Montana Tech Library
Digital Commons @ Montana Tech

Graduate Theses & Non-Theses Student Scholarship

Fall 2020

INVESTIGATION INTO THE EFFECTS OF SUPERCRITICAL
CARBON DIOXIDE EXPOSURE ON WELL-BORE CEMENT
INTEGRITY

Claude Boiteau

Follow this and additional works at: https://digitalcommons.mtech.edu/grad_rsch

Cf Part of the Engineering Commons












List of Equations

(1) Carbonic Acid FOrMUIALION. ........ccccuiiieiiee e 20
(2) Calcium Carbonate formulation from Portlandite............c.cccooveiviieiiicie e, 20
(3) Calcium Carbonate formulation from CSH ..o 20
(4) Calcium Bicarbonate formulation from Calcium Carbonate .............ccccceeveviveiiiienen, 20
(5) Standard Linear EQUAtION FOIM ........ccuoiieiiiieieec e 36
(6) Pressure Transducer Minimum BOUNG..........c.coiueieiieiieie e 36
(7) Pressure Transducer Maximum BOUNG ...........cccceiiiieiieiesieseese e 36
(8) YOUNE'S MOAUIUS ...ttt 68
(9) StUAENTE t-TESt STALISTIC ...evveviceiecieee e e s 78

(10) Non-pooled Standard DeVIAtION............c.coviveieeieiie e 78

Xi



1. Introduction

1.1. Carbon Dioxide in Today’s World

Carbon dioxide’s (CO,) relationship with civilization has been established through years
of both active and passive participation in shaping the developed world. Even before the depth of
that relationship was fully understood, CO> was guiding the course of history through its position
as a natural environmental building block. Global population movements and fluctuations hinged
on the ability to turn CO- into food through the process of photosynthesis. Prior to any
substantial human contribution to the carbon system, CO> was shaping the inhabited world, and
affecting the quality of life for generations. Recent evidence has shown that the global cooling
trend known as the Little Ice Age (LIA), generally understood to have occurred between the 15%
and 19" centuries, may have resulted from increased volcanic activity between 1275 and 1300
AD (Byrd 2012). The eruptions expelled gas, including CO2, which disrupted the earth’s ability
to absorb solar energy. The resulting cooling trends increased the severity and length of winters
throughout the northern hemisphere. The cultural significance of this climate change is well
recorded in paintings and writings dating from the period. Shorter and cooler growing seasons
impacted the world population, which was still primarily agriculturally subsistent. It has also
been shown to have affected the movements and communal survival methods of many native
groups, including those of North America.

The Industrial Revolution of the 18" century is generally considered the first lasting
footprint made by the developed world in the carbon system. During this time, creation of
consumed materials and goods shifted from an individual rural production system to a
specialized urban industrial model. Prior advances in agriculture are credited with creating the

availability of labor, enabling the industrialization of the developing world. Since this



industrialization, world carbon output has steadily increased, altering the global carbon cycle.
Human activities have bolstered carbon levels and altered the ability of carbon sinks, such as
forests and oceans, to remove CO- from the atmosphere. While it is not arguable that carbon
levels have increased, the lasting planetary effects are often a topic of political debate. In 2011,
U.S. Greenhouse Gas (GHG) emissions totaled 6,702 million metric tons of CO; equivalent. CO>
is the most abundant of these gases produced, making up 84 percent of the total GHG in the

atmosphere (Inventory of U.S. GHG Emissions and Sinks 2013) as shown in Figure 1.
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Figure 1: Greenhouse Gas Emissions in 2011 & US Carbon Dioxide Emissions by Source
Source: United States Environmental Protection Agency

Two primary options exist for reducing the anthropogenic CO; in the atmosphere: a
reduction in output or an increase in the utilization of available atmospheric COz. In the short
term, the ability of natural sinks to absorb CO- can be assumed to be fixed and self-maximizing.
As a result, any additional CO2 atmospheric reduction will have to be artificial in nature. One
such method applicable to GHG reduction is the capture and injection of CO- into deep

subterranean trapping lithology.

1.2. Supercritical CO>

Geothermal and hydrostatic gradients at depths common to injection usually result in

high in situ pressures and temperatures. In this environment, CO; is often in a supercritical state.



A supercritical fluid exists at conditions where both pressure and temperature are above the
fluid’s critical point, described as the intersection of the critical pressure and temperature and
highlighted in Figure 2: Carbon Dioxide Pressure-Temperature Phase Diagram. At this point,
distinct liquid and gas phases do not exist. Once a fluid has surpassed the critical pressure and
temperature, it takes on the characteristics of both a liquid and a gas. This ensures that CO., once
supercritical, will possess the dissolving properties of a strong solvent, the ability to transport
mass like a liquid, and the capacity to permeate small pores and fissures with the diffusivity of a
gas. The level at which a substance reaches a supercritical state is defined by its individual
properties of state and charted on a pressure-temperature phase diagram. CO; reaches a critical
point at 30.9°C and 1070 psia. Figure 2 highlights the phases of CO> resulting from different

temperatures and pressures.
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Figure 2: Carbon Dioxide Pressure-Temperature Phase Diagram
Source: Adapted from Rabindran, 2011



1.3. Reconciling the Cement Carbonation System with Laboratory Time

In a laboratory CO> environment, injection times may be measured in days. During
sequestration, injection times may increase to the magnitude of years. If sequestration continues
to gain acceptance as a plausible method for disposal of anthropogenic CO2, and a subsurface
structure of suitable size and location is identified, injection efforts could hypothetically be
carried out for many years. Scenarios such as these allow for cement- CO, exposure
environments that are difficult to reproduce in a laboratory. Further complicating simulation
efforts, the geology that enables CO> injection is being formed over lengthy periods of time that
are difficult to conceptualize and replicate. We refer to such timescales as eons and epochs, in
comparison to the noted injection times of days and years. The cemented wellbore is a recent
addition to this ever-changing system. Once injected, CO2 may be present around the wellbore at
supercritical temperatures and pressures enabling supercriticality for durations much greater than
may be replicable. Cement- CO> interactions during this period are uncontrolled, allowing for
potential continued carbonation of the cement structure as long as reactive components exist. Or
possibly, the lack of refreshing CO2 may have a dampening effect on the carbonation process.
How can laboratory simulations represent the continuous carbonic exposure of a wellbore in a
manner which allows cement longevity conclusions to be drawn? As is often the case, the
solution lies in the acceleration of the natural time scale. By forcibly injecting supercritical CO>
(scCOy) through the pore structure of the cement, the rate at which the interaction can be
observed is increased. Additionally, a dynamically refreshing injection environment more
reflective of near wellbore sequestration and tertiary efforts can be modeled. A post experimental

water quench washes away the dissolved calcium bicarbonate before it can re-precipitate, thus



maximizing the COz induced changes in the cement structure. In the laboratory, these changes

can be empirically monitored, and the effect identified, analyzed, and replicated.

1.4. Thesis Objective

The objective of this research is to identify changes in cement properties due to carbon
dissolution in several sets of cement cores through the injection of scCO,. Carbon sequestration
and enhanced oil recovery operations are occurring throughout the world, utilizing both new and
aged cement-reinforced wellbores. Due to the chemical nature of injected scCO2, some level of
carbonization, dissolution and ultimate change in the properties of wellbore cement is likely. If
changes do occur, the rate at which this process happens is worthy of investigation. As COz is
injected into a geologic formation, the wellbore may be the potential path of least resistance for
migration to neighboring formations and/or to the surface. The structural integrity of the cement
is vitally important to controlling the wellbore fluids, including CO2. Any advancement in the
understanding of dynamic CO: injection systems will further sequestration as a plausible solution
to mitigation of anthropogenic carbon. This research builds on the progress made by past
Montana Technological University (Montana Tech) scCO2 studies while referring to similar
industry studies. The properties of two types of cement cores are evaluated in the presence of
scCO.. One group of core samples was created using additives meant to increase the resistance to
COs.. The other was created using a traditional neat slurry to simulate mature wellbore cements
found in many converted mature injection wells. By comparing changes in porosity and
permeability, the pre- and post-injection unconfined strength, and the inferred rate of dissolution,
a better understanding of the ability of wellbore cements to control and contain wellbore fluids in

the presence of scCOz is ascertained.



2. Literature Review
2.1. Previous Work at Montana Tech

In 2008, Montana Tech was the beneficiary of a DOE Experimental Program to Stimulate
Competitive Research (EPSCoR) grant entitled “Environmental Responses to Carbon Mitigation
through Geological Storage.” The grant was part of a joint proposal with Montana State
University (MSU), University of Montana (U of M) and Montana Tech to address concerns
supporting carbon sequestration and its effects on the subsurface and environment. Over four
years, the Petroleum Engineering Department received funds that allowed for the purchase of
equipment to simulate the flooding of porous media with scCO>. This equipment included a
Hassler type core holder, an injection pump and an incubation-type warming oven. The
incubation unit, combined with the injection pump, allowed for CO> to be controlled and injected
at supercritical pressures and temperatures; while the dual chambered Hassler core holder
allowed for the scCOzto be forced through an isolated rock core or sand pack. Utilizing this
equipment, three investigative studies to date have been conducted at Montana Tech
investigating the effects of scCO- on reservoir material as a potential sequestration media.

Masters graduate Kurt Hibbard (Hibbard, 2009) investigated the porosity/permeability
changes of scCO2 flow on sandstone, limestone and dolomite core samples. Core samples were
injected with scCO> for 48 hours at injection rates varying from 0.029 mL/min to 0.189 mL/min
until 100 pore volumes (PV) of CO2 were delivered (Hibbard, 2009). In addition, static batch
testing was completed to measure the static effect of scCO2 on rock samples. Mr. Hibbard’s
results were statistically inconclusive, with no significant alteration of permeability or porosity

as a result of scCOz exposure. Initial research indicated experimental and equipment



shortcomings, mainly relating to the quantity of data being collected and the ability of the
apparatus to ensure 100% supercritical CO2 flow during operation.

Prior to the second investigation into scCOz reservoir effects, steps were taken to remedy
scCO. verification issues with the installation of analog pressure gauges and a back-pressure
regulator to ensure continuous supercritical flow throughout the CO; injection (Overland 2011).

Following the physical improvements to the injection system, Brandon Overland
examined the resulting compressive strength changes in Indiana limestone cores due to scCO>
injection. His experimental protocol called for four test groups of ten cores. Two of these groups
were exposed to CO> at two different flow rates, while the other two groups were utilized as
controls. Post injection, a compressive test was performed on each core to determine the
unconfined compressive strength. Upon failure, Young’s Modulus was calculated from the
resulting linear stress strain curve. In addition, changes in porosity and permeability of the cores
were evaluated, as well as changes to bulk volume and grain shape.

Study results indicated a small difference in unconfined compressive strength for the
limestone samples after CO: injection. Reduction in permeability and inconsistent increases in
porosity were also identified (Overland, 2011). These inconsistencies were attributed to an error
in the experimental system. No additional conclusions were drawn from the research.

Most recent apparatus improvements and analyses of CO; injection were implemented in
2011 by Keith Hawk. Mr. Hawk incorporated a Parr Instruments reservoir for post-experimental
deionized water quench and rinse to protect against re-precipitation of calcium carbonate to
better highlight the effect of scCO. flow through the samples.

Two types of limestone, Indiana and Madison, were crushed and reduced to a range of

3/16” grains to a fine powder. These grains were then sieved to a -35/+60 grain size and loaded



into a specially designed Berea sandstone crucible. The resulting sand pack/rock core hybrid
was, as with prior core injection experimentation, wrapped in aluminum foil and placed within
Tygon tubing. It was observed that the Tygon tubing degraded in the presence of scCO>. The foil
served as an unreactive barrier between the Tygon tubing and the scCO.. Twenty-two samples
were injected with scCO- for 9 hours of flowing and 3 hours of static exposure followed by a
deionized water quench.

The results of the investigation showed that the rate of scCO2-induced calcium carbonate
dissolution on virginally exposed, de-ionized water saturated granules on a per surface time basis
for Madison limestone is greater than that of Indiana limestone. When compared to the findings
of Overland, 2011, Hawk concluded that the loss of compressive strength of Madison limestone

would be greater than that of Indiana limestone (Hawk 2011).

2.2. Carbon Injection

As concerns grow about human-induced global temperature change, a push towards the
reduction in the production of GHG has gained momentum in many industrialized nations.
Primary sources of man-made GHG such as automobiles and their associated manufacturers,
power generation, and industrial facilities have begun to feel the crunch of increased costs
related to emission-aimed regulations. In 1997, the United Nations put forth the Kyoto Protocol
to the United Nations Framework Convention on Climate Change (UNFCCC) to address
anthropogenic interference to the climate system. The treaty sets binding emission reduction
targets across the participating industrialized nations. Although not a participating treaty
member, the United States recently has been making strides to reduce emissions within its
borders. In 2009 at the Copenhagen Climate Change Conference and the 15" meeting of the

Conference of Parties, President Barack Obama pledged to “reduce U.S. GHG emissions in the



range of 17 percent” by 2020 “as compared to 2005 levels” (Demassa, 2012). President Obama
built on this commitment in 2010 when he announced that the Federal Government will reduce
its GHG pollution by 28 percent by 2020 (Office of the Press Secretary, 2010). This
announcement was the culmination of Executive Order 13514 on Federal Sustainability, signed
in 2009, setting measurable environmental performance goals for federal agencies. Many
policies within the U.S. now offer tax incentives for investments in renewable energy, or set
emissions standards for automobiles and carbon fuel systems. Other efforts have seen the
reconfiguration of GHG source installations such as power generation facilities away from
traditional fuels to cleaner burning natural gas. While still contributing to the overall reduction in
emissions, these efforts focus on upstream production of GHG, ignoring the downstream, post-
production capture, containment, and disposal of expelled pollutants.

Many pollutants exist in the output termed ‘GHG’. Within this group, the most common
product of carbon fuel consumption is CO». Various options have been proposed and
investigated for the disposal of captured GHG. Among these are discharging CO> deep into the
oceans, conversion to a solid state for above ground storage, and the conversion of captured CO>
back into useful organic compounds. Each option has associated costs and benefits that will not
be examined herein. A more widely practiced method of CO; disposal is carbon sequestration.
Sequestration refers to the collection and containment of produced carbon gas. There are three
methods for the sequestration of COz: biological, chemical, and physical. The emphasis of this
study focuses on physical sequestration and the implications to the cement well-bore integrity
from the injection of CO- into depleted oil and gas wells. As such, all references to sequestration

will be in respect to the physical injection of CO..
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The first global sequestration project was undertaken in 1996 by Statoil utilizing CO>
captured from natural gas production in the Sleipner West North Sea field. The gas from this
field contains about 9.5% CO3, which is above saleable customer specifications. (Limits on CO-
in a gas stream stem from the corrosive nature of CO- in pipelines.) When mixed with water or
as a result of entrained water vapor, CO> can drastically affect the lifespan of a pipeline,
foreshadowing what is possible in the down-hole environment. Roughly one million tons per
annum (MMtpa) of CO; are removed and injected into the deep saline Utsira sandstone/siltstone
Formation above the hydrocarbon reservoir (Statoil, 2011).

At the time of this study, multiple injection sites in the United States were actively
injecting CO> for long term storage. Among these are the Citronelle Dome in Mobile, Alabama,
Decatur (Mount Simon Sandstone) in Decatur, lllinois, and Northern Reef Trend injection
project in Michigan. Together, these partially funded Department of Energy projects are injecting
approximately 1.15 MMtpa of CO> (WorleyParsons Schlumberger, 2011). In addition, multiple
projects are being planned or investigated for areas of Montana, British Columbia, and the
Powder River Basin area of the Northern Rocky Mountains. These ventures are a small
representation of the total sequestration operations ongoing worldwide.

Despite the relatively new interest in subsurface sequestration, CO; introduction into
deep geological environments is not a recent development. Over the life of a producing oil well,
oil recovery is often the result of multiple drive scenarios. In early production, formation
pressures cause hydrocarbons to naturally flow to the surface. As formation pressures drop, some
type of artificial lift is typically required to produce the formation. Reservoir pressures can be
increased by means of water injection, resulting in the production of a portion of the remaining

oil. Similarly, much of the remaining oil can be produced by means of CO; injection, miscible
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gas injection or steam recovery, collectively known as tertiary or enhanced oil recovery (EOR).
For the purpose of this paper, CO: injection will be the only tertiary oil production method
considered. CO2 is semi-miscible with oil, creating a heterogeneous mixture of oil and gas. The
density and viscosity of the oil are reduced in the presence of CO,, allowing separation from the
reservoir pore structure and transport towards the producing well. Gas injection accounts for
nearly 60 percent of the EOR production in the United States, with COz injection garnering the
most new market interest (Office of Fossil Energy, 2011).

The first test of CO> injection technology was demonstrated in 1962 in the Strawn sand
of the Mead Field in Jones County, Texas, and involved the injection of an amount of CO; equal
to 25% of the hydrocarbon pore volume. Results indicated that 53 to 82 percent more oil was
produced by the CO> flood than was produced by water flood (Contek Solutions 2008). In 1972,
the first commercial CO2 EOR injection project began in the Kelly Snyder Field of the Permian
Basin in Scurry County, West Texas, and remains the world’s largest miscible flooding project.
Today, 318,000 B/D of oil production is credited to the injection of 3,443 BCF of carbon
dioxide. In 2014, the DOE forecast that the use of CO- injection to enhance oil recovery in fields
with low oil saturation could nearly double by 2018 (Rassenfoss 2014). Many of the wells that
may be used for future injection could be converted production wells, often completed with a
neat cement slurry. How these wellbores respond to the injection of supercritical CO2 could

possibly define the overall success of the increased CO> sequestration movement.

2.3. Previous Research

Research into the wellbore effects of CO2 has developed, along with the increase in the
use of the CO> for EOR purposes. Exposure of cement cores to both dynamic and static CO-

environments has shown instances of both improvement and degradation in the cement’s ability
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to isolate the gas and other wellbore fluids. Historically, CO. exposure scenarios have been
simulated using the same dynamic and static flow environments, cylindrical or cubic core
geometries, or some combination thereof. Results garnered from these experimental regimes
have ranged from inconclusive, to identifiable changes in the structural properties of the cement
samples.

A 1986 SPE study, “Carbon Dioxide Corrosion on Oilwell Cements ” used two types of
cylindrical cores, a molded 1” OD x 2” length core, and a 0.275” x 0.5 sample cored from a
2x2x1.5” cement cube. Both samples were cured for 72 hours at 3000 psi and 79.4°C. The
samples were then subjected to a static carbonation environment in a 3000 psi autoclave with
900 psi of liquid COz injected every couple days over a four to six week period. Results showed
that the mass of the larger sample in relation to relatively short exposure time was too large to
show significant cement deterioration in the cement samples (Bruckdorfer 1986). However,
utilization of the smaller sample and same experimental procedure produced an 80%
compressive strength reduction for both Class H and class C cements after six weeks of exposure
time. The experiment was conducted again, utilizing additives such as fly ash and silica. Both
additives resulted in additional percentage strength reductions as compared to the neat cement.
The study looked extensively at the leaching action of the cement when exposed to CO2. The
authors interpreted the depth of penetration of the carbonation front as a direct indication of the
cement slurry’s ability to defend against scCO..

During the study, the only additive found to negate CO- induced strength reductions was
the inclusion of calcium carbonate in the cement matrix. The study found that when exposed to

COg, the presence of calcium carbonate reduced the diffusion of the CO. laden water into the
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cement. While changes in permeability as a result of different cement mixtures were mentioned,
the specific data were not reported.

Studies utilizing static exposures to cement are not limited to Brukdorfer (1986). Santra
et al (2009) created cylindrical cement cores with varying amounts of fly ash and silica fume and
exposed them to a CO; treatment in test cells at 2000 psi and 200°F for periods of 15 and 90
days. Upon completion, samples were cut in half lengthwise for visual examination and
measurement. A dilute phenolphthalein indicator solution was applied to the cut surface to view
the advance of the carbonation front into the cores. The dye reacts to the calcium hydroxide
Ca(OH)., also known as Portlandite, in the samples. As CO; advances in a cement it dissolves
the Ca(OH)2. The dye has a greater reaction with the areas not depleted of Ca(OH), indicating
the depth of CO- penetration. According to Santra et al (2009), a lower amount of Ca(OH). is
directly related to higher amounts of silica and fly ash (Santra et al 2009). The higher the amount
of Ca(OH). resulted in higher pore plugging and lower permeability. Portlandite, formed during
the hydration of the silicate phases, is known to be degraded by CO, (Brukdorfer 1986). The CO:
attack starts with the carbonation of the Portlandite (Lesti et al 2013). This study showed that the
percent of total carbonation decreases with the increase in percentage of either silica or fly ash,
indicating that they are both less affected by exposure to CO,. Additionally, the 90-day study
showed minimal advancement of the carbonation front within the cores, raising the possibility
that the depth of carbonation penetration is a relatively short-term problem, dissipating over the
long term, as a result of the reaction involved in the carbonation of the cement and precipitation
of calcium.

In a similar study, Plank et al (2013) created four separate cement samples. One sample

included permeability-reducing CO resistant substances such as fly ash, a second sample added
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CO: resistant particles to reduce the pore space. A third sample utilized a pore-plugging film
from organic latex particles. The fourth sample was a neat cement. The cylindrical cores were
cured under atmospheric conditions for two weeks, removed from the molds and cured for an
additional 28 days in synthetic reservoir fluid at 90°C and 13,050 psi. Each core was subjected to
a static, dual CO> gas atmosphere and CO> saturated liquid environment at 90°C and 13,050 psi
for a period of one month and six months. As a control, the same experiment was completed with
nitrogen rather than CO». Similar to Santra et al (2009), the cores were retrieved, halved and
coated with a phenolphthalein solution to indicate unreacted Portlandite. Unlike Santra et al
(2009), Plank et al (2013) found that the carbonation front continued to advance over the longer
exposure time of 6 months. This was identified as a result of micro channeling and the formation
of surface cracks which allow the continued carbonation of the Portlandite.

Porosity was measured using a mercury intrusion porosimeter. The investigation found
that for samples with fly ash and porosity reducing particles, pore size was larger after exposure.
The porosities of the samples containing the neat mixture and the organic latex particles were
lower before and after the CO, exposure.

The study showed that cementing systems formulated with a reactive fly ash filler
reduced the penetration of the carbonation front. The authors conclude that the presence of fly
ash reduces the creation of Ca(OH)2 during the hydration phase, thus reducing the total amount
of Portlandite that is able to undergo immediate chemical reaction, known as carbonation, with
the scCOz. This process reinforces the use of fly ash filler as an effective additive for cement
used in CO2 injection environments.

While static exposure environments simulate possible reaction scenarios achieved

through long term exposure to CO., they do not effectively replicate the presence of a dynamic
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COz environment. In such an environment, the reacting scCO2 solution is constantly being
refreshed and reactants transported away from the reaction front so that dissolved solids are not
allowed to re-precipitate. Multiple studies that attempted to replicate such an environment were
reviewed.

Flowing CO2 exposure environments can be separated into two main categories: external
flow and flow-through. The majority of the dynamic simulation environment research reviewed
for this study falls into the latter category. All of these flow-through studies used cement cores
that were halved lengthwise and then reassembled with a binder creating an artificial flow path.
CO- was then introduced and forced through the core. In some cases, the binder was mixed with
a silica flour to prop open the contact faces of the cores (Huerta et al 2008). Yet other scenarios
utilized core halves assembled with a counter half of reservoir rock to simulate the cement-rock
wellbore interface. In each of these composite core simulations, the cement-rock contact was
adjusted to simulate artificial fracture surfaces and hydraulic aperture (Walsh et al 2012) or
coated with prepared mud to simulate drilling fluid contamination (Agbasimalo and Radonjic
2012). In each of the flow-through scenarios, a Hassler type core sleeve was utilized to confine
the samples, creating the flow environment. Agbasimalo et al (2012) and Ozyurtkan et al (2012)
went a step further by orienting the core holder vertically to imitate the upward flow of fluid at
the cement-rock interface in a vertical wellbore.

Under the Agbasimalo et al (2012) simulation method, cores were dynamically reacted
with a prepared CO; brine mixture for a period of 30 days at a flow rate of 1 ml/min and a
temperature of 22°C. Changes in the conductivity of the cores were monitored by measuring the
pressure differential across the flow path. Upon completion of the flow period, the composite

cores were subjected to X-Ray Computed Tomography (CT) scans. Pore volumes and porosity
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measurements were calculated from the scans for comparison to pre-flow values. The study
found a reduction in density and increased porosity in the reacted cores. This effect was
exacerbated in the mud contamination composite cores, where porosity was found to increase
from 0.02% to 6.67% (Agbasimalo et al 2012).

Another composite cement-rock core investigation method utilized a pressurized stream
of glass beads to create flow path fracture geometry and aperture on the bonded face of the
cement core halves. Walsh et al (2012) then exposed the assembled cement-rock core to CO- rich
brine for a period of eight days. Two constant flow rates of 0.05 cc/min and 0.1 cc/min were
utilized. The experimental flow scenario resulted in an increase of porosity within the fracture
region but surprisingly, a decrease in total permeability. The authors attribute this to mechanical
changes in the fracture aperture caused by confining pressure. They further demonstrated a link
between the mechanical changes and evidence of plastic deformation in the amorphous silica
region and regions depleted of Portlandite through the process of CO. carbonation. As a result,
an overall reduction in fracture transmissivity was recorded.

Although interesting in the implication to cement-rock bonding environments and the
possible effects of overburden on CO,-reacted regions of the cement structure, composite
cement-rock cores are not of immediate pertinence to this study. Flow-through simulations
involving full cement cores are more predictive of the possible outcomes that may be
encountered herein. Three such simulations were reviewed.

In a comparison of two types of cement composite cores, Huerta et al (2008) simulated
fracture samples utilizing a sawed and exposed core and a molded, tensile stressed Brazilian
style fracture core. The Brazilian method is used to indirectly determine the tensile strength of

cement by applying a line load along the axis of the cement cylinder. All samples were made
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with Class H neat cement. The sawed samples were cut out of larger cement blocks while the
Brazilian cores were molded and stressed to create a more realistic conductive pathway. The
authors note that tensile failure is the most likely mode of cement failure in an oil well (Huerta et
al 2008). The goal of the authors was to assess the effect on the aperture structure in the presence
of increasing confining pressure and relate the average aperture to effective permeability. The
sawed cores were reassembled using an epoxy and silica flour to prop the outside of the fracture.
For each fracture style, the authors found that the most aperture change (sawed cores) and plastic
deformation (Brazilian cores) occurred when smallest amount of confining stress was applied to
the core while in the presence of a CO; brine. They concluded that this evidence supports the
hypothesis that wells with a leaky fracture structure may be self-sealing against CO; rich fluids.

A similar study conducted by Ozyurtkan et al. (2012) again utilized Class H cement with
larger 1” x 12” core halves cured for 24 hours and hydrated in a water bath for 30 days. The core
halves were secured together with epoxy to create flow ready cores. CO> rich brine was then
injected through the cores at a temperature of 21°C and atmospheric pressure conditions. A
confining pressure of 600 psi was applied to the cores to ensure only linear flow through the
fractures. It is important to note that at these experimental conditions the CO, was not in a
supercritical state. The flow of CO- rich brine was sustained for 30 days and then again for 100
days, a period of time much longer than any other study reviewed.

Upon completion of the flow period, the cores were removed and evaluated using X-Ray
Defraction (XRD), Helical CT, and High Resolution X-Ray scans. The results of the Helical CT
scans showed alterations of the cement matrix in the vicinity of the fracture surfaces, including
density reductions along fracture wall surfaces. Interestingly, Ozyurtkan et al. (2012) found that

the fracture aperture appeared much wider after 100 days. This was assessed as being a result of
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the dissolution of the cement in those regions. This finding is contrary to that of Huerta et al.
(2008), who also utilized confining pressures of 600 psi and found reductions in aperture. The
High-Resolution X-Ray scans showed porosity increases in the reacted inlet and outlet regions of
the cores while the XRD analysis suggested total dissolution of the Portlandite in the reacted
areas. The results highlighted by Ozyurtkan et al. (2012) indicate that acidic brine will have
negative effects on porosity and permeability of cement exposed to CO2 under dynamic
conditions. Furthermore, the results show that this effect will continue until the supply of fresh
acidic fluid is exhausted. It is important to remember that these results were obtained while the
CO2was not allowed to reach a supercritical state.

Yalcinkaya et al. (2011) also utilized 1” x 12” cores bonded together with epoxy along
the fracture edge and mounted for vertical flow. The cores were subjected to low pressure (LP)
flow at atmospheric conditions and high pressure (HP) flow at 1800 psi. Prior to assembly, the
cement core halves were cured for 24 hours and soaked in tap water for six months. Under both
pressure scenarios, the cores were subjected to flow of 2 ml/min for 24 hours. Similar to previous
studies performed at Montana Tech, a nitrogen charged back pressure regulator was utilized to
achieve higher injection pressures and regulate flow (Overland 2011, Hawk 2011).

After completion of the flow experiments, XRD, environmental scanning electron
microscopy (ESEM), mercury intrusion porsimetry (MIP), and high resolution CT imaging was
performed. The CT scans revealed density variations within the reacted cement matrix along the
entire length of the cores. The MIP indicated that the HP flow increased porosity by a magnitude
of less than one percent while the LP experiment resulted in a reduction in total porosity. Similar
to Ozyurtkan et al. (2012), the LP simulation found secondary fracture networks developed both

perpendicular and parallel to the main fracture at the outlet end of the cores. An interesting result
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of the LP and HP experiments was the effect on porosity in relation to the time of exposure. HP
flows of ten days showed increased porosity for large pores while the LP flows of 30 days
reflected evident porosity reduction in small pore sizes.

It is important to remember that each of these flow-through studies attempted to recreate
fracture networks or model the cement-rock contact regions and the changes when introduced to
both CO2-rich brines or scCO.. The present study will attempt to better understand what happens

when scCOz is forced directly through cement cores

2.4. Dissolution and the Carbonic Acid System

Most of the reviewed scCO2 exposure simulations hydrated the sampled cement cores in
water prior to reaction in the controlled environment. All studies that hydrated the sample
cement allowed for at least a month of submerged water soak time. The longest hydration was
performed by Yalcinkaya et al. (2011), which allowed for a six-month hydration time. It is
unknown why the authors had such an extensive hydration time. It is commonly accepted that the
hydration of cement does not significantly change after 28 days (Lea, 2003).

When a Portland-based cement is hydrated, two main products are formed, calcium
hydroxide (Portlandite, Ca(OH>)) and calcium silicate hydroxide (CSH). These two components
make up 20 to 25% and 50 to 70% respectively of the overall cement matrix (Duguid 2008). At
temperatures above 80°C, the CSH formed will be crystalline in structure. As scCO; enters this
system, it contacts water forming carbonic acid (H.COs), (Eg. 1). This acid reacts with the
Portlandite and CSH to create calcium carbonate (CaCO3), (Eq 2 & 3). In many of the reviewed
studies, this was identified as the carbonation front and was shown to enter the exposed cement
cores by the application of the phenolphthalein indicator. The produced CaCOs is deposited in

the pore structure of the cement, thus increasing the density. This depositional densification
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initially increases the strength and hardness of the cement matrix while simultaneously reducing
the permeability. The strength increase and flow reduction longevity of the cement is a product
of the duration of exposure to the carbonic acid, and which of the chemical interactions are
dominant. If the creation of calcium carbonate outpaces the availability of carbonic acid, the
strengthening of the cement matrix may be more permanent. However, in the presence of
carbonic acid over longer periods of scCO2 exposure or in dynamically refreshing flow
environments, the calcium carbonate will form calcium bicarbonate (Ca(HCO3)2), (Eq 4), which
is soluble in water. Ultimately, the bicarbonate will be dissolved into solution and flushed from
the system, leading to the weakening of the cement matrix and an increase in permeability. The

reaction kinetics for the described scenarios are shown below.

CO, + H,0 - H,CO0; (1) Carbonic Acid
Formulation

Ca(OH), + H,CO5 - CaCO5 (2) Calcium Carbonate
formulation from

Portlandite

CSH + H,CO3; - CaCO04 (3) Calcium Carbonate

formulation from CSH

Bicarbonate
formulation from
Calcium Carbonate
Because of high levels of CSH available in a neat cement, this process is always present
but the rate at which it propagates can be reduced by the inclusion of inert filler materials such as

fly ash. This study is an attempt to empirically measure the associated effects of dissolution and



deposition of calcium carbonate on the structural integrity of the cement matrix because of

scCO; exposure.
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3. Experimental Approach

For this study, scCO2 was introduced to a cement core in a controlled reaction
environment, reflective of downhole reservoir conditions. The physical cement properties of
permeability, porosity, mass, and unconfined strength were measured experimentally to quantify
any changes resulting from the dissolution or deposition of calcium carbonate. In addition, some
inferences were made in respect to the inner cement pore structure, based on the aforementioned
properties and the differential pressure changes across the flow path during exposure. Core
samples were cured in molds utilizing two cement blends, one reflective of traditional cement
slurries and one of gas-resistant slurries. The cores were cured in an autoclave at temperatures
and pressures reflective of the downhole reservoir environments. The permeability and porosity
of the cured cores were measured and recorded after de-molding. Cores were then immersed in
filtered reverse osmosis (RO) water to prevent cracking in the dry laboratory atmospheric
conditions. While the cores were briefly submerged in a water bath, time requirements did not
allow for full hydration per Lea (2003). As a result, the duration of RO water hydration was not
monitored. Prior to scCO exposure, the pore structure of the cores was evacuated and saturated
with filtered RO water using a glass saturation vessel and vacuum pump. The core was prepped
for flow, massed, and placed into the CO> flow system which created a dynamic scCO2 exposure
environment for a period of 24 hours, after which the cores were removed.

Post exposure, the cores were massed and re-saturated with filtered RO water to quench
the COz reaction, and the post-flow permeability and porosity values were measured and
recorded. The cores were again submerged in filtered RO water to prevent cracking until they

were finally tested for unconfined strength. A core from each molded batch was not exposed to



scCO; as a control and processed through all other experimental procedures. Core creation and
exposure occurred as a result of the following procedural steps.

1) Create core samples

2) Test pre-flow permeability and porosity

3) Saturate core samples

4) Dynamically expose cores to scCO environment.

5) Quench scCO; reaction with saturation vacuum

6) Test post-flow core sample porosity and permeability

7) Test unconfined core stress

8) Analyze data and create statistical conclusions

3.1. Cement Cores
3.1.1. Sample Makeup

Cement samples were sourced with the help of Universal Well Services, Inc. Universal
was extremely helpful in procuring quality samples and in providing technical assistance. Two
types of cement samples were created for injection procedures. Sample Type 1 was created to
simulate a traditional neat cement found in conventional wells located in established fields.
Established fields are of interest as they often access reservoirs in varying stages of depletion,
increasing the likelihood for use as CO tertiary injectors. The mixture specifications for the

Type 1 neat slurry are shown in Table I.
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Table I: Cement Slurry Sample Type 1

Type 1 Cement Slurry
Additive Additive Amount (g)
Type 1 Cement 351.55
Class F Fly Ash 276.75
NaCL 35.87
Bentonite 12.57
Water 359.00

Sample Type 2 incorporated a 1% by weight of cement (BWOC) dry synthetic polymer,
CFL-117, as a fluid loss additive to control loss of filtrate from the cement in fresh and salt water
slurries. CFL-117 has non-gelation properties, which also allows it to function as a gas migration
control additive. The additive allows for an accelerated thickening time. This is often called a
right-angle set, and refers to the 90-degree bend in a plot of the cement consistency versus time
chart. A right-angle set allows for a short transition time to eliminate the opportunity for gas
migration prior to the curing of the cement. The mixture specifications for the Type 2 fluid loss
slurry are shown in Table II.

Table I1: Cement Slurry Sample Type 2

Type 2 Cement Slurry

Additive Additive Amount (g)

Type 1 Cement 351.55
Class F Fly Ash 276.75
NaCL 35.87
Bentonite 12.57
CFL-117 6.24
Water 359.00
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3.1.2. Sample Preparation
3.1.2.1. Slurry Preparation

Both cement slurries were prepared per APl RP10B, Recommended Practice for Testing
Well Cements utilizing a Model 7000 Constant Speed Mixer and placed into custom molds
created by Meyer Manufacturing for curing. The molds were milled from a solid block of 6061
T6 Aluminum, with inner geometry allowing for the creation of a 1”” diameter by 1.5” length
core. Technical mold specifications are available in Appendix I.1. The cores were removed by
separating the mold along the vertical axis of the enclosed core. Set screws hold the mold halves
firmly in place during curing. The mold halves result in the creation of a small ridge along one
end and the long axis of the cores. As this ridge was only a small external protuberance, rather
than a seam connecting to separate mold halves, its presence was not expected to affect the
structural integrity, internal transmissive properties or the pressurized confining of the cores. The
open end of the cylindrical molds caused the de-molded cores to be slightly uneven. This uneven
core face was cut smooth with a tile saw, resulting in a final core length slightly less than 1.5”.
The inner mold cavities were coated with a common anti-seize extreme pressure lubricating
compound. A small amount of anti-seize residue was left on the de-molded cores, but it was
easily removed with water and light abrasion. Each mold was stamped with an identifying A, B,
or C mark while each mold cavity was identified as cavity 1 or 2. The mold is shown in Figure 3.

For additional mold imagery and design documentation reference Appendix D.



Figure 3: Cement Core Mold

When a core is de-molded it is given a part number which identifies the day curing was
completed, the type of cement, and the parent mold and cavity. A part number breakdown is
described in Figure 4: Core Part Number Breakdown. These unique identifying part numbers
allow for individual trend analysis beyond just the type of cement.

CABT1042514C2
L Ll L1

Mold Cavity Identifier
1-Mold Cavity 1
2 —Mold Cavity 2

L———» Mold Identifier
A—Mold A
B—Mold B
C—Mold C

L——————————————P» Date Core De-molded, mmddyy

P Cement Type Identifier
T1-Cement Type 1
T2 — Cement Type 2

P Initials of Core Creator, First Middle Last

Figure 4: Core Part Number Breakdown
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examiner to determine a p value which is used to show the likelihood of the resultant data to be
statistically significant, or not resulting from chance. A p value less than a 5% a would urge the
examiner to reject the null hypothesis and conclude that the data hold a statistical significance
greater than what should otherwise be expected to have resulted if conditions are held constant
(Snedecor and Cochran, 1989). A 5% or greater p value would indicate that the two sample
means come from the same population, and thus are not significantly different populations.

Two sample t-tests can be performed utilizing paired or unpaired data. A paired sample
would correlate to the existence of a one-to-one correspondence between the quantity of samples.
That is to say that in the series X1, X2,.... Xn and y1, Y,.... yn the numerical quantity ‘n’ is equal
for both samples. The sample sizes for unpaired data may or may not be equal. The calculation
of the p value for paired and unpaired two sample t tests are slightly different. In this study, the
two samples are the reacted cores, and the unreacted cores and are designated by batch. Each
batch consists of one control, and several reacted samples that may or may not be equal or
possess equal population variances. As such, the procedures of the unpaired two sample t-test
(Welch’s t-test) for unequal variances will be followed.

The unpaired two sample t-test relies on the calculation of each samples mean (X1, X2),
the unbiased estimate of the variance (si?), the non-pooled standard deviation (sa), and the test

statistic (t).

X —X ..
t == 2 (9) Student t-Test Statistic
Sz
S12 5,2 (10) Non-pooled Standard
S o Deviation
ng, n


















