Toc39748738]Chapter 3: Literature Review of Liner Hanger Dual Barrier System
[bookmark: _Toc39748739][bookmark: _Hlk37264214]Seal Assemblies of Liner Hanger Dual Barrier System
[bookmark: _Toc39748740]Overview of the Evolution of Liner Hanger Technology
[bookmark: _Hlk36897044]A liner hanger is a device that is positioned at the top of the liner string to anchor the liner with previous casing. It supports the weight of the liner and is set by engaging the slip and cone using the drilling string as in the mechanical type (Figure ‎3.1(a)) or by external expansion using pressure force as in the expandable liner types as shown in Figure ‎3.1(b) and (c). Furthermore, the liner hangers seal off the annulus above and below the seal when an external seal is energized (API RP 65-2 2010; API RP 96 2013). 
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(a)  		                (b)                                                                      (c)
[bookmark: _Ref523312895][bookmark: _Toc496616119][bookmark: _Toc37489189]Figure ‎3.1: General representations of (a) conventional mechanical, (b) conventional expandable, and metal-to- metal (c)expandable liner hanger seal assemblies
Conventional mechanical liner hanger leak is still challenging the oil and gas industry even after the invention of the new generation of integrally liner top packers (Walvekar and Jackson 2006; Jackson and Smith 2006; Williford and Smith 2007). The authors attribute the issues of the conventional hangers to the complexity of the mechanical elements they incorporated. Defective mechanical elements usually provide multiple leak paths. 
[bookmark: _Hlk27241255]In 1999 the technology of the expandable liners was developed to solve leakage problems in mechanical liner hangers. Expandable liners are superior because they do not contain complicated mechanical components (Mohamed and Al-Zurigi 2013). The setting mechanism of the expandable hanger depends on the energization procedure of the seal assembly incorporated on the hanger body (Byrom 2013). Despite the significant advantages of expandable liner hanger, it has the following limitations (Mohamed and Al-Zurigi  2013): long installation and setting time, requires sophisticated setting tools (need longer design lead time), and high manufacturing cost.
In 2015, a new generation of expandable liner hanger has been introduced (shown Figure ‎3.2) to overcome the challenges associated with drilling operations in extreme environments such as deepwater and ultra-deepwater. In these wells, the heavier host casing poses additional challenges to conventional expandable liner hangers. In this technology, the elastomer seal will not carry all the hang weight as in the conventional expandable liner hanger system. In fact, in this technology metal-to-metal seal with the hanger body carrying the hang weight and the elastomer forming the secondary seal. The liner hanger provides a gas-tight seal at temperatures beyond 350 °F and it can be an excellent candidate for geothermal wells (Halliburton 2015).
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[bookmark: _Ref36897452][bookmark: _Toc36138099][bookmark: _Toc24653509][bookmark: _Toc37489190]Figure ‎3.2: Metal-to-metal VersaFlex Xtreme Grip liner hanger (Halliburton 2015)
[bookmark: _Toc39748741]Types of Elastomeric Materials Used in Liner Hangers
[bookmark: _Hlk511567749][bookmark: _Hlk510863476][bookmark: _Hlk37326728]An elastomer is defined as a material that can demonstrate a rapid and significant reversible strain in response to stress (Visakh et al. 2013). Elastomers are commonly used rubber materials in the oilfield applications. They are used to provide the sealing and/or hanging mechanisms in most of the wellbore barrier elements such as blowout preventers, diverters, liner hanger seal assemblies, sub-mudline liner hangers, casing hanger seal assemblies, packers, valves, and tubular connections as shown in Figure ‎3.3. In this section, details of the elastomeric materials of the liner hangers seal assemblies are presented to describe their types, properties, applications, limitations, and operating conditions. Technically, the performance of the seal assembly of the liner hanger depends on the elastomers’ chemical compounding, physico-mechanical properties, design specifications, and compatibility with the downhole environment. Elastomers are arguably the most versatile materials used in oilfield applications due to their oil resistance, their tolerance to high-temperature and high-pressure (HTHP) environments, and the way they deform and recover under loads (Dolog et al. 2017). Types of elastomers used in drilling and completion equipment include, but are not limited to; neoprene (EPDM), nitrile elastomers (NBR), hydrogenated nitrile (HNBR), and fluoroelastomers (FKM/Viton), tetrafluoroethylene (FEPM/Alfas), and perfluoroelastomer (FFKM/Kalrez) (Dolog et al. 2017; Ahmed et al. 2019b; Salehi et al. 2091; Patel et al. 2019b). 
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[bookmark: _Ref36898293][bookmark: _Toc36138100][bookmark: _Toc37489191]Figure ‎3.3: Elastomeric materials of wellbore main barrier systems

EPDM is used by some suppliers to replace the lead material used in lead seal liner hanger of the gravel packing units, where a slotted liner is deployed to complete the production zone. In 1979 a modified version of EPDM called “EPDM Y267” was developed. The elastomer proved an excellent performance in very hostile down holes with a temperature of 500°F. The elastomer also performed successfully when it utilized in some of the oil and gas components mainly, packer’s seals (Hirasuna et.al 1983). Despite the aforementioned applications of EPDM, some suppliers have concerns about the use of EPDM in field applications. They are not recommended to use this elastomer in hydrocarbons, leaded gasoline, kerosene, fuel oils, and diesel oils because they believe EPDM is susceptible to hydrocarbons. Flitney (2014) also supports this consensus and claims that EPDM lacks resistance to hydrocarbon liquids because it rapidly swells and structurally deforms when reacting with mineral oils. NBR is suitable for low duties and low-temperature environments. The elastomer operating temperature varies from -58°F to 230°F. NBR can serve in a wide range of media such as mineral oils, water, and hydraulic fluids. NBR is not suitable for working in an environment containing ketones, amines, and hydrogen sulfide (Walker 2009). In the oil and gas industry, NBR is frequently used to manufacture gas barrier elements, packers, sleeves, and gaskets (Najipoor et al. 2018). Fluoroelastomer (FKM/Viton) is a key sealing element in liner hanger seal assemblies, packers, mud motors, pumps, valves, and blowout preventers. It is a viable solution for critical problems in many sealing systems, especially where elastomers such as NBR or EPDM fail to function properly (DuPont 2013; 2017). (FKM/Viton) demonstrates good performance in severe downhole conditions e.g. H2S, and temperature range of 392 °F to 599°F. However, it exhibits poor performance in hot water, steam, ketones, and amines (James 2009; DuPont 2013 and 2017). Tetrafluoroethylene (FEPM/Aflas) has introduced to deal with corrosive environments. It withstands sour oil and gas, amines, acids, and steam. However, it is sensitive to halohydrocarbons. The elastomer can work from medium to high downhole temperatures in the range of 41°F to 401°F (James 2009). Perfluoroelastomer (FFKM/Kalrez) elastomer is commonly used for HTHP applications (Walker 2009; DuPont 2013; 2017).  FFKM can tolerate temperature up to 617°F (PPE 2019). The elastomer has outstanding resistance to sour oil and gas, ketones, and methyl tertiary-butyl ether (MTBE). However, it is very susceptible to alkali metal solutions. A comparison between elastomers’ properties and application is presented in Table A2, Appendix B.
In conclusion, the selection of elastomeric materials for wellbore pressure-containing and controlling should consider many interrelated factors. However, according to the American Bureau of Shipping (ABS, 2018), more attention should be given to the following factors:
· Materials must be fit for services, withstand the operating temperature and pressure, and compatible with operating mediums.
· Handling and storage procedures should be well-identified, particularly for age-sensitive materials for critical components.   
In addition to that the manufacturer’s specifications shall minimum include (ABS, 2018):
· A generic base polymer as specified by ASTM D1418
· Mechanical properties requirements
· Storage and age control procedure and requirements 
· Testing and nondestructive examination (NDE) requirements; acceptance  and/or rejection criteria according to related recognized standard(s)  
[bookmark: _Toc39748742]Unconventional Elastomeric Materials to Enhance the Barrier Performance
Currently, new unconventional elastomeric materials consisting of nanoparticles or nanocomposites have been proposed by many researchers to modify properties of commonly used conventional elastomeric materials in the oil and gas industry. Dolog et al. (2017) demonstrate that reinforcing fillers such as carbon black and silica have been used for many decades in the industry of conventional rubbers. However, the use of nano-sized fillers such as carbon nanotubes, nanosilica, nanoclays, and graphene has significantly improved the rubber properties. The authors claim that carbon nanotubes improved the performance of HNBR elastomers, particularly mechanical properties, wear resistance and RGD resistance. Welch et al. (2012) conducted laboratory studies on Nano-enhanced EPDM, Nano-enhanced-HNBR, and Nano-enhanced-FEPM to investigate their performance at HPHT corrosive gases in downhole environments. The authors claimed that nanotechnology would be beneficial for swellable packers because the results showed that the oil swelling rate could be significantly reduced to give operators greater flexibility in setting the packers and minimize the intervention time. Denison et al. (2018) introduced a new nitrile elastomer (urethane) which has a high wear resistance. Urethane is used in the manufacturing of the packers used for sealing the slip joints of floating drilling rigs.
[bookmark: _Toc39748743]Sealing Mechanisms of Liner Hangers
[bookmark: _Hlk36898591]The main function of the elastomeric materials incorporated in the wellbore liner hanger systems is to maintain an intact bonding between the liner and host casing or formation. There are two common techniques used to energize the elastomeric materials, mechanical and chemical. In mechanical technique, the sealing (bonding) mechanism can be achieved by elastically deforming an elastomeric material confined between two concentric casings, specifically the liner and the previous casing. Technically, maintaining a long-term stable bonding requires that the seal remains under sufficient compression loads. Akhtar et al. (2018) claimed that intact sealing (bonding) implies that the contact stress (pressure) at the seal-casing interface is greater than the differential fluid pressure across the seal ends. This can be inferred with a zero-leak rate or zero-pressure decline. 
The procedure of elastomer activation/energization very much depends on the type of the liner hanger seal assembly. Mohamed and Al-Zuraigi (2013) demonstrated that there are two common seal assemblies used in well drilling and completion, mechanical/conventional and expandable versions. In the mechanical version, the sealing mechanism usually accomplished by engaging two mechanical components called cone and slip. The slip-cone engagement pushes the compression plate which automatically expands the elastomeric material to plug the annular space between the liner and the host casing. The drilling string normally utilized for applying an axial load to hook the cone and the slip. Alzebdeh et al. (2010) stated that in the expandable liner hanger version, a setting tool (solid mandrel with larger outer diameter than the internal diameter of hanger) driven by differential pressure is run to expand the liner. As the liner expands, the elastomeric bands strain (compress) to fill the liner-casing annular space and eventually generates pressure zonal isolation (API RP 96, 2013). 
The second technique for energizing seals is chemical swelling. The swelling occurs when the elastomeric material comes into contact with swelling agents such as oil, brine, and surfactant. The swelling increases the elastomer volume causing the annular gap between liner-casing/formation to be closed and contact pressure generated (Akhtar et al. 2018). The swelling technique is commonly used in the activation of packers. Swelling elastomer packers become common field applications. They have been used to; completing multilateral wells,  closing water or gas-bearing formations, isolating production zones, sectioning multi-fracturing zones, and straddling corroded casing or tubing (Evers et al. 2013).
[bookmark: _Toc39748744]Failure Mechanisms of Liner Hangers Seal Assembly
[bookmark: _Hlk36898557]In deep and complex offshore drilling, deploying liner strings have become more demanding. Running a liner string can result in major challenges in the installation tools and cementing technologies. These tools often operate in some of the most critical wellbore temperatures, pressures, borehole solids, and deviations (Nida 2005). Despite the significant advantages of liners, the failure of liner-top is still a challenging issue. In the conventional system that utilizes the cone and slip technique, the failure rate of the top packers exceeds 40% (Nida, 2005; Walvekar and Jackson 2006). In mechanical liner hanger, a leak is the dominant failure mechanism, particularly in the cones and slips connections (Figure ‎3.4 (a)) (Walvekar and Jackson 2006; Jackson and Smith 2006; Williford and Smith 2007). Liners are also vulnerable to fail under high burst and collapse pressures as shown in Figure ‎3.4 (b) (API 65-2 2010; Payne et al. 2016). Corrosion is also a common failure mechanism in geothermal wells liner hangers (Figure ‎3.4 (c)) (Thorbjornsson 2016; Kruszewski and Wittig 2018). The outcomes of an informal survey conducted in 1999 over several GoM operators revealed that 30% to 50% of pressure seals in overlaps failed (Moore et al. 2002). Nida (2005); Walvekar and Jackson (2006) state that liner top and liner installations fail because of a variety of reasons that can be attributed to liner top cement integrity failure, inability to run the liner to the predefined depth, and tool failures such as darts, plugs, and running/setting tools. 
[bookmark: _Ref24321233][image: ]
       (a)                        (b)			   (c)
[bookmark: _Ref36899246][bookmark: _Toc36138101][bookmark: _Toc24653498][bookmark: _Toc37489192]Figure ‎3.4: Failure mechanisms in liner hanger (a) leak in top liner, (b) burst (Payne et al. 2016), and (c) corrosion (Thorbjornsson 2016)
[bookmark: _Toc39748745]Failure Mechanisms of Elastomeric Materials
Elastomer is a very important element for several of the barriers of the wellbores such as liner hanger seal assembly, packers, casing hanger seal assembly, valves, and tubular connections. Elastomers usually energize to expand and provide specific contact pressure technically called sealability. The system sealability can be lost in case the elastomer integrity is compromised by one or more of the failure mechanisms that will be discussed in this section. According to Walker (2017), elastomer failure can be diagnosed by excessive fluid leakage caused by loss of contact pressure (stress) at the mating surfaces interfaces or loss of seal integrity due to physical damage. Some failure causes are superficially obvious (e.g. gross swelling, compression set, and thermal degradation) (Brown, 2002). 
Key factors that have a significant impact on the failure of the elastomeric materials include but are not limited to; material specifications, manufacturing processes, seal design, seal configuration, transportation, handling, storage, inspection and testing procedure, installation procedure, operating conditions, and human error (Flitney 2014; Walker 2017). The mechanisms of elastomers failure can be classified into the following categories (shown in Figure ‎3.5) (Brown 2002; Mackenzie and Garfield 2007; Walker 2017; PPE 2019; Ahmed et al. 2020b):
1. Chemical  
· Degradation/attack 
· Swelling 
· Gasification or rapid gas decompression (RGD)
1. Physical
· Manufacturing fault
· Mechanical damage (incorrect installation, wear, shear)
· Compression loads
· Abrasion effects while handling and storage
1. Thermal degradation
1. Fatigue under pressure and temperature cycles
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[bookmark: _Ref36899916][bookmark: _Toc24653499][bookmark: _Toc36138102][bookmark: _Toc37489193][bookmark: _Hlk27245140]Figure ‎3.5: Elastomer common failure mechanisms (images source: Marco Rubber Inc.  2019; PPE 2019) 
Chemical Failure Mechanisms
Chemical failure usually occurs through the interaction of elastomer with its environments which may include corrosive substances such as water, brine (particularly heavy brine), acids, bases, sour gases (H2S, CO2, CH4), mercaptans, oxygen, ozone, defoamers, emulsifiers, amines, inhibitors, peroxides,  and surfactants ( Brown 2002; Walker 2017). Three mechanisms cause the elastomer chemical failure such as degradation, swelling and rapid gas decompression (RGD). In degradation, also known as chemical attack, corrosive fluids such as H2S, CO2, and CH4 react with elastomer and break its cross-link. In this case, some of the damage signs such as cracks, blisters, and voids, can be observed as shown in Figure ‎3.5 (A) (Marco 2019). 
[bookmark: _Hlk36899617][bookmark: _Hlk27245180][bookmark: _Hlk24548927]The second chemical failure mechanism is volumetric swelling. Some fluids can be absorbed by elastomers and result in their swelling as shown in Figure ‎3.5 (B) (Brown 2002). Volumetric swelling is a combination of chemical and physical interactions. In this process, change in elastomer key properties such as dimensions, hardness, tensile strength, and tear strength always occurs (Walker 2017). NORSOK standard M-710 (2014) specifies +25/-5% as a swelling acceptance range. In static applications, volume swelling up to 20 % is acceptable and can be beneficial because it is enhancing the seal interference in the extrusion gap. However, higher swelling may damage the elastomer because it leads to gap fit issues, extrusion, fracture, and loss of tensile strength (Walker 2017; PPE 2019).  
The third chemical failure mechanism is called rapid gas decompression (RGD) or explosive decompression (ED) as shown in Figure ‎3.5 (C). RGD is also known as a structural failure. In this process, the elastomer is exposed to high-pressure gas at elevated temperatures for a certain period. The gas is absorbed into the elastomer’s molecular structure forming voids or air pockets. When the external pressure suddenly drops at a rate higher than the limit specified in NORSOK M-710 (2014), the trapped gas released out of the elastomer and forms certain signs of failures on the elastomer surface. Common signs are blisters, cracks, pits, deep splits, ruptures. Elastomer is prone to RDG failure, especially when operating at a pressure above 725 psi in dissolved gas or gas systems with decompression rates above145 psi/h (Walker 2017). Mackenzie and Garfield (2007) claim that elastomers are more prone to fail by RGD according to their relatively low elastic strength. Therefore, elastomers intended to serve in wellbores with high pressure/temperature cycling should have a higher elastic modulus/hardness. RDG failure can also be avoided by increasing the system decompression rate (gradual depressurization) and minimizing the temperature if applicable (Marco 2019; PPE 2019).
Physical Failure Mechanisms
The second failure mechanism is physical, which may occur during manufacturing, transportation, storage, installation, and retrieval. Brown (2002) states that material damages may happen in the early stage of the elastomer manufacturing process due to inappropriate material selection, incorrect material compositions, defects during material processing (forming), insufficient testing, and qualification procedure. The author claims that perfectly manufactured elastomer can be damaged if installation procedures are not followed. There are many factors to be considered in order to maintain the elastomer integrity during installation such as adequate energization load, even distribution of the load, correct elastomer size, contamination, and sharp edges (Marco 2019; PPE 2019; Ahmed et al. 2020a; Ahmed et al. 2020b). Damage can be in the forms of wear and tear, cuts, notches, scratches, nicks as shown in Figure ‎3.5 (D). 
Elastomer permanent set means it is unable to recover to its original configuration after removal of deforming loads/stresses because it lost elasticity (PPE 2019). Elastomer may suffer from compression fracture when it is over-compressed by excessive loads, swelling, and/or temperature expansion (Marco 2019). The failure can be inferred by the fracture (s) that occur in the plane parallel to the applied load as shown in Figure ‎3.5 (E-2) (Walker 2017).
Thermal Failure Mechanisms
Elastomers thermal degradation is one of the most detrimental factors that limit their use in high-temperature reservoirs. Conventional elastomers usually break at temperatures ranging from 150°F to 200°F (Garfield and Mackenzie 2007). Blizzard (1990) highlights that the integrity of many elastomers can be compromised at a temperature greater than 400°F. Thermal failure can be diagnosed by radial cracks, softening, and shiny surface (shown in Figure ‎3.5 (f)), and usually accompanied by compression set (Marco 2019; PPE 2019). Special types of elastomers have recently been developed to withstand high-temperature downhole conditions. For example, Y267 EPDM and FFKM work at temperatures up to 500°F and 617°F respectively (Hirasuna et al. 1983; PPE 2019).    
Pressure Cyclic Loads Failure Mechanisms
Well barriers have a higher potential to fail under pressure cycling conditions. Repeated pressure cycles induce continuous stresses in the barrier elastomeric materials. Elastomers can lose their strength, sealability, and eventually can be physically damaged. Blizzard (1990) demonstrates that the design and materials of many elastomers do not consider excessive pressure fluctuations. Pressure cycling is a common phenomenon during production, stimulation, and injection operations (Dusseault et al. 2014). Wells, where the sealant may be exposed to high pressure and/or temperature cycling, include geothermal, HPHT, deep water, injection, and gas storage (Bosma et al. 1999).
[bookmark: _Toc39748746]Cement in Liner Hanger Dual Barrier System
[bookmark: _Toc39748747]Liner Cementing 
In liner-casing overlap, cement is used as a zonal isolation sheath. The cement sheath acts as a barrier element in a system called a dual barrier system because it also comprises another barrier element known as seal assembly. In this dual barrier system, the cement builds a continuous, permanent, and impermeable hydraulic seal binding that is supposed to plug the influx of uncontrolled fluids into the wellbore. The cement also carries the mechanical loads of the wellbore structural components such as tubular, valves, tools, and equipment. Moreover, the cement creates a binder layer that protects the casing strings against the formation corrosive fluids (ISO 16530-1, 2017; Teodoriu et al. 2018). From a technical viewpoint, cementing casing-liner overlap is one of the most challenging tasks at the downhole because of the small annular clearance between liner and host casing or open hole. The liner cementing becomes more challenging when deploying a long liner string. Verbakel and Salazar (2016);  Muncrief et al. (1984) claimed that cementing a liner string with a length exceeding 1000 m (3280.84 ft) requires specific procedures, equipment, and techniques to assure a high-quality cement job. 
Technically, there are two techniques for liner cementing. The first technique is known as modified circulation, which looks like squeeze cement. In this technique, the liner and its respective equipment are run using the drill pipe. Then, the base of the liner is squeezed, usually to a position slightly above the shoe of the previous casing. This distance/length is called the overlap. API Bulletin E3 (2018), suggests a length of cement column in the range of 50 to 500 ft to fill the liner-casing overlap. However, it has become a common industry practice to keep at least 300 ft of overlap cement from the casing seat to the top of the liner (Agnew and Klein, 1984). Using a modified circulation technique for cementing deep liners is a complicated operation because the liner is usually isolated from the rest of the completion string by close clearance and packer. In this process, the pressure is often trapped behind the liner. The liner may experience a collapse failure if the pressure is not carefully controlled (API 65-2 2010; Payne et al. 2016). The second technique used for liner cementing is called puddle (Simpson, 2017). This technique is commonly used for cementing short liner strings. In this technique, the drill pipe utilized to spot the cement slurry along the section in which the liner is planned to deploy (Simpson, 2017). 
[bookmark: _Toc39748748]Key Properties Influencing the Performance of Anti-Gas Cement Slurry
Key cement properties that have a substantial influence on the performance of the anti-gas cement slurry are;  gas transition time (static gel strength development), density to preserve hydrostatic pressure control, rheological (flow) properties to ensure good displacement, thickening time, fluid loss, slurry stability (sedimentation and free fluid), shrinkage/expansion, and strength development (compressive and sonic strength) (API RP 65-1 2018). A brief discussion is made here of how these properties affect the cement performance.
Gas Transition Time
To maintain the well integrity in the short term during the well construction stage, slurry cement is usually designed and placed at the liner-casing overlap to prevent uncontrolled fluids flow (Williford and Smith, 2007). However, the cement hydraulic integrity can be lost according to the gas migration. The migration of gases during the transition of cement slurry from a liquid to a solid is an industry-wide issue that still needs further research. The transition period of cement is called the “Gas Transition Time.” Gas transition time is an important cement property that needs to be controlled, especially while cementing the wellbore shallow gas zone(s). The gas transition time can be defined in terms of the evolution of the static gel strength (SGS). This concept was proposed by Sabins et al. (1982). The authors were the first to claim that the transition time of a cement slurry ends once the slurry develops SGS beyond 522 lbf/100ft2. Rogers et al. (2004) defined the transition time as the time needed for a cement slurry to build an SGS from 100 to 500 lbf/100 ft2. The authors asserted that it has become a common filed practice that when a cement slurry reaches an SGS of 500 lbf/100 ft2, it is an indication that the cement develops sufficient solid mass capable of preventing formation gas percolation. According to API STD 65-2 (2010), when potential gas flow is deemed to be severe, the cement slurry should be designed to attain a critical SGS in a period less or equal to 45 minutes as shown in Figure ‎3.6 (A). The standard recommends this period to eliminate the risk associated with gas migration. Technically, cement column hydrostatic pressure is a function of  SGS development and hydration of kinetics of the cement (Al-Buraik et al. 1998; API STD 65-2 2010). API STD 65-2 ( 2010) demonstrated that during SGS development, cement hydrostatic pressure decay occurs (see Figure ‎3.6 (A→C)), and the gelled fluid progressively loses its ability to transmit hydrostatic pressure to the formation as the case in Figure ‎3.6 (C). Therefore, an underbalanced condition similar to a situation happens sometimes during the drilling process may be occurred. In this context, the principal difference between well control during drilling and cementing operations is the free fall or U-tubing phenomenon. This phenomenon is most likely to happen during the cement placement due to the instant decay of the cement slurry hydrostatic pressure (Beirute, 1984). Whereas hydrostatic pressure decay most likely occurred during drilling according to insufficient density or cutting settlement resulting from poor wellbore conditioning. 
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[bookmark: _Ref36901237][bookmark: _Toc36138103][bookmark: _Toc24653500][bookmark: _Toc37489194]Figure ‎3.6: Cement hydrostatic pressure decay during its transition from liquid to solid phase
Others Key Properties
[bookmark: _Hlk32958592]Besides SGS, other key properties critical to the performance of the anti-gas cement slurry include density, fluid loss, rheological and thixotropic behaviors, thickening time, and slurry stability. Density plays a critical role in the design of cement formulations. As a general notion, the effective pressure of cement density exerted at any depth of the well should be greater than the formation pore pressure and less than the fracture pressure. Therefore, density is important to maintain overbalanced conditions necessary to prevent kick and lost circulation and to prevent losses to the formation (API STD 65-2 2010). The overbalanced conditions can be disrupted due to loss of fluids from the cement slurry caused by a mechanism called “Fluid loss”. In this phenomenon, a filtration process occurs and the aqueous phase of the slurry seeps into the formation. Fluid loss rate can also significantly be impacted by formation permeability, the magnitude of overbalance pressure, and removal of drilling fluid cake. API 10B-2 (2013) recommends a fluid loss rate of less than 50mL/30 min to maintain acceptable slurry performance. It is advised to incorporate fluid loss materials (viscosifiers) in cement slurries that are expected to traverse gas-charged zones and pay zones as well as when the annular gas is tight. The rate of fluid loss can be lowered by adding materials called “fluid-loss control agents.” Such agents include but are not limited to; bentonite, liquid latex (e.g. styrene butadiene, vinylidene chloride, polyvinyl acetate), copolymers, synthetic and natural polymer (e.g. cellulose, polyvinyl alcohol, polyalkanolamines, hydroxyethylcellulose (HEC)), and blends (Nelson 1990; API RP 65-1 2018 ). 
API RP 65-1 (2018) stated that as the loss of water from cement slurry increases (by physical separation as cement harden), the solids settlement and concentration also increase. This process may lead to uncontrolled gelation (thixotropy) and other changes to the cement properties (e.g. inability to apply hydrostatic pressure, low strength, and high permeability). In deviated wells, free water can coalesce and may create voids and continuous channels that promoting the migrated gas percolation (Al-Buraik et al. 1998). Therefore, it is extremely recommended to consider additives to control free water to a zero level or traces particularly in highly deviated wells or horizontal wellbores, as well as formations with high-pressure gas-bearing. Fluid loss additives that recommended to enhance the performance of the cement slurry include but are not limited to;  bentonite, hydrosolube polymers, silicates, and metallic salts (Nelson et al. 1990).    
Rheology (flow) is an important property that can significantly impact the slurry placement and the friction pressure generated during the cement placement if it is not well-controlled. The cement rheology is very sensitive to the bottom hole temperature and a lesser pressure. Cement slurry with flat rheology at expected downhole temperatures is extremely important to maintain hydraulic wellbore integrity. The increase in the viscosity of the slurry according to the lowering temperature can adversely affect the thickening time which makes the slurry un-pumpable and can lead to severe damage to the wellbore (Ahmed et al. 2018). Cement pumpability is commonly characterized in terms of consistency and thickening time. API STD 65-2 (2010) defines the thickening time as the time frame at which the slurry will remain pumpable under conditions similar to the downhole during cement placement. According to API RP 10B-2 (2013), the fluid will not be pumpable at a consistency of 100 Bc (Bearden consistency). The time cement slurry takes to attain 100 Bc is the called “thickening time”. The length of the thickening time mainly depends on the slurry viscosity and flowability. Al-Buraik et al. (1998); Pour and Moghadasi (2007); Ahmed et al. (2018) underlined that adjusting the thickening time during slurry placement is very crucial for preventing any potential release of uncontrolled gas and for complying with designed pumping schedules (rates) specified by API. In this context, current API schedules are inappropriate for deepwater wells cementing applications. For these applications, API RP 65-1 (2018), recommends operators establish special schedules using simulators. Developed schedules should be followed during the cement placement. In addition, a recent study has shown that water impurities can impact cement properties such as thickening time and compressive strength (Saleh et al. 2018).
The compressive strength developed by a specific cement system is of secondary importance compared to the properties of the liquid slurry. This notion is due to the fact that most of the cement systems have the ability to attain compressive strength exceeds the minimum limits established by the relevant standards and regulators (Nelson 1990). Among the various properties of the hardened cement, compressive and tensile strength are by far the most important properties that need further consideration. Compressive strength should be adequate to support the wellbore load-bearing capacity and to create an impermeable sealed annular barrier. To achieve these functions, cement requires to develop a compressive or sonic strength of a minimum of 50 psi (API RP 65-1 2018). Compressive strength also significantly affects the WOC time that should be respected before drilling out and perforate the production casing. It is common industry practice to wait for the cement to attain compressive strength of 500 psi and 2000 psi prior to drilling out and perforating respectively (Nelson 1990). From technical and safety viewpoints, CFR (2016) recommends eight hours of waiting time to resume drilling after cementing the conductor casing. Whereas, the code recommends 12 hours for surface, intermediate, or production casing (or liners). In addition to using accelerators to increase the rate of cement compressive strength developments, strengthening agents are also necessary to increase the cement tensile strength. Carter et al. (1968) stated that incorporating fibrous materials (e.g. Nylon fibers) to well cement in concentrations between 0. 15% and 0.5% BWOC, enhance the cement’s resistance to stresses resulting from drill collars, and perforation. The cement resistance can also be enhanced by the addition of particualted rubber and latex (Hook 1971).
[bookmark: _Toc39748749]Gas Migration Additives 
Gas migration can be prevented by controlling the decay of the hydrostatic pressure of the cement slurry that occurs during the critical liquid-to-solid transition time (Nelson 1990; Dusseault et al. 2014). The hydrostatic pressure decay technically may be controlled using gas migration control additives (GMCA) that are usually added to reduce the permeability of the cement matrix. The additives provide no protection from the migrated gas influx as soon as the cement develops sufficient SGS and set (Hopkins 2016). Dusseault et al. (2014) stated that the well operator is exclusively responsible for the decision to add GMCA, hence, most current regulations do not recommend the addition of the GMCA. 
[bookmark: _Hlk526408190][bookmark: _Hlk526422690]	In response to the gas migration issues encountered in many oil and gas fields in1960s, the evolution of the GMCA progressed rapidly (Talabani and Hareland 1995). Many researchers have suggested conventional (normal size) and unconventional (nanoscale) GMCA to overcome gas migration issues. With regard to conventional additives, silica fume (high fineness amorphous silica) was introduced in the1980s, in the North Sea offshore wells as materials to control the shallow gas flow normally confronted in these wells (Coker et al. 1992). Drecq and Parcevaux (1988) claimed that latex was used in cement field application in 1982 to generate a homogeneous impermeable membrane above the cement matrix to inhibit the gas propagation in the porous cement matrix. Further study to investigate the influence of latex upon cement was conducted by Tavares et al. (2013). The authors used a gas migration simulator to simulate the downhole environment. The results indicated that slurries contain a high percentage of latex proved to block the migrated gas compared to the slurries without latex additives. Grinrod et al. (1988) demonstrated that Statoil developed microsilica as GMCD to avert the gas migration while drilling the uppermost shallow formations in the Gullfaks field located on the Norwegian North Sea shelf.  Gas migration in South Texas fields has been reported as one of the most incidents contributors. To overcome this problem, Bour and East (1988) designed a cement slurry comprising of fly ash as GMCD. The authors claimed that according to laboratory results, fly ash accelerated the SGS development, and thereby the gas transition time was significantly reduced. Calloni et al. (1995) tested three cement recipes include silica fume, polymer latex, and carbon black to optimize best for service formulation. The authors concluded that carbon black exhibits superior performance upon silica fume and latex in terms of efficient sealability and cost. In this context, carbon black is commonly used for cementing gas zones drilled in the Adriatic Sea. Dao et al. (2004) awarded United States Patent (US 6,936,574 B2) for the invention of copolymer as GMCA. Coploymer is a gel-like liquid that dispersed to inhibit the migrated gas that originated from gas-bearing zones. In attempts to solve the gas migration issues encountered in some HTHP deep wells in Saudi Arabia, Al-Yami et al. (2009) evaluated thirty cement recipes to select a suitable GMCA. The authors disclosed that the formulation containing silica sand, silica flour, hematite, manganese tetraoxide, and expansive additives is the best candidate. Abbas et al. (2013) claimed that the gas migration could be reduced when mixing the cement with Hydroxypropylmethylcellulose (HPMC) polymer as a multifunctional cement additive to improve oil well zonal isolations. Pilots tests conducted by the authors using a cement hydration analyzer. HPMC polymer established an impermeable barrier that successfully rendered the migrated gas percolation through the cement.
[bookmark: _Hlk516412635]Nanomaterials have recently been studied by researchers to modify main properties of cement, such as compressive strength, static gel strength and gas transition time that play key roles in controlling the gas migration. Graphite nanoplatelet (GNP) was used by Peyvandi et al. (2017) to examine its effect on cement performance. The results of the authors' experimental work showed that GNP is beneficial for the wellbore zonal isolation because it minimized the inception of microcracks and microannulus into the cement bulk. These types of defects are always representing channels for the migrated gases. Nanosynthetic graphite (NSG) was evaluated by Ahmed et al. (2018) ; Kimanzi et al. (2019) to study its effect on cement gas transition time (SGS development). The outcomes of the laboratory pilot tests revealed that the addition of only 0.5% by weight of cement (BWOC) of NSG, the modified slurry reached a critical SGS of 345 Ibf/100 ft2 after 45 minutes. Meanwhile, neat Class H cement reached a critical SGS of 132 lbf/100 ft2. 
Although the conventional and unconventional GMCA described have been used and proposed to control and mitigate gas migration problems, the industry is still considering further research in this area. This contention is supported by the fact that each well has a unique situation. Therefore, designing a GMCA that can be compatible with every single well maybe a non-viable concept.
[bookmark: _Toc39748750]Failure Mechanisms of Set Cement
The hydraulic and mechanical integrity of set cement can be jeopardized in case it exposed to the excessive inducement of the mechanical principal stresses, namely radial, hoop/tangential/circumferential, and shear/axial. Profound review from previous studies conducted by several researchers disclosed that excessive radial stress that localized on the annular cement is most likely resulting in crushing as well as in severe debonding at outer casing- cement- inner casing/rock interferences as shown in Figure ‎3.7. Whereas the over inducement of hoop stress is most likely creating radial cracks as shown in Figure ‎3.7. Ahmed et al. (2020a); Zeng et al. (2019) demonstrated that high-temperature wells and hydraulic fracturing wells are the most common down holes suffering from cement failure according to the growth of radial cracks (microcracks).
On the other hand, the excessive concentration of the shear/axial stress that normally acts over the cement axis results in shear stress (deformation) that occurs in bulk cement and/or in the cement- casing /formation interfaces as shown in Figure ‎3.7. Shear stress is commonly initiated due to cement contraction/ shrinkage and the movement of the wellbore structural loads. Overall, the majority of studies available in the literature reveal that cement is most prone to fail in tension (Mueller and Eid 2006; Nath et al. 2018). Based on the conclusions drawn from previous studies, the criteria for cement failure are organized as shown in Figure ‎3.8 to show how stresses relate to the mechanical properties of cement and to show the prospective cement failure scenarios. Figure ‎3.8 shows that the tensile strength is the most mechanical property that needs strengthening. This notion arises from the fact that cement is intuitively brittle and has a tensile strength less than of compressive strength by around an order of magnitude. 
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[bookmark: _Ref36901938][bookmark: _Toc36138104][bookmark: _Toc37489195]Figure ‎3.7: Common failure modes in set cement
[image: ]
[bookmark: _Ref27321199][bookmark: _Toc36138105][bookmark: _Toc37489196]Figure ‎3.8: Stresses influencing set cement failure modes
[bookmark: _Toc39748751]Cement Pressure Integrity Test (PIT)
According to ISO 16530-1 (2017), the integrity of the well barrier (s) can be verified by applying a differential pressure that may be either positive or negative. In this context, the standard defines the pressure test as a process of applying pressure from a known source to verify the mechanical and hydraulic sealing capacity of the component. The testing medium could be the fluids that exist in the wellbore at the time of the barrier installation and testing (e.g. drilling mud, completion brine or water) (API RP 96 2013).
Pressure Test
NORSOK D-010 (2013), recommends conducting a pressure test for well barriers under, but not limited to the following conditions: 
1. Before exposure to pressure difference that can be encountered in its operating phase
1. In case there is a suspicion or observation of a leak
1. In case the barrier element has been accidentally subjected to differential pressure higher than original design limits of the well
1. Periodically, (depends on barrier type and regulations requirements)
[bookmark: _Hlk32578974]In the positive pressure test procedure, the pressure is applied against the direction of the reservoir fluid flow (Figure ‎3.9 (a)), assuming that the well barrier is constructed to act in bidirectional ways to prevent the reservoir uncontrolled fluids influx (API 96 2013; NORSOK D-010 2013; ISO 16530-1 2017). During the pressure test, fluids (e.g. sulfate-reducing bacteria) that may be injected into the wellbore should not impact the barrier elements (ISO 16530-1 2017). In addition, the effect of the temperature variations with the depth and climate should be considered, especially in the arctic and offshore reservoirs (API RP 96 2013). The pressure test is commonly performed in two stages, low and high (NORSOK D-010 2103). The low-pressure test stage conventionally carried out first. In this stage, low-pressure values in the range of 217.56 to 435.11 psi are normally applied and kept on hold for at least 5 minutes. After a successful low-pressure test, the second stage includes a high-pressure test proceeds. In this stage, the applied pressure values must be equal to or exceed the maximum differential pressure the barrier can encounter during its life cycle. CFR (2016) recommends 10 minutes as a minimum holding period. The code comprises guidelines for the pressure test of the wellbore main barriers such as casing strings, cement, BOP, diverter, sub-mudline hangers, wellhead hangers, and seal assembly. A summary of pressure test requirements for some of these barriers is given in Table A. 1, Appendix A.
Negative Pressure Test
[bookmark: _Hlk32579394]The negative pressure test (also known as flow/inflow test) has recently been introduced in the oilfields to test some of the barrier systems to improve the quality level and to enable the testing of some of the barriers that cannot be tested using the positive pressure test method. From a qualification point of view, the highest level of mechanical barrier verification can be achieved by conducting a negative test because it is performed in actual downhole conditions. According to the Bureau of Ocean Energy Management, Regulation and Enforcement BOEMRE (2011), the negative pressure test is a useful technique because operators can directly determine the potential leak pathways, assess the barrier performance, and evaluate the well control integrity. Per API RP 96 (2013) the barrier verified using a negative pressure test is called “tested barrier.” Whereas, the barrier called “confirmed barrier” when it is verified using a positive pressure test. CRF (2016) recommends performing a negative pressure test for the wells that used mudline suspension system, the wells that used subsea BOP stack, any barrier that is expected to expose for a negative differential pressure that is created with the disconnection of the BOP, and the final casing or liner (see Figure ‎3.9 (b)). In addition to improving the barrier qualification level, the negative test is the only procedure available for testing some of the downhole barriers, namely subsurface safety valve (SSSV) (ISO 16530-1, 2017) as shown in Figure ‎3.9 (c). In the negative test, the reservoir or formation pressures are used as a pressurization source (see Figure ‎3.9 (b) and (c)). Unlike the positive pressure test, the maximum differential pressure is applied in the direction of the potential production fluids flow.
The objective of the negative pressure test is to confirm that the well barrier component(s) can retain the maximum differential pressure that is likely to occur when the wellbore falls in an underbalanced condition. The underbalanced condition is often encountered during the preparation for subsequent operations, such as drill out a cement plug below a permeable pressurized formation, completion activities (e.g. after well conditioning and prior cement placement), well testing, and riser disconnection (NORSOK D-010 2103). During the negative test, the underbalanced well condition can be created by replacing or pumping some of the kill-weight fluid out of the well and injecting lower density fluid above the mechanical barrier which is required to be tested (API RP 96 2013). The pressure holding time for the negative test is 30 minutes (NORSOK D-010 2013). The negative test requires a rigorous procedure, precaution, and contingency plan because the test is performed at underbalanced conditions (API RP 96 2013). This fact is supported by the information from the incident investigation report issued by BOEMRE (2011) after a catastrophic blowout that occurred at Deepwater Horizon (Macondo). The report linked the causes of the incident to the negligence of the rig crew to restore the defects in the cement sheath detected during the negative pressure test. In addition, the interpretation of the test results is erroneous (negative pressure test was accepted although the integrity of the well was not verified).  
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1. [bookmark: _Ref23712269]                                                 (b)                                                                  (c)
[bookmark: _Ref36902617][bookmark: _Hlk32579840][bookmark: _Toc36138106][bookmark: _Toc24653506][bookmark: _Toc37489197]Figure ‎3.9: General representation of pressure test (a),  negative pressure test for production liner cement (b), and SSSV (c) 
[bookmark: _Toc39748752]Gap Analysis in Current Regulations and Standards for Dual Barrier Testing
[bookmark: _Toc39748753]Relevant Regulations
The USA Code of Federal Regulation
CFR (2016), Sec 250.425 states that it is mandatory to conduct a pressure test for each string of the well casing program as specified in Table A. 1, Appendix A. The code also recommends testing the barrier elements of deployed casing/liner, specifically the seal assembly to ensure successful installation of the casing/liner. Drilling or other downhole operations must not be resumed unless satisfactory pressure test requirements are met. The pressure test holding time must be a minimum for 30 minutes. The test is considered to be failed if a decline more than 10 % of the test pressure is observed. Given the description of the liner hanger dual barrier system (seal and cement), pressure test arrangement (shown in Figure ‎1.2), it is difficult to differentiate which of the barriers passes the test. In addition, a good elastomer seal in the liner hanger may be masking a poor cement job. A good cement job may also be masking a faulty elastomer seal in the liner hanger. This was one of the concerns raised by a regulatory agency.
Gap Analysis
Although the full description provided by CFR (2016) for the liner hanger pressure test, the installation sequence of the seal assembly and the cement does not allow each barrier to be tested independently. The code does not mention any procedure for individual evaluation of these barrier elements, leaving a big challenging gap. Hopkins (2016) also emphasized identifying the primary barrier in the liner hanger dual barrier system is a challenging task since there is no testing procedure available in current regulatory guidelines or industry standards to independently test the barrier elements without any degree of uncertainty or misinterpretation. The author believes that according to the API STD 65-2 (2010) definition for the barrier as : “A component or practice that contributes to the total system reliability by preventing liquid or gas flow if properly installed.” The seal assembly in the dual barrier system can be identified as a primary barrier if it passed the gas-test qualification (Figure ‎3.10) and is properly installed. Cement can be identified as a primary barrier if it is properly designed and dispatched in a well. Furthermore, the author believes that a qualified seal assembly and a verified cement sheath can act as two independent well barrier components unless their operation envelopes are overridden. 
The concerns mentioned were also raised by the U.S. Department of the Interior (DOI 2016). DOI (2016) disclosed that current standards do not contain sufficient guidelines to ensure that liner hanger seal assemblies are designed, tested, and qualified in accordance with standardized protocols. Based on the abovementioned concerns, the U.S., DOI strongly recommended establishing new methods of performance evaluation for individual cement test and seal assembly so that the debatable interpretation of the results could be eliminated, thus the seal would not restrict independent testing of the cement sheath.
To verify the cement integrity, CFR, (2016), Section 250.425 recommends performing a pressure test with a holding time of 30 minutes as mentioned before in this section. However, results from the experimental and analytical studies performed by Al Ramadan et al. (2019) revealed that a 30-minute holding time is not enough to detect a leak when it invades a cement column of 300 ft at the liner-casing overlap. Based on this claim, further researches are required to identify the appropriate holding period that should be considered while conducting the cement pressure test.
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[bookmark: _Ref36903149][bookmark: _Toc36138107][bookmark: _Toc24653507][bookmark: _Toc37489198]Figure ‎3.10: Assembled shallow liner hanger packer with nitrogen charging unit (Pleasants et al. 2014)
[bookmark: _Toc39748754]Relevant Standards
In this section, deeper search has been conducted on industry-recognized standards that are commonly used for well barrier systems to study their scopes and limitations with respect to the testing and verification of the dual barrier system. The applicable industry standards reviewed in this study included API, NORSOK, ASTM, ASME, ANSI, and NACE.
API Standards
API standards relevant to the performance evaluation of dual barrier system are listed in Table ‎3:1. 
[bookmark: _Ref23716119][bookmark: _Toc35192220][bookmark: _Toc24653487][bookmark: _Toc37395461]Table ‎3:1: List of reviewed standards 
	Standards 
	                      Title

	API RP 19LH (2019)
	Liner hanger Equipment

	API STD 96 (2013)
	Deepwater well design and construction

	API STD 65-2 (2010)
	Isolating potential flow zones during well construction

	API STD 65 (2018)
	Cementing shallow water flow zones in deepwater wells



API RP 19LH (2019); Liner hanger Equipment:
In response to the liner hanger issues and concerns raised by BESS (2014), QC-FIT report and DOI (2016), API was called to draft a new standard for liner hanger equipment “API RP 19LH” (Morris et al. 2015). The first edition of this specification standard (API 19LH 2019) has been issued in June 2019. However, the scope of the standard covers neither sub-mudline suspension equipment /shallow liner hangers nor testing and verification procedure for dual barrier system. The scope is tailored to cover the production liner hangers, specifically conventional and expandable liner systems including major components, such as liner hangers, liner packers, tie back/ polished bore receptacles, seal assemblies, and running/setting tools. The scope does not cover installation and field maintenance. Although the standard does not cover the shallow liner hanger system, an in-depth review has been made to find out any gaps regarding the production liner hanger system performance evaluation, hence it is an element of the well dual barrier system. The review also aims in realizing to what extent this standard could be adapted to a shallow liner hanger system.
The standard states that the specification requirements should be established and confirmed in two stages, the design and manufacturing as shown in Table ‎3:2. During these stages, the user/purchaser is solely responsible for choosing the validation grade; meanwhile, the supplier is responsible for complying with the user’s requirements. In the design stages, validation grades for the product and the system must be specified by the end-user. In this standard, the system is defined as a single tubular device that combines the functions of two or more products (e.g. conventional hydraulic/mechanical set liner hanger system). The product requires to be validated according to three design validation grades designated as V3, V2, and V1. V3 represents the minimum level of testing and inspection; the product will be validated according to manufacturer/supplier appropriate procedure. V2 is higher than V3. In this grade, the product (e.g. liner hanger, packer, and seal assembly) must be validated with water under axial loads and temperature cycling. V1 represents the higher and stringent level because the product must be validated with gas (nitrogen) under axial loads and temperature cycling. The liner system validated following the same rules set for product design validation. The grades in the system validation are designated as VS3, VS2, and VS1. To validate the liner system design, a performance envelope shall be generated. The envelope used to determine the maximum allowable operations boundaries for burst pressure, collapse pressure, tensile-hanging capacity, and compressive-upward lifting resistance.   
The quality must be controlled and validated during and after the product/system manufacturing process to confirm that the user requirements are fulfilled. The standards classified the quality validation into three grades designated as QL3, QL2, and QL1. QL3 represents the minimum validation level, however, it complies with the manufacturer predefined validation policies. QL2 is a higher grade than QL3; it implies that a certain number of samples should subject to verification in order to ensure the quality is met. QL1 represents the highest grade in which a rigorous qualification method usually applied to validate the product/ liner system. 
[bookmark: _Ref24442046][bookmark: _Toc35192221][bookmark: _Toc24653488][bookmark: _Toc37395462]Table ‎3:2: Liner hanger testing and qualifications stages
	Specification requirements

	Design Validation Stages Requirements 
	Manufacturing Validation Stages Requirements

	Product Design Validation Grades
	Liner System Design Validation Grades
	Quality Control Grades

	V1
	V2
	V3
	VS1
	VS2
	VS3
	QL1
	QL2
	QL3



As per API 65-2 (2010), the expandable liner hanger system has reduced pressure rating capacities for burst and collapse, which needs to be carefully considered in the well design criteria. API 19 LH (2019) introduces new methods for design analysis and verification which are not considered in current standards. The standard defines design verification as a procedure or process of examining the result of specific design to determine its conformance with the specified requirements. The methods recommended for design verification are distortion energy theory (commonly known as von Mises yield criteria), supplier defined analysis, triaxial yield and collapse equations (analytical approach), and finite element analysis (numerical approach). The combination of these methods to verify liner system design will fill the gap in the determination of burst and collapse rating capacities. 
 Gap Analysis
As mentioned earlier in this section, API 19LH (2019) provides guidelines for the production liner hanger systems evaluations in systemic testing, verification, and validation structure at the factory-level. However, this standard does not encompass sub-mudline liner hanger that is recognized as the most critical barrier for isolating the shallow gas zones.
For the production liner, the standard is limited for design and product/systems quality control. The liner running and setting are not included. The standard states that design requirements shall include, but not to be limited to, criteria for, performance ratings, sizes, materials, environment compatibility, operating temperature limit, temperature cycle range, and other. However, it is observed that the pressure cycling range is not incorporated in the mentioned criteria. Failure of seals according to pressure cycling is one of the most critical failure mechanisms that can lead to the creation of fluid migration pathways (Dusseault et al. 2014; Wu et al. 2016; Ahmed et.al 2019b). The results of a recent study by Ahmed et al. (2019b) revealed that the pressure cycling test is important to evaluate sealing performance.
API RP 96 (2013)
API RP 96 (2013) “Deepwater Well Design and Construction” is a reference standard that provides the well engineers with a thorough understanding of deepwater well design considerations and identifies the appropriate barriers required to maintain the well. The scope of this standard also provides a more detailed description of the philosophy and functions of barriers, planning, verification, integrity, installation, and maintenance. The standard also introduces the concept of barrier verification, which can be accomplished either through the negative pressure test or other confirmation processes (e.g. pressure test, other physical tests, and inference from observations).
Gap Analysis
The standard discusses risk considerations for shallow zones, particularly the risk of shallow water and gas. However, special design criteria and testing procedures for the shallow liner hanger that incorporates a dual barrier system are not included. Only discussion on the classification of production liner hanger systems is included. For dual barrier systems, the standard states that dual barriers (barriers in series) require pressure testing. However, the standard discloses that if the first barrier is successfully pressure tested, it will limit the pressure verification of the second barrier. It follows from this statement that the standard does not contain sufficient procedures to independently test the barrier elements in the dual barrier system. 
API RP 65 (2018) and API RP 65-2 (2010)
After the well barriers, design-related standards were overlooked. API STD 65 (2018) “Cementing Shallow-water Flow Zones in Deepwater Wells” and API STD 65-2 (2010) “Isolating Potential Flow Zones During Well Construction” were thoroughly reviewed since the barrier used in well construction should be identified according to these standards. The standards focus on preventing uncontrolled fluids through barrier element(s) that are placed during the well construction phase. The standards set two broad levels of classification for the well barrier systems: physical and operational. The physical barrier system is subdivided into hydrostatic, mechanical, or solidified chemical material (namely, set cement). Technically, there are two types of the mechanical barrier elements, annular and wellbore. The mechanical wellbore barrier elements include cased hole retrieval tools (e.g. packers, retrievable bridge plugs), drillable bridge plugs, retainers, and cementing heads. LOWC prevention annular mechanical barrier elements include set cement, liner top packers, expandable tubular, multiple seals in a single high-pressure wellhead housing, sub-wellhead liner hanger profiles, inflatable external casing packers, and hydraulic set external casing packers. 



Gap Analysis
It is obvious from the comprehensive review conducted herein that the standards do not explicitly address the liner hanger dual barrier system. However, it indirectly refers to the dual barrier system as stated in the following paragraphs.
The standards mentioned that “When both cement and mechanical barriers are used in series, it is not possible to physically test them independently to know which is holding pressure. Consequently, both should be designed to be effective and withstand the maximum anticipated load.” Based on this quote, it is obvious that the standards lack a testing and verification procedure for a dual barrier system. 
The standards specify that when the cement is used during the well construction phase to seal off a mechanical barrier(s), it must be properly designed and placed. In this case, cement may be considered a barrier. There is however no distinction in cement being a barrier or a “primary” barrier (Hopkins 2016). It is clear from the discussion made on this point that the identification of the primary barrier (cement or mechanical barrier) is not given by the standards. 
NORSOK and ISO
NORSOK D-010 (2013)
NORSOK Standard D-010 (2013) “Well Integrity in Drilling Well Operations” defines requirements and guidelines to the well integrity with more focus on well barriers acceptance criteria. The standard scope covers the minimum functional and performance requirements for each barrier element as well as barrier schematic elements for each phase of the well life cycle. The well equipment specifications are not part of the standard scope. 


Gap Analysis
The standard addresses the risk of drilling into shallow gas formations and sets certain measures to prevent, control, and mitigate the risk. The standard recommends special consideration to be taken for the design, installation, testing, and verification of casing strings and cement that are placed to isolate the shallow gas risky zone(s). However, specific recommendations for deploying a shallow liner hanger and sealing it with a cement sheath to form a dual barrier system are not discussed. The standard does not contain acceptance testing criteria for the liner hanger and the liner hanger and cement as a dual barrier system. The standard only mentions testing acceptance criteria for casing cement as an independent barrier. 
ISO 16530-1 (2017)
ISO 16530-1 (2017) “Petroleum and Natural Gas Industries-Well Integrity. Part 1: Life Cycle Governance ” was developed to address the well integrity during each of the well life cycle phases: basis of design, detailed design, construction, operation, work-over, and abandonment. The standard includes barriers plan classifications, performance standards, verifications, and emergency shutdown safety systems. Considerations for corrosion and erosion mechanisms as well as operating limits are also given. In addition, risk assessment techniques to identify risks that should be prevented, controlled, and mitigated with the appropriate barrier(s).
Gap Analysis
The standard lists the main well barrier elements (WBEs), with a description of their functions and failure characteristics, that are relevant to the operational phase. However, the description of dual barrier systems is not considered. Liner top packer and cement are discussed as independent barriers. It is clear that the standard lacks identification of liner hanger and cement as an integrated dual barrier system.
ASTM, ASME,ISO, NORSOK, ANSI, NACE
These standards are not used to test the dual barriers system (seal assembly and cement sheath) as an integrated barrier. However, they are intensively used for testing and qualifications of the elastomeric materials and metallic components of the liner hanger systems. 
ASTM and ISO are commonly used individually or collectively to evaluate key properties of elastomeric materials at a lab-scale. Elastomers tests that significantly influence the total reliability of dual barrier systems include but are not limited to: Hardness (ASTM D1415 2018/ISO 48 2018), tensile strength/modulus/elongation (ASTM D412 2012; ISO 37 2017), stress relaxation (ASTM D1646 2019; ISO 3384 2019), compression set (ASTM D395 2018; ISO 815-1/2 2018), and fluid aging (ASTM D471 2016; ISO 37 2015). The downhole conditions that may influence the barrier elements materials reviewed in this section are CO2 decompression environment (NACE TM0192 2012; NACE TM0297 2017), and elastomer resistance to sour gas (NACE TM0187  2011). 
NORSOK M-710 (2014) is the most well-known standard that is used as a reference for performing rapid gas decompression (RGD) test also known as explosive decompression (ED) at lab scale. In addition to that, the standard is used as a reference for performing aging tests at different conditions. The parameters varied in these conditions are type and concentrations of aging gas (H2S, CO2, CH4 or a mixture), temperatures, and test durations. NORSOK M-710 (2014) sets acceptance criteria to evaluate elastomers’ quality. 
Gap Analysis
Based on the review conducted herein, the following gaps and limitations were identified:
A pressure cycling test is not part of the reviewed standards requirements. The test is not recommended despite many researchers disclosed that some of the wellbore barrier elements deteriorate according to high-pressure variation. Under pressure cycling, the barrier is most likely to fail (Bosma et al. 1999; Dusseault et al. 2014). The results of the experimental work performed by Ahmed et.al (2019a) revealed that the sealing integrity of some elastomers can be lost due to sudden shocks resulted from repetitive pressure cycling. 
NORSOK, ISO, and NACE do not consider the extreme conditions of the downhole temperature in deepwater wells during the rating and qualification of the elastomeric materials. For example, ISO 23936-2 ( 2011) and NORSOK M-710 (2014) set 2175 psi and 212 °F as maximum pressure and temperature respectively in material compatibility tests. These limits are far from the boundaries stated in the API definition for HPHT (15000 psi and 350 °F). Elhard et al. (2017) proposed developing new standards and/or revising the current guidelines so that elastomeric material testing can be in line with HPHT requirements. The author claimed that current standards recommend the use of elastomers for downhole pressure up to 5000 psi. 
For elastomers RDG test, the current acceptance criteria determined by NORSOK M-710 (2014) does not reflect the actual downhole conditions in which phenomena of RGD happened for two reasons. First, the dimensions of the standardized seal/specimen (O-ring with a cross-section of 5, 33 mm, ID: 37,47 mm) is small compared with the actual dimensions of elastomers used in the field. Secondly, the standard acceptance criteria are based on a crack rating system to accept or reject the test. The criteria are very subjective hence the test results depend on the inspector visual judgment (Patel et al. 2019a). 



[bookmark: _Toc39748755]Summary and Findings from Literature Review
This chapter reviewed wellbore barrier systems, specifically the liner dual barrier system hanger (seal assembly and cement sheath). The following summaries and conclusions are drawn:
1. Leak mechanisms are still not well-defined. In addition, currently, there is no agreed-upon accepted definition of the term “zero leakage” which is a very important barrier performance acceptance criterion. 
1. Shallow gas kick is being cited as the major cause of the blowouts globally. More studies are needed to develop leakage models that consider the complex behavior and the unsteady nature of the gas under actual downhole conditions.    
1. Currently, there are no adequate specific standards and guidelines for assessing seal assembly in liner hanger elastomeric materials. For testing and evaluation of liner hanger seals, the industry relies on standards developed for packer equipment. 
1. Incompatibility of the elastomeric materials with the downhole chemical environment is one of the severe issues that resulted in elastomers’ failure. The most damaging effect occurs when elastomers expose to CO2, H2S, CH4. 
1. Pressure cycling test does not recommend in current standards and regulations although some studies revealed that elastomers are prone to failure under pressure cycling conditions.    
1. There are many anti-gas migration additives formulated to control migrated gas, however, the problem of gas migration is still a challenge for the oil and gas industry due to the uniqueness of each well. 
1. There is a lack of procedures, guidelines, and standards that deal with testing and qualification of dual barrier elements (seal and cement) independently in order to identify which of the elements can act as a primary barrier.
[bookmark: _Toc39748756] Chapter 4: Experimental Work for Evaluation Liner Dual Barrier System
[bookmark: _Toc39748757]Scope of the Experimental Work
The experimental scope in this study was divided into two main stages: the first stage aims to test the elastomers independently, whereas the second stage aims to test the elastomer seals and the cement as a dual barrier system. The scope of the first stage of the experimental work is to investigate the performance of the liner hanger seal assembly under normal and irregular conditions. In this context, normal conditions imply that the elastomers did not expose to any form of chemical or physical damage, perfectly manufactured (flawless), and perfectly installed. The irregular conditions investigated herein include physical damage, chemical degradation, and pressure cycling. EPDM and NBR were chosen as samples for the experiments because they are commonly used in most field applications. Elastomers sealability was investigated by conducting pressure tests. The pressure was decided to be 40 psig based on the FEA simulation results as well as safety considerations. The pressure holding time determined to be 30 minutes as per CFR (2016), Sec 250.423 (a) requirements. In some of the tests, the holding time was extended to 60 minutes to assess its influence on the elastomers sealability. The scope of the second stage of the experimental work is to investigate the performance of the seal and cement as a dual barrier system. The tests were conducted at conditions almost similar to those applied during the elastomers’ independent tests. All tests were conducted at room temperature of 68 °F.
[bookmark: _Toc39748758]Experimental Setup Design and Description
The setup was fabricated from outer and inner acrylic pipes that have diameters of 10 in. and 8 in. respectively. The length of each pipe is 3 ft. The top and bottom of the pipes were closed with acrylic plates and connected with four outer threaded roads to prevent gas leakage during the elastomers pressure test. Two elastomer samples with cord thickness of 0.75 in (Figure ‎4.1) were placed in the annular space between the outer and inner pipes. The elastomers were inserted between two aluminum rings and separated by a third ring in the middle (Figure ‎4.2 (b)). Six threaded roads passed from the setup upper cap until they touched the upper aluminum rings. The roads shown in Figure ‎4.2 (a) were used to energize the elastomers by applying torque using an adjustable wrench. The elastomers’ compression (displacement) was measured by using the paper scales attached to the outer pipes as shown in Figure ‎4.2 (c). Elastomers displacement was used as input for the FEA model to determine the contact pressure (stress). The displacement values were changed significantly based on the elastomer type and the torque applied.

[image: ]
[bookmark: _Ref36919399][bookmark: _Toc36138108][bookmark: _Toc24653512][bookmark: _Toc20605174][bookmark: _Toc37489199]Figure ‎4.1 : O-ring elastomers to seal the annulus between the inner and outer pipes
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[bookmark: _Ref36919450][bookmark: _Toc36138109][bookmark: _Toc24653513][bookmark: _Toc20605175][bookmark: _Toc37489200]Figure ‎4.2: Seal energization using six rods (a) O-ring elastomers separated with aluminum rings (b) ; and seals compression  (displacement) measurement (c)

A port was tapped on the setup upper cap to inject the nitrogen into the inner pipe that was perforated at the bottom to direct the gas flow underneath the bottom of the lower elastomer. The leak through elastomers was monitored by filling the annulus above the top elastomer with a water column. In addition, a set of cameras was distributed around the setup. Schematic and actual components of the setup are illustrated in Figure ‎4.3 (a) and (b). 
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(a)  						      (b)
[bookmark: _Ref36919632][bookmark: _Toc36138110][bookmark: _Toc24653514][bookmark: _Toc20605176][bookmark: _Toc37489201]Figure ‎4.3: A Representation that describes the arrangements of the setup components (a) and the actual setup (b)
[bookmark: _Toc39748759]Test Description
[bookmark: _Toc39748760]Elastomers Tests as Independent Barrier
[bookmark: _Hlk510378572][bookmark: _Hlk510863980][bookmark: _Hlk510865657]In this stage, three types of experiments were conducted to assess the performance of EPDM and NBR as shown in Figure ‎4.4.  In the first experiment, the elastomers were tested under normal conditions. Whereas in the second and third experiments, the elastomers were tested after chemical degradation and physical damage, respectively. The chemical degradation was achieved by immersion of elastomers in the surfactant as well as the aging of elastomers with CO2 in the autoclave cell. Elastomers were physically damaged by creating seam on their surface. Figure ‎4.5 shows the elastomers sealability test. 
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[bookmark: _Ref36920061][bookmark: _Toc36138111][bookmark: _Toc24653515][bookmark: _Toc37489202]Figure ‎4.4:Experiments testing protocols for elastomers
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[bookmark: _Ref20165418][bookmark: _Toc36138112][bookmark: _Toc24653516][bookmark: _Toc37489203]Figure ‎4.5: Elastomers sealability test
First Experiment: Elastomers Test Under Normal Condition
After the elastomers were placed in the annulus, they were energized by applying a torque of 180 in-Ibf and subjected to pressure test as shown in Figure ‎4.5. The pressure test was conducted at three different stages as depicted in Figure ‎4.6. The first stage is the setup pressurization. In this stage, the nitrogen was injected into the setup, and the pressure was raised gradually from point (1) to point (2) at which the nitrogen flow automatically stopped when the pressure reached 40 psig. The amount of uncertainty for injection pressures is ± 1 psi. It was inferred from this stage that the inner pipe can be filled with 40 psi in 5 min. The second stage is the pressure holding time (point (2) to point (3)). In this stage, the nitrogen cylinder valve, as well as the nitrogen inlet valve (Figure ‎4.6), were closed. The pressure inside the setup was held constant for 30 min as recommended by CFR (2016), Sec 250.425. Over each holding time, the pressure gauge was observed to monitor any pressure drop. The third stage is the setup depressurization (point (3) to point (4)). After 30 min, the setup was completely evacuated in a few seconds when the venting valve was opened. The test was repeated after the torque was reduced to 120 in-lbf and 0 in-lbf to assess the effect of energization on the elastomers’ performance. The amount of uncertainty for measured torques is ± 2 in-lbf.

[bookmark: _Ref36920332][bookmark: _Toc36138113][bookmark: _Toc24653517][bookmark: _Toc37489204]Figure ‎4.6: Sequence of the pressure test stages
A third test was conducted under pressure cycling conditions. In this test, a series of ten pressure cycles were performed under different energization steps (180 in-lbf, 120 in-Ibf, 0 in-Ibf, and one-week relaxation with 0 in-lbf). The objective of this test is to examine the elastomers’ sealability under pressure cycling conditions that frequently encountered at the field operations. The cyclic process achieved by raising the pressure up to 40 psig within 5 minutes, shut-off the injection valves, and maintain the sealing system (elastomers) under pressure for 10 minutes. At the end of the holding time, the vent valve was opened quickly to decrease the pressure to 10 psig, then the valve was closed within one second. After closing the vent valve, the injection valve was opened very quickly to re-fill the setup to 40 psig.  
Second Experiment: After Chemical Degradation
[bookmark: _Hlk513918693]Under the chemical degradation condition, the elastomers were tested following the same procedure of the normal condition tests.  In this test, EPDM and NBR samples were immersed in a surfactant for a week as shown in Figure ‎4.8. The surfactant selected for the experimental work is Capstone™ FS-22 because it is one of the most aggressive surfactants that deteriorates the elastomers’ integrity massively. Capstone™ FS-22 is a non-ionic partially fluorinated acrylic copolymer composite of 30% solids in methyl isobutyl ketone (MIBK). It is believed that other surfactants will have some form of degradation on elastomers. However, the effect of other types of surfactants was not investigated in this study. Generally, the degradation process can change elastomers key properties such as volume, elongation, hardness, tear strength, and tensile strength. These changes in elastomers properties  can result in significant failure.
Following elastomers’ degradation in the surfactant, volumetric swelling was observed in both samples. Figure ‎4.7 shows EPDM elastomer configuration before and after it was immersed in a surfactant. The swelling effect was more obvious on the NBR samples. The massive volumetric swelling showed in Figure ‎4.9 (a) made the elastomers installation in the setup very difficult. The elastomer experienced a significant deformation after they were inserted in the setup as shown in Figure ‎4.9 (b). The swelling generated a high contact pressure according to enormous friction between the pipes wall and the surface of elastomers. Therefore, the elastomers were not torqued during the pressure tests because the swelling expanded the elastomers’ dimensions and afforded more friction that raised the pre-compression force at the elastomers-pipes interfaces.
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[bookmark: _Toc514267934][bookmark: _Toc518296599][bookmark: _Toc518398288][bookmark: _Ref36920524][bookmark: _Toc23679470][bookmark: _Hlk513657517][bookmark: _Hlk513925613][bookmark: _Hlk513657497][bookmark: _Toc36138114][bookmark: _Toc37489205] Figure ‎4.7: EPDM samples before (left) and after (right) surfactant degradation
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[bookmark: _Ref37136571][bookmark: _Toc37489206]Figure ‎4.8: NBR degradation with surfactant for a week at ambient conditions
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(a)  						      (b)
[bookmark: _Ref20168542][bookmark: _Toc36138115][bookmark: _Toc23679472][bookmark: _Toc518398290][bookmark: _Toc518296601][bookmark: _Toc514267935][bookmark: _Toc37489207]Figure ‎4.9:  NBR samples before and after surfactant degradation (a) and  samples structural deformation in the annulus after they were installed in the setup  (b)

[bookmark: _Hlk32961830][bookmark: _Hlk32995694]EPDM samples were exposed to a second chemical degradation using CO2 to examine their sealing integrity under corrosive downhole conditions. The samples were locked for three days in pressurized autoclave cell (600 psig) filled with CO2 at room temperature as shown in Figure ‎4.10. This aging condition was selected to replicate the shallow section conditions of the well drilled on the MP 295, GoM. The incident occurred in this well at the shallow liner hanger that has a relatively low temperature and pressure (around 600 psig). At the end of the aging periods, the cell pressure (600 psig) was suddenly released in less than one minute which is above the upper limit of RGD rate specified in Norsok M-710 (2014). After the samples were removed from the cell, blisters and cracks emerged as shown in Figure ‎4.11. One of the reasons for the cracks and blisters is because of the high decompression rate used in this study, which is slightly more than the decompression rate used in an RGD test. It is worthy to note that a standard RGD test was not conducted in this study. The is because the elastomer size and exposure conditions (described in  this section and section 4.2) are different from those specified for a standard RGD test. However, according to Norsok M-710 2014, for a decompression to be considered as RGD, one of the conditions is that the decompression rate should be between 290 psi to 580 psi per minute. In this study, the pressure 600 psig was released in less than one minute which is above the upper limit of RGD rate. Thus, the blisters and cracks emerged. Another reason for the formation of cracks and blisters is because of the molecular structure of CO2 which allows it to react with the elastomer molecular chains and deteriorate the elastomer chemically. This reason is supported by the outcomes of the experimental study performed by Salehi et al. (2019) to evaluate the performance of common elastomeric materials of the well barrier systems in corrosive environments. In the experiments, the authors inserted NBR, EPDM, FKM, and PTFE samples in an autoclave for seven days at a different temperatures and pressures to age the samples. Corrosive gases were injected at various concentrations such as 100% CO2, 0.05% H2S in CH4 carrier, 100% CH4, and a mixture of all gases to interact with the samples. The results showed that the order of corrosive gas that adversely impacted the elastomer hardness and compression from high to low is CO2>All gases>H2S>CH4. The results showed that H2S and CH4 had the least effect on elastomers’ volumetric swelling. Meanwhile, the mixture of CO2, H2S, and CH4 has been observed to be the most damaging effect on elastomers’ swelling. In general, among other corrosive gases, CO2 has been reported as the most severe gas that compromises the elastomers’ integrity. 
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[bookmark: _Ref37109576][bookmark: _Toc37489208]Figure ‎4.10: Elastomers degradation in an autoclave cell
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[bookmark: _Ref20168463][bookmark: _Toc36138116][bookmark: _Toc37489209][bookmark: _Toc23679471][bookmark: _Toc518398289][bookmark: _Toc518296600][bookmark: _Toc514267937]Figure ‎4.11: Defects in forms of blisters and cracks on surface of the elastomers after CO2 chemical degradation 
Third Experiment: After Physical (Mechanical) Defect
The elastomers in this experiment were intentionally defected as shown in Figure ‎4.12 by creating seam on their surface. The objective of this test is to evaluate the effect of the surface imperfection on the elastomers’ sealability. Defective elastomers were subjected to pressure tests using the same procedure as in previous experiments. 
[image: ]
[bookmark: _Ref36920763][bookmark: _Toc36138117][bookmark: _Toc37489210]Figure ‎4.12:  Elastomer after creating a seam as an intentional physical defect.
[bookmark: _Toc39748761]Elastomers and Cement Tests as Dual Barrier System
[bookmark: _Hlk35509788]The second stage of the experimental work is to test the elastomers and cement sheath as a dual barrier system to demonstrate whether the cement can act as a primary barrier element in a dual barrier (elastomer seal or cement sheath), in case the elastomer seals in a failure mode. Three experiment scenarios were established as illustrated in Figure ‎4.13. In the first experiment, faulty EPDM samples and neat Class H cement were tested collectively. The test was performed first because the neat cement was expected to leak (fail). In the second experiment, the cement was mixed with a commercial gas migration control additive to assess the effect of the anti-gas additives on the cement sealing behavior. The commercial gas migration  additive  used to design the cement slurry in this study is a proprietary product of a well-known oil and gas service company. The company offered the additive to the University of Oklahoma to perform the experimental work to evaluate its ability to improve the cement zonal isolation, especially in combatting gas migration in shallow formations. The author does not have the right to disclose any information about this product. In the third experiment, the inner acrylic pipe was replaced with a steel pipe while the acrylic pipe was used as the outer pipe to monitor the leaks in order to assess the effect of surface roughness on the cement hydraulic bonding integrity. 
[image: ]
[bookmark: _Ref36920986][bookmark: _Toc36138118][bookmark: _Toc24653522][bookmark: _Toc37489211]Figure ‎4.13: Experiments and testing protocols for elastomers and cement as a dual barrier system.

The pressure tests conducted in the abovementioned experiments (scenarios) according to the following steps:
1. The faulty EPDM elastomers were tested independently before pouring the cement slurry in order to observe the leak intensity.
1. Then the setup was dried, and the cement slurry was poured immediately above elastomers as shown in Figure ‎4.14 (a) and (b). The height of the cement column was decided to be 1 ft (12-in), to avoid the end effect in the FEA model. 
1. After 12 hours WOC a pressure test was conducted as recommended by CFR ( 2016), Sec 250.422. In this test, the gas inlet valve (item 3 in Figure ‎4.14(b)) was opened to inject 10 psi for 30 minutes, during which gas bubbles, if any, were monitored. 
1. After 30 minutes, the gas inlet valve was closed and leak (gas bubbles) was monitored for another 30-minutes (holding period). This period was specified based on CFR (2016), Sec 250.425  which recommends 30 minutes duration for the pressure test of the liner hanger.
1. The third and fourth steps were repeated for 20 psi, 30 psi, and 40 psi. The amount of uncertainty for injection pressures is ± 1 psi.
1. In addition to 12 hours WOC,  additional pressure tests were conducted after 24 hours, 48 hours, 72 hours, 5 days, and 7 days WOC for each scenario. In fact, a total of 72 tests were conducted during the second stage of the experimental work. 
Pressure profiles over the holding time (30 minutes) were plotted for each test because they provide indications on the cement sheath sealability. In addition, they can be used to compare the sealability of various cement formulations.   
[image: ]
                               (a)  			             	 (b)
[bookmark: _Ref20170022][bookmark: _Toc514267939][bookmark: _Toc36138119][bookmark: _Toc24653523][bookmark: _Toc518398292][bookmark: _Toc518296603][bookmark: _Toc37489212][bookmark: _Toc496615125]Figure ‎4.14: Cement placement above the elastomers (a) and setup schematic for cement and elastomer test (b)            
[bookmark: _Toc39748762][bookmark: _Hlk39415763]Experimental Work Limitations and Assumptions 
[bookmark: _Hlk39426398]In this section, the assumptions of the experimental tests, and the limitations of the setups used are presented. Based on the FEA preliminary simulations results, the length of setup fabricated for elastomers independents tests was decided to be 3 ft to avoid end-effect. End effect in this context is defined as the length that does not affect the simulation accuracy and the experimental tests results. The end effect is also an indication of whether the boundary conditions and the length might generate odd results at the end of the model components or not. One of the setup limitations is that it is prone to break at very low values of internal pressure and torque. The setup is made from acrylic pipes that cannot withstand burst pressure of 100 psi. The setup cap plates are also made of brittle acrylic materials. It was observed that the upper cap plate started breaking when the torque exceeded the 180 in-lbf. Therefore, the maximum torque in the experiments was limited to 180 in-lbf. The availability of rubber formulations and physico -mechanical properties are very important to compare and justify the final results as well as to provide a broader understanding of the elastomers’ sealing behavior. However, some of these properties such as tensile strength, percent of elongation at break, tear strength, and compression set were not available from the supplier. These properties and the compound formulation are supplier’s confidential data, and the measurement of these properties would significantly exceed the scope of this research. 
The assumptions considered in the elastomers tests are amount of the torque applied to energize EPMD and NBR seals are same; the friction coefficient between the pipes and seals (EPDM and NBR) is constant; the upper elastomer properties are not affect by the water poured on the top to detect the gas leakage, and the elastomers do not interact with the testing medium (nitrogen). It is worthy to mention that while the volumetric swelling of the elastomers may appear to be good as it provided adequate contact between the sealing interfaces that prevented leaks, it should be noted that the pressure tests were performed at room temperature. In addition, the elastomers were exposed to the surfactant at ambient temperature and pressure. Chemical attacks on elastomers can accelerate at temperatures beyond ambient. These attacks and alteration of molecular structure can be exacerbated at elevated temperatures, thus reducing the elastomers sealing performance. In addition, the inert nature of N2 may have also masked the impact of surfactant degradation at room temperature. 
In the dual barrier setup, the length of the setup and the cement column were limited to 18-in and 12-in, respectively. To avoid and eliminate the end effects on the experiments and FEA results, the length of each pipe (18-in) has been selected to be approximately 2 times greater than the inner pipe diameter (8-in). The height of the cement column has been chosen to be 12-in. This height represents 1.5 the average diameter of the cement sheath to mitigate the influence of the end effects upon the experiments results. In addition, the tests were also conducted at a relatively low testing pressure (40 psig) because applying a pressure beyond this value could risk damaging the setup. As mentioned earlier, the setup cannot withstand burst pressure of 100 psi, so it was decided to perform the tests at 40 psig, keeping a safety factor of 2.5. In the experiments, it was assumed that defects observed in the cement matrix and at the inner pipe-cement-outer pipe interfaces were independent from the length of the cement column. In addition, it was assumed that the inert nature of the testing medium (N2) eliminated its interaction with the cement sheath.








[bookmark: _Toc39748763]Chapter 5: Results and Discussion of the Experimental Work
[bookmark: _Toc310579474]In this chapter, the results obtained from the experiments were analyzed to evaluate the performance of EPDM and NBR samples. Pressure tests were performed to determine the elastomer’s sealing capacity independently under various operating conditions, such as normal, after a chemical failure, and after a mechanical failure. Test results from experiments conducted to evaluate the performance of cement and elastomers as an integrated dual barrier system were also presented. 
[bookmark: _Toc39748764]Elastomers Test Results
[bookmark: _Toc39748765]Pressure Test Under Normal Conditions
In this scenario, normal conditions mean that the elastomers are in sound quality, and their integrity is not compromised due to chemical degradation or mechanical damage, such as manufacturing defects, cracks, and /or field installation permanent structural deformation. After inserting the elastomers in the setup and energized, a preliminary test was performed. The aim of the test is to ensure that the applied torque is transmitted omnidirectionally on the aluminum rings that compress the elastomers to seal the testing medium (nitrogen) tightly. Preliminary test results for EPDM and NBR were plotted in Figure ‎5.1(a) and (b). For safety precautions, the pressure was gradually increased to 40 psig. During these tests, no leaks were observed. From these tests, it was concluded that 40 psi was the maximum test pressure the setup could withstand.
[bookmark: _Ref512458351] 
(a)  						      (b)
[bookmark: _Ref36921833][bookmark: _Toc36138120][bookmark: _Toc37489213][bookmark: _Hlk512167938][bookmark: _Toc514267943][bookmark: _Toc518296606][bookmark: _Toc518398295]Figure ‎5.1: EPDM preliminary pressure test at different torques (a). NBR preliminary pressure test at different torques (b).
EPDM Pressure Tests for 30 and 60 minutes Holding Times
[bookmark: _Hlk512172576][bookmark: _Hlk512179431][bookmark: _Hlk512195793]Succeeding the preliminary pressure tests, the EPDM elastomers were energized by applying a torque of 180 in-Ibf. The nitrogen was injected until the pressure reached 40 psig and held for 30 minutes. No leak and pressure drop were reported. The test was repeated after the torque was reduced to 120 in-lbf and 0 in-Ibf. The torque was lowered to assess the effect of the energization force on the elastomers’ performance. Then, the test was repeated after the elastomers relaxed for a week, and no torque was applied. The purpose of relaxation for one-week was to investigate the effect of the pre-compression force that deformed (energized) the elastomers according to the friction force resulted from the elastomers squeezing against the walls of the pipes. Figure ‎5.2 (a) shows that for all the energization scenarios and under normal conditions, no leaks were observed within 30 minutes holding period. The observations indicated that elastomers offered tight sealability up to 40 psig pressure test. 
The tests were repeated following the same procedure mentioned; however, the 30- minutes holding period was extended to 60-minutes to assess the effect of the holding time on the leak appearance. Figure ‎5.2 (b) shows that for all energization scenarios and under normal conditions, no leak was reported within 60 minutes of holding period. The elastomers proved tight sealability up to 40 psig pressure test. The test results confirmed the notion claimed by Hopkins (2016). The author stated that increasing the test holding time to 60 minutes was most likely not improve the leak detection and safety in the filed applications because leakage can be detected very quickly during the pressure test in case tested barrier in a faulty mode. 
 
(a)  						      (b)
[bookmark: _Ref36922060][bookmark: _Toc36138121][bookmark: _Toc37489214]Figure ‎5.2: EPDM pressure test at different torques and 30 minutes (a), 60 minutes (b).
EPDM Pressure Cycling Test
The objective of exposing the elastomers to a pressure cycling test was to assess their sealing capacity and failure modes when they encounter high pressure shifts and cycles in field applications. Four pressure cycling tests were conducted after the following torque/energization: 180 in-lbf, 120 in-Ibf, 0 in-Ibf, and one-week relaxation with 0 in-lbf. In each test, the cycle was repeated 10 times, and the pressure profiles are shown in Figure ‎5.3. No leak was observed during these tests as shown from the stability of the pressure profiles over the holding periods (10 minutes), which implies proper sealing. 


[bookmark: _Ref37138256][bookmark: _Toc514267946][bookmark: _Toc518296609][bookmark: _Toc518398298][bookmark: _Toc37489215]Figure ‎5.3: EPDM pressure cycling test at different torques
NBR Pressure Test for 30 and 60 Minutes Holding Times
NBR samples were exposed to 30 and 60 minutes pressure test following the same energization procedure applied during the EPDM pressure tests. As shown in Figure ‎5.4 (a), during the pressure holding time (from 5 minutes to 35 minutes), there was no pressure variation nor drop. This result was valid for all the energization steps (180 in-lbf, 120 in-Ibf, 0 in-Ibf, and one-week relaxation with 0 in-lbf). Additionally, a leak was not reported during all the tests performed, which implies that the NBR samples can provide an intact sealing up to 40 psig. After that, the tests were repeated following the same sequence, however, the holding period was prolonged for 60 minutes. As shown in Figure ‎5.4 (b) the pressure profiles have a plateau trend during the holding time. In all tests, a leak was not observed indicating that the NBR samples provided tight sealing for the test conditions.
 
(a)  						      (b)
[bookmark: _Ref36922297][bookmark: _Toc514267947][bookmark: _Toc518296610][bookmark: _Toc518398299][bookmark: _Toc36138123][bookmark: _Toc37489216][bookmark: _Toc514267948][bookmark: _Toc518296611][bookmark: _Toc518398300]Figure ‎5.4: NBR pressure test at different torques and 30 minutes (a), 60 minutes (b)
NBR Pressure Cycling Test
Figure ‎5.5 shows the pressure profile of the NBR samples when they were exposed to pressure cycling tests. It is obvious that a leak was not seen during the first and second tests in which torques of 180 in-lbf and 120 in-Ibf were applied. The minor deviations that occurred at the 8th and 9th cycles were from the variations of nitrogen filling time (setup pressuring up) and variations of pressure release during setup evacuation. These deviations had no effect on the elastomers sealing performance. It is worth noting that, when the torque was reduced to zero, a leak appeared in the form of a blowout as shown in Figure ‎5.6 (b). The sealing of elastomers was initially lost at the end of the 3rd cycle (first leak)  and continued losing at the end of the next four successive cycles as shown in  Figure ‎5.7. However, in the last three cycles, the elastomers exhibited better contact pressure, which was reflected by the stable pressure profile over the holding periods.

[bookmark: _Ref20590880][bookmark: _Toc36138124][bookmark: _Toc514267950][bookmark: _Toc518296612][bookmark: _Toc518398301][bookmark: _Toc37489217]Figure ‎5.5:  NBR pressure cycling test at 180 in-lbf and 120 in-lbf (successful tests)
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(a)  						      (b)
[bookmark: _Ref20590964][bookmark: _Toc514267949][bookmark: _Toc518296613][bookmark: _Toc518398302][bookmark: _Toc36138125][bookmark: _Toc37489218]Figure ‎5.6: NBR before  pressure cycling (a) and failure during pressure cycling (b)

[bookmark: _Ref20591028][bookmark: _Toc36138126][bookmark: _Toc514267952][bookmark: _Toc518296614][bookmark: _Toc518398303][bookmark: _Toc37489219]Figure ‎5.7: NBR pressure cycling test at zero torque (failed test)
[bookmark: _Hlk775348]The pressure cycling test was repeated one week after elastomers relaxation (supposed recovered from stress) without applying torque. The results revealed that NBR’s sealing performance showed much deterioration as depicted in Figure ‎5.8. The elastomers lost their sealability within 2.5 minutes of the 2nd cycle. Due to sealability deterioration, the planned holding time (10 minutes) was incomplete in the successive cycles because leaks led to a sudden drop in the pressure. As the number of cycles increases, the elastomers sealing integrity deteriorates drastically until it is totally lost at the end of the pressure cycling test (10th cycle). From this test, it can be concluded that in field applications, the seal assemblies of the liner hangers are likely to lose their contact pressure from pressure cycling operations in the absence of sufficient energization force. A lack of contact pressure at a liner-casing interface can favor formation fluid influx into the wellbore. To support this conclusion, the torque was increased to 60 in-lbf to provide sufficient energization force. After the test was repeated, the number of failed cycles decreased. Then, the torque was raised up to 120 in-Ibf to provide more sufficient force. As a result, the leak was completely eliminated, which implies that the elastomers provided intact sealability capable to resist the leak flow. 
[bookmark: _Hlk39415828]Comparing the performance of EPDM and NBR under no torque condition, it is clear that, the performance of EPDM was not impacted by the number of pressure load cycles. However, the performance of NBR deteriorated as the number of cycles increased. Generally, the EPDM samples exhibited a better sealing behavior than the NBR samples, and the influence of energization was more evident in the NBR performance based on the conditions of the tests considered in this study. It is worth mentioning that, the evaluation of the elastomers’ performance based on limited parameters may limit a fair comparison between seals behavior. For example, a comparison between EPDM and NBR samples under the cyclic pressure tests described herein would be more detailed in case the other physico-mechanical properties of the samples such as tensile strength, percent of elongation at break, tear strength, and compression set are available. Therefore, the rubber sealing performance should be investigated holistically by evaluating a variety of physico -mechanical-properties, chemical compounding, and frictional values between elastomers and pipes. 
Overall, the following conclusions can be drawn from the pressure cycling tests:
· The elastomer’s integrity can be adversely impacted as the cycling number increase; hence cycles repetition imposes more stress on elastomers. Consequently, the stress inducement can reduce the contact pressure at the casing-elastomer-liner interface. 
· The seal performance under pressure cycling conditions depends on the type of elastomer, energization force, and the number of pressure cycles. 

[bookmark: _Ref20591082][bookmark: _Toc36138127][bookmark: _Toc514267951][bookmark: _Toc518296615][bookmark: _Toc518398304][bookmark: _Toc37489220]Figure ‎5.8: NBR pressure cycling test after one-week relaxation (failed test)
[bookmark: _Toc39748766]Pressure Test After Chemical Degradation
In this scenario, EPDM and NBR samples were immersed in a surfactant that is normally used in some non-aqueous drilling fluids. The elastomers were immersed for a week at atmospheric temperature and pressure to assess the effect of chemical degradation on the elastomers sealing performance. The samples were then inserted into the setup, and no torque was applied to energize the seals. In addition,  other EPDM samples were also degraded with CO2 using an autoclave cell.
Pressure Test After Chemical Degradation with Surfactant
EPDM Tests for 30 and 60 Minutes Holding Times
[bookmark: _Hlk513917862] After EPDM chemical degradation with a surfactant, they were immediately tested at 40 psig and 30 minutes holding time. The test was repeated for two consecutive days to evaluate the effect of time (recovery) on the elastomers’ sealability. The pressure profiles were plotted in Figure ‎5.10 (a). The results showed that no leak or pressure drop was reported. In all mentioned tests, an additional test in which the holding time increased to 60 minutes was performed as shown in Figure ‎5.10 (b), and no leak was observed. It was observed that the elastomers’ hardness was decreased from 75 to 63.75 shore A (shown in Figure ‎5.9), that their diameters increased from 8.74 to 8.82 in, that their thickness increased from 0.75 to 0.78 in. Norsok standard M-710 (2014) specifies 20 units as a maximum allowable reduction limit for elastomer hardness. Based on this criterion, the reduction in the samples’ hardness is within the standard acceptance range. One valid explanation for the reason elastomers retained their sealing integrity under this adverse condition is the substantial increase in the contact pressure generated at elastomer and pipe walls interfaces because of the excessive volumetric swelling. 
[image: ]
[bookmark: _Ref37140095][bookmark: _Toc37489221]Figure ‎5.9: EPDM hardness in Shore A before and after surfactant degradation
 
 
(a)  						      (b)
[bookmark: _Ref36922906][bookmark: _Hlk512293882][bookmark: _Toc514267953][bookmark: _Toc518296616][bookmark: _Toc518398305][bookmark: _Toc36138128][bookmark: _Toc37489222][bookmark: _Hlk512804611][bookmark: _Toc514267954][bookmark: _Toc518296617][bookmark: _Toc518398306][bookmark: _Hlk514252346]Figure ‎5.10: EPDM pressure test at Day 1, Day 2 and Day 3 after exposure to a surfactant and 30 minutes(a), 60 minutes (b)
EPDM Pressure Cycling Test
The pressure cycling test was conducted on day 1, day 2, and day 3 to assess its effect on EPDM performance. The results shown in Figure ‎5.11 revealed that over 10 pressure cycles, EPDM showed stable pressure profiles at their respective holding periods. This trend infers that the samples have maintained a firm seal bonding. 

[bookmark: _Ref20593476][bookmark: _Toc36138129][bookmark: _Toc514267955][bookmark: _Toc518296618][bookmark: _Toc518398307][bookmark: _Toc37489223]Figure ‎5.11: EPDM pressure cycling test at Day 1, Day 2, and Day 3 after exposure to surfactant

 NBR Pressure Tests for 30 and 60 Minutes Holding Times
After removed from a surfactant, the diameter of the NBR samples increased from 8.74 to 8.94 in, and their thickness also increased from 0.75 to 0.87 in. Whereas their hardness decreased from 66 to 44 shore A (21 units reduction) as shown in Figure ‎5.12. In accordance with Norsok M-710 (2014) criteria, NBR samples were considered failed under the test conditions specified in this study. Despite the failure of the samples in hardness, pressure tests were performed on NBR samples for 30 minutes and 60 minutes holding times, following the same procedure and successive intervals (days) for EPDM. No torque was used because of the massive volumetric swelling. Figure ‎5.13 (a) and (b) show the pressure profiles for 30 minutes and 60 minutes pressure tests, respectively. A leak was not seen, and the extension of the holding time did not have any effect on NBR’s sealing performance.
[image: ]
[bookmark: _Ref37140513][bookmark: _Toc37489224]Figure ‎5.12: NBR hardness in Shore A before and after surfactant degradation

 
(a)  						      (b)
[bookmark: _Ref20593777][bookmark: _Toc514267956][bookmark: _Toc518296619][bookmark: _Toc518398308][bookmark: _Toc36138130][bookmark: _Toc37489225][bookmark: _Toc514267957][bookmark: _Toc518296620][bookmark: _Toc518398309]Figure ‎5.13 : NBR pressure test on Day 1, Day 2, and Day 3 exposure to surfactant and 30 minutes(a), 60 minutes (b)




NBR Pressure Cycling Test 
Pressure cycling tests were performed on day 1, day 2, and day 3 to evaluate the elastomers’ performance after they were exposed to surfactant. Figure ‎5.14 indicates that no leak was observed during the pressure cycling test. 


[bookmark: _Ref20593867][bookmark: _Toc36138131][bookmark: _Toc514267958][bookmark: _Toc518296621][bookmark: _Toc518398310][bookmark: _Toc37489226]Figure ‎5.14: NBR pressure cycling test on Day 1, Day 2 and Day 3 after exposure to a surfactant
It can be concluded from the swelling tests conducted in this study that volumetric swelling may be beneficial in terms of providing sufficient contact stress that assists in maintaining intact bonding at seals-pipes interfaces. However, the tests evaluated herein were conducted at ambient temperature. In addition, the elastomer samples were degraded by the surfactant at ambient temperature and pressure. Certainly, these conditions did not simulate the actual downhole environment. In reality, the elastomers’ chemical degradation can be tremendously accelerated as temperature increases. The alteration of elastomers’ molecular structure due to the chemical degradation can be exacerbated at elevated temperatures, thus, compromising the elastomers sealing integrity. In addition, the inert behavior of N2 used as a test medium may have also masked the impact of surfactant degradation at room temperature. Therefore, these factors need to be compensated for at the stage of the seals testing and qualification, especially if the seals are intended to serve in environments containing surfactants. 
 Pressure Test After EPDM Degradation with CO2
This scenario was suggested to present an in-depth investigation of the elastomers sealing behavior when they are attacked by corrosive gases, such as CO2. In this scenario, EPDM samples were degraded for three days with CO2 in an autoclave cell that pressurized up to 600 psig at room temperature as shown in Figure ‎4.10. After degradation, superficial mini-blisters and micro-cracks were observed as shown in Figure ‎4.11. Under these aging conditions, the defective samples were installed in the setup, and two pressure tests were conducted. The first test conducted without applying any torque. Whereas in the second test, a torque of 180 in-lbf was applied to assess the effect of the energization compression on the cracks closure. The results from both tests showed that the elastomers lost their sealing integrity, and a leak was propagated intensively within a few seconds after the setup pressurization. Figure ‎5.15 (a) and (b) demonstrate the EPDM failed the pressure tests after CO2 degradation. After 5 minutes of the setup pressurization, Figure ‎5.15 (a) shows an almost instantaneous pressure decline at the rates of 8 psig/second for the 40 psig test, 6 psig/second for the 30 psig test, 4 psig/second for the 20 psig test, and 2 psig/second for 10 psig test. It is evident that, as the injection pressure increases, the decline rate also increases. This trend is reflected and supported by Figure ‎5.15 (b) which shows that as pressure increases, the first bubble leak time decreases. In this context, the first bubble time was determined from the start of the gas injection until the first bubble seen on the water column placed on top of the upper elastomer. Figure ‎5.16 (a) and (b) show that increasing the torque had minor to no effect on averting the leak pathways. The same instantaneous pressure decline rates were reported for all the tests conducted at 180 in-lbf. The effect of torque may have been slightly observed as the first bubble time of 10 psig pressure test, shown in Figure ‎5.16 (b), was later than the first bubble of 10 psig pressure test, shown in Figure ‎5.16 (b). However, variation (0.017 seconds) is very small, in addition to the small pressure at which this variation was reported. Overall, the results from these pressure tests confirm the detrimental effect of CO2 degradation on elastomers’ performance, which many researchers have concluded.
[bookmark: _Ref514253370][bookmark: _Toc514267959]
(a)  		 				     (b)
[bookmark: _Ref36924847][bookmark: _Toc36138132][bookmark: _Toc522028160][bookmark: _Toc37489227][bookmark: _Hlk514254204]Figure ‎5.15: EPDM pressure tests (a) and first bubble times (b) after CO2 degradation with no torque


(a)  		 				     (b)
[bookmark: _Ref20595352][bookmark: _Toc36138133][bookmark: _Toc522028161][bookmark: _Toc37489228]Figure ‎5.16: EPDM pressure tests (a) and first bubble times (b) after CO2 degradation with 180 in-lbf

[bookmark: _Toc39748767]Pressure Test After Physical (Mechanical Defect)
[bookmark: _Hlk512798478]Seal integrity is most likely compromising according to the physical/mechanical defects or surface imperfections that may arise from manufacturing, handling, and/or installation. To replicate seals mechanical failure, in this scenario, seams/grooves were intentionally created on the surface of the elastomers (shown in Figure ‎4.12) to assess their performance. 
EPDM Pressure Test for 30 Minutes
In this scenario, the elastomers were torqued up to 180 in-lbf, and the pressure tests were performed at 10, 20, 30, and 40 psig to show the relationship between pressure and the leak intensity at a constant energization. The first test was conducted at a low pressure (10 psig), and the pressure profile was plotted in Figure ‎5.17 (a). The pressure decline implies that the seals failed to hold the pressure because the artificial seams compromised their sealing integrity. The test was repeated at 20, 30, and 40 psig as shown in Figure ‎5.17. The figure reveals that the pressure decline is more obvious as pressure increases. Reported pressure decline rates were 0.018 psig/sec for the 40 psig test, 0.014 psig/sec for the 30 psig test, 0.0094 psig/sec for the 20 psig test, and 0.0005 psig/sec for 10 psig test. Figure ‎5.17 (b) shows the time of the first bubble leak which was approximately 12 seconds into the 40-psig test. This figure also validates the evident pressure decline with an increase in pressure (Figure ‎5.17 a), because the first bubble leak time (Figure ‎5.17 b) increases as pressure decreases. From these tests, it could be concluded that a kick can breach the defective liner hanger seal assembly very quickly, and in a few seconds, can reach the wellhead. 

(a)  		 				     (b)
[bookmark: _Ref36925963][bookmark: _Toc36138134][bookmark: _Toc522028162][bookmark: _Toc37489229]Figure ‎5.17: EPDM pressure tests (a) and first bubble leak times (b) after physical defects
[bookmark: _Toc39748768]Results from Elastomers and Cement (Dual Barrier System) Tests
In this section, the results of three experimental scenarios are presented to describe the performance of a dual barrier system consisting of faulty EPDM elastomers and Class H cement. The aim was to determine whether the cement sheath can act as a primary barrier, in the event that elastomeric element of the liner hanger in a defective mode. The tests were performed at different pressures (10, 20, 30, and 40 psi) and different WOC/curing intervals (12 hours, 24 hours, 48 hours, 72 hours, 5 days, and 7 days). Details of the results of each test scenario are discussed in the following subsections.
[bookmark: _Toc39748769]Faulty Elastomer and Neat Class H Cement
The dual barrier system was established after faulty elastomers were inserted at the bottom of the annulus in the setup and neat Class H cement with a density of 16.5 ppg (pound per gallon) was placed above the elastomers. The faulty elastomers were intentionally installed to allow the nitrogen flowing to across them and then permeate the cement column. 
Pressure Tests After 12 Hours WOC
12 hours after cement placement (WOC), a 10 psi pressure test was performed. The test revealed that the interfacial bonding strength at the cement-acrylic pipe walls (inner and outer) was insufficient. This conclusion was inferred by the intensive leaks seen at several points on the bonded interfaces. Only three leak points were seen inside the bulk cement, which appeared in forms of micro-channels. At the end of the test period (30 minutes), a pressure drop of 5 psi was recorded. Then the test was repeated for 20, 30, and 40 psi. The results of these tests demonstrated that the higher the pressure, the more pressure decreases were reported as shown in Figure ‎5.18 (a). A notable event that occurred during the 40-psi test was the upward movement of the cement column (see Figure ‎5.19). The movement happened during the first five minutes of the test. The cement movement reflected a weak bonding strength. Figure ‎5.18 (a) shows that the pressure drop at 30 and 40 psi was almost instantaneous with an approximately 100% pressure decline within 5 to 6 minutes. In fact, the debonding at casing-cement-formation interfaces can create micro-annulus which significantly amplifies the stresses magnitudes. As a result, the cement may be damaged mechanically in response to the stresses over inducement. 
 
(a)  						     (b)
[bookmark: _Ref36926332][bookmark: _Hlk514188398][bookmark: _Toc514267969][bookmark: _Toc518296632][bookmark: _Toc518398321][bookmark: _Toc36138137][bookmark: _Toc37489230][bookmark: _Hlk514227291]Figure ‎5.18: Faulty EPDM and neat Class H cement pressure decline after 12 hours WOC (a) and after 24 hours WOC (b)
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[bookmark: _Ref20598121][bookmark: _Toc36138138][bookmark: _Toc522028165][bookmark: _Toc37489231]Figure ‎5.19: Cement separation during the 40-psi pressure test

Pressure Tests After 24 Hours WOC
Figure ‎5.18 (b) shows the pressure decline curves of the pressure tests performed after 24 hours of WOC. Obviously, at 10 psi test, the cement prevented the gas migration, and there was no leak observed. In the 20-psi test,  no leak was observed, however, two stages of 1-psi decline each were reported at 2 minutes and 18 minutes, respectively. The cement held 18 psi to the end of the test. In 30 and 40 psi tests, the pressure decline was obvious, revealing the reduced performance of the dual barrier system. Over the test duration, the 30-psi test showed a 53.3%  decrease in pressure while the 40-psi test showed a 67.5% decrease in pressure. It is important to point out that increasing the WOC time is important for improving the cement sealability.  
Pressure Tests After 48 Hours and 72 Hours WOC
Pressure tests were repeated after 48 and 72 hours WOC. Figure ‎5.20 (a) shows pressure profiles after 48 hours of WOC. The 10 psi test had no leaks, while 20 psi test had 1 psi pressure drop. In the tests of the 30 and 40 psi, a significant decrease in the pressure was observed during the first five minutes. After that, a transient pressure drop was observed until the end of the test period. The improvement in the cement sealability was verified by the pressure reduction in the 30 and 40 psi pressure tests. The 30-psi test had a 36.7% pressure decline while the 40-psi test had a 52.5% pressure decline over 30 minutes. 
Figure ‎5.20 (b) shows the results of 72 hours of WOC tests. The 10 and 20 psi tests showed no leaks, confirming the system’s sealability at these pressures. A sharp decrease within 5 minutes was observed with a transient drop between 5 and 20 minutes, and no pressure drop between 20 and 30 minutes in the 30 and 40 psi tests. The total pressure decreases were 33.3% and 50% for 30 and 40 psi tests, respectively. The pressure drop was improved, which means the sealability of the dual barrier (cement in particular) was enhanced with increased WOC intervals. Despite this improvement, cement cannot be identified as a primary barrier according to leaks and pressure declines at these relatively high pressures (30 and 40 psi).
 
(a)  						     (b)
[bookmark: _Ref20598482][bookmark: _Hlk514228625][bookmark: _Toc514267971][bookmark: _Toc518296634][bookmark: _Toc518398323][bookmark: _Toc36138139][bookmark: _Toc37489232][bookmark: _Toc514267972][bookmark: _Toc518296635][bookmark: _Toc518398324]Figure ‎5.20: Faulty EPDM and neat Class H cement pressure decline after 48 hours WOC(a) and after 72 hours WOC (b)
Pressure Tests After 5 and 7 Days WOC
Additional pressure tests were performed after 5 and 7 days WOC. After 5 days, the cement sheath is tightly sealed during the pressure tests of 10 and 20 psi, and no leakage was observed. However, gas bubbles were seen within 5 minutes, and a gradual decrease in pressure after this time was observed in the 30 and 40 psi tests as shown in Figure ‎5.21 (a). The last set of tests was performed 7 days after WOC. The test results are depicted in Figure ‎5.21 (b). Obviously, a pressure decline was not recorded in the 10 and 20 psi tests. However, pressure drops of 16.67 % and 40 % were recorded during the 30 and 40 psi tests, respectively. The conclusions from these tests showed that as the WOC time increases, the cement sealability improves. However, neat Class H cement cannot function as a primary barrier under the test conditions mentioned herein. 
 
(a)  						     (b)
[bookmark: _Ref20598706][bookmark: _Toc514267973][bookmark: _Toc518296636][bookmark: _Toc518398325][bookmark: _Toc36138140][bookmark: _Toc37489233][bookmark: _Toc514267974][bookmark: _Toc518296637][bookmark: _Toc518398326]Figure ‎5.21: Faulty EPDM and neat Class H cement pressure decline after 5 days WOC (a) and                             after 7 days WOC (b)
[bookmark: _Toc39748770]Faulty Elastomer and Commercial Gas Migration Additive
This experiment mainly focuses on assessing the effect of the anti-gas migration additives on the cement performance. To create this scenario, faulty EPDM elastomers, and Class H cement mixed with a commercial gas migration additive (slurry density 16.6 ppg) were tested as a dual barrier system. Several pressure tests were conducted after 12 hours, 24 hours, 48 hours, 72 hours, 5 days, and 7 days WOC to study the cement behavior during its transition from a slurry to early gelation and to a hardened cement. During this critical transition, cement sealability is most likely to be kicked by migrated gases. 
Pressure Tests After 12 Hours WOC
A pressure test was performed at 10 psi after 12 hours (WOC). Just 55 seconds after the start of the test, a high-intensity leak was observed at the inner acrylic piper-cement-outer acrylic pipe interfaces. The leak is more intensive at the inner pipe-cement interface. The leak was attributed to the severe de-bonding caused by the smooth surface of the acrylic pipe, lacking sufficient roughness required to bond the cement with the pipes. Following the first 30 minutes injection time, the gas supply valve was shut-in, and a gradual pressure decline was observed during the next 30 minutes holding time. It was noted that no leak was seen within the cement matrix. Then, the test was repeated after the pressure was raised to 20 psi. After about 5 minutes from the beginning of the test, the cement sheath moved (separated) in a manner similar to the separation shown in Figure ‎5.19. As a result of this separation, the leak intensity was increased significantly because the bonding of cement and pipes became weaker. After this test, two tests were conducted at 30 and 40 psi. The leak intensity increased considerably, particularly at the inner pipe-cement interface. The pressure profiles from these three tests were shown in Figure ‎5.22 (a). It is obvious that the pressure dropped significantly over the holding period. In these tests, cement defects (cracks, fractures, voids) were not seen, and leak channels through the cement sheath were not reported.  
 
(a)  						     (b)
[bookmark: _Ref36927254][bookmark: _Toc518398329][bookmark: _Toc36138141][bookmark: _Toc37489234][bookmark: _Toc518398331]Figure ‎5.22: Faulty EPDM and Class H cement with gas migration additive pressure decline after 12 hours WOC (a) and after 24 hours WOC (b)
Pressure Tests After 24 Hours WOC
Pressure tests at 10, 20, 30, and 40 psi were repeated after 24 hours of WOC. The leak intensity was increased because of the cement separation and movement that occurred after 12 hours of WOC and during the 20-psi pressure test. The cement separation and movement worsened the bonding at the cement-pipes interface. The bond at the cement-inner pipe was more impacted by the separation than the cement-outer pipe. This observation was supported by many leak locations that appeared at the cement- inner pipe interface. However, fewer locations were observed at the cement-outer pipe interface as illustrated in Figure ‎5.23. In all the tests, the pressures dropped suddenly within the first minute of holding times by 50%, 80%, 94%, and 95% for 10, 20, 30 and 40 psi respective pressure tests (Figure ‎5.22 (b)). It is important to note that increasing the WOC time improved the bonding strength between the outer pipe and the cement sheath, especially for the 10 and 20 psi tests. However, it did not improve the bonding strength at of cement- inner pipe interface.
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[bookmark: _Ref20603702][bookmark: _Toc36138142][bookmark: _Toc518398330][bookmark: _Toc37489235]Figure ‎5.23: Leak locations during pressure tests after 24 hours WOC
Pressure Tests After 48 Hours and 72 Hours WOC
The pressure tests were performed after 48 and 72 hours WOC. The leak intensity between the inner pipe and cement sheath was almost the same as in the pressure tests after 24 hours WOC, except for an increase in the size of the bubbles. No leak between the outer pipe and cement was observed during the 10 and 20 psi tests. However, one leak position was seen during the 30-psi test, and four positions appeared during the 40-psi test (same positions during the test after 24 hours WOC). 
 
(a)  						     (b)
[bookmark: _Ref20603860][bookmark: _Toc518398332][bookmark: _Toc36138143][bookmark: _Toc37489236]Figure ‎5.24: Faulty EPDM and Class H cement with the commercial gas migration additive pressure decline after 48 hours WOC (a) and after 72 hours WOC (b)

After 48 hours of WOC, the pressure declined abruptly after one minute of the holding time by 50%, 85%, 90%, and 97.5% for the pressure tests of 10, 20, 30 and 40 psi respectively (Figure ‎5.24 (a)). It was noted that the pressure decline rates were higher compared to the rates after 24 hours of WOC. This could be attributed to more de-bonding issues that occurred at the inner pipe-cement interface as WOC progressed.
 The tests were repeated after 72 hours of WOC. The pressure decline profiles were observed to be similar to those reported after 48 hours WOC as shown in Figure ‎5.24(b). In all the tests, the leak pathways were created at the inner pipe-cement interface. Leak pathways at the outer pipe-cement were not seen during the 10 and 20 psi tests. However, new leak positions appeared during the 30 and 40 psi tests as shown in Figure ‎5.25.
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[bookmark: _Ref20604055][bookmark: _Toc36138144][bookmark: _Toc518398334][bookmark: _Toc37489237]Figure ‎5.25: Leak locations during pressure tests after 72 hours WOC

Pressure Tests After 5 and 7 Days WOC
After 5 and 7 days of WOC, pressure tests were performed to assess the cement sheath performance. During the tests after both WOC days, the leak rates at the inner pipe-cement interface increased slightly compared to 72 hours WOC. However, during the 30 and 40 psi tests, the leak rates at the outer pipe-cement decreased slightly compared to the tests after 72 WOC. A leak was not reported at 10 and 20 psi. The pressure-decline curves after 5 and 7 days WOC were shown in Figure ‎5.26 (a) and (b). For the two WOC intervals, the pressure declines were sudden, almost within the first minute of the holding time. The pressure declines were 85%, 92.5 %, 94%, and 95% for the respective pressure tests of 10, 20, 30 and 40 psi. 
 
(a)  						     (b)
[bookmark: _Ref20604125][bookmark: _Toc518398335][bookmark: _Toc36138145][bookmark: _Toc37489238][bookmark: _Toc518398336]Figure ‎5.26: Faulty EPDM and Class H cement with gas migration additive pressure decline after 5 days WOC (a) and after 7 days WOC (b)
[bookmark: _Toc39748771]Faulty Elastomer and Commercial Gas Additive Cement (Setup with Inner Steel Pipe and Outer Acrylic Pipe)
Pressure Tests After 12 hours WOC
In this scenario, the inner acrylic pipe was replaced with a steel pipe to investigate the effect of the pipe material on the cement sealability. Then, a pressure test at 10 psi was conducted after 12 hours of WOC. After 15 seconds from the start of the test, a high-intensity leak was seen at the cement-outer acrylic pipe interface. However, a leak did not exist within the cement matrix, and at the cement-inner steel pipe interface as shown in Figure ‎5.27. It can be inferred that there was severe de-bonding between the cement sheath and outer acrylic pipe walls. The leak appears at the cement-acrylic pipe interface that occurred due to the de-bonding resulted from the smooth surface of the acrylic pipe. To support the bond strength between the cement and the outer pipe, four band clamps were tightened firmly around the outer pipe to prevent the pipe expansion during the cement pouring. However, this process did not strengthen the bond as proved by the gas leak at the cement-pipe interface. Then the test was repeated at 20 psi, and the leak was not seen at the inner steel pipe-cement interface. The leak absence was also recorded at 30 and 40 psi pressure test. This observation indicates the bonding strength improvement at the cement-inner steel pipe. The profiles of the four tests were shown, in Figure ‎5.28 (a). The pressures significant decline was linked to the sever de-bonding at the cement- outer acrylic pipe de-bonding, hence cement defects were not observed. 
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[bookmark: _Ref37282536][bookmark: _Toc37489239]Figure ‎5.27: Leak locations during pressure tests after 24 hours WOC
 
(a)  						     (b)
[bookmark: _Ref20604691][bookmark: _Toc518398338][bookmark: _Toc36138146][bookmark: _Toc37489240]Figure ‎5.28: Faulty EPDM and Class H cement with the commercial gas migration additive (setup with inner steel pipe and outer acrylic pipe). Pressure decline after 12 hours WOC (a) and after 24 hours WOC (b)

Pressure Tests After 24 Hours WOC
Pressure tests at 10, 20, 30, and 40 psi were repeated after 24 hours of WOC. Leak intensity decreased slightly compared to the intensity after 12 hours WOC. This observation was supported by the slight improvement of the pressure declines during the holding periods. In all the tests, the pressures showed a sudden drop in the first minute of the holding time by 40%, 70%, 76%, and 82% for 10, 20, 30, and 40 psi pressure tests, respectively. Then the pressures continued to gradually decrease until the end of the tests as shown in Figure ‎5.28 (b). 
Pressure Tests After 48 Hours and 72 Hours WOC
Pressure tests were performed 48 and 72 hours after WOC. The leak intensity at the cement-outer pipe interface was almost same as in the pressure tests after 24 hours WOC. No leak between the cement-inner steel pipe interface was seen for all the tests after both WOC times. Figure ‎5.29 (a) shows that after 48 hours WOC, the pressure decreased rapidly after five minutes by 40%, 70%, 76%, and 82% for the pressure tests of 10, 20, 30 and 40 psi, respectively. The drop after five minutes holding time was lower, compared to the drop after 24 hours WOC. This can be related to the improvement in bonding between the pipes and cement sheath as the WOC time increases. After 72 hours WOC, the tests were repeated, and the pressure drop trends were similar to those reported at the tests after 48 hours WOC (see Figure ‎5.29 (b)). In all the tests, all the leak paths and positions were located at the cement-outer acrylic pipe and interface. 
 
(a)  						     (b)
[bookmark: _Ref20604861][bookmark: _Toc518398340][bookmark: _Toc36138147][bookmark: _Toc37489241]Figure ‎5.29: Faulty EPDM and Class H cement with the commercial gas migration additive (setup with inner steel pipe and outer acrylic pipe). Pressure decline after 48 hours WOC (a) and after 72 hours WOC (b)
Pressure Tests After 5 and 7 Days WOC
After 5 and 7 days WOC, pressure tests were conducted to evaluate the cement sealability. During the tests after both WOC days, the leak intensity between the outer acrylic pipe and the cement appeared to have reduced slightly, compared to the test after 72 hours WOC. No leaks were observed within the cement sheath or between the inner steel pipe and cement sheath. During the tests after 5 and 7 days WOC, the pressure declines were sudden (within the first five minutes of the holding time). After 5 days WOC, a 30%, 65%, 73%, and 80% decline for the respective pressure tests of 10, 20, 30 and 40 psi were recorded (see Figure ‎5.30 (a)). After 7 days WOC, a 25%, 60%, 70%, and 77.5% decline for the respective pressure tests of 10, 20, 30 and 40 psi were recorded (see Figure ‎5.30 (b)). The pressure declines after 7 days WOC was slight lower than the declines after 5 days WOC.
 
(a)  						     (b)
[bookmark: _Ref20605075][bookmark: _Toc36138148][bookmark: _Toc518398342][bookmark: _Toc37489242]Figure ‎5.30: Faulty EPDM and Class H cement with gas migration additive (setup with inner steel pipe and outer acrylic pipe). Pressure decline after 5 days WOC (a) and after 7 days WOC (b)







[bookmark: _Toc39748772]Chapter 6: Numerical Modeling of Liner Dual Barrier System
[bookmark: _Toc39748773]Numerical Modeling of Liner Hanger Elastomer Seal Assembly 
[bookmark: _Toc39748774]Review of Previous Modeling Studies
There are very limited studies of numerical modeling in the current literature that have been developed exclusively to determine the contact stress (sealability) of the elastomeric materials encompassed in the seal assemblies of the liner hanger systems. Pervez et al. (2007) created a finite element model (FEM) to simulate the expansion of a horizontally solid expandable tubular that incorporates elastomer seals. This type of tubular is commonly used to isolate an open-hole in the horizontal wells. The model was developed to investigate the effect of the mandrel cone angle, tubular expansion ratio, rubber thickness, and the friction coefficient on the drawing (extrusion) force, tubular thickness, length, and surplus deformation. The simulation results were used as a guide for selecting the appropriate expansion tools and for predicting the extrusion force needed for tubular expansion to prevent any potential failure that might be encountered during the liner set. 
Alzebdeh et al. (2010) presented a 2D FEA to model the elastomers’ behavior when deformed to seal the open hole of a wellbore. The simulation was considered the main parameters that significantly influence the elastomers sealability. The evaluated parameters are compression ratio, seal length,  seal thickness, and shear resistance at the seal-formation interface. The authors concluded that to prevent leakage from high-pressure permeable formations, a thick seal with high compression would be a viable solution for the open-hole zonal isolation. Al-Hiddabi et al. (2015) developed 2D analytical model of expandable tubular for evaluating contact stress (deformation) of elastomeric seal confined between two concentric casing strings or confined between metal tube and formation. The authors demonstrated that elastomeric seal assembly of the liner hanger can successfully prevent fluids leakage and communication as long as its maximum internal pressure is higher than the fluid pressure acting axially at both ends of the seal boundaries. 
Patel et al. (2019b) performed numerical sensitivity parametric analysis to identify the critical seal design parameters in a conventional hanger. The authors used a 3D FEA model. The study developed some guidelines to compare the performance of four most common types of elastomers used in the wellbore barrier systems. The performance of elastomers was evaluated based on the sensitivity of the contact stress (pressure) to the critical factors affecting the elastomers’ sealability. The most prevalent influencing factors were found seal annular fit, amount of energization, compression ratio, elastic modulus, and Poisson's ratio. The authors claimed that the elastomers’ performance was very sensitive to annular fit (i.e. radial width of seal relative to annular space), followed by Poisson's ratio and elastic modulus, respectively. Patel and Salehi (2019a) developed a 3D FEM to investigate the implications of elastomer seal energization in mechanical and expandable liner hanger assemblies using fluorocarbon (FKM/Viton) elastomer as a reference material for the study, and to compare the performance of the seal assemblies of the mechanical and expandable liner hangers. The seal performance/quality was evaluated in terms of contact stress values and profile distributed at the seal-pipe/liner interface. The authors concluded that expandable liner energization/setting is more robust to failure in the supporting components than the conventional liner.
[bookmark: _Toc39748775]Parameters Influencing Contact Pressure
Screening review on current literature (Al-Hiddabi et al. 2015, Walker 2017; Patel et al. 2019a;) showed that the elastomer contact pressure basically depends on the following parameters:
· Material properties, such as elastic modulus, Poisson's ratio, or hyper-elastic material parameters
· Amount of seal compression (compression ratio/displacement) and energization/setting procedure
· Seal, thickness, length, and configuration/shape
· Contact formulation parameters (e.g. friction coefficient, type of bonding, mesh type) 
· Boundary conditions (e.g. force direction, type of support) 
The most essential mechanical properties necessary for modeling and simulation are elastic (Young’s) modulus and Poisson's ratio. In most solids (e.g. steel, rock), the Poisson’s ratio is about a third. However, for rubbers, it is close to 0.5 (Williford et al. 1999; Lakes 1993). Seal compression is an important indicator for its expansion to fill identified gaps and can be mathematically expressed in terms of compression ratio (Alzebdeh et al. 2010; Al-Hiddabi et al. 2015) as shown in equation (1).


Patel and Salehi 2019a demonstrated that the seal energization method also has a significant role in the elastomer's sealability. The authors claimed that the energization of the expandable seal yields higher contact pressure than the energization of the conventional seal at the same amount of volumetric compression. The friction coefficient between seal and pipe is most likely to influence the contact stress (Patel and Salehi 2019; Ma et al. 2014). Ma et al. (2014) claimed that reducing the frictional coefficient of the rubber can improve the working range of the maximum contact pressure, thus enhancing the rubber protection. 
[bookmark: _Toc39748776]Finite Element Model of Seal Assembly
This section describes the modeling and simulation steps used to evaluate and compare the performance of EPDM and NBR elastomers incorporated in liner hanger seal assemblies. The seal performance was evaluated at various energization scenarios, friction coefficient, and chemical swelling. Finite Element Analysis (FEA) was performed using a two-dimensional model consisting of inner and outer pipes, three aluminum rings, and two elastomers seal as shown in Figure ‎6.1. The model was created using ANSYS software. The values of elastic modulus and Poisson's ratio of each component of the model are presented in Table ‎6:1. The model was developed based on a conventional liner hanger system to replicate the actual casing program of a well drilled in the Gulf of Mexico (Figure ‎1.3). The well shallow section was completed by an 18 5/8 in. surface liner, and a 22 in. conductor casing as shown in Figure ‎1.3. However, the casing and liner were downsized to 10 in. and 8 in. respectively. The length of the model was kept long enough (36 in) to avoid the end effect and convergence issues. The experimental setup used is similar to the model components and dimensions. The description of the setup is already discussed in Sec 4.2. The experimental results were used to validate the model as presented in Sec 7.1.3. Small elastomer specimen was subjected to a preliminary compression test, as shown in Figure ‎6.2. The goal of this test was to predict the force values and their corresponding compressions (displacements) that are need for modeling and experimental works.
[image: ]
[bookmark: _Ref36928513][bookmark: _Toc36138149][bookmark: _Toc37489243]Figure ‎6.1:  Model boundary conditions
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[bookmark: _Ref37491046]Figure ‎6.2: Elastomer displacement measurement using compression machine and paper scale
In the model, the displacement function was activated to apply a vertical load in Z-direction and perpendicular to the upper support aluminum ring to energize the seals as shown in (Figure ‎6.1). This method simulates seal energization in actual conventional liner hanger seal assembly in which the drill pipe is used to apply an axial force to set the liner. Seal performance was determined based on the contact pressure generated at the seal-pipe interface. The contact pressure of EPDM and NBR elastomers were evaluated at different amounts of seal energization represented by varying displacements (0.5, 1, 1.5, 2, and 2.5 mm). As boundary conditions, both pipes ends are held fixed along Y-axis (Figure ‎6.1). Pilot simulations at different mesh sizes were run to ensure that the mesh size does not affect the simulation accuracy, and the values of the contact pressure are independent from the mesh size. The contact pressure has a consistent trend at the selected mesh size range as shown in Figure ‎6.3. The contact pressure predicted by the FEA model was compared with two different analytical calculations of contact pressure. The accuracy of the model used in this study ranged from 1% to 5%.

[bookmark: _Ref37154449][bookmark: _Toc37489244]Figure ‎6.3: Pilot simulations to assess the effect of the mesh size on contact pressure
[bookmark: _Ref20654526][bookmark: _Toc35192222][bookmark: _Toc37395463]Table ‎6:1: Material properties used for the model
	[bookmark: _Hlk5599567]Elastomer 
	Elastic Modulus (E), psi
	Poisson’s Ratio ()

	EPDM
	277 psi 
	0.49

	NBR
	268 psi 
	0.49

	Cast Acrylic Pipe
	0.4  106 psi 
	0.37

	Steel Pipe
	29 x 106 psi 
	0.3

	Aluminum Ring
	10.29  106 psi 
	0.33


	To assess the effect of chemical swelling on the contact pressure of elastomers, two EPDM and NBR specimens (shown in Figure ‎6.4) were immersed in a surfactant for a week. The cord diameter of elastomers before swelling is 0.75 in. The cord was increased after the swelling period, and the new cord measures were taken at three successive days in order to monitor their recovery rate as shown in Figure ‎7.5. The values of the cord readings after three days of recovery were used as model simulations input data to evaluate the impact of swelling on the performance of the seal assembly.  
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                                         (a)  		                        	      (b)
[bookmark: _Ref20173699][bookmark: _Toc36138150][bookmark: _Toc37489245]Figure ‎6.4:  EPDM and  NBR elastomers specimens used for swelling study (a), surfactant degradation(b)
[bookmark: _Hlk39415875]The following assumption are made for elastomers’ FEA:
· The model elastomeric rubbers were modeled as an isotropic linear elastic material with a constant elastic modulus and Poisson's ratio listed in Table ‎6:1
· The FEM is an isothermal, and the effect of thermal stresses on elastomers’ sealability has not been investigated since the scope of the study mainly focuses on  the offshore shallow liner dual barrier system. It is worth mentioning that the effect of temperature has been included in the form of change in material properties, specifically elastic modulus and Poisson's ratio because they are the most important input data needed for the model simulation
· The elastomers were subjected to uniform energization loads
· Frictionless contact at inner pipe-elastomers-outer pipe interfaces
· Zero penetration between the rubber and the pipes 
[bookmark: _Toc39748777]Numerical Modeling of Dual Barrier System
[bookmark: _Toc39748778]Review of Previous Cement Modeling
There are limited numerical modeling studies in the literature devoted to evaluating the set cement integrity. Bosma et al. (1999) developed FEM to predict the annular cement short-terms and long -terms integrity by modeling some critical cement failures such as cracks, debonding, and plastic deformation. The factors considered in the model are - borehole stability, cement/sealant formulation, loading scenarios, cement mechanical properties, rock mechanical properties, and thermal properties. The main simulations results revealed that the variations in stress levels in the cement were mainly due to either an increase or decrease of the downhole pressure and/or temperature. Cement failure is closely related to in-situ stress distribution and concentration. Excessive in-situ compressive stresses can lead to cement shear failure. Otherwise, tension is the predominant failure mechanism. The author also stated that compressive strength cannot only be used to determine the cement type needed for zonal isolation. Other mechanical properties of cement, such as Young’s modulus, Poisson's ratio, tensile strength, shear strength, and bonding strength, are also important to evaluate the performance of set cement.
Ravi et al. (2002) designed a procedure based on FEA to estimate the risk of cement failure. Simulated failure modes are cracking, debonding, and plastic deformation (shear). In addition, cement shrinkage and expansion. The failure was identified depending on the effect of the well loads, set cement characteristics, and formation properties. The author also demonstrated that the integrity of a set cement could be maintained by controlling its mechanical properties, the formation properties, and wellbore operating parameters.
James and Boukhelifa (2008) conducted a modeling study accompanied by a data analysis technique to determine the mechanical durability of a flexible cement system after aged for a year at a high temperature of 392°F, and for a period of six months at 482°F. The authors performed experimental and analytical work and to characterize the cement main mechanical properties/parameters, such as Young’s modulus, Poisson’s ratio, UCS, and tensile strength. These parameters were used as input data for modeling cement principal stresses and cement thermal stability. The authors concluded that the magnitudes of Young’s modulus and Poisson's ratio did not depend on the confining stress. Gray et al. (2009) created staged numerical models to investigate cement debonding by modeling the casing-cement interface considering the complex nature at the interface of bonded materials. The considered conditions include stress state near the wellbore, e.g. triaxiality of stress, the plasticity of the rock and cement, the likelihood of bond failure, as well as the history of loading and deformation occurred over the life of the well. The authors claimed that the wellbore integrity and failure mechanisms can be better identified in case the mentioned considerations are adopted in the numerical approaches. 
De Andrade and Sangesland (2016) created a 2D numerical model to investigate the mechanisms of cement sheath failure regarding long-term of well integrity. The study focused on assessing the relevance of casing, cement, formation material properties, geometric parameters,  and well-loading events, in contributing to the occurrence of cement sheath failure mechanisms.  More consideration was given to assess thermal-related loading events that occurred into the wellbore casing-cement-formation interface due to the temperature variations. The authors concluded that, as wellbore temperature increases or decreases, cement sheath failures by shear and debonding become more sensitive to changes in cement Young’s modulus rather than changes among the variations in the other properties evaluated. The authors also concluded that when wellbore temperature increases, the risk of cement damage by shear will also increase because the cement Poisson’s ratio will decrease. Whereas the risk of inner debonding tends to decrease as the wellbore temperature decreases and cement Poisson’s ratio increases. Ramos and Camus (2017)  conducted a numerical simulation to evaluate the cement sheath integrity under reservoir conditions. In addition, the model also used to evaluate the effect of anisotropic stresses (creep, thermo-elasticity, and pore pressure). The authors demonstrated that creep is the dominant stress relaxation mechanism that consciously acts to stress the cement sheath mechanically during the cement solidification stage. 
Patel and Salehi (2019b) created 3D FEA validated by analytical calculations to study the cement sheath structural integrity. The model utilized to identify the most critical parameters that might jeopardize the cement structural integrity. Parameters investigated are- cement mechanical properties, sheath dimensions, and wellbore pressure variations. The results of neat Class G cement sensitivity responses to principal stresses (radial, hoop, and maximum shear) showed that wellbore pressure, cement material properties, and annulus pressure are the most parameters influencing cement mechanical stresses concentration depending on the type of stress. Among other failure modes, interfacial bond and radial cracking are the most dominant failure mechanisms. Patel et al. (2019c) performed FEA parametric analysis to investigate the possibility of a pre-stressed cement system ( e.g. expanding cement) in sealing cement micro-annulus under various loading scenarios. The authors evaluated three neat Class G cement formulations ductile, moderately ductile, and brittle. Three dimensional model of casing, cement sheath and liner were created to investigate radial, hoop, and ultimate shear stresses at the liner-cement interface. The authors concluded that expanding cement can minimize the risk of failure because it elevated the tensile hoop stress over concentration. However, it generates higher radial and shear stresses than the conventional cement system. 
It is evident that the scopes and objectives of most of the reviewed previous cement modeling studies focused on assessing of Class G cement integrity considering different influencing parameters. However, no study considered the effect of curing (wait-on-cement/WOC). Therefore, in this study, more emphasis was given to evaluate the performance of neat Class H cement considering critical parameters, such as the effect of WOC upon set cement mechanical properties (Young’s modulus, Poisson’s ratio, UCS, tensile strength, and shear bonding strength) under different pressure loading conditions. In this study, the cement performance evaluation was performed in terms of identifying potential risk of failure and identifying operation boundaries using finite element analysis (FEA) described in the following sections. 
[bookmark: _Toc39748779]Finite Element Model of Liner Hanger Dual Barrier System
[bookmark: _Hlk23541370]Assuming symmetry wellbore geometry, FEA was conducted using a two-dimensional axisymmetric model (shown in Figure ‎6.5(A)). The model components consist of inner and outer pipes, two aluminum rings, and one elastomer seal as shown in Figure ‎6.5 (B). The model components meshed in regular hexahedral shapes. Initial simulations at various mesh sizes were run to confirm that the mesh size did not affect the simulation accuracy. Normal Lagrange was selected to construct bonded contact at the interfaces of the components because it eliminates the penetration/overlapping of contacting bodies. The model components were modeled as an isotropic linear elastic material. The model was created to replicate the dual barrier system (elastomeric seal and cement sheath) of the conventional shallow surface liner hanger. Diameters of casing and liner were chosen to be 10 in. and 8 in. respectively. The length of the pipes and cement were kept long enough (18 and 12 in respectively) to avoid the end effect and simulation convergence issues. The dimensions of the experimental setup ( shown in Figure ‎4.3) are identical to the model.

[image: ]
[bookmark: _Ref36929241][bookmark: _Toc36138151][bookmark: _Toc37489246]Figure ‎6.5: Liner dual barrier FEA model, top view (A) and side view of annular cement and seal (B) 

Apart from the simulation process, the properties of the model components, such as Young’s modulus and Poisson's ratio, UCS, and tensile strength were specified (shown in Table ‎6:2) and used as input parameters. The magnitudes of Young’s modulus and Poisson's ratio, UCS of the hardened cement were obtained from the study performed by Saleh et al. (2019) because the recipe, mixing, and curing procedures were similar to those used in the experimental work of this study. Saleh et al. (2019) conducted laboratory tests for neat Class H cement cubes (222 in) cured at ambient conditions for 1, 3, 7, and 21 days. Measured ultrasonic pulse velocities (UPV) are 2272, 3014, 3415, and 3668 m/s  for respective curing days. The UPV values were used in this study to calculate the magnitudes of Young’s modulus and Poisson's ratio using equation (1) and (2). Jutten et al. (1989) derived these equations to represent linear elasticity and an empirical correlation between Young’s modulus and Poisson's ratio.
 


E : Elastic modulus,            ν : Poisson’s ratio        c: Cement density
Vp : Compressional wave velocity
The calculated values of Young’s modulus and Poisson's ratio at 1, 3, 7, and 21 days curing time were plotted in Figure ‎6.6 (A) and (B) respectively. A log trend-line and linear trend-line equations from these plots were used to determine the cement’s Young’s modulus and Poisson's ratio over curing times of 12 h, 24 h, 48 h, 72 h, 5 days, and 7 days as shown in Table ‎6:2. Similarly, the UCS values obtained from the study conducted by Saleh et al. (2019) were 5, 17.3,19.3, and 38.4 MPa on day 1, day 3, day 7, and 21 days, respectively. The UCS values were plotted in  Figure ‎6.7, and a power trend between UCS vs. curing time was observed. From this trend (equation), the  UCS values were calculated at curing intervals of 12 h, 24 h, 48 h, 72 h, 5 days, and 7 days (see Table ‎6:2). The tensile strength (TS) was assumed to be 10 % of the UCS, as mentioned in several studies (James and Boukhelifa 2008; Lavrov and Torsæter 2016; DeAndrade and Sangesland 2016). The values of UCS, TS, and shear bond strength (SBS) were used to describe and characterize the cement performance in terms of predicting potential failure modes. The cement performance characterization was achieved by comparing the values of UCS, TS, SBS with the induced radial, hoop, and shear stress, respectively as shown in Figure ‎3.8. The magnitudes of SBS were taken from the study performed by Teodoriu et al. (2018). 
 
     (A)  			               	 (B)
[bookmark: _Ref27334352][bookmark: _Toc36138152][bookmark: _Toc23679486][bookmark: _Toc37489247]Figure ‎6.6. Young’s modulus (A) and Poisson's ratio (B) over curing intervals



[bookmark: _Ref27333438][bookmark: _Toc23679485][bookmark: _Toc37395464]Table ‎6:2: Cement properties at different curing intervals
	[bookmark: _Hlk23591267]                      Cement properties
Curing Intervals   
	Young’s Modulus (E), psi
	Poisson’s Ratio ()
	UCS
(psi)
	Tensile Strength (psi),UCS/10

	Neat Class H Cement, 12 h ,WOC
	0.236235  106 psi
	0.41
	585
	58.5

	Neat Class H Cement, 24 h ,WOC
	0.719345   106 psi
	0.40
	930
	93

	Neat Class H Cement, 48 h ,WOC
	1.202455  106 psi
	0.39
	1475
	147.5

	Neat Class H Cement, 72 h ,WOC
	1.485056  106 psi
	0.36
	1933
	193.3

	Neat Class H Cement, 5 Days  ,WOC
	1.968166  106 psi
	0.35
	2715
	271.5

	Neat Class H Cement, 7 Days  ,WOC
	2.075606  106 psi
	0.32
	3398
	339.8




[bookmark: _Ref27335062][bookmark: _Toc36138153][bookmark: _Toc23679488][bookmark: _Toc37489248]Figure ‎6.7. UCS increases over curing intervals

[bookmark: _Hlk39415978]The following assumption were made for dual barrier system FEA:
· The cement was modeled as an isotropic linear elastic material
· Cement was considered as impermeable and non-porous solid material
· [bookmark: _Hlk39415739]The values of the cement Young’s modulus and Poisson’s ratio which were used as input data for the FEM determined through dynamic method by measuring the ultrasonic pulse velocities (UPV) that described in this section were accurate. According to Lavrov and Torsæter (2016), the values of Young’s modulus and Poisson’s ratio from dynamic procedure are usually higher than values from static procedure. The cement performance considering the static procedure was not considered in this study due to limited information available in current literature on the cement’s Young’s modulus and Poisson’s ratio at the curing intervals included in this study 
·  Homogeneous mixing of the cement recipe
· The cement sheath was subjected to uniform pressure loads
· Perfect bonding at inner pipe-elastomers-outer pipe interfaces








[bookmark: _Toc39748780]Chapter 7: Model Simulation Results and Discussions
[bookmark: _Toc39748781]Simulation Results of Liner Hanger Seal Assembly
FEM was created to understand the sealing behavior of the elastomeric materials of the liner hanger seal assembly as well as to compare the seals’ performance. EPDM and NBR were selected for this study, and their performance was evaluated under two scenarios. The first scenario aimed at investigating the effect of seal energization/compression, pipes materials, and contact type (e.g. friction) on the seal performance. The second scenario aimed at investigating the effect of chemical swelling. Details of simulation results of each scenario are discussed in the following sub-sections. 
[bookmark: _Toc39748782]Elastomers Performance Under Normal Conditions
Effect of Compression
In the model, the cord diameter of each sample was 0.75 in., which is as same as the annular space (0.75 in) between the inner pipe (liner) and the outer pipe (casing). There is no interference between elastomer, inner pipe, outer pipe as shown in Figure ‎7.1. The values of the contact pressure of EPDM and NBR elastomers were obtained after running 24 simulation cases (each point in the graph represents one simulation run). The friction coefficient at the elastomers-pipes interfaces is chosen 0.1 and held constant. A linear relationship between contact stress (sealability) and compression (displacement) is depicted in Figure ‎7.1. The graphs showed that higher compression results in higher sealing contact pressure. It is observed that EPDM exhibits a contact pressure slightly higher than NBR at the same displacements. This observation confirms that better seal performance is intuitively related to the higher elastic modulus of EPDM (277 psi) compared to NBR (268 psi).
[image: ]
[bookmark: _Ref36932596][bookmark: _Toc36138154][bookmark: _Toc37489249]Figure ‎7.1:  Effect of compression (displacement)  and elastic modulus on contact pressure
Effect of Pipe Material
Young’s modulus is the most mechanical property measures the stiffness (resistance to elastic deformation under load) of a solid material. In this scenario, to evaluate the effect of pipe material (Young’s modulus) on the contact pressure, the acrylic pipes that has Young’s modulus of 0.4 x 106 psi (2.76 GPa) were replaced by steel pipes with Young’s modulus of 29 x 106 psi (200 GPa). The simulation results showed that (Figure ‎7.1) at the same displacements, the contact pressures generated at the steel pipe-seal interfaces are higher than the contact pressure generated at acrylic pipe-seal interfaces. This observation can be linked to the higher stiffness of the steel pipe. It is evident from Figure ‎7.1  that at 2 mm, 2.5 mm, and 3 mm displacements, the contact pressures in case of using steel pipes are higher by around 33%, 36%, and 42%  respectively than in case of using acrylic pipes. 
Effect of Friction 
Drag and friction forces are very important parameters that need to be carefully considered when deploying liners in horizontal and deviated wells. Therefore, this scenario is developed to assess the effect of friction on the elastomers contact pressure. The coefficient of friction is varied between (0 and 1). Simulations were run at a constant displacement of 2 mm. Figure ‎7.2 shows that increasing friction coefficient between elastomer and pipe slightly reduces the contact pressure. However, the reduction is within the error margin of the model. The reduction can be attributed to the partial loss of the setting load that was dissipated to overcome the friction. As a result, less seal volumetric compression (expansion) and contact pressure are generated. Based on this observation, it can be recommended that in field applications, prior to set the liner hanger, the host casing should have a smooth contaminants-free surface. 

[bookmark: _Ref36932763][bookmark: _Toc36138155][bookmark: _Toc37489250]Figure ‎7.2:  Effect of friction coefficient on contact pressure
[bookmark: _Toc39748783]Elastomers Performance Under Chemical Swelling Conditions
Elastomers’ energization using swelling is a growing technology. To understand the elastomers sealing behavior when they are exposed to a swelling agent, FEA was conducted in this study. Prior to simulations, small specimens of EPDM and NBR (shown in Figure ‎6.4) were immersed in a surfactant for 7 days. After this swelling period, the specimens cord diameter was measured at three recovery days, and reported readings were used as input parameters for the model. Simulation results demonstrated that more swelling leads to an increase in elastomer cord diameter, which results in higher compression /contact pressure at the elastomers-pipes interfaces as shown in Figure ‎7.3. The results also demonstrated that as the elastomer starts recovering with time, the contact pressure also starts decreasing. It is important to point out that NBR specimen swells more than EPDM specimen, thus resulting in a higher seal contact pressure compared to EPDM. Although NBR shows superior sealability, it is more susceptible to chemical degradation. The hardness of NBR was reduced by 35% whereas the hardness of EPDM was only reduced by 15%. NBR hardness reduction is beyond the maximum limit (20%) specified by Norsok standard M-710 (2014). Therefore,  the structural integrity of NBR samples is compromised due to swelling conditions considered in this study. 

[bookmark: _Ref36932870][bookmark: _Toc36138156][bookmark: _Toc37489251]Figure ‎7.3: Effect of swelling on contact pressure

[bookmark: _Toc39748784]Validation of Modeling Results
To validate the model, the contact pressures from simulations were compared to the contact pressures estimated from the experimental sealability tests. In the case of experiments, the contact pressure between seal and pipe was indirectly estimated by injecting nitrogen at various increasing pressure until leakage is observed. The injection pressure at which leak is observed can be considered as representative of actual contact pressure at the seal-pipe interface. In this study, the model was validated using two experimental scenarios: normal and swelling conditions. The validation methods are described in the following sections.
Validation of Elastomers Performance Under Normal Conditions
The cord diameter of elastomer O-rings procured for this study was measured. It was about 1 mm greater than the actual annulus clearance of 0.75 in. between the setup two concentric acrylic pipes. Therefore, simulations were re-run with the actual value of the cord diameter in order to establish a fair comparison between simulations’ and experiments’ results. The 1 mm increase in the cord diameter led to elastomer-pipes interference as shown in Figure ‎7.4. Resolving this interference, the contact pressures from simulations were 40 psi and 41 psi for NBR and EPDM respectively without requiring external torque. Increasing the torque i.e. energization displacement, contact pressure rises linearly up to 2.5 mm displacement. It is notable that the EPDM sample exhibits contact pressure slightly greater than the NBR sample.
When the experimental sealability test was conducted at 40 psi without applying any external energization, no leakage was observed in either of the elastomer samples. This test confirmed that the actual contact pressure at the seal-pipe interface is greater or equal to 40 psi. Increasing the torque values/displacement did not result in a leak at 40 psi as shown in Figure ‎7.4. According to the FEM prediction, EPDM and NBR can offer contact pressures during the experimental pressure tests up to 61 psi and 58 psi, respectively. However, the pressure test was maintained constant at 40 psi (see Figure ‎7.4)  during the experiments for safety precautions. 
 	 
[image: ]
[bookmark: _Ref36933301][bookmark: _Toc36138157][bookmark: _Toc37489252]Figure ‎7.4: Comparison between FEA simulation and Experimental Test for contact pressure of EPDM and NBR elastomers 
Validation of Elastomers Performance Under Swelling Conditions
The increase in the cord diameters of EPDM and NBR elastomers reported during the recovery periods as shown in Figure ‎7.5. Reported values are used as inputs for the  FEM to predict contact pressures. Simulation results revealed that due to pre-stress caused by chemical swelling. EPDM provided a contact pressure of 50, 45, and 41 psi for day 1, day 2, and day 3 respectively as shown in Figure ‎7.6 (upper dotted lines). Based on these results, it was decided that the experimental pressure test should not exceed 40 psi because of the pipes of the setup made of acrylic materials that could not withstand high pressure. 
To validated the FEM, laboratory tests were performed using the setup shown in Figure ‎4.5 to assess the sealability of EPDM and NBR after they were immersed in a surfactant for a week. During this chemical swelling period, the diameter and cord diameter of each elastomer sample were increased as shown in the table included in Figure ‎7.5. Under these swelling conditions, experimental pressure tests were conducted over three days of recovery periods in order to examine the elastomer sealing behavior. EPDM elastomers were tested at 40 psig and 30 min holding time after being removed from the surfactant. The test was repeated for the next two days of recovery. Figure ‎7.6 (lower graph) shows that for EPDM, no leak was observed during day 1, day 2, and day 3. This indicates a contact pressure of 40 psi or greater.
[image: ]
[bookmark: _Ref36933514][bookmark: _Toc36138158][bookmark: _Toc37489253]Figure ‎7.5: Elastomers swelling and recovery process

[bookmark: _Ref20648007][bookmark: _Toc36138159][bookmark: _Toc37489254]Figure ‎7.6: EPDM pressure tests on Day 1, Day 2 and Day 3 after exposure to a surfactant (lower graph), and EPDM contact pressures on Day 1, Day 2 and Day 3 after exposure to a surfactant  (3 dotted lines)   

The contact pressure predicted by the FEA model for NBR is 61, 58, and 55 psi on day 1, day 2, and day 3, respectively. It should be noted the contact pressures obtained from the FEA for NBR are higher than those obtained from EPDM. This observation correlated with NBR higher volumetric swelling compared to EPDM (shown in Figure ‎7.5) and hence yielded higher contact pressure. To validate the FEM, NBR elastomers were subjected to experimental pressure tests using the same procedure and consecutive intervals (days) followed during the testing of EPDM elastomers. Results of three days of tests were plotted in the lower graph of Figure ‎7.7. No leak was observed at 40 psig pressure test as predicted by the FEM.


[bookmark: _Ref20648071][bookmark: _Toc36138160][bookmark: _Toc37489255]Figure ‎7.7: NBR pressure tests on Day 1, Day 2 and Day 3 after exposure to a surfactant (lower graph), and NBR contact pressures on Day 1, Day 2 and Day 3 after exposure to a surfactant  (3 dotted lines) 
[bookmark: _Toc39748785]Simulation Results of Liner Hanger Dual Barrier System
[bookmark: _Toc39748786]Effect of Curing Times on the Cement Mechanical Properties
Preliminary Simulations and Analytical Validation
Preliminary simulations result of radial and hoop stresses were compared with the values calculated from the analytical method. In the analytical calculations, Lamé modified equations presented by Patel and Salehi (2019b) were used to determine the radial and hoop stresses. Radial and hoop stresses from FEA and analytical methods were plotted in Figure ‎7.8 (A) and (B) respectively. Figure ‎7.8 (A) shows that at the cement-inner pipe (liner) interfaces, a fair match between radial stress from FEA and analytical results was observed. The FEA results deviated by 3% to 3.8% from the analytical values. The hoop stress values at cement-inner pipe (liner) interfaces from FEA and analytical method were also compared and found to be in a fair agreement, as shown in Figure ‎7.8 (B). The FEA results deviated by 3.6% to 4 % of the values calculated using the analytical method. 
 
     (A)  			               	 (B)
[bookmark: _Ref36933910][bookmark: _Toc36138161][bookmark: _Toc37489256]Figure ‎7.8: Comparison of radial  (A) and hoop (B) stresses magnitudes determined by FEA and analytical
FEA Verification Using Results from Experimental Work
Following the model validation using analytical methods, the stresses were simulated at different curing times (12 h, 24 h, 48 h, 72 h, 5 days, and 7 days). The simulation’s objective is to investigate the effect of WOC on the cement sealability. Sealability was examined by comparing the values of the radial, hoop, and shear stresses that were generated at liner-cement interfaces with UCS, TS, and SBS, respectively. Figure ‎7.9 shows that when applying an internal pressure of 40 psi, the radial stresses at liner-cement interfaces are very low for all WOC intervals. It is clear that at a pressure of 40 psi, the cement will not fail by crushing as the radial stress values are too far from the UCS values.  

[bookmark: _Toc23679494][bookmark: _Ref36934126][bookmark: _Toc36138162][bookmark: _Toc37489257] Figure ‎7.9: Radial stress at different WOC intervals
Figure ‎7.10 shows that hoop stress increases as WOC intervals increase. The results revealed that the cement failed by radial cracking due to the high concentration of hoop stress, particularly at 12-72 h WOCs. The failure occurred because the values of the hoop stresses during theses WOCs are higher than the tensile strength. This fact is supported by the cracks that appeared at the cement surface (shown in Figure ‎7.11 (A)) and the pressure decline (Figure ‎7.12) that was observed during the experimental tests in which the cement was subjected to 40 psi pressure test. It is concluded from these results, that cement is prone to failure due to radial cracks. This observation matches with previous studies that indicate high probability of cement failure in tension (Mueller and Eid 2006; Lavrov and Torsæter 2016; Patel et al. 2019b).
Figure ‎7.10 shows a linear relationship between the axil/shear stress and WOC intervals. The cement failed by interfacial debonding because the shear stress exceeded the cement-pipe interfacial shear bonding strength specified by Carter and Evans (1962). This result was also verified by the leakage that occurred during the experimental pressure test conducted at 40 psi using the setup shown in Figure ‎7.11 (A) and (B). In this test, several leakage points were observed at cement-inner pipe interfaces. However, fewer leakage points were seen at cement-outer pipe interfaces, as illustrated in Figure ‎7.11(B). This observation is supported by the studies conducted by Ahmed et al. (2019a); Patel and Salehi (2019b), in which the authors reveal that debonding is more likely to occur at cement-inner pipe (liner) interfaces.
[image: ]
[bookmark: _Ref27337652][bookmark: _Toc36138163][bookmark: _Toc23679495][bookmark: _Toc37489258]Figure ‎7.10. Hoop and shear stresses at different WOC intervals
[image: ] [image: ]
                      (A) 					     (B)
[bookmark: _Ref27337747][bookmark: _Toc36138164][bookmark: _Toc23679496][bookmark: _Toc37489259]Figure ‎7.11: Radial cracks (a) and leak (b) occured during experimental pressure tests 


[bookmark: _Ref27338840][bookmark: _Toc36138166][bookmark: _Toc37489260]Figure ‎7.12. Pressure decline at 40 psi obtained from experimental work at various curing times
[bookmark: _Toc39748787] Effect of Wellbore Pressure Variation
During the life cycle of a well, cement may experience high inner casing pressure variations that can be attributed to the integrity tests (e.g. pressure test, negative pressure test, formation integrity test, leak-off test, and extended leak-off test) and wellbore pressure variation during drilling operations, perforation operations, and stimulation operations. The increase of the inner casing pressure can induce extra compression to the radial stress and tension to the hoop stress as well as compression or tension to the axial stress. As a result, crushing, radial cracks, debonding, and shear failure can occur individually or collectively within the bulk cement and /or at casing-cement-rock (Bois et al. 2011; Lavrov and Torsaeter 2016). 
To investigate the effect of the wellbore pressure variations upon the annular cement integrity, the model created in this study (Figure ‎6.5(A) and (B)) was subjected to pressure loads of 500, 1500, 5000, 8000, 10000, and 15000 psi. The pressure variations considered represent realistic pressure fluctuations that a shallow liner serves in a low, medium, and high pressure wells could confront. The diameters of the surface/shallow liner and host casing are commonly 18 and 22 in. respectively. The cement curing time also varied (12 h, 24 h, 48 h, 72 h, 5 days, and 7 days) to provide in-depth investigations on cement short terms integrity. Under these conditions, several simulations were run and the results of radial, hoop, and axial stresses are plotted in Figure ‎7.13, Figure ‎7.14, and Figure ‎7.15 respectively to enable identifying the potential failure modes and the operation boundaries. 
Figure ‎7.13 shows that the compressive radial stress at liner-cement interfaces induced from wellbore pressure up to 500 psi cannot compromise the zonal isolation at the interfaces up to 7 days because the magnitudes of the radial stress are less than the UCS. This conclusion also applies for wellbore pressure of 1500 psi after 24 h and up to 7 days WOC as well as for wellbore pressure 5000 psi and 7 days WOC. However, the zonal integrity can be compromised (the area below the UCS line) at a wellbore pressure of 1500 psi at 12 h, wellbore 5000 psi and 12, 24, 48, 72 h, and 5 days WOC and for the rest of the high wellbore pressure at any curing time. Under these conditions, the cement is failed by crushing as illustrated in Figure ‎3.8 because the magnitudes of the radial stress are higher than the UCS. 

[bookmark: _Ref36934677][bookmark: _Toc36138167][bookmark: _Toc37489261]Figure ‎7.13:  Radial stress at liner-cement interfaces at various wellbore pressures and WOC

The radial stress cannot be used alone to evaluate cement integrity. Therefore, further simulations were run to determine the magnitudes of hoop stress. Figure ‎7.14 compares the magnitudes of hoop stress with the tensile strength at liner-cement interfaces. It is obvious that hoop stresses at liner-cement interfaces caused by wellbore pressure up to 500 psi cannot jeopardize the cement sealability after 24 h WOC and up to 7 days because the magnitudes of the hoop stress are less than the tensile strength. In case of wellbore pressure of 1500 psi, integrity is maintained up to 48 h WOC only. The cement sealability is likely to be lost for the rest of the pressures and respective WOCs because the magnitudes of hoop stress exceeded the tensile strength. The failure by high hoop stress would be in the form of radial cracks as illustrated in Figure ‎3.7 and  Figure ‎3.8.   
            
[bookmark: _Ref27638801][bookmark: _Toc36138168][bookmark: _Toc37489262]Figure ‎7.14. Hoop stress at liner-cement interfaces at various wellbore pressures and WOC
Beside radial and hoop stresses, axial/shear stress is an important parameter to characterize the cement performance. The simulation results presented in Figure ‎7.15 show that interfacial shear bonding strength at liner-cement interfaces can withstand shear stresses resulting from pressures loads of 500 and 1500 psi as well as from pressure of  5000 psi between 24 to 72 h WOC only. However, a failure in form of cracks / debonding as illustrated in  Figure ‎3.7 and  Figure ‎3.8 is likely to occur from the rest of the pressure loads at their respective WOCs because at these pressures, the magnitudes of the shear stress exceeded their anticipated interfacial bonding strength. In this study, the bond strength values are reported after 24 h and assumed to be constant for all the WOC intervals. This assumption is made based on the study performed by Teodoriu et al. (2018 and 2019). In all, it can be concluded that hoop stress caused the most failure situations,  followed by radial, and axial stresses as inferred by the risk failure matrix shown in Figure ‎7.16. The matrix is created based on information extracted from the figures presented in this section. The failure caused by hoop stress is attributed to the lower values of cement tensile strength. Therefore, additives to enhance tensile strength is highly recommended. The target tensile strength would depend on the maximum expected pressure load at the designed installation depth.              

[bookmark: _Ref27638817][bookmark: _Toc36138169][bookmark: _Toc37489263]Figure ‎7.15. Axial / shear stress at liner-cement interfaces at various wellbore pressures and WOC
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[bookmark: _Ref37368481][bookmark: _Toc37489264][bookmark: _Hlk39620334]Figure ‎7.16: Risk of failure matrix for a shallow liner cement at different pressures and curing intervals
[bookmark: _Toc39748788]Effect of Depth
Figure ‎7.17 compares the performance of a neat Class H cement sheath for shallow, intermediate, and production liners as illustrated earlier in Figure ‎1.1. The objectives of this comparison are to investigate the effect of the depth upon the cement sealability, characterize the modes of failures, and rank the liners in terms of the risk of failure that may assist in designing the appropriate cement formulations. Figure ‎7.17 shows that when the pressure of a shallow liner is up to 500 psi, the radial stress acting at the liner- cement interface is slightly higher than the UCS and the cement is prone to failure by crushing. However, as the UCS develops over the curing time, the radial stress becomes less than the UCS. At a wellbore pressure up to 3000 psi, the intermediate liner cement is not expected to experience failure. This conclusion is supported by the fact that the radial stress is less than the UCS at any curing interval, although the UCS is slightly decreased after 24 h according to cement retrogression at 230 °F. For wellbore pressure and temperature of 4500 psi and 300 °F, the production liner can maintain its integrity in the range of 12-23 h curing times. After that, the cement is highly potential to failure by crushing according to the rapid drop in the UCS resulting from cement retrogression. From this analysis, it can be concluded that based on the assumptions and simulations performed in this study, the cement sheath in the production liner is more prone to failure. Next is shallow liner while the intermediate liner is not expected to fail.   
                 

[bookmark: _Ref36935320][bookmark: _Toc36138170][bookmark: _Toc37489265]Figure ‎7.17: Radial stress acting on cement-liner interfaces of dual barrier system of shallow, intermediate and production liners

Hoop stress is very important for evaluating the cement integrity. Figure ‎7.18 presents hoop stress for shallow, intermediate, and production liners. The Figure shows that the cement sheath of a shallow liner may fail after 12 h, 72 h, 5 days, and 7 days curing times due to the radial cracks resulting from hoop stress exceeding tensile strength. The cracks may not exist at 24 h and 48 h. As shown in Figure ‎7.18, the intermediate liner has a failure trend similar to the shallow liner (failed at same curing times). However, the failure may be worse because the cement retrogression creates a bigger gap between the magnitudes of the hoop stresses and their anticipated tensile strength over the curing intervals. The production liner cement can tolerate hoop stress at 12 h curing time, however, the cement retrogression at 300 °F negatively impacted the tensile strength as shown in Figure ‎7.18. Hence, the cement is highly susceptible to failure after 12 h and the gap between the hoop and the tensile strength becomes much bigger compared to the shallow and intermediate liners. Based on this analysis, it is obvious that the failure probability of the liner cement sheath tends to increase as the wellbore depth increases. It is also worth mentioning that the failure resulting from hoop stress over inducement is more severe than the failure by crushing resulted from radial stress. It recommended that cement for intermediate and production liners of deep wells must be designed to enhance and prevent retrogression strength. A tool to predict the cement failure matrix of different types of liner dual barrier systems was presented in Figure A1,  Appendix C. 








Axial/shear stress is also very important for cement performance evaluation. However, the effect of liner depth on shear stress could not be studied due to the lack of sufficient data on cement shear bond strength at the cement-pipe interface at elevated temperatures (250 and 300 °F). 


[bookmark: _Ref27899859][bookmark: _Toc36138171][bookmark: _Toc37489266]Figure ‎7.18. Hoop stress acting on cement-liner interfaces of dual barrier system of shallow, intermediate and production liners






[bookmark: _Toc39748789]Chapter 8: Summary, Conclusions, and Recommendations
[bookmark: _Toc39748790]Summary
The identification of the primary barrier in the liner hanger dual barrier in field applications has raised serious concerns that continuously challenge the industry and regulators. There is a lack of procedures, guidelines, and standards that exclusively deal with testing and qualification of dual barrier components system (seal assembly and cement sheath) independently in order to determine which of them can act as a primary barrier. The selection of appropriate elastomeric sealing materials is a major challenge because no single elastomer type available can serve in all the downhole conditions. This issue is backed by the fact that 18% of offshore wells around the world have some form of liner hangers seal failure. As for cement, although many gas migration control additives are used in attempts to prevent gas migration, this problem remains a challenge for the oil and gas industry due to the uniqueness of each well. These issues still pose challenges that need to be addressed by industry and regulatory agencies. The outcomes of this research are intended to provide an improvement in the well integrity in terms of proposing solutions to the issues of liner hanger dual barrier and filling some gaps in current liner hangers’ qualifications and testing procedures.   
[bookmark: _Toc39748791][bookmark: _Hlk39416057]Conclusions
The testing of liner hanger seal assembly and cement sheath as a dual barrier system is challenging for the oil and gas industry. Based on the experimental and numerical investigations conducted in this study to evaluate the performance of the liner hanger elastomeric seal and cement sheath, the following conclusions have been drawn:
1. [bookmark: _Hlk497414301][bookmark: _Hlk491888117]Elastomeric seal assembly can act as a primary barrier in the liner dual barrier hanger system in case it is selected, designed, manufactured, qualified, deployed, and tested properly. However, it should be noted that the performance of the elastomers (EPDM and NBR) evaluated in this study was performed at room temperature. In addition, there is limited information on the seals’ chemical compound, physico-mechanical properties, and friction at the seals-acrylic pipes interfaces.   
1. For the specific testing protocols developed in this study to investigate the elastomers performance, the results revealed that the order of dominant failure mechanisms that adversely impact the elastomer performance from high to low is CO2 > mechanical defect > cyclic load > swelling.  
1. Pressure cycling is paramount for seal performance evaluation. Technically, the performance of the liner hanger seal assembly under pressure cycling loads depends on the type of elastomeric materials, energization force, and the number of pressure cycles. 
1. [bookmark: _Hlk498284979]Prolonging the pressure test duration from 30 minutes to 60 minutes may not assist in a better evaluation of elastomers’ performance as independent barriers. However, it is important to point out that the tests conducted in this study did not fully mirror the actual downhole conditions.
1. The results of the FEA from this study showed that the order of parameters that influence the elastomer contact pressure (sealability) from high to low is compression ratio > pipes Young’s modulus > elastomer’s Young’s modulus > friction coefficient.
1. The selection of elastomer material based on evaluation of one or a limited number of parameters may not provide a full characterization about its sealing behavior. Fitness-for-service of an elastomeric seal must be determined holistically by considering all available information on the seals’ chemical properties, physico-mechanical properties, and design specifications. In addition, considering the operation conditions, and compatibility with the downhole environment.
1.  For cement sheath to be considered a primary barrier element in a dual barrier zonal isolation system, it must contain a specific anti-gas migration additive in addition to other cement additives.
1. [bookmark: _Hlk526325302]The experimental results from this study revealed that cement integrity was significantly influenced with WOC time, pipe material, and pipes’ surface roughness. 
1. Results from the experimental and numerical work conducted in this study showed that the cement sheath is more prone to failure by debonding. Debonding is more likely to occur at the cement-inner pipe (liner) interfaces compared to cement-outer pipe (casing) interfaces.
1. The results from FEA performed in this study revealed that liner cement is most likely to fail under tensile hoop stress in forms of radial cracks and/or debonding. Therefore, cement tensile strength is the most critical mechanical property that needs to be controlled carefully. 
1. Based on the FEA simulations performed to assess failure of the dual barrier systems of shallow, intermediate, and production liners, it can be concluded that the order of liner hanger dual barrier cement risk of failure from high to low is production > shallow > intermediate. The failure of the production liner cement can be attributed to its retrogression at elevated temperature (above 230 °F) that is usually encountered in deep and ultra-deep wells.
[bookmark: _Toc39748792]Recommendations and Future Work
The following recommendations have been made based on the reviews, findings, and conclusions presented in this study:
1. The experimental work in this study was performed at room temperature and relatively low testing pressure (40 psig) because the setup made from acrylic pipes that cannot withstand pressure and temperature close to those existing in downhole. It is highly recommended to test the elements of the liner hanger dual barrier system (seal assembly and cement) for the anticipated downhole temperature and pressure.
1. Liner hanger elastomer seals are recommended to be subjected to a pressure cycling test before being deployed in the downhole. This test is not recommended in current standards and regulations although some studies revealed that elastomers are prone to failure under pressure cycling conditions.   
1. Elastomer energization/setting is critical for seal integrity. It is recommended to consider a very precise tolerance of the radial dimension of an elastomer seal during the design of a liner hanger seal assembly.
1. It is recommended to use cement with gas migration control additive(s) for isolation of shallow gas formation zones and abnormal pressure intervals. 
1. Cement for intermediate and production liners of deep and ultra-deep wells should be designed to withstand retrogression at elevated temperatures.
1. Additives to enhance cement tensile strength are highly recommended to prevent its failure according to over inducement of the hoop stress which can result in radial cracks propagation.
Following are some of the future research work proposed based on the results, analyses, and conclusions of this study:
1. Further research should be explored to assess the possibility of testing the sealing system and the cement sheath independently in field application.
2. Further studies are highly recommended to evaluate the performance of more types of seals such as HNBR, FKM/Viton, FEPM/Alfas, and FFKM/Kalrez that are also commonly used in liner hanger sealing assembly. 
3. Axial/shear stresses are very important for cement performance evaluation. More research to determine cement shear bond strength at the cement-pipe interface at elevated temperatures is highly imperative to enable a comprehensive investigation of cement performance. 
4. More studies are needed to develop gas migration models that consider the complex behavior and the unsteady nature of the gas under actual downhole conditions.
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[bookmark: _Hlk526606958]Acronyms        
API			American Petroleum Institute 
ASTM          American Society for Testing & Materials
BOP             Blowout Preventer
BSEE 			Bureau of Safety and Environmental Enforcement
CFR			Code of Federal Regulations
EPDM 			Neoprene ethylene propylene diene monomer
FEPM 			Fluorocarbon/ Tetrafluoro ethylene/ Propylene rubber
FFKM 			Perfluoroelastomer
FKM 			Fluoroelastomer 
HNBR 			Hydrogenated Nitrile Butadiene Rubber
ISO 			International Organization for Standardization
LWOC         Loss of Well Control
MP 295 			Main Pass Block 295
NACE          National Association of Corrosion Engineers
NBR 			Nitrile Butadiene Rubber

NORSOK		Norsk Sokkels Konkuranseposisjon, “Norwegian Standards” 
[bookmark: _Hlk3017144]SSSV           Subsurface Safety Valve
WOC		 	Wait on Cement
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[bookmark: _Toc496615147][bookmark: _Toc39748795]Appendix A: Guidelines for Pressure Test of Different Barriers
[bookmark: _Ref24545530][bookmark: _Hlk37265960]Table A. 1 Pressure test guidelines for wellbore main barriers (Data are extracted from CFR 2016)
	Barrier
	Minimum Test Pressure
	Holding Period

	Cemented Casing
	Drive or structural
	Not required
	30 minutes 1

	
	Conductor
	200 psi
	

	
	Surface, intermediate, and production
	70 % of its minimum internal yield
	

	Drilling liner (and liner-lap)
	Equal to the anticipated pressure to which the liner will be subjected during the formation pressure-integrity test
	30 minutes 

	Production liner (and liner-lap)
	500 psi above the formation fracture pressure at the casing shoe into which the liner is lapped
	30 minutes

	Diverter-sealing element and diverter valves2
	200 psi
	Not mentioned

	BOP4 system (this includes the  choke manifold, kelly valves, inside BOP, and drill-string safety valve)
	Low-pressure test
	200-300 psi
	5 minutes3

	
	High-pressure test (ram type)
	Rated working pressure or 500 psi above MASP
	5 minutes3

	
	High-pressure test (annular type)
	70 % of rated working pressure
	5 minutes3



Notes:
1. The pressure must not decline 10% during the holding period.
1. After the diverter installation and test, another pressure test must be conducted within 7 days. 
1. For surface BOP, 3 minutes are acceptable.
BOP must be pressure tested when installed and before two weeks have elapsed since last test.

[bookmark: _Toc39748796]Appendix B: Comparison between Elastomers Used in Liner Hangers
Table A.2: Common elastomers used in liner hangers
	Type 
	Family
	Applications 
	Working Conditions 
	Manufacturer/
Reference

	 NBR
	Nitrile
	RS: Petroleum oils and fuels, water and glycols 
	-For lower duties
-Low to medium down-hole temperature (-50°C to 120°C)

	James Walker/
Walker, (2009)

	
	
	Not RS:
Ketones, H2S esters and amines
	
	

	HNBR
	Hydrogenated Nitrile 
	RS: Petroleum oils  and fuels, water and glycols
	-Slightly better tolerance than standard nitrile 
-Down-hole temperature (-55°C to 160°C)

	James Walker/
Walker, (2009)

	
	
	Not RS: Strong acids and halohydrocarbons
	
	

	Viton
	Fluoroelastomer (FKM)
	RS: Petroleum oils and fuels, acids,
halohydrocarbons and phosphate esters
	-Medium to high down-hole temperature (200°C to 315°C)
-Resistant to H2S
-Economical solution in high-temperature and harsh-chemical environments
	James Walker/
Walker, (2009)
DuPont/
DuPont, (2013)
DuPont, (2017)

	
	
	Not RS: Ketones, amines, hot water and steam
	
	

	Aflas
	Tetrafluoroethylene (FEPM)
	RS: Sour petroleum oils and fuels, acids,
bases, amines and steam
	-Medium to high down-hole temperature, 5°C to 205°C
-Resistant to H2S
-Swellable when used in oil-based fluids
	James Walker/
Walker, (2009)
AFLAS/
DuPont, (2013)
DuPont, (2017)

	
	
	Not RS: Halohydrocarbons
	
	

	Kalrez
	Perfluoroelastomer (FFKM)
	RS: Sour petroleum, acids, bases, MTBE and
ketones
	-HP/HT applications
-Maximum application temperature ( 325°C)
- Maximum application pressure (45000 psi)
	James Walker/
Walker, (2009)
DuPont/
DuPont, (2013)
DuPont, (2017)

	
	
	Not RS: Alkali metal solutions
	
	



Note: RS = Recommended Service   




[bookmark: _Toc39748797]Appendix C: Tool to Predict Cement Failure Matrix of Different Liner Dual Barrier Systems
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[bookmark: _Hlk39620774]Figure A 1: Cement Failure Matrix at different liner hangers (Shallow, intermediate, and production)
Neat Class H UCS	
1	3	7	21	5	17.3	29.32	38.4	Hoop Stress at 30 psi	0	0.25	0.5	0.75	170.56	156.97999999999999	149.85	141.26	Hoop Stress at 20 psi	0	0.25	0.5	0.75	113.73	104.6	99.897000000000006	94.156000000000006	Hoop Stress at 10 psi	0	0.25	0.5	0.75	56.756	52.344999999999999	49.933	47.076999999999998	NBR Elastomer	0.5	1	1.5	2	2.5	3	18.16	23.94	30.69	40.241999999999997	46.414999999999999	52.49	Curing Time (Days)


USC MPa)






Displacement: 2 mm 

EPDM Elastomer	0	0.01	0.05	0.1	0.3	0.5	1	40.46	40.405000000000001	40.142000000000003	39.817	38.710999999999999	38.085999999999999	37.337000000000003	NBR Elastomer	0	0.01	0.05	0.1	0.3	0.5	1	39.341000000000001	39.274999999999999	39.027999999999999	38.28	37.686	37.076000000000001	36.765000000000001	EPDM pressure test at 30 psi	0	5	8.5	13.5	19.5	25.5	29.5	35	35.17	0	30	25	20	15	10	8	5	0	EPDM pressure test at 20 psi	0	5	8	12	15	19	21	29	35	35.08	0	20	18	15	12	10	8	5	3	0	EPDM pressure test at 10 psi	0	5	10	15	20	25	30	35	35.130000000000003	0	10	8	6	4	3	2	1	0	Friction Coefficient


Contact Pressure (psi)




 Elastomer speicmen used in swelling study
initial cord diameter 0.75 inch

EPDM contact pressure from FEA	Day 3
Day 2
Day 1

0.8	0.82	0.84	40	46	51	NBR contact pressure from FEA	Day 3
Day 2
Day 1 

0.85	0.86	0.87	55	58	61	EPDM pressure test at 30 psi	0	5	8.5	13.5	19.5	25.5	29.5	35	35.17	0	30	25	20	15	10	8	5	0	EPDM pressure test at 20 psi	0	5	8	12	15	19	21	29	35	35.08	0	20	18	15	12	10	8	5	3	0	EPDM pressure test at 10 psi	0	5	10	15	20	25	30	35	35.130000000000003	0	10	8	6	4	3	2	1	0	Elastomer Cord after Swelling  (in)


Contact Pressure (psi)




Day 1 pressure profile 	0	5.5	35.5	35.57	0	40	40	0	Day 2 pressure proflie 	0	5.4	35.4	35.549999999999997	0	40	40	0	Day 3  pressure proflie 	1
2
3
4

0	5.5	35.5	35.57	0	40	40	0	Day 3 contact pressure (FEA)-cord dia 0.8 in	0	5.5	35.5	40	41	41	41	41	Day 2 contact pressure (FEA)-cord dia 0.82 in	0	5.5	35.5	40	45	45	45	45	Day 1 contact pressure (FEA)-cord dia 0.84 in	0	5.5	35.5	40	50	50	50	50	Time (min)


Pressure test  (psi)


Contact pressure ( psi)  from FEA




Day 1 pressure profile 	0	5.5	35.5	35.57	0	40	40	0	Day 2 pressure proflie 	0	5.4	35.4	35.549999999999997	0	40	40	0	Day 3  pressure proflie 	1
2
3
4

0	5.5	35.5	35.57	0	40	40	0	Day 3 contact pressure (FEA)-cord dia 0.85 in	0	5.5	35.5	40	55	55	55	55	Day 2 contact pressure (FEA)-cord dia 0.86 in	0	5.5	35.5	40	58	58	58	58	Day 1 contact pressure (FEA)-cord dia 0.87 in	0	5.5	35.5	40	61	61	61	61	Time (min)


Pressure test  (psi)


Contact pressure ( psi)  from FEA




Radial stress at liner-cement interfaces (FFA)	0.5	1	2	3	5	7	-25.817	-31.934000000000001	-34.042999999999999	-34.743000000000002	-35.363	-35.673000000000002	Radial stress at liner-cement interfaces (Analytical)	0.5	1	2	3	5	7	-26.6	-33.17	-35.39	-36.11	-36.729999999999997	-37.03	Radial stress at casing-cement interfaces (FEA)	0.5	1	2	3	5	7	-7.3292000000000002	-3.7833000000000001	-2.5480999999999998	-2.1394000000000002	-1.7798	-1.6025	Radial stress at casing-cement interfaces (Analytical)	0.5	1	2	3	5	7	-7.41	-3.81	-2.59	-2.19	-1.86	-1.71	NBR Elastomer	0.5	1	1.5	2	2.5	3	18.16	23.94	30.69	40.241999999999997	46.414999999999999	52.49	Radial stress after 5 days WOC	0	8.4000000000000005E-2	0.16800000000000001	0.252	0.33600000000000002	0.42000000000000004	0.504	0.58799999999999997	0.67199999999999993	0.75599999999999989	-39.054000000000002	-34.936999999999998	-30.536999999999999	-26.196000000000002	-21.593	-17.343	-12.706	-8.3374000000000006	-3.9060000000000001	-8.9802000000000007E-2	Rdail stress after 7 days WOC	0	8.4000000000000005E-2	0.16800000000000001	0.252	0.33600000000000002	0.42000000000000004	0.504	0.58799999999999997	0.67199999999999993	0.75599999999999989	-39.073999999999998	-34.933999999999997	-30.552	-26.091999999999999	-21.738	-17.257000000000001	-12.888	-8.3908000000000005	-3.9586000000000001	-0.15432000000000001	Curing Time (Days)


Radial Stress  (psi)






Hoop stress at liner-cement interfaces (FEA)	0.5	1	2	3	5	7	101.39	161.65	182.52	189.44	195.55	198.58	Hoop stress at liner-cement interfaces (Analytical)	0.5	1	2	3	5	7	105.4	168.7	190.17	197.11	203.03	205.84	Hoop stress after 48 h WOC	0.5	1	2	3	5	7	Hoop stress after 72h WOC	0.5	1	2	3	5	7	NBR Elastomer	0.5	1	1.5	2	2.5	3	18.16	23.94	30.69	40.241999999999997	46.414999999999999	52.49	Hoop stress after 5 days WOC	0	8.4000000000000005E-2	0.16800000000000001	0.252	0.33600000000000002	0.42000000000000004	0.504	0.58799999999999997	0.67199999999999993	0.75599999999999989	227.55	223.27	218.89	214.28	210.14	205.65	201.23	196.51	192.13	187.97	Hoop stress after 7 days WOC	0	8.4000000000000005E-2	0.16800000000000001	0.252	0.33600000000000002	0.42000000000000004	0.504	0.58799999999999997	0.67199999999999993	0.75599999999999989	227.59	223.44	218.76	214.76	210.46	205.73	201.24	196.8	192.47	188.48	Curing Time (Days)


Hoop Stress (psi)




Radial stress at liner-cement interfaces 	0.5	1	2	3	5	7	-25.817	-31.934000000000001	-34.042999999999999	-34.743000000000002	-35.363	-35.673000000000002	Radial stress at liner-cement interfaces (Analytical)	0.5	1	2	3	5	7	-26.6	-33.17	-35.39	-36.11	-36.729999999999997	-37.03	Radial stress at casing-cement interfaces (FEA)	0.5	1	2	3	5	7	-7.3292000000000002	-3.7833000000000001	-2.5480999999999998	-2.1394000000000002	-1.7798	-1.6025	Radial stress at casing-cement interfaces (Analytical)	0.5	1	2	3	5	7	-7.41	-3.81	-2.59	-2.19	-1.86	-1.71	Rdail stress at liner-cement interfaces (two steel pipes)	0.5	1	2	3	5	7	-10.465999999999999	-13.912000000000001	-15.224	-15.778	-16.391999999999999	-16.777999999999999	Radial stress at liner-cement interfaces (inner steel and outer acrylic pipe)	0.5	1	2	3	5	7	-1.0599000000000001	-2.4647000000000001	-3.7724000000000002	-4.5003000000000002	-5.3872999999999998	-5.9589999999999996	UCS	0.5	1	2	3	5	7	585	930	1475	1932	2715	3398	Curing Time (Days)


Radial Stress (psi)


UCS (psi)




Pressure profile after 12 hrs WOC	0	1	2	5	40	4	1	0	Pressure profile after 24 hrs WOC	0	0.2	2	5	10	15	20	25	30	40	30	25	21	20	18.5	17	15	13	Pressure profile after 48  hrs WOC	0	0.2	2	5	10	15	20	25	30	40	31	26	23	22	21	20	19.5	19.5	Pressure proflie after 72 hrs WOC	0	0.2	2	5	10	15	20	25	30	40	33	26	23	22	21	20	20	20	Pressure profile after day 5 WOC	0	0.2	2	5	10	15	20	25	30	40	33	28	26	25	24	23.5	23.5	23.5	Pressure profile after day 7 WOC	0	0.2	2	5	10	15	20	25	30	40	35	29	27.5	26.5	25.5	25	24.5	24.5	Time (min)


Pressure (psi)




Wellbore pressure 500 psi	0.5	1	2	3	5	7	-238.84	-279.22000000000003	-289.97000000000003	-293.64999999999998	-297.26	-299.33999999999997	Wellbore pressure 1500 psi	0.5	1	2	3	5	7	-716.12	-837.4	-869.74	-880.83	-891.67	-897.92	Wellbore pressure 5000 psi	0.5	1	2	3	5	7	-2382.3000000000002	-2788.3	-2897.2	-2934.5	-2971	-2992	Wellbore pressure 8000 psi	0.5	1	2	3	5	7	-3805.1	-4457.3	-4632.8	-4693	-4751.8	-4785.6000000000004	Wellbore pressure 10000 psi	0.5	1	2	3	5	7	-4751	-5568.2	-5788.8	-5864.4	-5938.4	-5980.8	Wellbore pressure 15000 psi	0.5	1	2	3	5	7	-7106.4	-8339.7999999999993	-8674.7999999999993	-8789.9	-8902.2000000000007	-8966.6	UCS development over curing time	0.5	1	2	3	5	7	585	930	1475	1932	2715	3398	Curing Time (Days)


Radial Stress (psi)


Unconfined Compressive Strength (psi)




Wellbore pressure 500 psi	0.5	1	2	3	5	7	-60.570999999999998	-16.876999999999999	38.9	73.786000000000001	120.71	154.24	Wellbore pressure 1500 psi	0.5	1	2	3	5	7	-181.57	-50.493000000000002	116.85	221.52	362.3	462.9	Wellbore pressure 5000 psi	0.5	1	2	3	5	7	-603.51	-166.7	391.21	740.23	1209.7	1545.2	Wellbore pressure 8000 psi	0.5	1	2	3	5	7	-963.29	-264.51	628.29	1186.9000000000001	1938.4	2475.3000000000002	Wellbore pressure 10000 psi	0.5	1	2	3	5	7	-1202.2	-328.8	787.33	1485.7	2425.3000000000002	3096.6	Wellbore pressure 15000 psi	0.5	1	2	3	5	7	-1796.1	-486.35	1188.3	2236.5	3646.7	4654.2	Cement tensile strength development over curing time	0.5	1	2	3	5	7	58.5	93	147.5	193.2	271.5	339.8	Curing Time (Days)


Hoop Stress (psi)




Annular pressure 500 psi	0.5	1	2	3	5	7	3.0264000000000002	4.3800999999999997	5.8056000000000001	6.6360999999999999	7.6475	8.2759	Annular press 1500 psi	0.5	1	2	3	5	7	9.0864999999999991	13.14	17.416	19.907	22.94	24.824999999999999	Annular pressure 5000 psi	0.5	1	2	3	5	7	30.378	43.798000000000002	58.036000000000001	59.616	76.441999999999993	82.718999999999994	Annular pressure 8000 psi	0.5	1	2	3	5	7	48.734999999999999	70.075999999999993	92.837999999999994	106.11	122.27	132.31	Annular pressure 10000 psi	0.5	1	2	3	5	7	61.033999999999999	87.594999999999999	116.03	132.62	152.81	165.35	Annular pressure 15000 psi	0.5	1	2	3	5	7	91.903999999999996	131.4	173.99	198.85	229.11	247.9	Interfacial bonding strength	1	2	3	5	7	68	68	68	68	68	Curing Time (Days)


Axial Shear Stress (psi)




Radial stress at shallow liner 	0.5	1	2	3	5	7	-716.12	-837.4	-869.74	-880.83	-891.67	-897.92	Radial stress at intermmediate liner	0.5	1	2	3	5	7	-1032.3	-1190.5	-1231.7	-1245.5999999999999	-1259.2	-1267	Radial stress at production liner	0.5	1	2	3	5	7	-302.89999999999998	-607.70000000000005	-783.13	-863.81	-955.61	-1014.2	Wellbore pressure 8000 psi	0.5	1	2	3	5	7	-3805.1	-4457.3	-4632.8	-4693	-4751.8	-4785.6000000000004	UCS retrogression at intermmediate deepth of deep well, 250 deg F	0.5	1	2	3	5	7	USC retrogression at deep well final depth, 300 deg F	0.5	1	2	3	5	7	UCS development while cementing shallow liner 65 deg F	0.5	1	2	3	5	7	585	930	1475	1932	2715	3398	UCS reduction while cement intermmediate liner 250 deg F	0.5	1	2	3	5	7	2000	2150	2130	2120	1900	1850	UCS reduction while cementing production liner 300 deg F	0.5	1	2	3	5	7	920	600	500	420	400	380	Curing Time (Days)


Radial Stress (psi)


Unconfined Compressive Strength (psi)




Hoop stress at shallow liner	0.5	1	2	3	5	7	-181.57	-50.493000000000002	116.85	221.52	362.3	462.9	Hoop stress at intermmedaite liner	0.5	1	2	3	5	7	-291.20999999999998	-110.09	124.2	271.97000000000003	472.23	616.38	Hoop stress at production liner	0.5	1	2	3	5	7	31.966000000000001	195.06	396.18	521.95000000000005	689.5	807.89	Tensile strength development after cementing shallow liner, 65 deg F	0.5	1	2	3	5	7	58.5	93	147.5	193.2	271.5	339.8	Tensile strength reduction after cementing intermmediate liner, 250 deg F	0.5	1	2	3	5	7	200	215	213	212	190	185	Tensile strength reduction after cementing production liner, 350 deg F	0.5	1	2	3	5	7	92	60	50	42	40	38	Wellbore pressure 8000 psi	0.5	1	2	3	5	7	-963.29	-264.51	628.29	1186.9000000000001	1938.4	2475.3000000000002	Wellbore pressure 10000 psi	0.5	1	2	3	5	7	-1202.2	-328.8	787.33	1485.7	2425.3000000000002	3096.6	Wellbore pressure 15000 psi	0.5	1	2	3	5	7	-1796.1	-486.35	1188.3	2236.5	3646.7	4654.2	Curing Time (Days)


Hoop Stress (psi)




Exploration wells	Canadian East Coast (1970 - 1993)	US GoM OCS deepwater Well drilled 1997 - 1998	US GoM OCS deepwater Wells drilled 2007-2009	Norwegian wells drilled 1984 -1997	Canadian Beaufort wells deep (1973 - 1991)	UK wells (1999-2008)	Norwegian wells drilled 2009 -2014	US GoM OCS (2011-2015	Total all kicks and wells	0.2	0.65	0.35	0.25	0.48	0.08	7.0000000000000007E-2	0.48	0.22	Development wells	0	0.35	0.12	0.18	0	7.0000000000000007E-2	0.06	0.15	0.11	
Number of kick per well drilled




Contributors to kick


Unexpected high well pressure / too low mud weight	Annular losses/ swabbing / unknown	While cement setting	Poor cement	43	21	29	7	

Surface	2016	2015	2014	2013	2012	2011	2010	2009	2008	2007	1	1	2	5	3	2	3	1	3	2	Surface Equipment	2016	2015	2014	2013	2012	2011	2010	2009	2008	2007	0	0	1	1	0	3	1	6	2	3	Diverter	0	1	2	1	0	0	0	0	1	0	Underground	1	1	0	1	0	0	0	0	1	1	Fiscal Year


Number of losses of well control




Pressure profile at 180 in-Ibf	0	5	35	35.17	0	40	40	0	Pressure profile at 120 in-Ibf	0	5	35	35.17	0	40	40	0	 Pressure profile at 0 in-Ibf	1
2
3
4

0	5.17	35.17	35.24	0	40	40	0	Pressure profile after relaxation at 0 in-ibf	0	5.08	35.08	35.25	0	40	40	0	Time (min)


Pressure (psi)




Pressure profile at 180 in-Ibf	0	5	20	23	38	41	56	59	74	76	91	93	108	110	125	125.17	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Pressure profile after relaxation at 0 in-Ibf	0	5	20	23	38	41	56	58	73	75	90	92	107	109	124	124.08	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Pressure profile at 120 in-Ibf	0	5	20	23	38	41	56	59	74	76	91	93	108	110	125	125.13	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Pressure profile at 0 in-Ibf	0	5	20	23	38	41	56	59	74	76	91	93	108	110	125	125.1	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Time (min)


Pressure (psi)




Pressure profile at 180 in-Ibf	0	5.2	20.2	23.2	38.200000000000003	41.2	56.2	59.2	74.2	76.2	91.2	93.2	108.2	110.2	125.2	125.37	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Pressure profile after relaxation at 0 in-Ibf	0	5	20	23	38	41	56	58	73	75	90	92	107	109	124	124.17	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Pressure profile at 120 in-Ibf	0	5	20	22	38	41	56	58	73	75	90	92	107	109	124	124.17	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Pressure profile at 0 in-Ibf	0	5	20	23	38	41	56	59	74	76	91	93	108	110	125	125.17	0	10	10	15	15	20	20	25	25	30	30	35	35	40	40	0	Time (min)


Pressure (psi)




Pressure profile at 180 in-Ibf	0	5	35	35.17	0	40	40	0	Pressure profile at 120 in-Ibf	0	5	35	35.17	0	40	40	0	 Pressure profile at 0 in-Ibf	0	5.17	35.17	35.24	0	40	40	0	Pressure profile after relaxation at 0 in-ibf	0	5.08	35.08	35.25	0	40	40	0	Time (min)


Pressure (psi)




Pressure profile at 180 in-Ibf	0	5	65	65.08	0	40	40	0	Pressure profile at 120 in-Ibf	0	5	65	65.12	0	40	40	0	 Pressure profile at 0 in-Ibf	0	5	65	65.17	0	40	40	0	Pressure profile after relaxation at 0 in-Ibf	0	5	65	65.17	0	40	40	0	Time (min)


Pressure (psi)




EPDM pressure cycling at 180 in-Ibf	0	5	15	15.06	15.4	19	29	29.05	29.4	34	44	45.06	45.08	50	60	60.1	60.15	65	75	75.12	75.13	80	90	90.11	90.15	95	105	105.3	105.5	110	120	120.12	120.15	125	135	136.08000000000001	136.1	140	150	150.12	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	EPDM pressure cycling at 120 in-Ibf	0	5	15	15.05	15.5	19	29	29.05	29.5	34	44	45.05	45.07	50	60	60.1	60.15	65	75	75.099999999999994	75.12	80	90	90.11	90.15	95	105	105.4	105.6	110	120	120.12	120.17	125	135	136.08000000000001	136.12	140	150	150.15	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	EPDM pressure cycling at 0 in-Ibf	0	4.5	14.5	14.54	14.56	20	30	30.03	30.06	35	45	45.05	45.07	50	60	60.08	60.15	65	75	75.12	75.13	80	90	90.11	90.15	95	105	105.5	105.6	110	120	120.12	120.17	125	135	136.08000000000001	136.1	140	150	150.16999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	EPDM pressure cycling after relaxation at 0 in-Ibf	0	5	15	15.08	15.17	20	30	30.08	30.17	35	45	45.05	45.07	50	60	60.1	60.17	65	75	75.099999999999994	75.13	80	90	90.11	90.15	95	105	105.6	105.8	110	120	120.13	120.17	125	135	136.1	135.80000000000001	140	150	150.16999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Time (min)


Prssure (psi)




Pressure profile at 180 in-Ibf	0	5.3	35.299999999999997	35.47	0	40	40	0	Pressure profile at 120 in-Ibf	0	5.25	35.25	35.450000000000003	0	40	40	0	 Pressure profile at 0 in-Ibf	0	5.4	35.4	35.58	0	40	40	0	Pressure profile after relaxtion at 0 in-Ibf	0	5	35	35.17	0	40	40	0	Time (min)


Pressure (psi)




Pressure profile at 180 in-Ibf	0	5.58	65.58	65.77	0	40	40	0	Pressure profile at 120 in-Ibf	0	5.5	65.5	65.67	0	40	40	0	 Pressure profile at 0 in-Ibf	0	5.5	65.5	65.67	0	40	40	0	Pressure profile after relaxation at 0 in-Ibf	0	5	65	65.13	0	40	40	0	Time (min)


Pressure (psi)




NBR  pressure cycling at 180 in-Ibf 	0	5	15	15.08	15.13	20	30	30.1	30.17	35	45	45.12	45.17	50	60	60.12	60.15	65	75	75.12	75.150000000000006	80	90	90.08	90.17	95	105	105.13	105.15	110	120	120.08	120.17	125	135	135.15	135.16999999999999	140	150	150.19999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	NBR pressure cycling at 120 in-Ibf	0	5	15	15.13	15.3	20	30	30.12	30.17	35	45	45.17	45.3	50	60	60.08	60.17	65	75	75.08	75.17	80	90	90.08	90.17	95	105	105.13	105.17	111	121	121.13	121.2	126	135	135.13	135.16999999999999	140	150	150.18	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Time (min)


Pressure (psi)




NBR pressure cycling at 0 in-Ibf	leak
leak
leak
leak
leak

0	5.5	15.5	15.5	15.51	20	30	30.05	30.06	30.17	35	45	45.05	45.06	50	54.5	55.55	55.57	66	74	74.03	74.040000000000006	79	89	89.02	89.03	94	100	100.01	100.02	107	117	117.02	117.03	121	131	131.01	131.02000000000001	135	145	145.19999999999999	0	40	40	10	10	40	40	10	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Time (min)


Pressure (psi)




NBR pressure cycling after relaxation at 0 in-Ibf	leak
leak
leak
leak
leak
leak
leak
leak
leak 

0	5	15	15.05	15.17	18	20.5	25	30	30.05	30.17	35	40	40.01	41	46	48.56	48.56	50	55	59.6	59.6	60	65	68.17	68.17	68.3	73.3	75.5	75.5	76	80	81.3	81.3	82	84.5	84.5	85.5	87.5	88	0	40	40	10	10	40	40	35	35	10	10	40	40	20	20	40	40	20	20	40	40	20	20	40	40	20	20	40	40	20	20	40	40	20	20	40	20	20	40	0	Time (min)


Pressure (psi)




Day 1 pressure profile 	0	5.5	35.5	35.57	0	40	40	0	Day 2 pressure profile 	0	5.4	35.4	35.549999999999997	0	40	40	0	Day 3  pressure profile 	0	5.5	35.5	35.57	0	40	40	0	Time (min)


Pressure (psi)




Day 1 pressure profile 	0	5.5	65.5	65.75	0	40	40	0	Day 2 pressure profile 	0	5.5	65.5	65.7	0	40	40	0	Day 3  pressure profile 	0	5.5	65.5	65.67	0	40	40	0	Time (min)


Pressure (psi)




Day 1 EPDM pressure cycling test	0	5	15	15.1	15.17	20	30	30.1	30.17	35	45	45.13	45.17	50	60	60.12	60.17	65	75	75.12	75.17	80	90	90.13	90.18	95	105	105.12	105.2	110	120	120.13	120.18	125	135	136.13	136.16999999999999	140	150	150.16999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Day 2 EPDM pressure cycling test	0	5	15	15.12	15.17	20	30	30.1	30.1	35	45	45.13	45.2	50	60	60.17	60.2	65	75	75.13	75.2	80	90	90.08	90.17	95	105	105.13	105.17	110	120	120.08	120.17	125	135	135.69999999999999	135.19999999999999	140	150	150.19999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Day 3 EPDM pressure cycling test	0	5	15	15.08	15.17	20	30	30.13	30.17	35	45	45.1	45.17	50	60	60.13	60.17	65	75	75.099999999999994	75.17	80	90	90.13	90.2	95	105	105.1	105.13	110	120	120.1	120.13	125	135	135	135.16999999999999	140	150	150.16999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Time (min)


Pressure (psi)




Day 1 pressure profile 	0	5.42	35.42	35.619999999999997	0	40	40	0	Day 2 pressure profile 	0	5.4	35.4	35.549999999999997	0	40	40	0	Day 3  pressure profile 	0	5.2	35.200000000000003	35.369999999999997	0	40	40	0	Time (min)


Pressure (psi)




Day 1 pressure profile 	0	5.5	65.5	65.739999999999995	0	40	40	0	Day 2 pressure profile 	0	5.5	65.5	65.67	0	40	40	0	Day 3  pressure profile 	0	5.42	65.42	65.599999999999994	0	40	40	0	Time (min)


Pressure (psi)




Day 1 NBR  pressure cycling test	0	5.4	15.4	15.48	15.5	20	30	30.1	30.13	35	45	45.08	45.13	50	60	60.1	60.17	65	75	75.099999999999994	75.13	80	90	90.12	90.17	95	105	105.12	105.2	110	120	120.13	120.17	125	135	136.05000000000001	136.12	140	150	150.18	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Day 2 NBR  pressure cycling test	0	5.4	15.4	15.52	15.69	20	30	30.08	30.12	35	45	45.1	45.13	50	60	60.08	60.12	65	75	75.069999999999993	75.099999999999994	80	90	90.1	90.13	95	105	105.1	105.12	110	120	120.12	120.17	125	135	135.12	135.16999999999999	140	150	150.13	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Day 3 NBR pressure cycling test	0	5.5	15.5	15.62	15.64	20	30	30.08	30.12	35	45	45.1	45.13	50	60	60.08	60.13	65	75	75.08	75.12	80	90	90.1	90.17	95	105	105.1	105.13	110	120	120.07	120.17	125	135	135.08000000000001	135.12	140	150	150.16999999999999	0	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	10	10	40	40	0	Time (min)


Pressure (psi)




EPDM pressure profile at 40 psi	0	5	5.08	0	40	0	EPDM pressure profile at 30 psi	0	5	5.08	0	30	0	EPDM pressure profile at 20 psi	0	5	5.0999999999999996	0	20	0	EPDM pressure profile at 10 psi	0	5	5.0999999999999996	0	10	0	Time (min)


Pressure (psi)




First bubble time (leak response)	3.3000000000000002E-2	3.3000000000000002E-2	0.05	0.05	40	30	20	10	Time (min)


Pressure (psi)



EPDM pressure profile at 40 psi	0	5	5.08	0	40	0	EPDM pressure profile at 30 psi	0	5	5.08	0	30	0	EPDM pressure profile at 20 psi	0	5	5.0999999999999996	0	20	0	EPDM pressure profile at 10 psi	0	5	5.117	0	10	0	Time (min)


Pressure (psi)




First bubble time (leak response)	3.3000000000000002E-2	3.3000000000000002E-2	0.05	6.7000000000000004E-2	40	30	20	10	Time (min)


Pressure (psi)



EPDM pressure profile at 40 psi	0	5	7	11	15	20	26	33	35	35.5	0	40	35	30	25	20	15	10	8	0	EPDM pressure profile at 30 psi	0	5	8.5	13.5	19.5	25.5	29.5	35	35.17	0	30	25	20	15	10	8	5	0	EPDM pressure profile at 20 psi	0	5	8	12	15	19	21	29	35	35.08	0	20	18	15	13	10	9	5	3	0	EPDM pressure profile at 10 psi	0	5	10	15	20	25	30	35	35.130000000000003	0	10	8	6	4	3	2	1	0	Time (min)


Pressure (psi)




First bubble time (leak response)	0.16700000000000001	0.17	0.18	0.2	40	30	20	10	Time (min)


Pressure (psi)



Pressure profile at 40 psi	0	1	2	5	40	4	1	0	Pressure profile at 30 psi	0	2	5	6	30	5	1	0	Pressure profile at 20 psi	0	2	5	10	15	20	25	20	10	8	5	3	1	0	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	9	8	5.5	5.3	5.3	5.2	5	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	2	5	10	15	20	25	30	40	30	25	21	20	19	17	15	13	Pressure profile at 30 psi	0	2	5	10	15	20	25	30	30	25	22	20	19	18	16	14	Pressure profile at 20 psi	0	2	5	10	15	20	25	30	20	19	19	19	18.5	18	18	18	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	10	10	10	10	10	10	10	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	2	5	10	15	20	25	30	40	31	26	23	22	21	20	19.5	19.5	Pressure profile at 30 psi	0	2	5	10	15	20	25	30	30	27	23	21	20	19.5	19.5	19.5	Pressure profile at 20 psi	0	2	5	10	15	20	25	30	20	20	20	19.5	19.5	19	19	19	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	10	10	10	10	10	10	10	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	2	5	10	15	20	25	30	40	33	26	23	22	21	20	20	20	Pressure profile at 30 psi	0	2	5	10	15	20	25	30	30	27	23	22	21	20	20	20	Pressure profile at 20 psi	0	2	5	10	15	20	25	30	20	20	20	20	20	20	20	20	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	10	10	10	10	10	10	10	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	2	5	10	15	20	25	30	40	33	28	26	25	24	23.5	23.5	23	Pressure profile at 30 psi	0	2	5	10	15	20	25	30	30	28	27	26	25	24	23.5	23	Pressure profile at 20 psi	0	2	5	10	15	20	25	30	20	20	20	20	20	20	20	20	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	10	10	10	10	10	10	10	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	2	5	10	15	20	25	30	40	35	29	27.5	26.5	25.5	25	24.5	24.5	Pressure profile at 30 psi	0	2	5	10	15	20	25	30	30	29	28	27	26	25.5	25	25	Pressure profile at 20 psi	0	2	5	10	15	20	25	30	20	20	20	20	20	20	20	20	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	10	10	10	10	10	10	10	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	4	5	40	20	5	4	1.5	0	Pressure profile at 30 psi	0	0.2	2	5	7	30	20	5	2	0	Pressure profile at 20 psi	0	0.2	2	5	10	15	20	25	20	10	8	5	3	2	1	0	Pressure profile at 10 psi	0	2	5	10	15	20	25	30	10	9	7	5	4	3.5	3	2.5	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	0.5	1	2	40	20	3	2	0	Pressure profile at 30 psi	0	0.2	0.5	1	2	30	18	4	2	0	Pressure profile at 20 psi	0	0.2	1	2	3	4	20	9	4	2	1	0	Pressure profile at 10 psi	0	0.2	2	4	5	10	10	9	3	1	1	0	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	5	40	10	1	0.5	0	Pressure profile at 30 psi	0	0.2	2	5	30	5	2	0	Pressure profile at 20 psi	0	0.2	1	2	5	10	20	18	3	2	0.5	0	Pressure profile at 10 psi	0	0.2	2	4	5	10	10	9	3	1	0.5	0	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	5	40	10	3	1	0	Pressure profile at 30 psi	0	0.2	1	2	7	30	10	5	1	0	Pressure profile at 20 psi	0	0.2	2	5	20	8	1	0	Pressure profile at 10 psi	0	0.2	1	2	5	10	5	2	1	0	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	5	7	40	13	3	1	0.5	0	Pressure profile at 30 psi	0	0.2	1	2	5	7	30	12	2.5	1	0.5	0	Pressure profile at 20 psi	0	0.2	1	2	5	7	20	7	1.5	1	0.5	0	Pressure profile at 10 psi	0	0.2	1	2	5	7	10	6	1.5	1	0.5	0	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	5	40	12	2	1	0	Pressure profile at 30 psi	0	0.2	1	2	5	7	30	12	2	1	0.5	0	Pressure profile at 20 psi	0	0.2	1	2	5	7	20	6	1.5	1	0.5	0	Pressure profile at 10 psi	0	0.2	1	2	5	7	10	5	1.5	1	0.5	0	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	40	20	10	7	6	4.5	3	2	0.5	0.5	0.5	0.5	Pressure profile at 30 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	30	20	10	6	5	4	2	1	0.5	0.5	0.5	0.5	Pressure profile at 20 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	20	18	7	5	4	2	1	0.5	0.5	0.5	0.5	0.5	Pressure profile at 10 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	10	8	5	3	2.5	2	1	0.5	0.5	0.5	0.5	0.5	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	40	22	13	10	8	7	6	5	4	3	2.5	1.5	Pressure profile at 30 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	30	20	12	9	8	7	6	5	4	3	2.5	1.5	Pressure profile at 20 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	20	18	10	8	7	6	5.5	5	4	3	2.5	1.5	Pressure profile at 10 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	10	9.5	9	7.5	6.5	6	5.5	5	4	3	2.5	1.5	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	40	22	13	10	8	7	6	5	4	3	2.5	1.5	Pressure profile at 30 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	30	20	13	10	9	7	6	5	4	3	2.5	1.5	Pressure profile at 20 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	20	18	11	9	8	6	5.5	5	4	3	2.5	1.5	Pressure profile at 10 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	10	10	9	8	7	6	5.5	5	4	3	2.5	1.5	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	40	25	14	11	9	8	7	6	5	4	3	2	Pressure profile at 30 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	30	21	17	12	10	8	7	6	5	4	3	2	Pressure profile at 20 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	20	18	13	10	9	7	6	5.5	5	4	3	2	Pressure profile at 10 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	10	10	9	8	7	6	5.5	5	4	3	2.5	1.5	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	40	25	15	11	9	8	7	6	5	4.5	4	3.5	Pressure profile at 30 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	30	22	17	12	10	8	7	6	5	4.5	4	3.5	Pressure profile at 20 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	20	18	13	11	9	7	6	5.5	5	4.5	4	3.5	Pressure profile at 10 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	10	10	9.5	8.5	8	7	6.5	6	5.5	5	4.5	4	Time (min)


Pressure (psi)




Pressure profile at 40 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	40	26	18	12	11	9	7.5	7	6	5.5	4.5	4	Pressure profile at 30 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	30	23	18	12	11	9	7.5	7	6	5.5	4.5	4	Pressure profile at 20 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	20	19	14	12	10	8	7.5	7	6	5.5	4.5	4	Pressure profile at 10 psi	0	0.2	1	2	3	5	8	10	15	20	25	30	10	10	10	9.5	9	8	7.5	7	6	5.5	4.5	4	Time (min)


Pressure (psi)




Displacement: 2 mm

EPDM	0.05	7.4999999999999997E-2	0.1	0.115	0.15	41.38	41.06	40.700000000000003	39.700000000000003	41.23	NBR	0.05	7.4999999999999997E-2	0.1	0.115	0.15	40.24	40.200000000000003	39.81	38.6	40.380000000000003	EPDM pressure test at 30 psi	0	8.5	19.5	29.5	35.17	0	25	15	8	0	EPDM pressure test at 20 psi	0	5	8	12	15	19	21	29	35.08	0	20	18	15	12	10	8	5	0	EPDM pressure test at 10 psi	0	10	15	20	25	30	35	35.130000000000003	0	8	6	4	3	2	1	0	Mesh Size  (in)


Contact Pressure (psi)




Young's Modulus	
1	3	7	21	4.2	10.7	15.6	18.600000000000001	Hoop Stress at 30 psi	0	0.25	0.5	0.75	170.56	156.97999999999999	149.85	141.26	Hoop Stress at 20 psi	0	0.25	0.5	0.75	113.73	104.6	99.897000000000006	94.156000000000006	Hoop Stress at 10 psi	0	0.25	0.5	0.75	56.756	52.344999999999999	49.933	47.076999999999998	NBR Elastomer	0.5	1	1.5	2	2.5	3	18.16	23.94	30.69	40.241999999999997	46.414999999999999	52.49	Curing Time (Days)


Young's Modulus GPa)




Poisson's ratio	
1	3	7	0.41499999999999998	0.36	0.32400000000000001	0.32	Hoop Stress at 30 psi	0	0.25	0.5	0.75	170.56	156.97999999999999	149.85	141.26	Hoop Stress at 20 psi	0	0.25	0.5	0.75	113.73	104.6	99.897000000000006	94.156000000000006	Hoop Stress at 10 psi	0	0.25	0.5	0.75	56.756	52.344999999999999	49.933	47.076999999999998	NBR Elastomer	0.5	1	1.5	2	2.5	3	18.16	23.94	30.69	40.241999999999997	46.414999999999999	52.49	Curing Time (Days)


Poisson's Ratio
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