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1 EXECUTIVE SUMMARY

This report presents the accomplishments and laboratory results of sealing assemblies and cement
systems under the Bureau of Safety and Environmental Enforcement (BSEE) Project
#E17PCO00005. In this report, the term “barrier(s)” defines the use of cement sheath and the liner
hanger sealing assembly to prevent uncontrolled influx and migration of formation fluid to a
shallow formation or surface facilities. This report is divided into three major sections with three
laboratory-scaled test setups. A comprehensive literature review was conducted for all the sections.
These reviews provide a road map to addressing the integrity of sealing assemblies and cement
systems in downhole conditions.

Cement Tests (Setup 1)

This project section discusses different approaches to evaluate and improve cement sealability. In
oil and gas drilling operations, set cement is a barrier used to maintain the integrity of a wellbore
by preventing influx and the movement of formation fluids through the annular space. Cement
sealability is important for regular well operation and safety, while the reduced sealability of a
cement sheath can allow formation fluid (gas) to flow in and migrate. The objectives of this project
section are: i) Evaluate annular cement integrity and its ability to seal as a primary barrier, by using
different classes of Portland cements and gas migration additives; ii) Verify the reliability of
current liner overlap pressure test and investigate the critical liner-casing overlap length; and iii)
Characterize and report critical cement properties for different anti-gas migration slurry designs.

The results showed that neat Class H and Class G cements are not enough to prevent gas
migration and seal as a primary barrier. The physical properties of various anti-gas migration slurry
designs have provided a holistic characterization of the slurries. A gas tight cement slurry that was
designed with a commercial additive proved to mitigate gas flow through a set cement sheath.
Analytical results revealed that the combined annular cement permeability increases as the cement
age increases. The leakage scenarios that were evaluated showed an increase in leakage time as
the liner-casing overlap increases. Liner-casing overlap ranging from 50 ft to 250 ft may not
provide longer duration for detecting and controlling gas influx when the cement sheath is faulty.
The leakage time increases as the combined permeability decreases. Finally, the current liner-
casing pressure test duration of 30 minutes may not be adequate to detect a faulty cement barrier,
should the elastomer in the liner hanger be faulty. All the recommendations from this section of
the project are documented in the draft recommendation report.

Elastomer Aging Cell Tests (Setup 111)

Elastomers are essential for zonal isolation in the exploration and production of hydrocarbon. They
degrade when exposed to harsh downhole conditions. Elastomer degradation can be due to
physical and/or chemical changes. Physical degradation can occur when an elastomer is exposed
to extreme stress loading conditions (e.g. pressure, temperature, ultra-violet rays, and atmospheric
ozone and moisture). Besides physical degradation, elastomers are susceptible to chemical attacks.
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Downhole conditions can create pathways for corrosive gases including hydrogen sulfide (H2S),
methane (CH4), and carbon dioxide (CO2). When elastomers are exposed to such harsh chemical
conditions, they are prone to deteriorate because of changes in their molecular structure. The
objectives of this project section are: i) Investigate elastomer integrity as “fit for service” in
shallow well construction applications; and ii) Determine elastomer performances under downhole
corrosive conditions (temperature, pressure, and corrosive gases). The intrinsic elastomer
properties that were investigated include: hardness, volumetric swelling, and compression.

The results showed that elastomer’s hardness deteriorates with exposure to the downhole
corrosive conditions. The order of corrosive gas effect on elastomer hardness from high to low is
CO2> All gases > H,S > CHa. The H,S used in this study is 500 ppm H.S in CHg4 carrier. The term
“All gases” stands for a combination of 50% CO2 and 50% H2S with CH4 carrier. Elastomers tend
to swell when exposed to these corrosive conditions. This change in property is due to the initial
chain rupture in the elastomer, followed by chain growth. Chain rupture increases the elastomer
size (swelling), while chain growth causes the elastomer to shrink. H.S and CH4 had the least effect
on volumetric swelling, while a combination of CO», H.S, and CH4 had the most detrimental
swelling effect on the elastomers. Elastomer compression is characterized by how much strain is
recorded at various stresses. Compression results revealed that exposing an elastomer to the least
aging condition is enough to compromise its sealing integrity to the point where altering aging
parameters becomes redundant. The order of corrosive gas impact on elastomer compression from
high to low is CO2 > All gases > H2S > CHa. All the recommendations from this section of the
project are documented in the draft recommendation report.

Sealing Assemblies Tests (Setup I1)

One of the multiple barriers that is installed during drilling and completions is the liner hanger seal
assembly. The liner hanger is used to engage the liner, connect it to the previous casing, and sealed
off with cement before a pressure test is performed. Typically, the liner hanger sealing assembly
is placed up-stream to the cement column. This arrangement prevents the evaluation of both the
cement and liner hanger seal assembly independently, since the sealing element isolates the cement
sheath and there is no direct or indirect way of assessing its integrity. Verifying the integrity of
elastomeric element and cement at the top of a liner hanger is critical. The performance verification
processes and tests in this section of the project/report were performed based on the critical reviews
of literature, current regulations, and applicable industry standards. The experimental objectives
are: i) Evaluate the performance of common elastomeric seals used in liner hanger sealing systems
as independent barrier element, ii) Evaluate the performance of a liner hanger seal assembly and
cement sheath to determine which of them acts as a primary barrier; and iii) Develop testing
protocols for proper testing of different barriers.

The results from the experiments revealed that the elastomeric seals, such as ethylene
propylene diene monomer (EPDM) and nitrile butadiene rubber (NBR), did not exhibit any
leakage when they were independently subjected to a pressure test of 40 psig. However, both
elastomers failed the pressure test and leaked when a mechanical defect was intentionally created.
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Elastomer energization plays a critical role in maintaining their seal integrity. Leakage was
observed when NBR samples were subjected to a pressure cycling test and the elastomers were
energized by pre-compression force that were generated from the friction between the pipes (inner
and outer) and the elastomers. The results also showed that prolonged pressure test duration (up to
60 minutes) did not affect the elastomers performance for pressures up to 40 psig. The independent
sealing performance of EPDM and NBR after surfactant degradation was not impaired for the test
conditions used in this study. However, the independent sealing performance of EPDM was
completely compromised after CO> chemical degradation. The pressure tests showed
instantaneous decline with no sealing effect. The details of all the results are discussed in this
report and all the recommendations from this section of the project are documented in the draft
recommendation report.
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2 CEMENT TESTS USING SET UP I
2.1 INTRODUCTION

Cement plays a major role in the oil and gas industry, especially during the drilling and completion
phase. The placement of cement in the annulus between the casing and wellbore serves to create
zonal isolation and provide casing support. Therefore, a proper placement of cement is crucial to
achieve excellent zonal isolation. On the other hand, the loss of zonal isolation can cause serious
problems that may result in a loss of well control (Bios et al. 2011). Losing zonal isolation can
come from improper placement of cement and changes in wellbore conditions from drilling or
formation strength tests (formation integrity test and leak-off test). These conditions tend to
generate microannuli, and/or induced fractures in the cement sheath, leading to annular gas
migration in the case of uncontrolled formation fluid influx. Thus, it is important that a cement
sheath seals the annulus to provide excellent zonal isolation and prevent fluid movement to surface
facilities or adjacent shallow formation. This section of the report evaluates annular cement
integrity, critical cement properties test with time, and reliability verification of the current liner
lap pressure testing.

2.1.1 Overview

Cement sealability helps to maintain the integrity of a well and prevent subsurface fluid
movement/migration to other formations and surface. The cement’s ability to withstand
mechanical and chemical deteriorations while maintaining its properties is known as cement
durability. Cement durability and sealability strongly depends on the cement properties such
permeability, thickening time, rheology, static gel strength (SGS), and unconfined compressive
strength (UCS). While some of these properties are more critical than others during the pumping
phase of cement, others are more crucial during the setting phase. A slurry with excellent
thickening time and SGS is desired during cement pumping. An ultra-low permeable cement is
usually desired during the setting phase to prevent fluid movement and provide excellent zonal
isolation. A cement sheath with high UCS is typically required over time to withstand the thermal
and pressure cycling that occurs in the life time of a well.

However, during the pumping and setting phase of cement, especially in gas prone zones,
annular gas flow through the cemented annulus can occur and this is known as gas migration.
Annular gas flow can lead to catastrophic events such as loss of well control, broaching of the
shallow formation or a blowout. Most times, these flows are encountered before the blowout
preventer in installed (Murray et al. 1995). In most cases, gas will migrate through a cemented
annulus if the cement matrix is permeable and has poor bonding with the casing and rock surface.
In addition, the development of microannuli, channels, and induced fractures (even with an ultra-
low-permeable cement matrix) allows formation fluid migration through these features rather than
the cement matrix itself. Gas migration control additives are usually mixed into cement slurries to
increase seability, bonding, and help prevent the evolution of microannuli. Cement sealability can



THIS REPORT WAS INADVERTENTLY DISSEMINATED IN THE PUBLIC DOMAIN/ONLINE SINCE 12/2018 WITHOUT A DISCLAIMER. DISCLAIMER HAS BEEN ADDED
— “THIS INFORMATION IS DISTRIBUTED SOLELY FOR THE PURPOSE OF PEER REVIEW UNDER APPLICABLE INFORMATION QUALITY GUIDELINES. IT HAS
NOT BEEN FORMALLY DISSEMINATED BY BSEE. IT DOES NOT REPRESENT AND SHOULD NOT BE CONSTRUED TO REPRESENT ANY AGENCY DETERMINATION OR POLICY.”

be evaluated by quantifying the cemented annulus total permeability. Limited laboratory studies
have been conducted to evaluate the oil well cement sealability (Christian et al. 1976; Tarco and
Asghari 2010; Omosebi 2016; Stormont et al. 2017).

2.1.2 Problem Statement

The concept of gas migration has been of major concern since the 1960’s. Various aspects of
experimental and field case studies (Cook et al. 1983; Al-Buraik et al. 1998), development of new
products and techniques (Watters and Sabins 1980; Siedel and Greene 1985), and technical
recommendations (Cheung and Beirute 1985; Dean and Brennen 1992) have been discussed to try
to mitigate gas migration. Shallow gas migration through a cement sheath in the early stages of
setting endangers the integrity of a well by creating flow paths in the cement sheath such as
microannuli and channels. Shallow gas flow can lead to blowouts in the open-hole section, usually
below the conductor or surface casing because of gas migration through the cement (Adams and
Kuhlman 1990). Nelson and Guillot (2006) and Talabani et al. (1997) stressed that the root cause
of gas migration is the pathways in the annulus through which the gas can migrate.

This is especially relevant today as the oil and gas industry is exploring and producing
hydrocarbon from harsh environments. This has made shallow gas incidents much more of a
concern in many regions of the world, including the Pacific Rim, the Norwegian Continental Shelf
(NCS), UK Continental Shelf, and the Gulf of Mexico (Moore and Hamilton 1993). Lécolier et al.
(2010) argued that a substantial amount of the world’s remaining gas reserves has over 2% of CO»
and substantial amounts of HzS. The presence of these gases has complicated well construction
design. Deepwater cementing operations present several challenges all around the world because
of shallow flow. Appropriate well design procedures require a cement system that can mitigate gas
migration.

2.1.3 Objectives

A neat Portland cement is often thought of as been the primary barrier to prevent formation fluid
influx during the early setting phase. This is not completely certain considering the loss of well
control incidents that have been reported because of gas migration during this phase. The possible
failure of a neat cement questions the need to develop a cement slurry capable of mitigating gas
influx and migration. The objectives of the tasks in this section include:

« Evaluate annular cement integrity and ability to seal as a primary barrier, by using Portland
cement and gas migration additives.

«  Verify the reliability of current liner overlap pressure test and investigate the critical liner-
casing overlap length.

» Characterize and report critical cement properties for different anti-gas migration slurry
designs.
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2.2 LITERATURE REVIEW

Shallow flows usually occur because of high pore pressures from under-compaction and over-
pressurization of sands during rapid depositions. Shallow flows can consist of water, gas, and
formation fines. One out of every five potential surface casing hazards were identified to be
shallow flows (Bogaerts et al. 2012). Shallow gas is usually encountered at shallow subsurface
depths of 300 ft with low fracture gradients. They often result in cratering and blowouts in the
open-hole sections. Gas leakage in the annulus has been recorded as a major hazard in drilling and
completions operations, and records show that one out of three blowouts occur because of a
shallow influx (Adams and Kuhlman 1990; Prince 1990). Danenberger’s study in 1993 showed
that 58 out of the 83 blowouts that were encountered between the years of 1971 and 1991 on the
outer continental shelf (OCS) of the United States had gases associated with them. This was a
strong indication of the severity of shallow gas flows and cratering which costed significant
expenditure to the operators. To curb some of these problems, steps have been taken by the industry
over the years to improve shallow well casing and cement designs. These include APl RP 65
(Cementing Shallow Water Flow Zones in Deepwater Wells) and APl RP 65 — Part 2 (Isolating
Potential Flow Zones During Well Construction). Some other new standards such as the API
Recommended Practice (RP) 19LH (Liner Hangers) is currently being drafted by an API
subcommittee. Specifications of downhole liner hangers will be specified in this new standard.

2.2.1 Gas Migration

Gas migration is defined as gas entry into a cemented annulus with the potential to provide a flow
path into the wellbore for gas, water, and hydrocarbons. Gas migration can cause fluid flow
through the annulus to the surface. If gas goes undetected, it can lead severe consequences such as
underground blowouts and sustained casing pressure. Aspects of gas migration have been
described in the literatures as the following:

e Experimental and field case studies (Stone and Christian 1974; Garcia and Clark 1976; Cook
et al. 1983; Al-Buraik et al. 1998; Bour and Wilkinson 1992).

e Development of technical recommendations (Levine et al. 1979; Tinsley et al. 1980; Cheung
and Beirute 1985; Dean and Brennen 1992).

e Developments of new products and techniques (Kucyn et al. 1997; Watters and Sabins 1980;
Cheung and Myrick 1983; Siedel and Green 1985; Matthews and Copeland 1986).

e Empirical prediction techniques (Sutton et al. 1984; Rae et al. 1989)

Gas migration phenomenon can be caused by numerous factors at any given time. The root causes
of gas migration have been attributed to i) a decline in annulus hydrostatic pressure; and ii)
pathways in the annulus through which gas can migrate (Nelson and Guillot 2006). Primary causes
of gas migration are related to the cementing process. Gas migration through a cemented annulus
can be categorized into three types based on their migration pathways (Talabani et al. 1997). The
first type occurs between the casing and the cement; a situation whereby gas molecules migrate
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through the void created between the casing and cement. A common practice to remedy this
problem is adding the appropriate amount of magnetite to the cement slurry. The second type of
gas migration occurs through the void created between the cement and the wellbore wall. This
void is created when the filter cake that is formed at the wellbore adversely affects the bonding
process. Anchorage Clay and some other additives can be used to eliminate this problem in drilling.
The third gas migration path exists because of hydrostatic pressure changes that appear in the
cement during the setting phase. This is also referred to as primary gas migration when gas
molecules migrate into the cement because of loss of the hydrostatic head.

To better understand gas migration, Stiles and Baret (1993) proposed three stages of
cementing: i) during placement; ii) post-placement (short); and iii) post-setting (long). It is
important to understand all the physical and chemical processes that a cement slurry goes through
from liquid slurry to semi-solid and solid states. When the cement hydrostatic pressure in front of
a large volume of gas “pocket” drops below the pressure in the gas zone, gas influx takes place
(Pinto et al. 2012). On the other hand, secondary gas migration occurs much later after cement
placement is complete. This is because of mechanical and thermal stresses which compromises the
integrity of the hydraulic bond or the integrity of the cementing material (Rupak 2007). According
to the Mineral Management Service (MMS) safety alert (2003), annular flow related to cementing
surface casing has been identified as one of the most frequent causes of the loss of well control
incidents in the Gulf of Mexico (GoM). When zonal isolation is not achieved, and gas molecules
migrate behind the casing, it charges the shallow formations. These shallow formations become a
formidable challenge when there is little proximity between the pore pressure and fracture
gradients in the operational mud window. In such situations, the gas can broach the casing, leading
to a blowout. The following reviews are major studies in literature regarding gas migration:

Carter et al. (1973) presented a laboratory model of gas migration in deviated boreholes by
focusing on properties of cement slurries needed for successful primary cementing jobs. Their
research showed that the parameters directly related to gas migration include: cement filtration
control, borehole mud removal, and effective hydrostatic head (hydrostatic pressure exerted by the
mud, spacer, and cement slurry). In addition, the study presented factors that reduce gas migration
during and after primary cementing. These factors are summarized as centralization of casing
strings and increased flow rates during displacement amongst others.

Garcia and Clark (1976) presented their findings from a field study. This study was done
to trace gas migration as it occurred in the wellbore. The investigations showed that gas migration
occurs under two conditions. The first is when there is fluid loss in the cement slurry. The second
is when there is an uneven setting of the slurry, such that there is no hydrostatic head
communication between the bottom of the hole and the mud column directly above the set cement.
The authors provided guidelines to predict formations that have potentials for gas migration.
Furthermore, they recommended practices to curb annular gas flow.
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Christian et al. (1976) presented a method to calculate the allowable filtrate loss rate for a
cement slurry during various stages of cementing. They stated that without fluid-loss control,
cement slurries may be unsuccessful in transmitting full hydrostatic pressure before their initial
set. The authors showed that increasing the concentration of fluid-loss additives results to lower
cement permeability and lower gas migration potentials. In addition, their field results
demonstrated that gas migration can be successfully prevented with cement slurries that have a
fluid loss rate less or equal to 50 mi/30 minutes. Cook and Cunningham (1977) in a similar study
showed that filtrate loss control is just as important as the slurry thickening time or its compressive
strength development. Both studies concluded that maximum fluid loss control additive should be
used in cement slurries when cementing across abnormal pressure zones. This would help to
minimize gas leakage.

Webster and Eikerts (1979) identified the relationship between water separation in a
cement slurry and loss of hydrostatic head of the cement. Their study was based on laboratory tests
and field results. They observed that the use of clay in regulated amounts can control the amount
of free water in cement slurries. They concluded that reduction of free water to zero eliminates the
potential of flow after a cementing job.

Bannister et al. (1983) simulated a wellbore model to study the incursion of gas into
cement. Two design approaches were used to reduce gas conductivity (the relationship between
gas flow and loss of hydrostatic pressure). One of these approaches was to deposit impermeable
cement filter cake against the formation. The other approach involved the use of a self-activating
slurry that interacts with incoming gas to form an impermeable barrier. Results from their
investigation showed that the impermeable filter cake deposition hinders gas invasion as long as it
is in place. However, once it ruptures, gas flow becomes unhindered and rapid.

Cooke et al. (1983) presented field measurements of annular pressure and temperature
during primary cementing operations. Pressure and temperature measurements were conducted in
seven wells via sensors to investigate the causes of fluid migration behind casings. They
highlighted multiple causes of fluid migration but focused on one which is: the loss of pressure in
a cement before the cement sets. Their investigations disclosed that annular pressure measurements
indicated fluid entry into the wellbore when the formation pore pressure exceeds the pressure
exerted by the cement. The sensors showed the extent of vertical movement of the migrated fluid.
The authors concluded their study with practical steps that can be followed to help minimize flow
induced by loss in annular pressure.

Beirute and Cheung (1990) developed a method to scale down field wellbore parameters
to laboratory conditions for accurate testing of cement recipes to be used for controlling gas
migration. Their method assumed the gas bearing formation to have substantial permeability, gas
volume, and thickness to invade the annulus and pressure-charge the cement. The authors
concluded with some criteria for selecting cement slurries for wells with potential gas migration
problems.
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Bour and Wilkinson (1992) presented an analytical method to quantify the potential and
severity of gas flow. They showed that appropriate gas migration control cementing systems can
be designed once the flow potential has been established. Compressible cement was recommended
for combating gas migration problems. Al-Buraik et al. (1998) also discussed solutions to shallow
gas migration problems with the use of lightweight latex slurries and right-angle set (RAS) latex
slurries amongst others.

Recently, Bois et al. (2017) developed a gas migration model that investigates two different
stages of fluid and porous solid in the life of a cement slurry. Their model allowed for computing
cement properties and the state of stress at any depth and time. In addition, their model showed
that the opening of a micro-annulus is not necessarily associated with gas migration. However, gas
will invade the cement sheath when the cement pore pressure drops below the pore pressure of the
formation. The authors highlighted the importance of gas flow rate and diffusivity in the cement
sheath. They concluded that gas may use multiple leakage paths during migration to reach the
surface, leading to a shallow gas blow out or a leak into another reservoir.

Overall, optimizing cement mix designs and the mixing process can help in mitigating gas
migration. It must be noted that a single factor cannot prevent gas migration. Rather a combination
of factors, depending on the well condition, is required. Some of the key properties of cement in
context of controlling gas migration are enumerated as follows:

e Fluid loss

e Gel strength development

e Cement shrinkage

e Permeability

e Free fluid (free water)

e Mud removal

e Microannulus

e Mechanical and chemical failure of cement sheath
2.2.2 Gas Migration Additives

One common gas migration additive is microsilica (silica fume). It is a byproduct of silicon and
ferrosilicon production. It has a bulk density between 400 and 500 kg/m?® and specific gravity of
2.2. It is composed primarily of vitreous silica, having SiO> content ranging from 85 to 95%, and
a particle size distribution range of 0.02 to 0.5 um (average of 0.15 um). This fine particle size
allows packing between the cement grains resulting in an improved microstructure of the cement
matrix. Grinrod et al. (1988) discussed the use of microsilica in the creation of a gas tight cement
slurry. When it is used in various concentrations with varying densities (Figure 2.2), the authors
discovered that microsilica had the ability to mitigate gas migration. However, with a constant
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density, the concentration of microsilica had to be increased in tandem with an increase in gas
pressure (Figure 2.2). Although microsilica can control free water, the authors proved that the
material stopped gas migration by immobilizing the pore water within the cement matrix. They
explained that microsilica gives better strength and bonding, reduced permeability, improved
durability, and provides less strength retrogression (Figure 2.3). They also presented three field
case studies where microsilica was used as an anti-gas migration additive and proved to be
effective.
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Figure 2.1: Dosage of microsilica needed at different cement slurry densities to withstand a maximum gas
pressure of 125% of the water gradient (Grinrod et al. 1988).
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Figure 2.2: Minimum dosage of mirosilica needed to withstand increasing gas pressure (Grinrod et al. 1988).
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