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Abstract
Current subterranean injection of anthropogenic Carbon Dioxide (CO2), or CO2 resulting from human
activity, is occurring at multiple locations in both the domestic United States and abroad. It involves
the capture of CO2 from stationary industrial sources such as power plants and processing facilities,
and subsequent injection into suitable subsurface environments. Injection is an alternative to the
release of CO2 and reduces the environmental impact of increased atmospheric carbon levels. The
three scenarios for CO2 injection are: the sequestration of captured anthropogenic CO2, the reinjection of produced CO2, and the use of CO2 for tertiary hydrocarbon recovery. If injected at
conditions allowing for supercritical behavior, CO2 can interact with the near wellbore environment.
The result of that interaction is of interest to the longevity of injection operations.
Produced oil and gas are accompanied by some level of CO2 production. This CO2 is often separated
and is sometimes re-injected near its source, reducing the percentage of CO2 in the transported
product. In contrast, tertiary hydrocarbon recovery introduces injected CO2 for a distinctly different
reason. Tertiary injection, also called Enhanced Oil Recovery (EOR), utilizes injected CO2 to recover
entrained oil. Tertiary CO2 injection has been historically successful in the Permian Basin of West
Texas and New Mexico and is currently being utilized in many other mature fields in the western US.
Whether injection occurs for sequestration, disposal, or production, captured CO2 is transported down
existing wellbores into in-situ reservoir environments where it may theoretically stay for perpetuity.
In light of the increasing injection of CO2, recent reservoir completion methods often involve the use
of CO2 resistant cements. These cements contain fluid loss additives, dispersants, and fly ash to
improve strength and reduce permeability. The effect of CO2 on these resistant forms of cements is
still being empirically studied. However, many injection environments utilize older wellbores in
mature fields. The ability of these older cement sheaths to structurally contain and segregate the
wellbore and rock structure during and after the exposure to CO2 is uncertain. To what extent CO2
injection destabilizes these environments impacts global injection projects and the practicality of CO2
injection in general. These potential issues are elevated when it is considered that because of
geothermal temperatures and injection pressures, CO2 will be supercritical in nature, where distinct
liquid and gas phases do not exist. Supercritical CO2 possesses the dissolving properties of a strong
solvent, the ability to transport mass like a liquid, and the ability to permeate small pores and fissures
with the diffusivity of a gas. It is possible that when exposed to the destructive properties of
supercritical CO2, cement may be chemically altered. Resulting increases in permeability and
porosity may lead to breaches in the wellbore’s ability to control the injected CO2 and the
surrounding reservoir fluids. Alternately, it is possible that the chemical changes in the cement
induced by supercritical CO2 will strengthen the wellbore and increase the containment longevity.
This research investigates the effects of supercritical CO2 on laboratory prepared cement core
samples by replicating an elevated pressure and temperature flow environment like that of CO2
injection efforts. The resulting permeability, porosity, and strength changes were recorded and
analyzed allowing for conclusions regarding the resilience of well-bore cements in the presence of
CO2 injection.
Despite lower quantities of successfully exposed samples, results indicate that the presence of
supercritical CO2 in a dynamic reservoir environment caused an anecdotal change in porosity and
permeability. During subsequent unconfined strength analysis, the experimental values of maximum
strength of unexposed experimental controls were found to be greater than almost all exposed cores.
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Exposed cores were separately examined for statistical significance under the experimental
criteria of Young’s Modulus, max stress, and Yield Point. Utilizing a two sample unpaired t-test
analysis performed with a significance level of α = 0.095, it can be shown that the experimentally
observed decreases in the unconfined stress criteria likely correlate to the presence of super
critical CO2 under dynamic reservoir conditions.
Keywords: Supercritical carbon dioxide, sequestration, carbonation, EOR, tertiary oil recovery
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1. Introduction
1.1. Carbon Dioxide in Today’s World
Carbon dioxide’s (CO2) 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, CO2 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 CO2 into food through the process of photosynthesis. Prior to any
substantial human contribution to the carbon system, CO2 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 15th
and 19th 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 18th 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
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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 CO2 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 CO2 equivalent. CO2
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.

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 CO2 in the atmosphere: a
reduction in output or an increase in the utilization of available atmospheric CO2. In the short
term, the ability of natural sinks to absorb CO2 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 CO2 into deep
subterranean trapping lithology.

1.2. Supercritical CO2
Geothermal and hydrostatic gradients at depths common to injection usually result in
high in situ pressures and temperatures. In this environment, CO2 is often in a supercritical state.
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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 CO2, 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. CO2 reaches a critical
point at 30.9°C and 1070 psia. Figure 2 highlights the phases of CO2 resulting from different
temperatures and pressures.

Figure 2: Carbon Dioxide Pressure-Temperature Phase Diagram
Source: Adapted from Rabindran, 2011
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1.3. Reconciling the Cement Carbonation System with Laboratory Time
In a laboratory CO2 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- CO2 exposure
environments that are difficult to reproduce in a laboratory. Further complicating simulation
efforts, the geology that enables CO2 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- CO2 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 CO2
(scCO2) 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
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maximizing the CO2 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 scCO2. 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 CO2 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 CO2 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
scCO2. One group of core samples was created using additives meant to increase the resistance to
CO2. 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 scCO2 is ascertained.
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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 scCO2. 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 CO2 to be controlled and injected
at supercritical pressures and temperatures; while the dual chambered Hassler core holder
allowed for the scCO2 to 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 scCO2 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 scCO2 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 scCO2 exposure. Initial research indicated experimental and equipment
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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 scCO2 reservoir effects, steps were taken to remedy
scCO2 verification issues with the installation of analog pressure gauges and a back-pressure
regulator to ensure continuous supercritical flow throughout the CO2 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 scCO2
injection. His experimental protocol called for four test groups of ten cores. Two of these groups
were exposed to CO2 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 CO2 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 CO2 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 scCO2 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
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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 scCO2. The foil
served as an unreactive barrier between the Tygon tubing and the scCO2. Twenty-two samples
were injected with scCO2 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 15th meeting of the
Conference of Parties, President Barack Obama pledged to “reduce U.S. GHG emissions in the
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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, postproduction 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 CO2. Various options have been proposed and
investigated for the disposal of captured GHG. Among these are discharging CO2 deep into the
oceans, conversion to a solid state for above ground storage, and the conversion of captured CO2
back into useful organic compounds. Each option has associated costs and benefits that will not
be examined herein. A more widely practiced method of CO2 disposal is carbon sequestration.
Sequestration refers to the collection and containment of produced carbon gas. There are three
methods for the sequestration of CO2: 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 CO2 into depleted oil and gas wells. As such, all references to sequestration
will be in respect to the physical injection of CO2.
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The first global sequestration project was undertaken in 1996 by Statoil utilizing CO2
captured from natural gas production in the Sleipner West North Sea field. The gas from this
field contains about 9.5% CO2, which is above saleable customer specifications. (Limits on CO2
in a gas stream stem from the corrosive nature of CO2 in pipelines.) When mixed with water or
as a result of entrained water vapor, CO2 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 CO2 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 CO2 for long term storage. Among these are the Citronelle Dome in Mobile, Alabama,
Decatur (Mount Simon Sandstone) in Decatur, Illinois, and Northern Reef Trend injection
project in Michigan. Together, these partially funded Department of Energy projects are injecting
approximately 1.15 MMtpa of CO2 (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, CO2 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 CO2 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, CO2 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 CO2, 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 CO2 injection garnering the
most new market interest (Office of Fossil Energy, 2011).
The first test of CO2 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 CO2 equal
to 25% of the hydrocarbon pore volume. Results indicated that 53 to 82 percent more oil was
produced by the CO2 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 CO2 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 CO2 sequestration movement.

2.3. Previous Research
Research into the wellbore effects of CO2 has developed, along with the increase in the
use of the CO2 for EOR purposes. Exposure of cement cores to both dynamic and static CO2
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, CO2 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 CO2 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 scCO2.
During the study, the only additive found to negate CO2 induced strength reductions was
the inclusion of calcium carbonate in the cement matrix. The study found that when exposed to
CO2, the presence of calcium carbonate reduced the diffusion of the CO2 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 CO2 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)2, also known as Portlandite, in the samples. As CO2 advances in a cement it dissolves
the Ca(OH)2. The dye has a greater reaction with the areas not depleted of Ca(OH)2, indicating
the depth of CO2 penetration. According to Santra et al (2009), a lower amount of Ca(OH)2 is
directly related to higher amounts of silica and fly ash (Santra et al 2009). The higher the amount
of Ca(OH)2 resulted in higher pore plugging and lower permeability. Portlandite, formed during
the hydration of the silicate phases, is known to be degraded by CO2 (Brukdorfer 1986). The CO2
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 CO2. 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 CO2 resistant substances such as fly ash, a second sample added
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CO2 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 CO2 gas atmosphere and CO2 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 CO2. 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 CO2 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 scCO2. 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 CO2, they do not effectively replicate the presence of a dynamic
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CO2 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.
CO2 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 CO2 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 CO2 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 CO2 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 CO2-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 CO2 brine. They concluded that this evidence supports the
hypothesis that wells with a leaky fracture structure may be self-sealing against CO2 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. CO2 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 CO2 was not in a
supercritical state. The flow of CO2 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
CO2 was 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 scCO2. The present study will attempt to better understand what happens
when scCO2 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(OH2)) 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 scCO2 enters this
system, it contacts water forming carbonic acid (H2CO3), (Eq. 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 CaCO3 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.
𝐶𝑂2 + 𝐻2 𝑂 → 𝐻2 𝐶𝑂3

(1) Carbonic Acid
Formulation

𝐶𝑎(𝑂𝐻)2 + 𝐻2 𝐶𝑂3 → 𝐶𝑎𝐶𝑂3

(2) Calcium Carbonate
formulation from
Portlandite

𝐶𝑆𝐻 + 𝐻2 𝐶𝑂3 → 𝐶𝑎𝐶𝑂3

(3) Calcium Carbonate
formulation from CSH

𝐶𝑎𝐶𝑂3 + 𝐻2 𝐶𝑂3 = 𝐶𝑎(𝐻𝐶𝑂3 )2

(4) Calcium
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
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deposition of calcium carbonate on the structural integrity of the cement matrix because of
scCO2 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 scCO2 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 CO2 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 CO2 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
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scCO2 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 scCO2 environment.
5) Quench scCO2 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 CO2 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 II: 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 API 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.
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Slot

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
Mold Cavity Identifier
1 – Mold Cavity 1
2 – Mold Cavity 2
Mold Identifier
A – Mold A
B – Mold B
C – Mold C
Date Core De-molded, mmddyy
Cement Type Identifier
T1 – Cement Type 1
T2 – Cement Type 2
Initials of Core Creator, First Middle Last

Figure 4: Core Part Number Breakdown
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3.1.2.2.

Curing

The slurry is manually poured into the mold cavities. Slight hand agitation is applied to
the mold to aid in settling the slurry. The molds are cured in a FANN Cement Curing Autoclave
for 24 hours at 130°F. An outer slot on the mold, viewable in Figure 3: Cement Core Mold
allows for insertion into and removal from the autoclave. Up to three molds (six cores) can be
cured at one time. The molds are stacked vertically in ascending alphabetical order, with the
bottom of the above stacked mold acting as the lid for the lower mold. A thin machined piece of
metal acts as the lid for the top mold. A manually-introduced Nitrogen gas cap is used to
maintain a 1200 to 1500 psi curing pressure during normal operating conditions. During heating,
the internal pressure often climbs above 2000 psi prior to stabilization.
3.1.2.3.

Batching & Controls

Cement core samples were created in batches of six utilizing three, two-cavity molds.
The permeability and porosity of each core is tested after curing and de-molding, and again after
exposure to scCO2. One core from each batch is sequestered and not exposed to scCO2. This core
is considered the control for its respective batch. Each core, including controls was hydrated in
RO water prior to scCO2 exposure and before the Unconfined Stress (UC) test. Time
requirements did not allow for full hydration of 28 days per Lea (2003).
3.1.2.4.

Pre-experimental Component Masses, Permeability, Porosity &
Visual Analysis

After cores were removed from their respective molds and hydrated, the mass of each
core was calculated and recorded. Pre-flow core mass values are available in Table IV:
Experimental Tygon-Core Hybrid Mass and Table V: Experimental Core Mass.
Cement core permeability and porosity are determined using the Coretest Systems, Inc.
AP-608 Automated Helium Permeameter/Porosimeter and associated desk top computer. The
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AP-608 requires compressed air between 25 and 35 psig and is sourced from the laboratory air
supply. A helium source between 210 and 240 psig is also required and is provided by a
pressurized He cylinder. The permeability, porosity, and pre-prep mass analysis are carried out
as follows:
1) Open the main He cylinder valve and Quarter Turn Valve (QTV). Verify the pressure
regulation unit is set above 210 psi.
2) Turn the AP-608 on with the toggle switch on the right lower side. Open the Coretest
Systems software.
3) Load a steel core blank in the core holder and perform a leak check per the operator’s
manual. A reference volume may have to be calculated if the AP-608 has been
utilized to test a porous sample drastically different than the current sample.
4) Enter the length, width, and mass of the core sample into the Coretest Systems
software per the operator’s manual. Record sample mass for post experimental
evaluation.
5) Load the core into the vertical core holder per the procedures in the operator’s
manual.
6) Begin the permeability/porosity measurement per operator’s manual. Monitor air and
He pressure levels with the respective gauges on the front face of the testing unit.
7) When the test is complete, save the reading and unload the core sample per the
procedures in the operator’s manual. If no further testing is required, reload the steel
core blank, turn off the AP-608 unit, and close the main He cylinder valve.
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The permeability and porosity of the cement core samples were determined at confining
pressures of 500, 750, and 1000 psi before and after exposure to CO2; the measurements are
included in section 4.2.2 Porosity and Permeability.
After pre-flow permeability and porosity measurements, cores were examined for
identifying markings, and photographed from each long axis for visual analysis post flow
utilizing a Cannon Rebel laboratory camera. Pre-experimental core images can be referenced in
Appendix B.
3.1.2.5.

Core Preparation for Flow

The cores are prepared using the method outlined by Hawk (2011), with a few
exceptions. Because the cement cores are shorter (1.5”) than Hawk (2011) (2.5”), the length of
1” ID Tygon tubing required is not the same. Hawk (2011) utilized a 5” piece of tubing, while
for this study, a 4” piece is utilized. The core is rolled in Reynolds aluminum foil strips and
centered inside the pre-warmed piece of Tygon tubing with 1¼” extending on each side of the
core. The twisted aluminum foil ‘tail’ is then removed per Hawk (2011). Because the cement
cores are non-directionally flow specific, the orientation in the Reynolds aluminum foil strips
and Tygon tubing does not influence the flow of CO2. The step-wise assembly of the Tygon-core
hybrid is shown in Figure 5: Tygon-Core Hybrid Assembly. After assembly, the hybrid core
assembly was massed and ecorded. Complete pre-flow hybrid core mass values are noted in
Table IV: Experimental Tygon-Core Hybrid Mass. Individual pre-flow core mass is noted in
Table V: Experimental Core Mass.
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Figure 5 Tygon-Core Hybrid Assembly

3.2. ScCO2 Injection Apparatus
3.2.1. Introduction
This section describes the injection apparatus, gives a sequential procedural breakdown
of the flow experiment, and utilizes Figure 7: CO2 Injection Apparatus for system configuration
and component placement.
3.2.2. Description
The assembled components of the scCO2 flow system consist of a CO2 supply, a liquid
bath temperature regulation unit, a pump, a temperature-controlled cabinet, a Hassler core
holder, a back pressure regulator (BPR), a data collector coupled with a computer, and a postexperimental water quench reservoir. Much of the prep, flow and quench equipment and
procedures are similar to those utilized by Hawk (2011). As such, the majority of discussion will
focus on procedures and equipment that have been updated, changed or are unique to this study.
The CO2 is sourced from a standard pressurized bottle containing 800 psi of CO2 upon
delivery. The bottle is connected via stainless steel Swagelock, high pressure piping to the pump
and the downstream flow system. The pump is the same Isco 500 D syringe type pump utilized
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by Hawk (2011). However, for this experiment the gas is pressurized using an Anova A-40
Refrigerated & Heating Circulator. The sole purpose of the Isco pump in this instance is to flow
the CO2 at a controlled rate to the downstream piping and core sample. The oven is an 11¼ cubic
foot VWR insulated laboratory oven which houses the majority of the piping, Hassler core
holder, and quench tank. The Hassler type core holder is also utilized in the same manner as
Hawk (2011). The interior of the core holder consists of two separate regions, a dynamic flow
region (when a sleeve is present), and a static confining region. CO2 enters the Hassler core
sleeve through the stainless steel 1” OD upstream mandrel, interacts with the confined core, and
exits through downstream mandrel. The Tygon sleeve connecting the upstream and downstream
mandrels holds the core sample and must have a 1” ID to allow for proper confinement and flow.
Once assembled, the core is confined using an Enerpac P142 hydraulic hand pump to a pressure
greater than the flowing pressure of the Isco pump to ensure the scCO2 flows through the core,
not around it. Flowing data are recorded using an Agilent 34970a Data Acquisition/Switch Unit
paired with a controlling desktop computer. As with Hawk (2011) and Lambson (2012), five data
points are collected; the pump flowing pressure and rate, the inlet and outlet gas stream
temperature, and the differential pressure across the core. The data are stored in the computer
and can be analyzed with Microsoft Excel or other compatible data analysis software.
3.2.3. Sequential, Operational Steps
3.2.3.1.

Parr Quenching Vessel Preparation

The reservoir utilized for the post-experiment, deionized water quench and rinse is the
same instrument that was utilized by Hawk (2011) and is manufactured by Parr Instruments.
Prior to Hassler type core holder preparation or pressurization of the flow system, the Parr
quenching vessel must be assembled, filled with deionized water, and charged with CO2. This
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step cannot be completed after the flow system is pressurized and filled with CO2. Once the
vessel is charged, it does not need to be recharged before every flow experiment is initiated. The
vessel is rated for a maximum temperature of 250°C and 2000 psi. The same process, volumes
and flow set up were utilized for quenching as with Hawk (2011).
3.2.3.2.

Hassler Type Core Holder Assembly & Installation

The Hassler type core holder, as previously described, is the unit that allows for the dual
chamber dynamic flow and confining pressure environment necessary for this investigation.
When disassembled, the unit consists of three parts: the hollow cylindrical housing, and the
upstream and downstream mandrels and bushing per Figure 6. A long rigid supply line connects
the upstream mandrel to the bushing, and ultimately to the exterior piping. The Tygon-core
hybrid is loaded by pushing the upstream supply line through the bushing. Lightly wetting the
upstream mandrel may aid in nesting the into the Tygon tubing against the core. Each core has a
small mold line running across the end of the core which was inside the mold. This upstream
flow mandrel is inserted into this end of the Tygon tubing. The mandrel should be seated flush
against the cement core. The core and mandrel are placed into the Hassler core sleeve nearest the
confining fluid attachment points and the threads tightened. The downstream mandrel is inserted
into the downstream Tygon sleeve protruding from the Hassler core sleeve flush to the core and
the threads should be tightened. As before, lightly wetting the downstream mandrel may aid in
nesting the into the Tygon tubing against the core. The rigid supply line of the upstream mandrel
should have little to no axial play.
The fully assembled Hassler type core holder (Figure 6: Disassembled & Assembled
Hassler Type Core Holder) is placed on the cradle inside the scCO2 injection oven with the
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upstream bushing to the right. The four plumbing connections were made in the same manner as
Hawk (2011).

1

2

3

4

Figure 6: Disassembled & Assembled Hassler Type Core Holder

3.2.3.3.

Confining & Back Pressure Regulation

If the Hassler type core holder has not been stored at the cabinet pressure of 50°C, it may
need time to acclimate to the injection environment. During this time, the Isco 500 D syringe
pump can be filled and pressurized. If the core holder is already acclimated to the injection
environment, core confinement can be continued.
For this experiment, the Enerpac P142 hydraulic hand pump utilizes only a propylene
glycol coolant with a corrosion prevention additive for a pneumatic confining fluid. It is
important that the coolant not be diluted with water as this will cause the internal pump
components to rust. Sierra brand Antifreeze/Coolant was utilized as a confining fluid. During
periods of sporadic to high intensity use, it is not necessary to replace the hydraulic fluid.
However, during periods of extended downtime the rust inhibitor will lose its effectiveness and
the fluid must be replaced every six months.
The Hassler type core holder is confined utilizing the same procedure as Hawk (2011).
Quarter turn valves (QTV), Needle Valves (NV), and are referenced per Figure 7.

34
1) QTV4 opened to the atmosphere. QTV9 opened to allow fluid flow from the
confining pump to the core sleeve. QTV10 should be closed.
2) NV1 and NV2 are opened. The bleed off thumb screw on the confining pump should
be tightened.
3) The core should be confined per Hawk (2011) and the gas cap bled as necessary. The
confining pressure should be increased to roughly 1500psi. QTV4 should be verified
free of confining fluid leaks.
4) After QTV4 is closed, the system is ready for the introduction of CO2. The confining
fluid pressure should be monitored as it heats to injection temperatures Pressure
should be bled as necessary.
The back pressure is provided by a pressurized nitrogen bottle connected to the backpressure regulator. The pressure is controlled using a dual gauge flow line pressure regulation
unit installed on the bottle. The pressure should be set to the level adequate to limit the flow of
CO2 per the intended flow study. For this study, it was determined that a pressure of roughly
1250 psig would allow for a 24-hour flow period. Once the regulator was set, it did not need to
be adjusted. The main N2 cylinder valve was opened at the start of the experiment, and closed at
the conclusion.
3.2.3.4.

Pump Fill & Pressure Up

As with Hawk (2011) and Lambson and Vetter (2012), the pump was filled using the
refill command on the pump control panel.
1) The main CO2 cylinder valve and QTV 1 should be opened to the ~800 psi CO2
source and the refill command should be selected. After the pump fills to a volume of
roughly 508 ml the main CO2 cylinder valve and QTV 1 should be closed.
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2) The Anova A-40 Refrigerated & Heating Circulator system should be set to 6°C and
allowed to chill the 508ml of CO2 to reduce the volume. If QTV4 is not closed, the
full charge of CO2 will be vented to atmosphere.
3) After confining procedures are completed, QTV2, QTV2.1, NV3, and QTV5 are
sequentially opened to introduce CO2 to the flow system. Flow lines and pump
pressures should be monitored for leaks as CO2 is introduced to the system. NV3
allows CO2 to flow around the confined core, while opening QTV5 to the
downstream piping directs the CO2 to the Back-Pressure Regulator (BPR). Cooling
and subsequent heating of the volume contained in the entire flow system ensured
that no significant pressure drops occurred once flow is initiated from the pump.
4) Opening QTV1 and the main CO2 cylinder valve artificially increase the system
pressure close to the bottle pressure of 800 psi. When the pump pressure rises close to
800 psi the main CO2 cylinder valve and QTV1 are closed.
5) Program the temperature bath for 30°C and allow the confined gas to heat, increasing
the pressure to 1070 psi.
This method was developed by Lambson and Vetter (2012) and enables supercritical
pressure to be obtained without utilizing the pressurization capabilities of the Isco screw pump,
thus conserving the entire 508 ml of gas for injection.
3.2.3.5.

Flow Commencement & Data Logger

After the Anova A-40 Refrigerated & Heating Circulator system had warmed the CO2
charge to 30°C, a short wait allowed the pressure to climb above 1070 psi. Small adjustments
can be made to the heating temperature to reach the desired supercritical pressure. NV3 was
closed to isolate the core from the downstream flow system and BPR. QTV2, QTV2.1, and
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QTV5 are verified open. The Isco 500 D syringe pump is programmed to the desired injection
rate and pressure. For this investigation 0.350 ml/min and constant 1300 psi were found to allow
for an injection time of roughly 24 hours. Increasing the pressure using the pump was not
necessary. The pressure increased as injection progressed until the flow line pressure was greater
than BPR pressure. At that time, CO2 flow was verified by placing the Tygon exit flow tube into
water and observing the produced CO2 bubbles.
Using the Benchlink Data Logger software installed on the computer, gas stream inlet
and outlet temperature, pump pressure, flow rate, and differential pressure across the core were
programmed for recording on three second intervals utilizing channels 103 through 108. All
readings, less the differential pressure across the core, were collected and translated directly to
the logging unit via inline flow system pressure sensors and thermocouples. The readings from
the 2000 psi differential pressure transducer were translated into pressures utilizing a standard
linear equation (Eq 5).
y=mx+b

(5) Standard Linear
Equation Form

In the data logger software, the slope (m) term is defined as the Span, while the y-intercept (b)
term is defined as the Offset. Values of 500 and -500 respectively, were determined to represent
these terms. The known output range of the transducer (1 to 5 mv), the pressure range (0 to 2000
psi), and the understanding that at the maximum and minimum range values at the pressure input
and mv output would equate, were used to solve the system of two linear equations for two
unknowns (Eq 6 & 7).
0 psi=(1 mv)m+b

(6) Pressure Transducer
Minimum Bound

2000 psi=(5 mv)m+b

(7) Pressure Transducer
Maximum Bound

37

When the CO2 pressure reaches 1070 psi, the data logging process is initiated. It can be
confirmed that the data logger is scanning and recording the present state conditions by the
audible clicking of the unit and by viewing the data on the computer screen.
Injection is initiated by selecting the Flow command on the pump control panel. As flow
begins, the injection pressure will begin to rise. An hour after injection had commenced, the
temperature was reduced to 29.5°C. Testing showed that this temperature will allow for a
constant injection pressure close to 1300 psi. Injection pressures will fluctuate when the bath
temperature is adjusted. Temperatures should not exceed the confining pressure or drop below
the critical pressure.
3.2.3.6.

Core Isolation & Quenching

After roughly 24 hours of injection, the CO2 supply is depleted and the system remains in
a static, supercritical state. Pressure and temperature information recorded by the data logger
confirm this and are shown for each sample in Appendix A. QTV2 and QTV2.1 are closed,
isolating the pump from the injection oven. QTV3 and 5 are closed, and NV3 is opened. Per
Hawk (2011), QTV8 is opened first and QTV7 is opened very slowly, releasing the desired
amount of pressure from the quench vessel. QTV4 is opened slowly to vent the high-pressure
quench water into a small Tygon tube to be drained into a containing vessel. As the system
pressure approaches 0 psig, QTV5 is opened to vent the downstream side of the BPR. Finally,
QTV4 is fully opened to bring the flow system to atmospheric conditions.
3.2.3.7.

De-confine & Disassembly

Prior to deconfining the core, fluid levels in the reservoir of the P142 hydraulic confining
hand pump should be verified. After QTV 9 is closed and NV1 and 2 are confirmed open, the
pressure bleed thumb screw should be gently opened to release the line pressure between the
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pump and NV2. QTV9 should then be slowly opened while the level of fluid in the hand pump
reservoir is monitored. When the hand pump reservoir was nearly full, QTV9 was redirected to
drain the fluid into an adequate laboratory beaker for reuse. QTV10 was then opened to ensure
complete confining fluid drainage.
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Figure 7: ScCO2 Injection Apparatus

3.3. Post Flow Analysis
3.3.1. Core & Tygon-Core Hybrid Assembly Mass
Core mass is recorded immediately after removal from the Hassler Core Sleeve, and
again post deconfinement from the Tygon-Core Hybrid Assembly. Post-flow mass values and
any deviation from pre-flow values are discussed in Section 4.
3.3.2. Permeability and Porosity Verification
Permeability and porosity are determined by the same method as utilized for the preexperimental analysis. Each core is tested post- scCO2 flow, labeled as tested and placed in its
respective batch receptacle. Changes in permeability and porosity are discussed in Section 4.
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3.3.3. Visual Analysis
Cores are visually inspected after exposure to scCO2 for any noticeable dissolution or
erosion caused by the dynamic flow environment. Previously identified distinguishable markings
are evaluated for visual deviation. Upstream and downstream faces of the cores were
photographed and recorded. Visual flow data can be referenced in Appendix A.
3.3.4. Unconfined Stress Test
The unconfined axial stress of the reacted and unreacted cement cores was tested after
exposure to scCO2 to determine what change, if any, has occurred in the cement’s ability to
withstand a load. The tests were conducted using an Unconfined Compression System (UCS)
located in the Engineering Lab Classroom building on the campus of Montana Tech. The cement
cores were loaded and tested per the Compressive Strength of Cylindrical Concrete Specimens
Standard C 39/C 39M. The resulting fracture pattern along with axial stress as a function of time
were recorded. The unconfined compressive strength of the specimen was calculated by dividing
the maximum load carried by the specimen during the test by the average cross-sectional area of
the sample. The result is expressed to the nearest 10 psi. Each specimen, including experimental
controls, was subjected to an unconfined stress test after a post flow porosity/permeability test
had been completed. Unconfined stress values are discussed in Section 4.
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4. Results
4.1. Supercritical Validation
During experimental flow proceedings, temperature and pressure were monitored to
ensure they remained above the critical levels of 30.9°C, and 1070 psia. Injection pressure was
measured at the injection pump, while temperatures were monitored at the CO2 inlet and outlet
flow locations. The pressure environment downstream of the core was maintained at 1,250 psi by
a back-pressure regulator, and the injection cabinet was held at a constant temperature of 50°C.
These data points were assumed to be experimental constants, and as such were not directly
recorded. Differential pressure across the core was monitored but is not pertinent for supercritical
validation. Section 3.2 describes the process of core confinement, and pre-experimental
equipment preparation in more detail.
The resulting supercritical validation data are displayed in the Supercritical Pressure &
Temperature Verification charts, consisting of a pressure axis (primary) and a temperature axis
(secondary). The points of supercriticality are displayed as lower bounding lines on their
respective axis. As the injection procedure was not initiated until the CO2 reservoir reached
1,070 psi, the charted initial injection pressure appears at the supercritical pressure baseline, and
gradually increases as injection progresses.
Supercritical pressure was achieved prior to injection by cooling and heating the pump
volume per Section 3.2.3.4. This provided a consistent method of securing a supercritical
injection pressure at the onset of the experiment. When a supercritical pressure was reached, the
experiment was initiated. In most cases, experimental temperatures were also super critical at
this point. In some cases, the experiment was initiated prior to both the inflow and outflow
temperatures obtained supercritical levels. If the pressure and temperature data are closely

41
examined, it will also become evident that temperatures fluctuated slightly even after
supercritical requirements were met. These fluctuations are brief, and only associated with the
initial time periods of the study while experimental temperature had not yet reached steady
experimental levels. Experimental temperatures briefly being noted at or below supercritical
requirements at the initiation of the experiment were deemed to be of little significance as they
soon reached a steady state within the required parameters. Injection temperature varied slightly
over the extent of the research, but remained above the required supercritical limits of 30.9°C.
Validation plots like that shown in Figure 8 were used to verify supercritical conditions (T >
30.9°C, P > 1070 psia). Initial sub-supercritical temperatures quickly rose after injection
commenced. It was assumed that this momentary sub-critical temperature minimally affected the
results of the procedure, as shown in Figure 8: Supercritical Validation.

2400

60

2200

50

Pressure (psi)

2000

40

1800
30
1600
20

1400

Temperature(°C)

Supercritical P&T Verification CABT1042914A2

10

1200
1000
0

10000

20000

30000

40000

0
50000

Scan Number

Figure 8: Supercritical Validation

Pump Pressure
ScCO2 Pressure
Quench
CO2 Inlet Temperature
CO2 Outlet Temperature
ScCO2 Temperature

42
Monitoring and charting inflow temperature, outflow temperature and injection pump
pressure verifies that CO2 supercriticality was achieved and maintained throughout the entirety
of the flow procedure. The entire set of plots for all of the tests is included in Appendix A.

4.2. Experimental Analysis
The prepared cement cores exposed to a dynamic scCO2 environment were categorized
by analysis of the pre- and post-experimental properties of permeability, porosity, component
mass, unconfined stress resilience and visual appearance. The order of discussion for each
property will follow the process by which a core is removed from the Hassler Core Sleeve and
analyzed post flow.
Incongruences in experimental batch sizes are a result of core failures during
experimentation. Of the three batches of cement cores examined, experimental failures caused
successfully flowed batch quantities to vary. Reference Table III: Successful Core scCO2
Exposure, to better understand the final batch quantities.
Table III: Successful Core scCO2 Exposure

Batch
Number
Batch 2
Batch 3
Batch 4

Qty Cores
Qty
Qty Core
Molded Controlled Failures
6
1
2
6
1
4
6
1
1

Qty Cores
Exposed to
scCO2
3
1
4

Core failure plagued each experimental batch run. Structural failures were encountered
during demolding and permeability and porosity testing, both before and after exposure.
Contamination failures occurred during dynamic flow, when injection pressures exceeded
confining pressure, causing confining fluid to mix with injection CO2. These failures resulted in
sample loss and experimental delays. Reusable split molds and injection through cement cores
had not previously been utilized in a dynamic flow environment at Montana Tech. As a result,
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operational best practices did not exist, resulting in high experimental mortality. The
experimental data reflect this.
4.2.1. Summary of Core Sample Mass Changes
The mass of each core was measured at four separate intervals: after hydration, after
Tygon-Core Hybrid creation prior to flow, after extraction from the Hassler Core Sleeve post
flow and again after removal from the Tygon-Core Hybrid. Any potential change in mass over
the spectrum of these four measurements demonstrates something about the individual core, and
the resultant dissolution or deposition within the pore structure of the cement.
4.2.1.1.

Masses of Tygon-Core Hybrid Component

As described in section 3.1.2.5, the Tygon-Core Hybrid consisted of a length of 1”
diameter Tygon sleeve, aluminum foil, a piece of scotch tape, and a cement core sample. The
hybrid was massed before and after exposure to ensure that all exposed core material was
accounted for. Fracture or flaking under confining and dynamic pressures or mass fluctuations
during removal from the Tygon-Core Hybrid because of exposure-related brittleness, were each
identified as reasons to sample the cores at two sequential procedural points. These two
measurements allowed for a more accurate understanding of mass fluctuations. The Tygon-Core
Hybrid mass was captured immediately after removal from the Hassler Core sleeve. After
measurement of the hybrid, cores were removed from the Tygon sleeve and massed again. Please
reference Table IV: Experimental Tygon-Core Hybrid Mass for Tygon-Core Hybrid mass data.
Experimental controls were not assembled into Tygon-Core Hybrid assemblies. As such, no
value is applicable for these cores. Not applicable (N/A) is listed in Table IV for these cores. No
Value Recorded (NVR) is listed in Table IV identifying data that were unable to be recovered
after the loss of the document and associated research.
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Table IV: Experimental Tygon-Core Hybrid Mass
Batch
No

Batch 2

Batch 3

Batch 4

Part No

Pre-flow
Mass (g)

Post-flow
Mass (g)

Change in
Mass (g)

Percent
Mass Δ
(%)
NVR
0.92%
1.01%
N/A
0.46%
N/A
0.25%
N/A
0.00%
0.00%
0.05%
-0.29%

CABT1042914A2
NVR
NVR
NVR
CABT1042914B1
65.22
65.82
0.6
CABT1042914B2
68.03
68.72
0.69
CABT1042914C1
N/A
N/A
N/A
CABT2042714B1
67.08
67.39
0.31
CABT2042714B2
N/A
N/A
N/A
CABT2042714C1
67.82
67.99
0.17
CABT2050114A1
N/A
N/A
N/A
CABT2050114A2
65.41
65.41
0
CABT2050114B1
66.46
66.46
0
CABT2050114B2
65.4
65.43
0.03
CABT2050114C1
66.4
66.21
-0.19
NVR: No Value Recovered
BOLD Indicates Control, Tygon-Core Hybrid mass not applicable

Inspection of the Tygon-Core Hybrid mass data reveals general mass gains over Batches
2 and 3. Batch 4 results were more inconclusive. Two cores experienced no mass changes. While
core CABT205011B2 increased in mass by 0.05%, and core CABT2050114C1 decreased in
mass by 0.29%.
4.2.1.2.

Masses of Cement Cores

Removed cores were massed individually and placed in a RO water bath to await
permeability and porosity testing. Table V: Experimental Core Mass contains the individual core
mass data. No Value Recorded (NVR) is listed in Table IV identifying data that were lost and
unrecoverable.
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Table V: Experimental Core Mass
Batch
No

Batch 2

Batch 3

Batch 4

Pre-flow
Mass (g)

Post-flow
Mass (g)

Change in
Mass (g)

CABT1042914A2
27.75
CABT1042914B1
28.96
CABT1042914B2
31.96
CABT1042914C1
31.81
CABT2042714B1
28.37
CABT2042714B2
29.54
CABT2042714C1
28.37
CABT2050114A1
NVR
CABT2050114A2
28.37
CABT2050114B1
28.37
CABT2050114B2
28.37
CABT2050114C1
28.37
NVR: No Value Recovered
BOLD Indicates Control

31.53
29.52
32.3
31.95
30.59
32.53
32.05
NVR
30.2
30.61
29.44
30.47

3.78
0.56
0.34
0.14
2.22
2.99
3.68
NVR
1.83
2.24
1.07
2.1

Part No

Percent
Mass Δ
(%)
13.62%
1.93%
1.06%
0.44%
7.83%
10.12%
12.97%
NVR
6.45%
7.90%
3.77%
7.40%

When inspected individually, each experimental core gained mass after exposure to
scCO2. Batch 2 contained the core with the highest mass gain, registering nearly a 14% increase.
This gain was incongruent with the other two cores of the same batch. Each recording an
increase of below 2%. Batch 3 also experienced two cores with large mass gains, registering
increases between 10 and 13%. Batch 4 was more consistent, with all cores displaying between 3
and 8% net mass gain.
Comparing the Tygon-Core Hybrid and individual core mass data, it is evident that the
mass changes are inconsistent. If the cores increased in mass, as indicated by the individual core
measurements, then some portion of the Tygon-Core Hybrid had to lose mass. As the cement
core is the consistent variable between each measurement, it is unlikely that the core itself lost
and gained mass between measurements. A more plausible explanation is that the mass gain
experienced by the core was offset in the hybrid measurement by a loss of mass in the Tygon
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sleeve. This reduction in mass equaled or exceeded the gains experienced by the cores
themselves, thus registering as a slight mass gain, reduction or no change as displayed in Table
IV: Experimental Tygon-Core Hybrid Mass.
Per section 3.1.1, two types of cement were modeled for scCO2 exposure. Batch 2 cores
were of a Type 1 cement, created for this study to simulate a traditional neat cement, while Batch
3 and 4 cores were a Type 2 cement, created to simulate a cement with greater fluid loss
resistance characteristics. Generally, the Type 2 cores gained more average mass than their Type
1 counterparts: 7.72% mass gain versus a 5.54% mass gain, respectively. Independently, few
assertions can be drawn from core mass analysis. General observations reveal a mass increase
across all cores, with a greater increase experienced by Type 2 fluid loss resistant cement
samples. Further analysis is required to explain the implications of these mass gains.
4.2.2. Porosity and Permeability
Porosity and permeability were measured before and after exposure to scCO2, per the
procedure described in section 3.1.2.4. Prior to pre-flow measurements, the samples were
submerged in RO water to help preserve their physical integrity. At supercritical conditions, CO2
dissolved in water creates a weak carbonic acid. If a dynamically refreshing environment exists,
dissolution and removal of structural pore material is a possibility. A measured change in
porosity or permeability may indicate an alteration in the internal pore structure of the cement
cores. If the dynamic environment persists, the cement core’s ability to isolate the wellbore
environment may be affected.
4.2.2.1.

Porosity

Pre- and post-core porosity measurements are shown in Table VI: Experimental Core
Porosity.
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Table VI: Experimental Core Porosity
Batch No

Part No

Pre-Flow
Por (%)

Post-Flow
Por (%)

CABT1042914A1
6.198
*
CABT1042914A2
17.774
5.824
Batch 2
CABT1042914B1
1.144
2.667
CABT1042914B2
1.434
4.705
CABT1042914C1
0.979
0.975
CABT2042714B1
15.509
7.082
Batch 3
CABT2042714B2
11.562
0.832
CABT2042714C1
10.132
2.922
CABT2050114A1
0.201
0.322
CABT2050114A2
1.237
5.703
Batch 4
CABT2050114B1
1.781
1.71
CABT2050114B2
0.399
1.703
CABT2050114C1
1.085
2.28
* Core fracture in post porosity measurement
BOLD Indicates Control

Change in
Por (%)
*
-11.95
1.523
3.271
-0.004
-8.427
-10.73
-7.21
0.121
4.466
-0.071
1.304
1.195

Percent
Por Δ (%)
*
-67.23%
133.13%
228.10%
-0.41%
-54.34%
-92.80%
-71.16%
60.20%
361.03%
-3.99%
326.82%
110.14%

Porosity values of post exposure cement cores do not independently support assertions
regarding the effect scCO2 has on the quantity of void fraction of reacted cement samples.
Whereas each core experienced a positive change in mass post exposure, the resulting porosity
effect was less consistent. Comparative analysis of exposed and unexposed cores yielded both
positive and negative porosity changes.
The experimental controls reinforce this observation. Batch 3 and Batch 4 controls each
recorded porosity changes of similar magnitudes, albeit in opposite directions. The Batch 2
control increased, but of an amount of such negligible quantity as to likely render it
inconsequential. Of the three experimental controls, not one showed similar porosity behavior
over time. Conflicting porosity performance is not limited to the experimental controls. It is in
fact representative of the observed scCO2 response of many of the exposed cores in the study.
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However, when the exposed cores are examined, reflective of their respective batch, a more
consistent porosity response becomes apparent.
Batches 2 and 4 experienced large porosity changes relative to their controls. Excluding
one core per batch, these samples each recorded porosity gains greater than 100%. The two cores
not replicating this trend each experienced porosity reductions of inconsistent degrees. One of
the Batch 2 cores experienced a reduction of porosity of almost 70%, while the outlier from
Batch 4 registered at a reduction of a negligible 4%. Excluding these two cores, it can be
observed that the porosity changes in the reacted Batch 2 and 4 cores were at least one
magnitude greater than that of the control. Two of the Batch 4 cores experienced porosity gains
greater than 320%.
All Batch 3 cores, including the control, experienced a decrease in porosity postexposure. However, the reduction experienced by the reacted cores was at least 20% less than
that of the 92% reduction experienced by the control. The loss of measurable void space within
these cores could indicate a deposition of dissolved solids during exposure. This deposition could
be filling the pore space or thickening the structural matrix of the cement itself, a trend which
may lead to a strengthening of the cement’s long-term ability to isolate the wellbore.
The general increase in porosity of the Batch 4 cores compared to the accompanying
decrease in porosity of Batch 3 cores is interesting. Both these batches were cast from the same
Type 2, fluid loss-resistant cement. It follows that the decrease in porosity of the Batch 3 control
is consistent with what should be expected from a cement designed to be more robust in extreme
well conditions over time. As noted, the reacted cores in this batch experienced a porosity
decrease less than that of the unreacted control. Interpreted independently of Batch 4, the Batch 3
results would indicate that the Type 2 fluid loss resistant cement potentially lessened the effect of
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a dynamic scCO2 environment. This would also correlate with the overall, more significant mass
gains experienced by cores formed of a Type 2 cement slurry.
When the Batch 3 results are considered along with conflicting Batch 4 results, this
assertion becomes more difficult to make. The fact that only one Batch 4 core experienced any
loss of porosity seems to debunk the scenario as described. However, if the post-exposure
porosity values are examined, reflective of the controls, a trend begins to appear. Excluding the
previously described outlying cores in Batches 2 and 4, each core exposed to scCO2 experienced
an increase in porosity compared to the performance of the control group. To clarify, re-examine
the porosity response of the cores in Batch 3. All cores experienced a reduction in porosity, but
the control experienced the greatest reduction. It decreased in porosity by nearly 100%. The
porosity reductions of the reacted cores were measurably less than the control. The exposure to
scCO2 had an adverse effect on the porosity of the group relative to the control. This increased
magnitude of effect was evident across all three experimental groups. The only common
component across these groups was scCO2 exposure. Examining the porosity response in this
manner allows an assertion that exposure to a dynamic scCO2 environment negatively affects the
porosity of wellbore cement, which could ultimately contribute to a reduction in the long-term
ability to isolate the wellbore. While changes in the porosity of the reacted and unreacted cores
can be observed, further analysis is required to determine if the correlations and noted porosity
changes are statistically significant.
4.2.2.2.

Permeability

Pre- and post-exposure core permeability measurements are shown in Table VII:
Experimental Core Permeability.
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Table VII: Experimental Core Permeability
Pre-Flow Post-Flow Change in
Percent
Batch No
Part No
Perm
Perm
Perm
Perm Δ (%)
(mD)
(mD)
(mD)
CABT1042914A1
0.0040 *
*
*
CABT1042914A2
0.0094
0.0055
-0.0039
-41.49%
Batch 2
CABT1042914B1
0.0004
0.0018
0.0014
350.00%
CABT1042914B2
0.0016
0.0049
0.0033
206.25%
CABT1042914C1
0.0008
0.0001
-0.0007
-87.50%
CABT2042714B1
0.1367
0.0136
-0.1231
-90.05%
Batch 3
CABT2042714B2
0.0065
0.0007
-0.0058
-89.23%
CABT2042714C1
0.0025
0.0028
0.0003
12.00%
CABT2050114A1
0.001
0.0001
-0.0009
-90.00%
CABT2050114A2
0.0001
0.0027
0.0026
2600.00%
Batch 4
CABT2050114B1
0.0001
0.0001
0
0.00%
CABT2050114B2
0.0001
0.0008
0.0007
700.00%
CABT2050114C1
0.0001
0.0210
0.0209 20900.00%
* Core fracture in post porosity measurement
BOLD Indicates Control

As with observed porosity values, the permeability of post-exposure cement cores does
not independently support any blanket assertions regarding the effect scCO2 has on the
permeability of the cement samples. The most consistent aspect of the permeability readings
post-exposure is their general similarity to that of the porosity response. A more in-depth
analysis of the individual batches and controls is beneficial to the understanding of any potential
trends.
All experimental controls reflected a decrease in permeability over time. This is a more
consistent response than what was demonstrated by the porosity observations. Moreover, the
reduction in permeability by each control core was nearly identical, measuring between 87 and
90%. A consistent reduction in control permeability indicates that for the allowed experimental
duration, cement slurry samples can be expected to become less conducive to the transfer of
diffusible fluids across their area in a confined environment. This response acts as a baseline
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measure for the degree of permeability change experienced by the different batches and slurry
types. While control permeability trended consistently, the recorded porosity for these controls
did not similarly respond.
Batches 2 and 4 again experienced large permeability changes relative to their controls.
Excluding the same cores as in the porosity analysis, Batches 2 and 4 experienced permeability
increases greater than 200%, with batch 4 registering changes equal to or greater than 700%. The
two cores not replicating these trends returned permeability changes inconsistent with each other,
but consistent with the previously discussed porosity responses for the same cores. The Batch 2
core experienced a loss of permeability of almost 41%, compared to a porosity decrease of nearly
70%. The Batch 4 core registered no net permeability change, compared to a slight 4% reduction
in porosity. It is safe to say that the pore structure of this core was not affected by exposure to
scCO2. The consistency in permeability and porosity reductions of these two cores seems to
indicate a pore structure response opposite the other cores in these two batches.
Excluding these cores, it can be observed that the permeability changes in the reacted
Batch 2 and 4 cores were at least two magnitudes greater than that of the controls, with one of
the reacted Batch 4 cores experiencing permeability increases greater than 200,000%. The same
core experienced a porosity increase of 110%. Another Batch 4 core registered a permeability
increase of 2,600%, along with a porosity increase of 361%. Pore structure changes of this
magnitude are striking. Why weren’t similar permeability increases replicated in other cores?
Batch 3 and 4 cores are of the same Type 2, fluid loss resistant cement. Why did the permeability
of Batch 3 cores only change by a relatively pedestrian 90%? Each of these questions require
further investigation.
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The permeability of Batch 3 cores not only changed incongruently to Batch 4 cores, they
changed inconsistently to each other. One experimental Batch 3 core increased in permeability
by 12%, while the other lost nearly 91% pore connectivity after exposure. This core not only lost
permeability, it did so at a slightly greater rate than the unreacted control. In other words, this
core showed greater resistance to the scCO2 post-exposure than a core that was not exposed to
scCO2. One core from each batch displayed this response.
Permeability losses of two of the three Batch 3 cores are consistent with the porosity
response of the same cores. However, the fact that the previously mentioned Batch 3 core gained
permeability (+12%), makes the batch overall more consistent with the permeability responses of
the exposed cores in Batches 2 and 4, than that of the Batch 3 porosity response. The Batch 3
core which gained permeability (+12%), but lost porosity (-71.16%) will be an interesting
sample to monitor during unconfined stress tests. Will the lesser magnitude gain in permeability
compared to the greater magnitude loss of porosity have any effect on the ability to withstand an
applied unconfined stress?
Comparing Batch 3 permeability and porosity results, two of the three Batch 3 cores
showed response consistency in that both the void fraction and interconnected pore structure was
reduced over time. However, noting that one of these two cores was a control, and that the
permeability reduction experienced by the other reacted core was only slightly more significant
than that of that unreacted control, the correlation becomes less meaningful. The more significant
Batch 3 response may be the single, previously discussed 12% permeability increase. If the other
non-control Batch 3 permeability result is ignored, the 12% permeability increase of this core
more closely resembles the majority permeability response of the reacted cores in the other
batches. Focusing on the degree of change relative to the controls, it can be shown that each

53
exposed core excluding one, displayed an increase in permeability after exposure. Compared to
the porosity response relative to controls, it can be concluded that the exposure to scCO2 had a
more consistent effect on permeability than it did on the porosity. While this conclusion can be
made for each batch, and for both cement types, it is not possible say whether the permeability
changes are significant at any level of confidence, or if they are more significant for one type of
cement compared to the other. All that can be drawn from the permeability results is that after
exposure to scCO2, the permeability in the cement samples can be expected to increase.
4.2.3. Visual Analysis
Each core was photographed in the laboratory from the upstream and downstream contact
faces utilizing a Cannon Rebel mounted on a custom photography platform. The digital images
were captured and stored on a standalone computer. The longitudinal sides of the core were not
documented prior to exposure as they were wrapped with aluminum foil and not directly exposed
to scCO2 per section 3.1.2.5. Core Preparation for Flow. Cores were photographed prior to being
prepared for exposure to scCO2, and again after removal from the Hassler Type Core Holder and
confining material. These image files were stored per the naming convention described in section
3.1.2.1. However, all data correlating the visual data files to the core they represent were lost. As
such, it was not possible to match the pre- and post-exposure visual data files with the
representative flow, mass, and unconfined stress data of each core. While visual analysis can still
be made, all conclusions are strictly qualitative in nature.
Most core face images were matched based on a fingerprint type visual analysis. Many of
the core faces represented in the visual data files possess identifying traits that are visible both
before and after exposure. These traits can be matched to allow for basic visual analysis.
Matching the upstream and downstream faces of an individual core is more difficult. Based on
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the process by which the core faces were photographed, and order in which the image files were
cataloged, the remaining images were correlated as best as possible. Images were captured in the
following order.
1) Photograph core, face 1
2) Photograph core, face 2
3) Expose core to scCO2
4) Photograph core, face 1
5) Photograph core, face 2
By analyzing this pattern and considering the specific identifying core face
characteristics, it was possible to make correlations between images. While an exact match is not
possible, these correlations allow for basic post-flow visual analysis and discussion.
The upstream and downstream injection mandrels identified in section 3.2.3.2., have
distinct physical identifying characteristics. The upstream mandrel possesses a conical, concave
injection geometry. While the downstream mandrel has a circularly grated collection geometry,
as shown in Figure 9: Upstream and Downstream Injection Mandrels.

Figure 9: Upstream and Downstream Injection Mandrels
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Post injection, these shapes were visible in the upstream and downstream faces of the core
samples. These clues to the orientation of the cores in the core holder help identify the
directional flow of scCO2 each core face was exposed to, further clarifying which images may be
the upstream and downstream faces of the same core.
Despite the generally successful ability to examine and match the core face visual data
files, some photographs could not to be correlated. These include both pre- and post-exposure
images, which were unmatchable either because the correlating images were not recovered or
were not digitally cataloged in the same manner when originally captured. Whichever the case,
the inability to correlate these core face images does provide for a greater confidence in the
images that were identified to be representative of the same core. All matching and unmatched
files are included in Appendix B.
Exposure to a dynamic scCO2 environment resulted in multiple visually identifiable
results, the most obvious of these being a pressure related deformation of the core face correlated
to the geometry of the injection or collection mandrel. Additional visual impacts include
deposition of a chalk like substance, the general emboldening of the topographical characteristics
of the core face, erosion including chipping, flaking, and general evidence of dissolution and
transport. The enlargement of existing structural features was identified with a general change of
color over the duration of exposure for many of the cores.
How the injection pressure induced core face indentions occur and how they were
utilized to correlate upstream and downstream core faces has been described. The pressures
experienced by the cores during the injection process are commonly found in many in-situ
injection environments. How these pressure indentions relate to cement structural longevity, and
the ability of the artificial barrier to isolate the wellbore was not explicitly examined in this
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study. Regardless, the relation as such is interesting in its potential to stimulate additional
wellbore changes.
A chalk like substance was noted on cement cores both prior to and after exposure to
scCO2 as shown in Figure 10: Chalk Like Substance.

Figure 10: Chalk Like Substance

This chalk like substance is visible on the pre-flow upstream core face shown in Appendix B2 B5, B7 - B9, and B12. It is also visible on the post-flow upstream core faces in Appendix B1 B6, and B8. And the post-flow downstream core faces shown in Appendix B2, B3, B7, and the
unidentified core faces shown in Appendix B9 and B12.
The presence of the substance was most commonly noted on the upstream core faces after
exposure to scCO2 but was also sometimes present on upstream core faces prior to exposure and
three downstream core faces after exposure. This material was not tested. It is unknown if the
identified material present before exposure is the same material identified after exposure. If the
dynamic flow environment achieved during injection allowed for sustained dissolution of the
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core material, it is possible that when the flow of scCO2 stopped, the dissolved material
precipitated out of solution onto the core face as the white substance identified in the post-flow
images.
On some cores, the topographical characteristics of the core face were accentuated after
exposure to scCO2. The post-flow downstream core faces included in Appendix B3 and B8 both
appear to have a more distinct surface pattern after exposure. While an accentuation of surface
patterns post-flow may allude to the possibility of surface erosion during exposure, the
observation is not understood to be indicative of any greater finding. The lighting of the core
faces during imagery operations was not constant. When available, natural light aided in
photographic efforts. Cores faces photographed outside of natural light hours were not afforded
this benefit. Without a larger sample size examination, this observation remains inconclusive.
The available light in the photographic environment also affected the identification of
color changes after exposure. Numerous core faces appeared to experience some level of color
change, usually visible in a lightening or darkening, or a yellowing of the core face. Without
more consistent lighting, it is not possible to determine conclusively if these color changes are a
result of scCO2 exposure or a viewing effect caused by inconsistent ambient light.
Chipping and flaking occurred on post-flow upstream core faces for cores B4, B5 and B6
and on both the upstream and downstream core faces of the core shown in Appendix B7. These
chips and flakes are evidence of a changing core surface after exposure and may be indicative of
a weakening of the near surface cement. The occurrence of the chips and flakes primarily on
upstream core faces may show that both pressure and direct contact with a dynamic scCO2
environment increases the effect. If so, the amount of cement exposed to scCO2 in the wellbore
may play a role in the ability of the cement to isolate downhole environments.
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A larger surface area exposed to the scCO2 would also allow for more natural structural
features and cement deformities to become affected. This was shown to be the case in two cores.
The downstream faces of these two cores are shown in Figure 11 and can be found in Appendix
B4 and B5. Both cores cured with natural surface deformities, which showed evidence of
increased scCO2 effect in those areas after exposure.

Figure 11: Naturally Cured Structural Features

These cement deformities appeared as cavities in the center of the core face and included
evidence of increased scCO2 reaction with the core material. In both instances, the cavities were
enlarged during exposure. Additionally, the cavity was discolored post-flow and a powder like
substance is visible within. The surface surrounding the cavity retained a different color than the
remaining core face. This color difference created a similar sized color band extending from the
edge of the cavity. It appears that a different level of CO2 exposure occurred in this area,
indicating that scCO2 flow may follow paths of lesser resistance aided by natural deformities in
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the cement. Unfortunately, because these core images cannot be matched to the experimental
cores, it is not possible to correlate any additional data such as unconfined stress, or post flow
porosity and permeability. Future studies may benefit from introducing cores with natural cut
face deformities to better understand the erosion and transportation properties of scCO2 exposure
on these heterogeneous areas.
In one instance, the natural cure deformity resulted in an extensive erosion and
transportation scenario. Like the cores in Appendix B4 and B5, the core shown in Figure 12:
Erosion and Transportation had a small deformity on the downstream core face. This core can
also be found in Appendix B7.

Figure 12: Erosion and Transportation

The pinhole cavity is visible on the viewer’s left of the pre-flow downstream core face
image. Unlike the other two surface deformities, this feature was connected to the exterior of the
core face by a small channel. The channel gave scCO2 access to the side of the core. Prior to
exposure, the cavity extended no deeper into the core than the examples shown in Figure 11:
Naturally Cured Structural Features. However, after exposure, the crevice extended over halfway
down the longitudinal edge of the core. It appears that flowing fluid dissolved and transported
the cement of the core, leaving the flow channel as a result. The fact that the initial cavity
possessed connectivity to the exterior of the core may have influenced the creation of the
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channel. Within the Hassler Core Holder, the confining pressure is applied to all sides of the core
equally. A slight gap between the Tygon containment sleeve and the core may have allowed for
an area of unequal application of confinement pressure, thus enabling a path of lower resistance
through the core. It is possible that a naturally cured structural anomaly could exist in a wellbore
along the cement steel casing interface zone. If connected to the wellbore by a perforated
injection hole, it is not inconceivable for a similar flow channel to be created. While one result is
not nearly enough to draw statistically significant conclusions, it does suggest further
investigation of pressure irregularities along a confinement interface would benefit the purposes
of this study.
The occurrence of cement deformation in the laboratory environment suggests the
possibility of the same event precipitating downhole. While no evidence suggests that these
deformations are directly related to the development of structural instabilities in the cores, it
causes speculation as to what, if any, effect cement deformation could have over the life of a
wellbore when exposed to scCO2. Individually, the observed flaking, chipping, and material
transport was not shown to weaken structural integrity or impact porosity and permeability
values. However, based on visual analysis, it is possible to conclude that scCO2 exposure caused
a change in the physical appearance of the core samples.
4.2.4. Unconfined Strength Analysis
Unconfined structural strength of the core samples was tested utilizing an MTS
Landmark test unit with a 55,000 lb. maximum axial load. Each core was tested until failure,
with the associated load and stress versus time data recorded and plotted. The stress test data are
listed in Appendix E, while the plots are included in Appendix C: Unconfined Stress and Load
Plots. General test duration to obtain a full core failure was between 45 and 50 seconds. The

61
anomaly being core CABT2050114A2, which required close to 75 seconds to obtain complete
failure. Core stress and strain failure patterns, once plotted, generally matched an identifiable
pattern of small incremental failures, followed by a reestablishment of structural integrity. This
pattern may repeat itself multiple times until the core would experience a critical structural
failure, noted by a sharp drop in stress and load values. At this point, the test was completed, and
the core was photographed and removed from the testing unit. Figure 13: UCS and Load Plot
Response for Core CABT2050114A1 is an example of the stress values recorded for each core.
Each plotted stress result was slightly unique. However, most exhibited a form associated with
brittle-ductile behavior, with a moderate drop in strength after initial failure. The three standard
compressive stress behavior models are noted in Figure 14: Stress-strain Behavior Models.

Unconfined Stress CABT2050114A1 (control)
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Figure 13: UCS and Load Plot Response for Core CABT2050114A1
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Brittle Behavior

Brittle-ductile Behavior
Theoretical Model
Real Curves

Ductile Behavior

Peak Strength
Residual Strength

Figure 14: Stress-strain Behavior Models
Source: Gonzales de Vallejo, 2011

Control core CABT2050114A1 of Batch 4 is representative of the behavior of all three
control samples. The stress and load versus time plots of this core show smooth curves, with
slopes gradually increasing until a maximum stress value was achieved. This is followed by a
similarly smooth decrease in stress and load, which approaches a constant strength after large
scale deformation, although slight inflection points are identifiable at approximately 20 seconds
and 23 seconds suggesting minor post-peak fracturing.
In contrast, the stress versus time plots corresponding to the specimens subjected to
scCO2 were much less smooth, indicating a higher degree of fracturing and associated strength
loss, before and after failure. An example plot is shown in Figure 15: UCS and Load Plot
Response for Core CABT1042914B1, in which the observed “spikes” are indicative of fracturing
of the core.
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Figure 15: UCS and Load Plot Response for Core CABT1042914B1

All cores, including controls, were tested past the point of initial failure. The results allow
for a comparison of stress and load values between controls and experimentally exposed cores.
Table VIII: Experimental Unconfined Stress, Strain, Young’s Modulus and Yield Point includes
the stress and load values associated with each core.
The load data resulting from the unconfined stress test is the measurement of the poundforce applied to the core. The value recorded as the maximum load is the pound-force value that
the core withstood just prior to critical failure. The stress (sigma) is the force per unit area or the
pressure resulting from a force applied to one square inch of the test material providing a
measure of strength that is independent of the sample size. The maximum stress is the recorded
force per unit area applied to the core just prior to critical failure. Strain (epsilon) is the
proportional deformation of an object when a load is applied. In this case, strain is measured in
inches of deformation relative to a reference length. The reference length being the inches of
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material experiencing the load, in this case the initial sample length. The strain values recorded
in Table VIII: Experimental Unconfined Stress, Strain, Young’s Modulus and Yield Point
correspond to the core sample deformation recorded at the point of maximum load and stress.
The cylinder extension data are the measured axial distances in inches that the load cylinder
moved during the application of the unconfined load and is assumed to be the change in sample
length at the point of failure.
An analysis of the unconfined stress data immediately reveals that the maximum stress at
failure of the control group was greater than that of the experimental cores in each associated
batch, meaning that a greater force was required to induce critical failure on the non-reacted
controls compared to the reacted experimental cores. This trend is most effectively reflected in
the percent change in maximum stress values as compared to the measured control core values
noted in table VIII: Experimental Unconfined Stress, Strain, Young’s Modulus and Yield Point,
and in Figure 16: Unconfined Stress Comparison by Batch. Surveying the strain data reveals a
similar relationship. In all cases but one, the proportional deformation of the experimental cores
was greater than that of the control group. The most notable being core CABT2050114A2 of
Batch 4, which experienced a 195% increase of the associated strain value as compared to the
control. In other words, the cores exposed to scCO2 experienced a larger change in length
comparable to the original length of the unstressed core before failure. The examination of these
measurements indicates that exposure to scCO2 has a direct negative effect on the structural
integrity of a cement core sample’s ability to withstand an unconfined load. While one cannot
confirm a statistically significant relationship between scCO2 and reduced structural integrity
from the experimental data alone, the observed results would appear to strongly support the
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affirmation of such a conclusion based on the fact that the control is much stronger than the
experimental samples in all cases, and failed at a lower stress value in all but one case.
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Figure 16: Unconfined Stress Comparison by Batch
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To gain a better understanding of the relationship between scCO2 exposure and structural
cement core integrity, a deeper discussion of stress and strain is warranted. Stress, as previously
described, relates loading in terms of a force applied to a specific cross-sectional area in a
structural system, while strain is the deformation response of the loaded member in the system to
the applied stress. The relation of these two variables changes over the period during which the
load is applied. This period may be divided into several regions as shown in Figure 17:
Experimental Unconfined Stress, Load, and Strain Data.

Figure 17: Experimental Unconfined Stress, Load, and Strain Data
Source: Basic Mechanical Engineering, 2016

The region of the stress strain curve that is most relevant to this study is the elastic
response region, shaded gold in the figure, where the plot sustains a constant linear slope. This
slope is referred to as Young’s Modulus of Elasticity and describes the elastic stress strain
properties of a material as it deforms. If the load were removed while in this region, the subject
core would return to its original shape. Young’s modulus is understood to be a measure of
stiffness, which is how it will be interpreted in this document. Beyond a specific level of
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deformation, the material can no longer sustain elastic behavior and gives way to the plastic and
failure region. This transition point is referred to as the Yield Point (noted in Figure 17 by point
A), identified by an inflection point in the stress-strain curve. Once this point is reached, strain
begins to increase faster than stress and irreparable plastic deformation occurs, even if the entire
applied load is removed. The exact location of the yield point will vary with sample material. For
material with a low elastic response, such as cement, the yield point is identified when the stress
strain curve deviates 0.02% from the linear elastic stress strain response (Vallejo, 2011).
After the yield point is reached, the material may withstand considerable deformation
before the ultimate stress is obtained (between point A and D, Figure 17). Within this region
plastic deformation continues, with strain increasing more rapidly than stress until an ultimate
strength value is achieved (point D, Figure 17). This value represents the maximum compressive
strength the subject material can withstand before failure and fracture. The graphical response
after identification of ultimate compressive strength is characterized by a rapid decrease in stress,
relative to strain, and marks the completion of most stress strain analyses. Table VIII:
Experimental Unconfined Stress, Strain, Young’s Modulus and Yield Point is a compilation of
all experimental and graphically determined maximum stress values.
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Table VIII: Experimental Unconfined Stress, Strain, Young’s Modulus and Yield Point
Batch
Number

Batch 2

Batch 3

Batch 4

Part No

Max
Load
(lbF)

CABT1042914A2 1412.2
CABT1042914B1 1639.8
CABT1042914B2 2053.6
CABT1042914C1 2250.8
CABT2042714B2 2821.6
CABT2042714C1 2038.0
CABT2050114A1 2477.7
CABT2050114A2 1180.6
CABT2050114B1 1024.5
CABT2050114B2 1951.3
CABT2050114C1 1376.4
BOLD indicates control

Percent
Max Stress
Diff from
Cont

Cylinder
Extension
(in)

1857.0
-36%
2338.0
-19%
2633.1
-9%
2883.1 N/A
3695.3 N/A
2621.0
-29%
3142.1 N/A
1552.5
-51%
1312.3
-58%
2499.4
-20%
1777.2
-43%

0.022
0.019
0.030
0.019
0.022
0.027
0.014
0.040
0.017
0.020
0.024

Max
Stress
(σ), (psi)

Strain at
Failure
(ε),
(in/in)

Percent
Strain
Diff from
Cont

Young's
Modulus
(psi)

Yield
Point
(psi)

0.015
17%
0.013
-1%
0.020
12%
0.013 N/A
0.022 N/A
0.018
-18%
0.014 N/A
0.040
195%
0.017
20%
0.020
48%
0.024
75%

261347
239179
267462
369519
238487
281552
359364
71326
157299
207967
138531

999.7
1043.2
1088.9
2575.7
2405.2
1413.5
2242.4
569.5
970.3
1606.5
1029.0

Max load, max stress, and strain at failure were graphically identified on the plots by
examining each core’s stress-strain response. The yield point was calculated using the values
obtained from the plots, i.e. the first point of departure from the linear elastic region of the stress
strain curve. Young’s Modulus was calculated utilizing the slope of the stress-strain curve
(Equation 8) in the linear elastic region of each unconfined stress plot.
𝑌𝑜𝑢𝑛𝑔′ 𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =

𝑆𝑡𝑟𝑒𝑠𝑠
𝑆𝑡𝑟𝑎𝑖𝑛

(8) Young’s Modulus

Analyzing the experimental and graphically-derived core properties, it becomes evident
that the associated maximum control core values are higher than almost all those of the exposed
cores, meaning the unexposed cores possessed greater stiffness, a greater window of elastic
behavior, and thus a greater yield point than their exposed counterparts. While only anecdotally
significant, the trend is interesting in that it insinuates a relationship between scCO2 exposure and
dynamic core strength properties. Most noticeable is the disparity between the exposed and
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unexposed cores of Batch 4. As a group, the exposed cores of this batch recorded ultimate
strength values 9% to 58% less than that of the unexposed controls. The degree of difference
between the measured strength properties of the reacted and unreacted cores of Batch 4 appear to
demonstrate a significant strength reduction resulting from the exposure to scCO2. However,
Batch 3 and Batch 4 cores are each formed with the Type 2 cement. While the calculated
statistics of the exposed Batch 3 cores reflect results consistent with that of Batch 4, the limited
quantity of exposed samples and the lesser degree of calculated difference between the reacted
and un-reacted cores (as compared to Batch 4) make conclusions less definitive. While a pattern
appears to exist, the significance of the results are yet to be determined. The statistical relevance
of these differences will be discussed in more detail in Section 5.1.

4.3. Dissolution Rates
The process by which scCO2 reacts with exposed cement was described in section 2.4
Dissolution and the Carbonic Acid System. Carbonic acid reacts with Portlandite forming
calcium carbonate, which is initially deposited in the pore structure of the exposed cement. The
longevity of the calcium carbonate depositional regime depends on the duration of exposure and
the dominance of the calcium carbonate environment versus a dynamically refreshing scCO2
environment, the latter promoting the creation of calcium bicarbonate and a more soluble pore
structure in the presence of water, resulting in the weakening of the cores.
The results of the unconfined strength analysis would indicate the presence of a
dominating calcium bicarbonate regime promoting the dissolution of pore material and
accompanied transport from the core. Rates of dissolution were not directly measured but can be
inferred through the analysis of the relationship between mass changes of the cores and exposure
time, as shown in Table IX: Dissolution Rate. Reviewing the dissolution data reveals an
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inconsistent, but precipitation heavy flow environment. Dissolution rate as measured from total
mass changes indicates environments of precipitation or no dissolution. One core indicates a rate
of dissolution that would contribute to a loss of pore structure. These values interpreted alone
would not support an assessment of a dissolution regime or a weakening of the sample core’s
pore structure.
Table IX: Dissolution Rate
Batch
Number
Batch 2
Batch 3

Batch 4

Duration Duration Pre-flow
Mass (g)
Core
(min)
(hrs)
CABT1042914A2
2887
48.117
NVR
CABT1042914B1
2399
39.983
65.22
CABT1042914B2
2932
48.867
68.03
CABT2042714B1
1453
24.217
67.08
CABT2042714C1
2893
48.217
67.82
CABT2050114A2
1444
24.067
65.41
CABT2050114B1
1465
24.417
66.46
CABT2050114B2
1469
24.483
65.4
CABT2050114C1
1466
24.433
66.4

Post-flow
Mass (g)
NVR
65.82
68.72
67.39
67.99
65.41
66.46
65.43
66.21

Change in Dissolution
Mass (g) Rate (g/min)
NVR
NVR
0.6
2.50E-04
0.69
2.35E-04
0.31
2.13E-04
0.17
5.88E-05
0
0.00E+00
0
0.00E+00
0.03
2.04E-05
-0.19
-1.30E-04

While the experiment was not designed to specifically measure the dissolution of pore
material, the capture and analysis of such data adds to the information available for interpretation
and possibly correlation. Estimating dissolution rate from a final mass change poses significant
problems from an experimental review context; calling this measure a rate is even somewhat
questionable. A rate assigns an understanding of active monitoring or measure. When the flow of
scCO2 ended, any occurring dissolution and transport also would have come to an end, allowing
any suspended solids to re-precipitate out of solution, which would skew the final measurement
of mass and indicate a final level of dissolution not reflective of actual dynamic rates. An active
measure of dissolution would have had to incorporate multiple points of measure, up to an ability
to constantly measure the number of suspended solids in the downstream flow of CO2. This
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might have been accomplished by capturing and measuring the ion concentrations of the postflow solution at identified intervals throughout the dynamic exposure period. The dynamic flow
system utilized to introduce scCO2 to the core samples was not configured to allow for the
capture and analysis of post flow fluids. Nevertheless, the data support that the dissolution rate is
likely not a major factor contributing to the changes in the mechanical properties of strength and
modulus of the cement.

4.4. Independent Variable Analysis
In a statistical analysis scenario, the experimental outcome or group of measured
outcomes are considered the dependent variable (y). These variables generally result from a
series of inputs, their values or state of being are dependent on the interaction of the manipulated
inputs, known commonly as independent variable (x). In the controlled experimental setting, the
interaction of the independent variables are managed to create a measurable output comparable
across the experimental population. The population of independent variables make up the
structural framework of the controlled analysis.
An independent variable manipulated unevenly across the experimental population has
the capability of skewing the resulting outcomes; therefore, identifying and managing the
independent variables is of utmost importance. In this investigation, the identified independent
variables are listed in Table X: Independent Variables.
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Table X: Independent Variable
Controlled Independent Variable
Sample Core Makeup
Sample Core Geometry
Sample Core in situ Cure
Exposure Temperature
Exposure Pressure
CO2 Dynamic Flow Direction
Post Flow Measurements
CO2 Exposure Volume
Uncontrolled Independent
Variable
Hydration Time
Exposure Duration
Experimental Core Quantity
Experimental Time

During the investigation, additional independent variables were identified. As is apt to
occur, not all facets of an experiment can be anticipated. Unexpected core embrittlement resulted
in a procedural change. Cores were stored in deionized water prior to exposure. This resulted in a
longer hydration time for some cores in each batch. Extended hydration was neither identified,
nor tracked. As a result, the impact to the dependent variables are unknown.
Core embrittlement, along with experimental contamination during exposure, resulted in
a non-uniform number of exposure subjects. An inconsistent test population across the study
group directly relates to a decreased ability to identify statistically significant experimental
trends. It was not anticipated that the subject cores would fail to a degree that would jeopardize
the available number of samples available for testing.
Like the unanticipated core embrittlement variable, dynamic scCO2 exposure proved to
be unpredictable. Some cores flowed under pressure almost immediately, while others proved
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resistant to flow, or transported scCO2 at a slower rate. As a result, exposure time and exposure
volume differed across the cores in the study. It is unknown how this variable impacted the
measured results of the study. Greater exposure to scCO2 intrinsically relates to greater
experimental effect, however in this case it was not directly measured.
Unregulated independent variables can directly affect the ability of a study to control
random outcomes and infringe upon the collection of usable data to support and substantiate
trend analysis. In this study, all uncontrolled independent variables were identified during the
study’s progression. As a result of external limiters, the study did not have the flexibility to
incorporate and control for these independent variables as they were identified. The analysis of
accumulated data attempted to identify and minimize areas of impact resulting from uncontrolled
independent variables.

4.5. Summary of Results
During this study, 24 core samples were created, including 4 controls. Of these 24
original samples, 13 out of a possible 18 cores were exposed to scCO2. Four cores were
contaminated by confining fluid during exposure and one core split during post exposure
permeability testing, resulting in eight cores being successfully tested for the laboratory study.
From these eight cores, analysis was completed, demonstrating exposure to scCO2 throughout the
duration of the procedure. Data were collected pre- and post-exposure to demonstrate changes in
mass, permeability, porosity and unconfined structural integrity resulting from sample exposure.
While anecdotal without further analysis, this data strongly alludes to the propensity of scCO2 to
have a negative effect on the ability of a wellbore cement to retain its intended properties over
periods of dynamic exposure.
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All cores analyzed were observed to gain in mass by an average of 6.99%, with two cores
experiencing mass gains over 12%. Exposed cores did not demonstrate a consistent porosity
response. Batch 2 and 4 cores increased in porosity by an average of almost 100% and 200%
respectively, while the porosity of Batch 3 cores decreased by 60%. However, all cores exposed
to scCO2 showed an increase in pore space relative to control performance. The permeability
response of exposed cores matched that of the porosity response. The same cores that
experienced a reduction in porosity also showed permeability losses. The only difference being
that all three controls experienced similar reductions in permeability, roughly 90%. The most
striking permeability response came in the extreme magnitude of increase in some cores,
especially in those of Batch 4. Two cores increased over 2000%, one core by nearly 21,000%.
These increases are astounding and highlight the lack of experimental repetition of successfully
exposed cores as a significant issue in the study.
Photographic evidence of the cores was compromised by the data loss that occurred
during the completion of the study. As a result, recovered images of the cores could not be
correlated to the subject core or batch. Resulting analysis could only correlate the images of the
pre- and post-exposure core. Despite this, significant evidence of physical deformation,
discoloration, and dissolution was evident. Portions of the upstream injection face of some cores
showed evidence of erosion and material transport as noted by chipping, flaking, and the
smoothing of rough edges. Enlargement of pre-existing structural features was also identified.
After the post-flow mass, porosity, permeability and visual appearance of the cores were
assessed, each sample was exposed to the application of an unconfined compressive force. The
cores were stressed until failure, at which point the maximum load, stress, and strain were
recorded. Using these values, the Young’s Modulus and Yield Point were calculated.
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Three controls, along with eight sample cores, were subjected to unconfined stress
examinations. In all ten cores, the maximum stress at failure of the control group was greater
than that of the exposed cores in each associated batch. Indicating that the stress required to
induce critical failure on the reacted cores was less at failure in each instance. The recorded
maximum strain for exposed cores at failure was less than the controls in all but one case. These
values were plotted and examined for each core, and the trends were analyzed to further
understand the properties of the samples while under stress.
The resulting core properties showed that in each case, the associated maximum control
core values were higher than almost all the exposed cores. The unexposed cores possessed
greater stiffness values, a greater window of elastic behavior, and thus a greater yield point than
their exposed counterparts. These conclusions, when considered in the context of the porosity
and permeability results, and in relation to the increase in mass and observed physical alterations
sustained during exposure, indicate that scCO2 does in fact have a debilitating effect on wellbore
cement. The finality of this conclusion is dampened by the inability to replicate the results across
a larger sample population. Core failures in all phases of the experiment stifled the ability of the
study to gather quantities of analytical data to allow for more statistically representative
conclusions. While the available results seem to indicate a negative relationship between scCO2
exposure and the sample cement’s ability to isolate the wellbore environment, a further
examination of statistical significance is required.
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5. Conclusions and Discussion
5.1. Statistical Significance
In the effort to prove the validity of a proposed conclusion, it is necessary to show that an
unlikely event has occurred beyond the range of reasonable doubt. The tested circumstance is
compared to the Null Hypothesis (Ho), or a general understanding that there is no relationship
between some measured phenomena, or tested group. In this study, the hypothesis to be nullified
is represented by the assumed belief that scCO2 has no effect on wellbore cement under reservoir
conditions. A result in the affirmative, or a rejection of the null hypothesis would require
obtaining a significant level (α) greater than the probability (p) of a result at least as significant
as accepting the null hypothesis to be true. While the rejection of the null is a powerful tool in
the affirmative support of an Alternate Hypothesis (Ha), it merely provides strong evidence that
the event did not occur by chance. In small sample studies like the current investigation,
assumptions such as random sampling are practical. Significance testing in these instances
provides meaningful protection from random results. (McLean and Ernest, 1998).
The significance level of a study is chosen prior to data collection and is usually set at 5%
(Craparo, 2007). Below this 5% threshold on an assumed normal distribution, the null hypothesis
is assumed false, and the correlation between cause and effect is in turn accepted as true. A 5%
significance refers to the region under the normal distribution curve partitioned at either end of
the curve, or a one-sided normal distribution. The area in the 5% region makes up the same
proportion of the total area under the curve in both cases. In the case of a two-sided normal
distribution curve, the area in the tails still represents 5% of the overall area under the curve.
However, it is split into two regions representing 2.5% of the normally distributed results. Figure
18 displays one- and two-sided normal null rejection distributions. The decision to test a null
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hypothesis against a one- or two-sided normal distribution is determined prior to the
commencement of a study and is often based on the expected directionality of the experimental
conditions. A test of a null hypothesis in which the alternative hypothesis is articulated
directionally, departing from the referenced condition in only one direction would dictate the use
of a one-sided normal distribution. A non-directionally specific alternate hypothesis allows for
the use of a two-sided normal distribution.

Figure 18: One and Two-Sided Normal Null Rejection Distributions
Source: Boston University Medical Campus, Introduction to Evaluating Sample Error

In this study, a non-directionally specific statistically significant p value below 5% would
prove the relevance of scCO2 in a dynamic injection environment as a key component of the
degraded ability for wellbore cement to isolate sequestered CO2 in perpetuity. The importance of
statistical significance should not be viewed as a mandatory part of inferential research, rather a
portion of a greater understanding formed by practical (research) significance, and experimental
reproducibility (McLean and Ernest, 1998). In this study, statistical significance is intended to be
subordinate to, and a part of the greater result-based analysis of the hypothesis.
5.1.1. Two Sample t-Test
The Two Sample t-Test, or student’s test is a normally distributed statistical hypothesis
evaluation tool utilized to examine whether the mean of a population sample significantly differs
from the mean of another larger, normally distributed population sample. The test allows the
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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% α 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, y2,…. 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 ( 1,

2),

the unbiased estimate of the variance (si2), the non-pooled standard deviation (sΔ), and the test
statistic (t).
𝑡=

𝑋̅1 − 𝑋̅2
𝑠𝛥̅

𝑠1 2 𝑠2 2
𝑠𝛥̅ = √
+
𝑛1
𝑛2

(9) Student t-Test Statistic
(10) Non-pooled Standard
Deviation
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5.1.1.1.

Experimental Relevance

Conclusions drawn from observed empirical results implore procedural analytical
scrutiny to determine the probability that the assumptions of fact are supported by the accurate
interpretation of data. These interpretations are vital to the ultimate support of or opposition to a
proposed hypothesis. Judgements of an event’s practical significance and procedural
repeatability, along with sound statistical significance testing, all add weight to the legitimacy of
a proposed conclusion.
When sample size is small, a deeper investigation of statistical significance advances the
burden of proof in support of the investigation’s conclusions of fact. In large sample size
experiments, particularly those involving multiple variables, the role of statistical significance
testing diminishes because even small non-meaningful differences are often statistically
significant (McLean and Ernest, 1998). In small sample size experiments such as this study,
independently differentiating randomness increases in both difficulty and importance. A sound
investigation utilizing statistical tools, including the student t-test, aids in the confirmation of a
result’s significance. In addition, an understanding and discussion of the limitations to statistical
inference, including the consideration of Type I and Type II errors, applicable sample size, and
the understanding and verification of underlying normality of assumed distributions further aid in
the understanding of an investigation’s results. Confidence intervals may also assist in
determining the validity of a results-based conclusion as it relates to the legitimacy of the overall
study.
5.1.1.2.

t-Test Results

Upon examining the significance of the key statistical categories relating to the
unconfined strength of the subject cores, some observations can be made. Pursuant to Tables I
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and II and Section 3, the tested cores were split into two test populations, which were separately
examined for statistical significance under three experimentally observed criteria: Young’s
Modulus, Max Stress, and Yield Point. Following the unpaired two sample t-test method for
unequal variances, comparisons were made to both a one and two-sided normal null rejection
distribution. In most cases, the resulting test statistic p was shown to be statistically significant,
indicating a rejection of the null to be justified. Comparisons to a one-sided distribution curve
reveal a p value below the 5% threshold in all three observed criteria. Only the Yield Point
measurement for Type 1 cement indicates an acceptance criterion of the null should be observed,
indicating that exposure to scCO2 may have less influence on the yield point. When a higher
degree of significance is considered, the max stress and Young’s Modulus values recorded for
Cement Type 1 and Type 2 were shown to have an observed p value less than that corresponding
to α = 2.5%. This indicates each sample to be statistically distinguishable from the population
under a two-sided normal null rejection criteria. This result indicates that for the extent of the
limited investigation undertaken herein, the exposure to scCO2 in a dynamic environment does
indeed show a statistically significant role in the degradation of the cement’s structural integrity
in most cases. The rejection of the null and findings of statistical significance do not aid in any
assessments of long-term wellbore viability and containment of CO2. They simply show that for
this study, the observed effect on the analyzed cement types appears to be accurately represented.
For full t-test results reference Table XI: Results of Unpaired Two Sample t-test For Unequal
Variances.
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Table XI: Results of Unpaired Two Sample t-test for Unequal Variances

Sample
Number
(ni)
Young's Modulus
Type 1 Exposed
Cement Unexposed
Type 2 Exposed

Sample
Mean
(Xi)

standard
dev (σ)

Variance
(σ2)

Non-Pooled
Std Deviation
(sΔ)

test
Statistic
(p)

p vs 1 sided
p vs 2 sided
null (α=5%)
null (α=2.5%)
(μ exposed < (μ exposed ≠
μ unexposed) μ unexposed)

3 2.56E+05 1.22E+04 1.48E+08
1 3.70E+05 0.00E+00
0.00
5 1.71E+05 7.04E+04 4.95E+09

4.92E+07

0.0023 Reject Ho

Reject Ho

Cement Unexposed
Max Stress
Type 1 Exposed

2 2.99E+05 6.04E+04 3.65E+09

2.82E+09

0.00005 Reject Ho

Reject Ho

3

2276.0

319.83 1.02E+05

Cement Unexposed
Type 2 Exposed

1
5

2883.1
1952.5

0.00
0.00
518.96 2.69E+05

3.41E+04

0.018 Reject Ho

Reject Ho

Cement Unexposed
Yield Point
Type 1 Exposed
Cement Unexposed
Type 2 Exposed

2

3418.7

276.61 7.65E+04

9.21E+04

0.016 Reject Ho

Reject Ho

3
1
5

1043.9
2575.7
1117.8

36.39 1.32E+03
0.00
0.00
362.38 1.31E+05

4.41E+02

3.470 Accept Ho

Accept Ho

Cement Unexposed

2

2323.8

81.41 6.63E+03

2.96E+04

0.041 Reject Ho

Accept Ho
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5.1.1.3.

Confidence Intervals, Sample Size, Type I and Type II Errors

A well-rounded investigation into statistical accuracy both evaluates the confidence in the
observed parameter and in the methods utilized to obtain the parameter. The confidence interval
refers not to the confidence one has in the measured parameter falling within the range of
expected values, but rather our confidence in how the parameter was estimated. A confidence
interval of 95% is not to be understood as a measure of precision. It instead indicates the
administer of the study is 95% confident that the observed value is within a set of identified
limits. If at a 95% confidence the true value of a parameter lies outside the interval, an
observation of a parameter occurred which had a 5% chance of resulting from randomness. For
the purpose of this paper, a deeper investigation of the confidence interval will be foregone for
an understanding that if the results were to be held to the strictest interpretation of accuracy, a
valid confidence interval would require additional investigation.
In experimental research, studies encompassing a large sample size generally give a
better representative result of the true behavior of an observed parameter, and thus are less in
need of statistical confidence-boosting procedures. Due to the relatively small number of the
observed cement cores, we find a potential flaw in this study and therefore include a further
investigation into statistical significance to provide confidence in the results and conclusions.
Type I and II errors deal with the accurate or inaccurate rejection of a null hypothesis.
The rejection of an ultimately true null hypothesis is considered an error in the first type, while
the retention of a false null is inferred as an error in the second type (McLean and Ernest, 1998).
A desire to minimize the possibility of Type I and II errors to the greatest extent acceptable is the
basis for most statistical analysis of confidence. In this study, a 5% (one sided normal null
distribution) and a 2.5% (two-sided normal null distribution) possibility of committing either a
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Type I or Type II error was investigated. The possibility of not committing an error of type
approaches zero as alpha approaches zero, it cannot be fully eliminated, as a 0% significance
level returns infinitely acceptable results in favor of the null. At the significance level
investigated herein the observed possibility of committing either a type I or type II error is
considered acceptable for the purposes of this thesis.

5.2. Conclusions Regarding Influence of scCO2 Exposure
After a thorough analysis of the gathered experimental data described in this thesis, and
the application of various commonly accepted statistical interpretive tools, the following is a
synopsis in bullet format of conclusions related to the six topics of experimental relevance.


Cement Core Masses: General observations reveal a mass increase across all cores, with a
greater increase in mass experienced by Type 2 cement, fluid loss resistant slurry
samples.



Porosity: Excluding the exposure response of the outlying cores in Batches 2 and 4, the
exposure to scCO2 had an adverse effect on core porosity relative to the control across all
three experimental groups.



Permeability: Focusing on the degree of change relative to the controls, it can be shown
that each exposed core, excluding one, displayed an increase in permeability after
exposure. Compared to the porosity response relative to controls, it can be concluded that
the exposure to scCO2 had a more consistent effect on the interconnected pore structure
of the cement samples than on the percent volume of the void space.



Visual Analysis: The presence of visual core erosion in the laboratory begets a
consideration of the downhole wellbore environment in the presence of scCO2. While no
evidence directly correlates the visual effects of CO2 exposure in the laboratory to a
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structural change in the properties of permeability and porosity, the demonstration of a
cause-and-effect link between exposure and physical core erosion is anecdotal of the
possibility of more impactful physical change.


Unconfined Compressive Strength (Peak Stress): The maximum stress values associated
with the control cores are greater than almost all those of the exposed cores. Similarly,
the associated unexposed cores possessed greater stiffness values, a greater window of
elastic behavior, and thus a greater yield point than their exposed counterparts. The trend
is interesting in that it insinuates a relationship between scCO2 exposure and dynamic
core strength properties.



Statistical Significance: Exposed cores were separately examined for statistical
significance under the experimental criteria of Young’s Modulus, max stress, and Yield
Point. With limited data, a two-sample unpaired t-test analysis was performed with a
significance level of α = 0.05, and comparisons were made to one and two-sided normal
null rejection criteria. During comparisons to a one-sided distribution, the null hypothesis
was rejected for all but the Yield Point measurements associated with the Type 1,
unexposed core sample. Comparisons to a two-sided rejection criterion yielded a
rejection of the null for p values associated with Young’s Modulus, and max stress
values, indicating that in most cases, the resultant data is statistically significant, and not
resulting from chance. For these null rejections, it can be inferred that the experimentally
observed decreases in the unconfined stress criteria likely correlate to the presence of
scCO2 under dynamic reservoir conditions.
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Building on the advances of previous investigations by Hibbard (2009), Hawk (2011),
and Lambson and Vetter (2012) into the effect of scCO2 on reservoir structure, this study
attempted to further the established investigative conversation at Montana Tech by modeling the
exposure of wellbore cement to scCO2 in a dynamic injection environment. Cement core samples
were formed at downhole reservoir conditions, isolated, and exposed to CO2 at pressures and
temperatures to establish maintained supercritical properties. The parameters of porosity,
permeability, unconfined compressive strength, and visual analysis were identified, controlled
and measured pre- and post-exposure to establish criteria which allow qualitative discussion and
statistical analysis. The completion of this investigation, along with the discussion and analysis
undertaken, establish in all but one case a statistically significant argument for the existence of a
deteriorative relationship between wellbore cement and exposure to dynamic scCO2.
The study was not without issue. Multiple core fractures and injection apparatus failures
resulted in the loss and contamination of numerous cores, ultimately reducing the number of
successfully exposed cores from 18 to a frustratingly low quantity of nine. Analysis was further
stifled by the loss of experimental data, resulting in further population sample reductions,
bringing the number of exposed cores and associated data available for review and analysis to
eight samples. Post-exposure visual analysis also was rendered less effective as pre- and postexposure image correlation became difficult and analysis inconclusive.
Difficulties related to core exposure and data analysis do not invalidate the statistically
significant conclusions drawn from the remaining successfully exposed cores. These conclusions
should be interpreted to be representative of this study, and the analysis as presented; however, a
larger sample population would add greater significance to the identification of a modeled
relationship between wellbore cement and the exposure to scCO2 under reservoir conditions.
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This investigation demonstrates results which warrant further study and analysis of wellbore
cement under dynamic scCO2 exposure regime.
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6. Recommendations for Future Work
This investigation into the effect of scCO2 on wellbore cement properties built on
previous investigations of the effect scCO2 on reservoir structure by Hibbard (2009), Hawk
(2011), and Lambson (2012). Future studies should consider the following experimental
improvements.

6.1. Change Confinement Fluid to Nitrogen
The Tygon - cement cores hybrids, secured in the Hassler type core holder are confined
with a propylene glycol coolant. The coolant as previously described, is injected into the core
holder with a pneumatic hand pump. Potential problems exist with this arrangement. The hand
pumps are extremely sensitive to water and condensation in the pneumatic fluid. If not in use,
scheduled maintenance is required to ensure that the seals and inner workings remain in good
operating condition. It is unlikely that the pumps will be properly maintained unless a
pressurized flow procedure is being conducted. Pump inactivity will likely result in seal
degradation, internal rusting and ultimate loss of pump functionality. As in this study, a pump rebuild, associated delay and expense will be required to regain the ability to confine the cores.
Operational confining fluid issues do not end with standard pump maintenance. During
each confining operation, dynamic flow event and subsequent de-confining, the possibility exists
for confining fluid contamination of the core material. If this occurs, the core must be discarded,
the flow experiment is rendered void and all potential data is lost. Even when a core is not
contaminated, small amounts of confining fluid are sometimes expelled with the CO2 during
depressurization. As the gas stream exits the system at high pressures, the confining fluid can
become entrained in the gas, forming a mist. This mist can be ingested into the lungs of the
operator, posing a potential health risk. A switch to a nitrogen-based confining fluid would
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correct all contamination and maintenance problems associated with confining a core for scCO2
flow. Additionally, since nitrogen is already utilized as a back-pressure regulation fluid,
incorporation as a confining fluid would be relatively seamless. Most importantly, nitrogen will
not affect the quality of experimentally obtained data in the instance of a confining fluid breach.
Since nitrogen is a noble gas, it is unreactive at the temperatures and pressures utilized in this
study.

6.2. Full Cement Core Hydration
The hydration of cement refers to the reaction with water of the chemicals and minerals
contained in a dry cement mixture. This reaction is visible upon mixing a slurry, and quickly
begins to change the state of the blended materials. Fully hardened cement is referred to as fully
hydrated. As previously noted, the hydration of cement does not change significantly after 28
days (Lea, 2003). Due to time constraints, the cement cores created in this study were not
allowed to fully hydrate prior to exposure to scCO2. A future study would more accurately model
the downhole environment by allowing full core hydration in purified water post autoclave
curing.

6.3. Increase Core Sample Size and Type
The quantity of cores that were analyzed in this study was constrained by the supply of
both time and procured slurry material. A future study would benefit from increased cement type
variability and sample population. As previously noted, obtaining a CO2-resistant cement type
proved to be difficult. While a type of cement was eventually procured to fulfill this requirement,
a more accurate CO2-resistant cement representation would further supercritical scCO2 research
at Montana Tech.
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6.4. Extended Flow Period
Cement cores were exposed to scCO2 for 24 hours of dynamic flow. While this flow
period resulted in the identification of dissolution of the cement structure, it is admittedly quite
short in comparison to natural dynamic flow environments where CO2 exposure may occur for
years, rather than days. One pump controller can be configured to control up to four of the Isco
500 D syringe type pumps. One additional pump would allow for extended flows for as long as
compressed CO2 is available, dramatically increasing the potential run time for scCO2-based
studies at Montana Tech.

6.5. Upstream and Downstream Temperature and Rate of Flow
Measurement
During testing of the Type 1 cement cores, the rate of injection decreased to less than 0.1
ml/min. At times it was unclear whether scCO2 was flowing through the core or discharging into
the confining fluid. Installation of upstream and downstream flow meters and thermocouples
incorporated into the 34970A Agilent data acquisition software would ensure accurate
verification of scCO2 and the dynamic CO2 environment.

6.6. Confining Pressure Transducer
The low flow rates and the difficulty verifying a dynamic flow environment as described
in Section 6.5 were further complicated by the noted increase in confining pressure at high
injection pressures. The lack of available confining pressure data made it impossible to correlate
injection pressure during instances of core contamination, or loss of confining pressure. The
installation of both the pressure transducer highlighted here and the equipment identified in
Section 6.5 would be a simple, inexpensive way to further understand the dynamic scCO2
injection environment being modeled.
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6.7. Digital Back Pressure Regulator
The low permeability of the Type 1 and Type 2 cement cores utilized in this study
resulted in sufficient resistance to flow which allow for extended flow periods of over 24 hours.
However, it was still necessary to ensure that the downstream pressure remained at or above the
CO2 critical pressure of 1070 psi. The low accuracy of the nitrogen back pressure regulator made
it difficult to set and replicate a consistent back pressure. Constant adjustment was required
between and during experimental flows to ensure the supercritical requirement was met. A
digital back pressure regulator would increase the accuracy of the CO2 flow system.

6.8. Ultrasonic Velocity Testing
Ultrasonic velocity testing, or ultrasonic pulse velocity (UPV) is an in-situ,
nondestructive test used to check the quality of cement, concrete, and natural rocks. The quality
of the tested medium is assessed by measuring velocity of an ultrasonic pulse passing through a
porous structure. This technology would have aided in the pre- and post-exposure analysis of
exposed cores. UPV is available at Montana Tech.

6.9. Sulfur Capping
Sulfur capping is a process utilized in compressive strength testing of cylindrical concrete
specimens to ensure that the ends of the test cylinders, or cores, have smooth parallel load
bearing surfaces perpendicular to the applied axial load. These parallel surfaces assure the
uniform distribution of forces during strength testing is achieved.
Uneven test surfaces on sample cores in this study arguably resulted in point loading
during the application of unconfined loads. A review of the resulting stress-strain curves reflects
a pattern of point failure, followed by an associated re-stabilization and continued loading. The
use of sulfur capping, or possibly neoprene pads, would allow stresses to build in a manner more
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conducive to an even distribution of applied force. Ultimately, the resultant stress strain-curves
would likely be more similar to the typical graphical response model, demonstrated in Figure 17:
Experimental Unconfined Stress, Load, and Strain Data.

6.10. Magnified Examination of Pore Structure
A quantifiable, visual based examination of the pre- and post-flow cement pore structure
would increase the understanding of the effect of scCO2. While it is outside the scope or
capabilities of the Petroleum Engineering Department to procure technology to allow for
enhanced imaging scans, advanced planning would allow for this service to be contracted out. XRay CT analysis, High-Resolution Imaging or a similar technology would allow for direct
measurement of pore space and permeability changes in the reacted cement cores.

6.11. Visual Analysis
6.11.1.

Sample Identification

When the core sample data were lost then recovered, it was difficult and at times
impossible, to correlate the before- and after-exposure core face imagery. Identifying upstream
and downstream core faces, including the unique sample identification number, would have
ensured the integrity of the photographic record.
6.11.2.

Standardized Photographic Environment

The photographic setting required to analyze the cores pre- and post-scCO2 exposure
must be controlled. Consistency in ambient light, shadow management and a control of
photographic orientation all need to be considered in creating a standardized visual analytic
environment.
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6.12. Post Experimental Water Quench
6.12.1.

High Pressure Quench Injection

As a result of the low cement sample permeability, the Parr Instruments pressure vessel
was not able to create a large enough pressure differential across the core to effectively flow an
acceptable quantity of pore volumes through the confined core and quench the cement- scCO2
reaction. This was identified after attempting to quench the initial core, and in hindsight should
have been foreseen. In its place, the cores were placed post flow in a glass saturation vessel
connected to a vacuum pump and saturated with water. This method delivered the quench water
at a much slower rate and may not effectively prevent the precipitation of the dissolved solids
entrained in the cement cores. All cores were quenched utilizing this method. The planned
experimental process never allowed for quench water analysis. The method of residual
dissolution quenching was not of direct importance to the experimental analysis, rather, only that
it was performed. It was not necessary to prior outline this procedural change. All prior
references to quenching and the procedural quenching discussions were not altered.
When quenching scCO2 reactions in low permeability porous material, the addition of a
high-pressure water quench pump to the flow system would increase the effectiveness of the
quench step, thus improving the experimental results.
6.12.2.

Quench Water Analysis

As noted per Hawk (2011), the scCO2 injection apparatus still does not allow for changes
in water saturation to be monitored during the experiment. A best-case scenario would allow for
quench water to pass directly through the core, exiting the system in a controlled, confined
manner. Quench water capture in the current flow system is difficult and impossible when the
water quench is performed in the vacuum saturation vessel. A better understanding of the inner
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cement core dissolution system could be gained from chemical analysis of captured quench
water. Regardless of the ability to quench the confined sample, quench water analysis is
necessary to better understand how scCO2 dissolves the porous media in a dynamic flow
environment.

6.13. Increased Reaction Rate through Hybrid Sand Pack
Hawk (2011) utilized a crushed limestone packed crucible core hybrid to increase
permeability and exposed reactive rock facies. A similar procedure would not model wellbore
cement, and ultimately change the scope of the current study. It would increase the flow and
exposure to scCO2 resulting in a better understanding of the rate of dissolution in a dynamic
scCO2 environment. In addition, a crushed hybrid core would reduce the confining, injection, and
quench pressures required to operate a solid cement core dynamic flow system.

6.14. Continued CO2 Flow System Operation
Over the course of executing this study, multiple equipment malfunctions and
breakdowns hampered progress. Most of these breakdowns were a result of improper equipment
installation and a failure to perform annual maintenance. Undocumented operational knowledge
of the scCO2 dynamic injection system and its associated equipment resulted sporadic and
inconsistent use and maintenance. Most of the future work suggestions made are relatively
inexpensive and low energy improvements which could dramatically increase the research utility
of the Petroleum Engineering Department.
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Appendix A: Supercritical Validation
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Appendix B: Pre and Post Injection Images
B.1. Core Sample 1
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B.2. Core Sample 2
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B.3. Core Sample 3
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B.4. Core Sample 4
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B.5. Core Sample 5
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B.6. Core Sample 6
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B.7. Core Sample 7
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B.7.2. Core Sample 7 Side Profile

B.8. Core Sample 8
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B.9. Core Sample 9

No post-flow image available

B.10. Core Sample 10

No pre-flow image available
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B.11. Core Sample 11

B.12. Core Sample 12

No post-flow image available
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B.13. Core Sample 13

No Pre-flow image available

Appendix C: Unconfined Stress Plots
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Appendix D: Cement Cylinder Core Mold
D.1. Cement Cylinder Core Surface Contour

D.2. Cement Cylinder Core Internal Contour
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D.3. Cement Cylinder Schematic Design
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Appendix E: Unconfined Stress Test Data Documentation
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Appendix F: Experimental Data
Experimental data is available upon request from the Petroleum Engineering Department
at Montana Tech.
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