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followed in various tests, not necessarily in clulogical order (letters match
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Figure 6.3: P-wave measurements in hydrate-beadnd (void ratie~0.7, effective
confining stress ~100kPa, and mean particle sdge=0.72mm). Waveforms
from time-lapse P-wave monitoring: x-axis, oscidope time [s]; y-axis,
experimental time from the top to the bottom [mWWaveform voltage in
colors, white denotes the signal peaks and blaglksignal troughs. Each frame
represents a different process (results from variests — Refer to Fig. 6.2 and
Section 6.3). Notice the high contrast in frequeasgt amplitude between
water unsaturated and either ice or hydrate-beaedgnents. Notes: HPB
hydrate phase boundary, * increased contrast tow $bw amplitude
waveforms. Summary of PT histories for experimatigswn in this figure: 6.1)
initial $,=0.045 &, &, b, d, e, and 2) initial S,=0.10 &, &, b, f, ¢, d, i, and
3), initial §,=0.276, &, b, f, ¢, g, and final depressurizafjon 118

Figure 6.4: Reduction of hydrate-bearing sandretgé during successive flushes of pure
liquid CO,, as liquid-gaseous-liquid GQ@ycles inside the CHhydrate
stability field. The vertical axis represents théa between the P-wave
velocity at experimental timeand the initial P-wave velocity at tinigbefore
ice and hydrate formation. Each liquid-gas-liqui@ &ycle replaces 0.030kg
of pure CQ every ~3 days, which is equivalent to 8.5 timespibiee space of
the sand specimen. Note: (*) During the £iQuid-gase-liquid cycles, we
show theVp ratio for the specimen in gas €@ highlight the effect of
cementing hydrate on the granular skeleton. Thd daes not show any
evidence of cementation after th& [&juid-gas-liquid CQ cycle (28" day in
the figure). 119

Figure 6.5: Ratio of compressive P-wave velociteediquid and supercritical Cwater
saturated sediment and the same sediment satuvdkedater as a function of
CO, saturation. The effects of (a) Skeletal stiffn@ssepresented Mg, (b)
pore-fluid pressur®; (c) temperature T; (d) porosity The bulk modulus and
density of CQ, and water are calculated with equations of stata function of
pressure and temperature (Table 7.1). Laboratathfiald results are
superimposed. 125

Figure 7.1: Carbon capture and geological stor@eA power plant equipped with
carbon capture technology delivers 1@ the storage site where €@
injected into a porous formation overlaid by a cagk. (b) Close-up of shale-
sandstone interface where pressurized buoyanti€@tained by capillary
fringes. 130
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Figure 7.2: Particle scale analysis of ZXbrage formations: ratio of capillary to skeletal
forces (Eq. 7.3) and strain due to reduction ierparticle distance with
changes in electrical forces (Eq. 7.4 — initialqsaty 0.3) versus specific
surface. The response of high specific surface géaticles that form the cap
rocks is governed by capillary and electrical fetCEhe interaction between
the coarser patrticles that form the reservoir \segoed by interparticle contact
forces that result from effective stress. The syisbepresent conditions of cap
rocks at Frio (), Sleipner (x), Krechba { and Otway (), SACROC (*),
Rousse ( ), Carnarvon (+), Ketzin (). In each case, the specific surface is
estimated from reported clay composition, and ffexBve stress is estimated
from the overburden depth (details and referentd@ble 7.1). The particle
slenderness is assumed to Her S<1nf/g and =(log(S/(0.1nf/g))** for
S>1nf/g. 137

Figure 7.3: Schematic views of experimental devi¢@sSedimentation tube
(ID=6.35mm): the transparent polycarbonate tubdesld between by two
aluminum caps with buna-N o-rings; external tramstsl measure pressure and
temperature. (b) High pressure chamber equippddansiee-through sapphire
window: the clay slurry is placed on a glass slitte;large volume of the
chamber compared to the volume of the slurry allawgynificant water mass
to dissolve into the scCQhat fills the chamber. 139

Figure 7.4: Pictures of montmorilonite settling ifagistilled water and (b) in
supercritical C@. Notice the pronounced difference in time scales.
Montmorillonite particles remain dispersed in suspen for days when the
pore fluid is deionized water, however, they rgaftirm 50-150um size
observable flocs in scG@nd settle in few seconds. This pronounced
difference reflects the role of governing electriogéerparticle forces. 141

Figure 7.5: Sedimentation test results: floc sizé fnal porosity. The floc size in water
and brine is computed using Stokes’ law and ivawated by direct visual
measurement in heptane and CThe Hamaker constants for mineral-fluid-
mineral systems are calculated using Lifschitz th€permittivity and
refractive index values in Table 7.1). Notice tbe lsedimentation porosity of
montmorillonite in supercritical COSignificant particle flocculation is
observed in both kaolinite and montmorilloniteiouid and supercritical CO

144

Figure 7.6: Montmorillonite-water slurry subjectida supercritical C@atmosphere
(15MPa, 311K). Time lapse photography and assatletches show the
evolution of desiccation and the formation of clapy-driven fractures. The
water-CQ interface initially “compresses” the sediment Lstipercritical CQ
invades the sediment locally and triggers desionatracks. 149
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Figure 7.7: Effective stress analysis of desicecati@ck initiation. The clay slurry starts
at a high void ratio (point a which correspond§ig. 7.6-a) and follows the
clay normal consolidation line (blue line) as ic@mpressed by the GQvater
interface. The water-COnterface invades the sediment when it reaches
conditions that satisfy the capillary entry curved(lines for different values
where 10takes into account a log normal pore size distidm)t Eventually,
higher water suction forces the water-Gfterface to invade the sediment
pore space (say point b for0.7). Interface invasion occurs at larger pores
first, hence, these are nucleation sites for fraciuitiation. The process ends
when the mutual C® water solubility is reached (point d which copesds
to Fig 7.6-d). Capillary-driven fractures will nfmrm if the original effective
stress is higher than the effective stress wheredlpillary entry curve and the
normal consolidation line meet. 150

Figure 7.8: CQinvasion into water saturated cap rocks: capilfagssure and relative
CO, saturation. As suction increases: (1) the sediroempresses, (2)
capillary pressure overcomes the entry pressuyetig§iccation fracture nuclei
may develop, (4) a percolating path forms ang 6@aks through the
medium, (5) water dissolves into scg®uction increases further and
interparticle water eventually vanishes causing@a&cipitation. 154

Figure 8.1: Carbon geological storage. (a) Schenwdita fossil fuel plant equipped with
CO, capture technology and G@elivery to the injection point: deep
geological formation overlaid by a cap rock. (b) S«ater capillary menisci
form the repository meets the cap rock; these roeatsmall pore throats hold
the buoyant C@ (c) Capillary tube analogy in water-wet minerals. 159

Figure 8.2: Experimental device. (a) Specimensanepacted within a high pressure
oedometer to impose a zero lateral strain boundition. The space above the
piston hosts a heavy-load spring which applies teontvertical effective stress
to the sediment, serves as a;C@servoir’. The complimentary observation
chamber on the right allows for G@ow rate estimations. Pressure tranducers,
dial gauges, and pipettes are used to measureupe®ss Pou, Settlement z,
water displacememt,,, and CQ flow rateqco. (b) Close up of the sediment
plug boundary conditions. 170

Figure 8.3: Typical experimental signals. From tmottom: differential pressure
P=Pin-Pout (Pout is the back pressure); displaced water magsCO, flow rate
Jcoz Specimen void ratioe=f( z), and CQ permeabilitykco. As CQ
pressures increases, it invades the porous medidrdiaplaces waten,>0;
eventually CQ percolates and flows freely through the speciopg>>0.
Capillary suction promotes volumetric contracti@dt<0. Specimen:
kaolinite RP2. 175
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Figure 8.4: Post test completion forensic analgitsvo kaolinite specimen. (a) Electrical
needle probe characterization (Each signal pair2-8, and 3-6 are in the
same plane with the center of the specimen andigtd every 120°).
Desiccation near the central discharge pipe iseenittom the higher electrical
resistivity. (b) Tomographic reconstruction usinggnetic resonance imaging;
brighter colors correspond to higher water contéfdater desiccation is higher
in the upper part of the specimen which experiehogiser CQ advective rates
(radial flow). 177

Figure 8.5: Experimental breakthrough pressuresi¢dabounded by empty circles) for
different sediments (bounded by empty circles) asation of mean pore size.
Laplace’s formula is superimposed for differentues of the geometric fabric
factor (Eq. 8.5). Notice that much higher breakthrougéspure is expected
from Laplace’s equation for high specific montmilorilite sediments than the
ones measured experimentally. The theoreticaligiied bends at high
breakthrough pressure because of lower interféensdion Ts: 298K isotherm).
We added two experimental values for similar tesiditions with filled circles
[Horseman et a].1999]. 180

Figure 8.6: Water permeability (filled circles) aB®, permeability after breakthrough
and after CQflushing (empty squares connected by solid lioexifferent
consolidated sediments. 2:1 slope curves in thédggpace predicted by
Kozeny-Carman and Hazen models are superimposed: 86 permeability
increases after breakthrough mainly due to a deergawater saturation. 181

Figure 8.7: FEM analysis of the porosity and stfesdd in the clay specimen using a
modified cam-clay model (paramet&s0.0384,C.=1.67, exp+5.68,M=1.2).
The simulation has two stages: (a) vertical loadirapnsolidation, and (b)
lateral capillary loading. Results show the locatiian of stresses and plastic
deformations around the collection pipe. 182

Figure 8.8: Order of magnitude analysis of J€aks for a cap rock thicknegs(a)
Diffusion before and advection after breakthrough.(8.8 and 8.%)=0.1,
D*=10°m?s, Sco=0.3,K'co=(Sco2)?. co=10*Pa-s). Notice that the time to
achieve steady state diffusive flux is proportioiweth?/D"; (b) upper bound
advective flow rate estimate for different €€otage sites due to buoyancy
and a 10MPa pressure gradient. (Note: Kozeny-Caeygaation is used to
evaluate permeability when permeability data isavatilable from Table 8.1)

184

Figure 8.9: Analysis of sealing capacity at existamnd target C@storage sites in
dimensionless ratios; ratio of capillary pressure over buoyancy pres&iqe
8.10, and ; ratio of effective stress over buoyancy presdsdce,8.11.
Overburden, cap rock thickness, and,@@rage capacity are key parameters
for evaluating the safety of storage sites. Noteylancy pressure is calculated
considering the reservoir filled with GO 188
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SUMMARY

This thesis explores fundamental concepts relatechtbon geological storage,
including the possibility of CCH, replacement in hydrate-bearing sediments, &l
CH,4 have pressure-temperature dependent physical piegoand interaction with water.
These complex interactions in the pore space afirabformations call for specific
experimental and analytical research methods wystnsuing chemo-hydro-mechanical
couplings in geological systems. This researchased on experimental methods, and is
complemented with numerical and analytical techesquo gain a fundamental
understanding of the following phenomena:

Interfacial properties of water, mineral, G@nd CH, systemsinterfacial tension
and contact angle are needed to define multiphseactions and fluid flow in enhanced
gas recovery operations and in £i@jection and storage in geological formations.oTw
sections document interfacial tension and contacfleameasurement for G@vater-
mineral and Cltwater-mineral systems and their implications.

CO, sealing capacity of clayey cap roch$ie interaction between clay particles
and CQ, and the response of sediment layers to the preseihCQ affect the sealing
efficiency of clayey cap rocks as @@apping structures at injection sites. This study
includes a specially designed device to test owesgalidated clay plugs to determine
CO, breakthrough and Cpermeability in highly compacted fine-grained seeints.

Coupled processes and anticipation of potential licapions for CH-CO;
replacement in hydrate-bearing sedimenitke replacement of CHoy CG, in methane

hydrate requires specific conditions and affects behavior of the host formation.

XiX



Results include physical monitoring data gather@dpure CH hydrate and for CH
hydrate-bearing sediments during and after, @ection. These studies investigate the
time and space scale of GBO, hydrate replacement and the hydro-mechanical
implications.

Experimental and analytical results highlight pevailing chemical,
hydrological, and mechanical processes, their ¢ogp| and emergent phenomena that
are critical in defining the response of geologicamations to long term CO

sequestration.
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CHAPTER 1

INTRODUCTION

The dependency on fossil fuels faces resource dimoits and sustainability
concerns. This situation requires new strategies @oeenhouse gas emission
management, and the development of new energy emuioth carbon geological
storage and hydrate-bearing sediments have becopatant research themes because
of their potential applications. Carbon geologisabrage presents new challenges to
geotechnical engineering, such as the identificatad target formations, injection
engineering, assessment of trapping mechanisms, fiaatl monitoring. Additional
challenges arise in G@nhanced hydrocarbon recovery processes, such@s,#CO,
hydrate replacement in sediments.

The main objective of this thesis is to gain a ameéntal understanding of the
chemo-hydro-mechanical processes and couplingdvesan carbon geological storage
and CH-CO, gas replacement in hydrate-bearing sediments. rEssarch is based on
experimental methods; complimentary numerical sanoih and analytical solutions help
identify couplings and implications relevant to tleservoir scale. The study is organized
into 7 central chapters as follows:

Chapter 2 explores geotechnical concepts releteactrbon dioxide geological
storage. A review of the chemo-physical propertiéswater-CQ-mineral systems,
reservoir conditions, and the fundamentals of, @€ological storage is followed by the
identification of various hydro-chemo-mechanicalgled processes that may lead to

emergent phenomena and increase the probabiliggatechnical hazards. An additional



section shows potential geophysical strategies a¢oitor the evolution of C@storage
projects. This chapter was developed in collabormatiith Seunghee Kim.

Chapter 3 investigates the interfacial propertoéCO,-water-mineral systems
with an emphasis on the determination of interfat@asion and contact angle at high
pressure. Complementary tests are conducted toaealhe diffusivity of water in CO
Finally, CG injectability and storage in geological formaticare assessed based on the
previously presented findings.

Chapter 4 parallels Chapter 3 but centers onfatel phenomena in CHvater-
mineral systems at reservoir pressure-temperatmditoons, including advancing and
receding contact angle measurements on varioudratéssthat may be encountered in
natural systems. Additional analyses identify nphifise flow characteristics in the
context of natural gas production, hydrate-beas@egdjments, and coal bed methane.

Chapter 5 presents a summary of previous,;-CB, replacement studies,
identifies and analyzes underlying processes, amdepts new experimental results.
Results are used to evaluate reaction rates, torexihe pressure-temperature region for
optimal exchange, and to anticipate potential gextvaeical implications for CHCO,
replacement in hydrate-bearing sediments. The tegphonvestigation was performed in
collaboration with Jonwong Jung.

Chapter 6 uses P-waves to monitor the evolutio@tdf hydrate formation, C©
flooding, CH,-CO, replacement, and final hydrate dissociation indsaihe purpose of
this chapter is to characterize the mechanical\behaf CH, hydrate-bearing sediments

during CH-CO, hydrate replacement.



Chapter 7 explores the micro-scale interactionsvéen liquid and supercritical
CO, and clay minerals in order to determine the paéndle of electrical and capillary
forces on the performance of the cap rock. Thigtdrabegins with an assessment of
electrical and capillary forces in clay-water-C€ystems and is followed by experimental
evidence gathered in simple and well constrainqueements. Finally, geomechanical
and hydrological implications for COstorage sites that involve clayey cap rocks are
anticipated.

Chapter 8 analyzes the transport of,@@ough well-characterized single-mineral
sediments saturated with water and brine, and didlased to reservoir level effective
stress. The study explores the hydrological andngebanical implications of GO
breakthrough in cap rocks, including the poterfbaleaks.

Finally, salient observations from this thesis suenmarized in Chapter 9.



CHAPTER 2
CO, GEOLOGICAL STORAGE - GEOTECHNICAL

IMPLICATIONS

2.1 Introduction

Quality of life, in terms of education, infant mality and life expectancy,
correlates with energy consumption. Global energynsamption will increase
dramatically in the next decades, and it will ldygeely on fossil fuels because of the
available reserves, their low cost, the investmenturrent infrastructure, and the still
limited development of renewable energy. Currer®@% of the total primary energy
sources in the world are fossil fuels, and mora B%26 in the USADOE, 2010b].

The use of fossil fuels is intimately linked to tleenission of CQ into the
atmosphere. The current concentration of, @Othe atmosphere is ~385ppm (parts per
million), which is almost twice the concentratioaftwe the Industrial Revolution [200
ppm -IPCC, 2001]. Anthropogenic C{global emissions add to ~7 GtC/year (see Figure
2.1). The USA releases 1.59 GtC/yr and China 1.&&y& — 2007 datadDIAC, 2009].
Power plants account for ~40% of total £@missions. Once released into the
atmosphere, CPenters into the global carbon cycle and interadgth the ocean and
terrestrial sinks as shown in Figure 2.2.

The estimated net annual increase of,@0Oncentration in the atmosphere is
problematic since CQs a greenhouse gas. The mean surface tempehatsinacreased

~0.6£0.2°C since the industrial revolution, and api@ric models forecast as much as a



~3°C increase by 2100 if anthropogenic &missions continue current trends (Figure

2.3).
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The UN Framework Convention on climate change hggested that the
atmospheric concentration of @€hould not exceed 450 ppm to prevent a major itnpac
on climate conditions. Several technologies hawnlpgoposed for mitigating the
emission of CQ@into the atmosphere (Table 2.1). Two clear optaisfor reducing the
combustion of fossil fuels, and capturing the gatest CQ followed by permanent
sequestration.

Suggested minimum storage time for L£@eological storage ranges between
1,000 and 10,000 years. This requirement is lesgdding than for nuclear waste in part
due to the expectation that future technologicalettgments might find other methods
to mitigate global warming, and because of natefathate fluctuations such as the
average glacial cycle period of 28,000 yeaksadustin et al.2004]. Figure 2.4 shows a
comparison of time scales for different processésted to human activities and geologic
processes relevant to energy. The dramatic cortetsteen political, engineering, and
geological time scales add difficulty to short-tiehecision making.

The purpose of this manuscript is to explore gdutmal concepts relevant to
carbon dioxide geological storage. First, we reviéw chemo-physical properties of
water-CQ-mineral systems, reservoir conditions, and thed&mmentals of C®
geological storage. Next, we explore various hycdremo-mechanical coupled processes
that may lead to emergent phenomena and increaserthbability of geotechnical
hazards. Finally, we investigate potential geoptaisstrategies to monitor the evolution

of CO, storage projects.



Table 2.1 . C@emission mitigation technologies.

CO, emission
mitigation
technology

Advantages

Difficulties

Capacity and certainty of
execution

DIRECT - capture, transport, and final sequestrataf CQ generated from fossil fuel power plants

CO, geological
storage coupled or
not with fuel
switching

- Existent injection
technology for injection
- Large capacity

- May give additional
revenue by enhanced
hydrocarbon production

- Cost: it needs additiona

for carbon capture and
storage (1)
- Monitoring,

energy consumption ~20f

contamination, and liabilit

%lLarge capacity: 18-10"
GtCQ,, mostly in saline
aquifers (2)

Ocean storage

- Easy and relatively
inexpensive.

- No porous media
involved

- Water acidification and
effects on aquatic life (3)
- Transportation to the sit

- Very large capacity >> F
GtCQ; (volume of the oceg
wleeper than ~3000m)

Chemical
carbonation

- Thermodynamically
stable

- Expensive and labor
intensive

- Very limited, for example
annual production of
concrete is ~15Gt concrete¢

INDIRECT - produce C&free energy, improve energy conservation andieffey, or increase CO

natural uptake

Alternative energy s

ourc

Renewables, Solar
Wind, Geothermal

- Do not generate CO

energy portfolio

- Small contribution to the

- Currently provide 4% of
the energy demand (4)

Nuclear fission

- Do not generate CO
- Available technology

- Nuclear waste
- Non-commercial use of

nuclear power technology

- Currently provide 6% of
the energy demand (4)

Biofuels

- Consume bio-products i

corn

EXCEesSS, €.g. sugar cane g

A gompetes with food
n
Supply

- In Brazil ethanol account
for less than 5% of the
energy production (5)

Conservation and efficiency

Change in people

mass transit

habits - e.g. promotg

- No cost

time and policy

- Changing habits require

- Depends on the country,
some countries are alread
highly efficient.

More efficient end-
use energy
technologies and
appliances - HVAC

- Under development by
industries

- It needs a vigorous
market-transforming
policies (6)

- Efficient application coulg
reduce carbon emissions

from the building sector to
levels equivalent to those

20 years ago.

CO2 surface uptake

Terrestrial uptake

- Relatively inexpensive

- Difficult to increase
natural sinks (trees, algasd
- Uncertainties about the

land use in the future (7)

5 Currently at maximum
< Uptake in about ~20% of
total emissions.

(1) [Dooley et al. 2006;Heddle et al.2003]; (2) [PCC, 2005]; (3) [5olomh 1993;House et al.2006]; (4)
[IEA, 2009]; (5) World-Resources-Institut@010a]; (6) Brown and Southwort2008]; (7) Jaccard

2005].
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2.2 CO, geological storage and reservoir conditions
Volume EstimationThe injected C@displaces the original fluids that fill the
voids in geological formations. The volume of theolpgical formatiorvy,yk affected by
the injection of a volume of COVco, iIs a function of the average porosity of the
reservoim,

1V,
Vouk =— 2

y n

(2.1)

where the displacement efficiency coefficient 0.6 in media with spatially correlated
random porosity and can be very low0.1 if fingered invasion takes place (note:
buoyancy effects, closed hydraulic boundary datoons, and the use of multiple
injection wellbores can lower efficiency by as mwash ~0.01 Ehlig-Economides and
Economides2010]). Let’'s assume a target sequestration dCA@ar (for a flat trend
based on present data — Figure 2.2). The total atmafuCQ, to be sequestered in the
next 50 years is 200 GtC or 730 GtCO a compressed statech~0.7 tonnes/r), this
mass would occupy a volumé:o, = 1,050 kni. The geological volume for storage
would beVpu~27,500kn for a porosityn~0.2, and displacement efficiency=0.5. A
100m thick reservoir would extend ~325km in eackdation.

CO, Trapping The trapping mechanisms to keep XOfithin deep geological
formations rely on physical as well as chemicalcpsses[Dooley et al. 2006;IPCC,
2005; Jaccard 2005]. Physical trapping mechanisms include stmat and stratigraphic
trapping by cap rocks, hydrodynamic trapping bywskquifer currents, and capillary
trapping by interfacial forces. Chemical trappingaianisms include dissolution of €O
in water, mineralization, COadsorption on coal and rich-organic shales, ang CO

hydrate formation. Most trapping mechanisms and dafposal conditions are found and



favored at depth. We note that there are naturaliraalations of CQin the Earth’s
upper crust where C{has been contained for geological times such ed.#udbroke
Grove and Katnook Gas Fields in southeastern Aliss{i/atson et aJ.2004].

Geological Formations Stable sedimentary basins facilitate JLGtorage,
particularly when they are near emission pointseseh basins are found in most
continents [PCC, 2005]. The USA, Canada and Australia have extenstorage
capacity Pooley et al. 2006].

Favorable storage sites must have a thick accuionlaf permeable sediments to
maximize storage capacity and injectivity, overlayna highly impermeable seal or cap
rock (generally shale and evaporites).

The increase in effective stress with deptleads to low porosity fine grained
sediment barriers. Pore size depends on porosdyspgacific surface. In high specific
surface montmorillonitic shales, the mean poresiaebe in the order of Fén [Armitage
et al, 2010;Hildenbrand et al. 2002]. High porefluid pressure at depth also ieibe
mass density difference between water and, @@reases the solubility of Gan water,
and increases the adsorption of Gcoal.

The geological system should be structurally sim@lendidate storage sites are
assessed for reservoir size, depth and hydrogeologplogy and petrophysical
characteristics of the reservoir and the seal oak, r surface temperature and geothermal
gradient, tectonic stability and faulting intensitgccessibility, infrastructure, and

proximity to major CQ sources.
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Figure 2.5 shows schematic diagrams of various &ions for CQ geological
storage. The principal targets for &Qnjection are deep saline aquifers and
depleted/semidepleted hydrocarbon reservoirs (winickrently include physical barriers
and cap rocks). Injection into coal seams bendfiisn the co-production of CH
Similarly, hydrate-bearing sediments can also lael s sequester Gvhile at the same
time releasing CHi(a pilot test in the Alaska North Slope is planf@d2011, US DOE-
NETL, project DE-NT0006553). Deep saline aquifenes most abundant and could store

110 to 2700 GtC Gale, 2004].
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1 Coal seam
Cap rock Cap rock
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Depleted Hydro-
Carbon Reservoir
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Figure 2.5. CQ@ storage alternatives. (a) Deep saline aquifers. Qepleted
hydrocarbon reservoirs. (c) G@nhanced oil recovery. (d) G@nhanced
gas recovery from coal bed methane. (ep-CB, replacement in hydrate
bearing sediments. Depths shown for selected pilmects.

Pilot Projects There are more than 50 g{jection projects reported worldwide
[DOE, 2010a]. Figure 2.6 shows the mean pressure-tetyser conditions at these
storage sites. Most projects involve supercrit©@ and relatively small volumes.

Implementation The injection of C® underground can be implemented with
technology developed for petroleum and gas prodnctin fact, acid gas injection is

routinely done in Alberta, and G&@nhanced oil recovery is a common practice in oil
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reservoirs around the world, and there are mone #%00km of CQ@ pipelines in North
America Pooley et al. 2006]. Still, the systematic geological storaf€@, will require
improvements in risk assessment, adequate evatuaticegional capacity and reservoir
integrity, matching emission sources with sinksg @mhanced monitoring technology
[Gale 2004]. In addition to these technical difficutieeconomical, political, and legal

obstacles have hindered the adoption of CSS tecbissl.
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Figure 2.6. Pressure-temperature dependentg@@ses. Pilot COinjection projects
are superimposed on this plot. Unless reportetienoriginal sources, the
PT conditions are estimated &=9g wz T = Ty (4°C) + 30°C/km z

[CO2 hydrate phase boundary fr&@toan and Koh2008;Takenouchi and
Kennedy 1965]
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2.3 Underlying concepts and implications

2.3.1 Geochemical concepts

Properties of C@ The combustion of fossil fuels yields ¢@mong other
byproducts. For example, burning methane produces

CHi+20OQ CO+2HO
The physical properties of G@epend on pressure-temperature P-T conditionsCIhe
phase diagram is shown in Figure 2.6.,@a gas at normal temperature and pressure, it
turns into liquid at moderate pressures ~6.4MP®8K2and becomes supercritical when
the temperature is higher than 304.1K and the press greater than 7.38 MPa. The
mass density of CO, varies widely, in fact, C®is heavier than seawater at pressures
above ~28MPa at 277.15Kdp=1035kg/n). Mass density can be approximated with a
cubic equation of statd®’png and Robins@ri976] or using more accurate but complex
equations $pan and Wagned 996]. The mass densities of water and, @@ plotted in
Figure 2.7 for typical P-T conditions present irslbore and offshore applications.

Other important P-T dependent properties of ,Ciclude high bulk
compressibility, typically an order of magnitudegther than that of waterfSpan and
Wagner 1996], and very low viscosity, typically 10 tisméower than that of water as
shown in Figure 2.1, CO2=10-4 Pars at 10MPa and 280Kenghour et aJ.1998].

Water-CQ interaction and propertiesCO, dissolves in water to form aqueous
carbon dioxide Cgfaq). The solubility of C@in waterxco, [mol/L] can be estimated

using Henry’s law

Xco2=kn Pcoz (2.2)

13



where the Henry's coefficient is approximatdly 10%=0.0347 and the fugacity
coefficient £1 can be estimated with an equation of state. Watteoom temperature
and at 0.1MPa containgo, 0.03-t0-0.04 mol/L. That solubility increases byotarders
of magnitudexco, 1-to-2 mol/L as pressure and temperature increaseeservoir

conditions, i.e., one to two moles of gger liter of brine (Figure 2.8).
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Part of the aqueous carbon dioxide mixes with watgroduce carbonic acid and

ionizes stepwise, at 298K:

COx(g) COx(aq) logKeq = 1.47, Henry’s law
CO)(aq) + HO(l) H,COs(aq) logKeq = 2.81,

H,CO:* (aq) H'+ HCO;(aq) logKeq = -6.35,

HCOs(aq) H'+ CO*(aq) logKeq = -10.33

where HCOs*(aq) = CQ(aq) + HCOs(aq). The final result of adding G@ water is the
production of ion carbonates, an increase i &hd a decrease in pH. At reservoir
conditions, CQ@dissolution in water yields a pH3 (Figure 2.8).

Other relevant properties of the water-C&ystem include (a) solubility of water
in liquid and supercritical C£J~0.05mol of water per kg of liquid CO2 at 10 MPalan
285K - Spycher et al.2003], (b) high diffusivity of water into liquicCO, [D 2-to-
20%x10-8m2/s - at 7-25 MPa and 305+10Espinoza and Santamarind010a], and (c)
CO, hydrate formation at high pressure and low tentpeggFigure 6 Sloan and Koh
2008].

Water-CQ-mineral interaction Table 2.2 summarizes representative chemical
reactions, typical reaction rates and related comisnelhe equilibrium constant for
dissolution reaction denotes the concentratmin produced species relative to the
concentration of reactant species at steady statglitions, i.e., a function of mineral
solubility. The solubility of minerals in water depds on the pH.Stumm and Morgan
1996]. Furthermore, the reaction rate of mineral€0O,-water depends on temperature,

pressure (i.e., COsolubility and pH), and the concentration of otepecies Algive et
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al.,, 2009; Fredd and Fogler 1998; Pokrovsky et al. 2005; Renard et al. 2005].
Dissolution rates for calcit€aCG;, anorthiteCaALSLOg, and kaoliniteAl,SLOs(OH)4
are plotted as a function of pH in Figure 2.9.cailes yield more dissolved cations (pH
up to 8) than carbonates (pH up to 5) but the r@actte is much sloweunter et al,
2000]. Consider 1 mm spheres of calcite, anortlaite] kaolinite submerged into water
acidified by 1 mole of dissolved G®er liter (pH~3). Using dissolution rates in Figure
2.9 and assuming that the system is far from dguilin, the time required to dissolve
each sphere is 4 hours for calcite, 16 years forthite, and 226 years for kaolinite. It is
also important to recognize the high reactivityn@ter dissolved in COwith steel and

minerals McGrall et al, 2009].
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Figure 2.9.  Reaction coefficienty Kor calcite CaCQ;, anorthite CaALSLOg, and
kaolinite Al,SkOs(OH), at a temperature of 40 °C and [&Q] = 1 mole.
For calcite, k = kiH"] + ko[H,COs*(aq)] where k = 0.745, k = 8.6x10"
[mol/im%s] at 40 °C Algive et al, 2009; Fredd and Fogler 1998;
Pokrovsky et a].2005:Renard et al.2005]. For anorthite,de kq[H+]*°
+ Kioo + kor[OH]%*3 where I = 6.883x10, kyoo = 3.58x10%, and kon =
4.51x10™ [mol/m?/s] at 40 °C Li et al, 2006]. For kaolinite, & =
ku[H+]%* + kon[OH]%® where k = 2.79x10"" and ky = 3.51x10'°
[mol/m?/s] at 40 °C [i et al., 20086].

16



Table 2.2. Mineral reactions with G@cidified water.

Mineral Typical reaction Reaction rate Notes
; ; -Solubility of quartz doeg
1) silicated Sloz(f) i ZHZ,O ] HeS10: 11 26x10% mol ms? not change with
H™ + HSIO, (White et al., 2005) concentration of
H* + H,SiO” dissolved CQ
Anorthite: Anorthite:
CaALSi;Ogs) + 8H' 1.2x10° mol m?s* JInclude feldspars, mica$
Ca* + 2AP" + 2H,SiOs, |Oligiocalse: and clays.
Keq= 1077 1.2x10°® mol m?s™ -Reaction rate is slow.
2) Aluminosilicate® Albite: -Yields more dissolved
Kaolinite: 3.6x10° mol m?%s* cations than carbonate.
Al,Si,05(0H)4(s) + Kaolinite: ‘Results in pH up to 8.

6H"  2AIPF* + 2H,SIO,
+ H,0, Kgq= 10°°

10**t0-10% mol m?s*
(Gaus et al., 2005)

P

3) Carbonatées

CaCQq+H Cd'+
HCOy, Keq= 10"%°

CaCQ)+ CO + HO
Ca* + 2HCQ, Keq= 10
4.5

CaCQ+HO Cd& +
HCO; + OH, Keq= 10

8.48

Calcite:
1.6-t0-3.2x1¢ mol m3s*
(Brosse et al., 2005)

-Faster than
aluminosilicates.

-Solubility depends on T|,

P, Salinity, ionic
concentration, and pH.
-Dissolution rate is fast,
but overall amount of
reaction is small.
‘Results in pH from 3 to

a1

Sources: (a)Prever, 1997]; (b) Li et al,, 2006]; (c) Rlgive et al, 2009;Fredd and Fogler1998;Renard
et al, 2005;Stumm and Morgari996]

CO, adsorption on organic surface€oal and organic shales adsorb,JDOE-

NETL, 2008;Larsen 2004] Langmuir-type sorption isotherms are cominarsed to

characterize the adsorption at pressures <10MFgl@rska-Stefanska and Zarebska

2002b;Mazumder et al.2006]. For reference, about ~1.6 moles of, €&n be adsorbed

per kg of coal at 3MPa and 298K (37 taf gas CQ at normal pressure and temperature

per gram of coal). A higher fluid pressure promdtegher and faster uptake.

Summary. High fluid pressure and temperature bring ,C@to liquid or

supercritical phases and promote LC€lubility in water and adsorption onto organic
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surfaces. In the presence of £@ater acidifies and more intense and faster ralner
dissolution takes place. Liquid and supercritic@.@xhibit much lower viscosity than

water.

2.3.2 Mixed fluid conditions

Pressure dependent &nd . The water-CQ interfacial tension decreases from
T~72 to 25 mN/m as the pressure increases from 0.1MP&.4MPa at ~298K,
eventually Ts reaches a platealis =255 mN/m in supercritical stateEfpinoza and
Santamarina2010a;Kvamme et aJ.2007b]. Furthermore, the contact angle formed by
the CQ-water interface on mineral surfaces varies withdflpressure in response to
changes in C@water interfacial tension: as the fluid pressm@eéases, the contact angle
increases on non-wetting surfaces such as oil-metrghous silica and coal and slightly
decreases in water-wet amorphous silica and caaiteces Chalbaud et al.2009;Chi
et al, 1988; Chiquet et al. 2007; Dickson et al. 2006; Espinoza and Santamarina
2010a].

Changes in interfacial tensid and contact angle (Section 2.3.1) will affect the
capillary pressure, the evolution of flooding, thesidual saturation, relative
permeabilities, and capillary effects. In its siegil form, capillary pressureP. [Pa] is

estimated from Laplace’s equation,

DP.=P.,- P, = 2T, cosq (2.3)
r

Cc w

Breakthrough pressureThe breakthrough pressuPeyn when CQ percolates
through a porous medium depends on the mean peeegpressed in terms of specific

surfaceS; and void ratice = ejxpa - Cc log(p’/1kPa), the wettability of the minerals ireth

18



presence of water and GGand the standard deviation in pore size distiaoutWe can
extend Laplace’s capillary pressure equation taiabthe following expression for the
breakthrough pressur&$pinoza and Santamarina010a],

S,rT,cosg
>
1kPe

P =V

(2.4)

€lpa - Cc |Og

wherep’ is the in situ effective stress, and the factatepends on clay fabric and grain
size distribution; a value of 0.04<0.08 applies to smectite clay barriers. The sgalin
capacity of cap rocks will depend on this breaktglopressure; thereafter, the leak rate
will be determined by the cap rock permeability ©.¢Fleury et al, 2010;Pusch et al.
2010].

Differences in mass density - Convection and selfngixtQ, is lighter than
water or brine at reservoir P-T conditions (Figuré)2The Bond numbeB quantifies
gravity-driven CQ migration as a function of the mass density défee (v — co2)

relative to capillary force$scos [Pennell et al. 1996]:

(7= o) IKKco,
Ts coyy

B= (2.5)

The mass density of the water with £i@ solution s, [kg/m?] is slightly heavier than
the formation water and can be estimated from thesndensity of pure watey, [kg/m?]
and the concentration of G@ waterxco, [mol/m’] as

Fsor = 1wt MoooXoos = Xcoz wY, (2.6)
where meodkg/mol] is the molecular weight of GOQandV [m®mol] is the apparent
molar volume of dissolved GOas a function of temperature T[CY,=37.51-1F —

9.585-10°T +8.740-10°T%-5.044-10°T® [Garcia, 2001]. For example, there is an
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increase in density 7 ~ 10kg/nt, for water saturated with G@t 10MPa and 313Kkfoz
~ 1230 mol/m). Dissolution-densification and gravity-driven flamill cause convective
transport which will accelerate G@nixing in the reservoir wateKpeafsey and Pruess
2010;Riaz et al. 2006].
Differences in viscosity: FingeringTwo dimensionless numbers control the
pattern of fluid displacement: (1) the ratio ofcositiesM between the invading fluid
coz and the displaced fluid,, and (2) the capillary numb& which is the ratio between

viscous and capillary forces,

M = o2 2.7)
m,
= anOZ (28)
T, cosg

whereq[m?¥s/nf] is the injection rateTJN/m] is the interfacial tension between water
and CQ, and is the contact angle formed by the water.G@erface and the mineral
surface. Stable displacement takes place wMed andC>1, viscous fingering when
M<<1, and capillary fingering whe@@<<1 [Lenormand et a].1988]. Since the viscosity
of CO, is at least one order of magnitude lower than tfawvater at reservoir P-T
conditions (Figure 2.7), COmay displace water from the pore space in the fofm
viscous fingers; in this case, the bulk volume edimentV,y involved in storage will
increase dramatically (Equation 2.1).

CO, lowers the viscosity of 0iCO;, dissolves in crude oil (typically alkanes with
less than 13 carbon atoms at reservoir conditiotls R»10MPa and T>320K), lowers

the viscosity of the crude oil, and favors oil reexy [Blunt et al, 1993].
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Summarylnterfacial tension and the capillary entry presdor CQ into a water
saturated seal cap rock decrease with pressuredi$$@ution of CQ in water increases
the density of water, promote gravity-driven flow aaccelerate mixing. Pronounced
differences in viscosities between in liquid or sgpécal CO, and water tend to

promote viscous fingering during G@jection.

2.3.3 Chemo-hydro-mechanical coupling

Increased fluid pressure and fault reactivatidime increase in porefluid pressure
during CQ injection can reactivate nearby faults if the estaif effective stress
approaches failure conditionRyitqvist and Tsan@002;Streit and Hillis 2004].

Capillary-driven deformation.The invasion of immiscible COin a water
saturated reservoir gives rise to capillary fore@sl can cause significant volumetric
deformation in fine-grained sedimentBelage et al. 1996].

Fluid-driven fracture formation.Hydraulic fracture can take place in both
cohesive-cemented and cohesionless-frictional seatsnBjerrum et al, 1972;Jaworski
et al, 1981;Zhai and Sharma2005]. Particle-scale mechanisms compatible whth t
effective-stress dependent strength of sedimekts itdo consideration capillary forces
induced by the tensile membrane between, @&d water, seepage drag forces, and
skeletal forces to explain particle displacemerd kcalization §hin and Santamarina
2010].

Effects of pH and permittivity on interparticle efiecal forces - changes in clay
fabric. Two fluid-mineral interactions anticipate changesniterparticle forces after GO

injection: (1) water acidification changes the malesurface charge, and (2) the low
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permittivity of CQ, ( '~2 to 3) compared to water’€80) implies changes in van der
Waal's attraction Igraelachvili 1991;Obriot et al, 1993;Palomino and Santamarina
2005]. These fluid-mineral phenomena will alter dggiilibrium between van der Waal's
attraction and double layer repulsion forcestre clay particle scale, cause changes
in clay fabric, and affect the seal capacity of oagks.

Reactive fluid transport - WormholeAcidified water dissolves minerals and
enlarges pores along transport channé&s\jerley et al. 2004; Gunter et al. 2000;
Kaszuba et a).2005;Watson et a).2004]. The hydraulic conductivity may increaseaby
factor of 10-to-100 Yerdon and Woo0qds2007], with even small changes in global
porosity, as can be predicted using the Kozeny-Carmadel. Two dimensionless
numbers control the evolution of dissolution patserDamkodhler number represents the
ratio between advection and reaction tinkes= |/v (reaction rate [1/s], characteristic
lengthl[m], velocity v[m/s]), while the Peclet number is the ratio betwadwection and
diffusion time Pe=vl/D (diffusion coefficientD[m?s]). The process is mass-transfer
limited if a chemical reaction is very fast comghte mass-transfer kineti@®a>>1 (e.g.,
more likely in the dissolution of carbonates). Othise, the process is reaction-rate
limited Da<<1 (e.g., more likely if the dissolution of alurosilicates is involved). The
dissolution pattern during reactive transport carcategorized as face/global dissolution
(Da>10°, Pe<10®), dominant wormholesD@a>10° Pe>107), or uniform dissolution
(Da<10°) [Golfier et al, 2002]. A rapid mineral dissolution rate combineshwihe
inherent sediment heterogeneity to facilitate a ibamt wormholes tendenc¥iedd and

Fogler, 1998]. Wormhole formation would lead to marked €akage.
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Dissolution - Horizontal effective stresy k Shear and tensile fractures.
Complementary analytical, numerical (DEM and FEM)d aexperimental techniques
show the effects of mineral dissolution and ensynagicle-level volume contraction on
the evolution of the state of stress under constaerburden at zero-lateral strain
boundary conditions during mineral dissolution. darticular, the stress ratio at zero
lateral strainko= "W/ 'v [Jaky, 1944; Mayne and Kulhawy 1982] experiences a
pronounced decrease during mineral dissolution, iamday reach the Rankine active
failure condition k on the Coulomb failure plan&hin and Santamarin&009]. Strain
localization along shear planes may follo®h[n et al. 2008]. Furthermore, mineral
dissolution causes sediment compaction, and theadpmay experience bending and
tensile failure.

Coal swelling pressureCoal swells, its fluid conductivity decreases, dhd
effective stress increases with the adsorption of [BM@&azumder et aJ.2006;Pekot and
Reeves2002; Somerton et al.1975]. Eventually, C®CH, replacement in coal may
become self-limiting because of coal swelling aeduced fracture porositypglarska-
Stefanska and Zarebsk2002a].

SummaryThe trapping mechanisms of (D geological formations rely on
physical, chemical, and mechanical processes fthabove. Each has different time

and spatial scales. We summarize potential impdinaton CQ storage in Table 2.3.
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Table 2.3. Coupling and emergent phenomena

Coupling Emergent phenomenon
- Relative hydraulic conductivities
. - Differences in mass density and buoyancy
Multiphase . S X . 4 .
fluid - Dn‘f_erences in viscosity and viscous fingering
phenomena) ~ Fluid segregation _ _ _
- Pressure dependent interfacial tension and cbateye
- Percolation and breakthrough pressure
- Reduction of oil viscosity by CO
- Increased porosity and pore size, reactive tramgmd wormhole
formation
- Spatial changes in hydraulic conductivity
Chemo- - Gravity-driven self mixing, C@diffusion, pendular water, minera
Hydro precipitation.
-Coal CQ adsorption: reduced fluid conductivity and sweglin
pressure
-Hydrate formation and depressurization: fluid voRiexpansion,
possible gas-driven fractures
- Increased fluid pressure and lovger
Hydro- - Fault reactivation; hydraulic fracture of the aapk
Mechanical | - Capillarity-driven contraction,
- Fluid-driven fracture formation
- pH and permittivity effects on DLVO, changes laycfabric
- Pressure solution/precipitation
Chemo- - Mineral dissolution and sediment compaction,
Mechanical | - Cap rock bending failure
- Decrease in horizontal effective stregskear fractures in
contraction
Chemo-
Hydro- - Combination of previous phenomena
Mechanical

CO, leakage from storage sites back into the atmosptiecreases the efficiency
of CO, storage, may pollute drinking water aquifers, andamger living organisms.
Faults and abandoned wells are preferential flowag#tat add to the slow transport and
diffusion through otherwise continuous strafley et al. 2006;Leuning et al. 2008].
Monitoring is required to assess the movement of @@l to detect leaks. The design of

a monitoring strategy must consider the large aggtdnt of CQ storage reservoirs (on

2.4 Monitoring strategies and risk assessment

the order of ~krf) and account for spatial and temporal variability.
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Potential monitoring methods, most of them alreaalailable for other
applications, are summarized in Table 2.4. Theseitoing methods take advantage of
differences between physical properties (mass dermitk stiffness, electrical resistivity
and dielectric permittivity, and thermal charactgas), the detection of byproducts from
chemical reactions, or coupled process effects sisclubsidence or micro-seismicity.
Tracers such as-C and SEmay be included in the injected €@ facilitate detection
[Leuning et al. 2008]. The most common subsurface geophysicahadst for deep
reservoir applications are based on elastic wav@agation and electrical resistivity
[Kiessling et al. 2010;Nakatsuka et al.2010]. The following analysis expresses their
applicability to CQ geological storage. The bulk modulBgix of the sediment can be

estimated from the Biot-Gassman equation,

2 -1
B,, =B, + 1- Ba Sy Sor ,1-0 B—Szk (2.9)
B, B, Bco B, B,

where subindices represent the skeletigrihe mineral that makes the gragmshe water
w, and the C@ The density of the mixture i, =@1- N)7r +N(Seo,/cor + Syl w - )

Then, the compressiond and shea¥s wave velocities are:

vpz\/ Buy + 4/35Gy (2.10)

r

mix

(2.11)

whereGgy is the shear modulus of the mineral skeleton.
The electrical conductivity of a geological formost depends on the

concentration and mobility of hydrated ions in thege fluid and the volume fraction of
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fluid in the formation $antamarina et al.2001a]. The injection of CQdisplaces the
electrolyte (conductivity 7) and the formation conductivity can be estimatsoh@ the
Archie's equationNlavko et al. 2009]:

Storm =51 [n(Sperc - Scoz)]b (2.12)
whereSco£Sers the maximum saturation of G@t percolation. Figure 2.10 shows the
variation of P-wave velocityp[m/s] and electrical conductivity;orm as a function of the
CO, saturatiorS:o,. Because C@is non conductive and has a much lower bulk maulu
than water, both ¢,m andVp decrease as the relative saturat®g, increases. While
forward predictions show a clear effect of £@hV, and wm, the inverse analysis is
hindered by measurement errors and error propagatience, the estimation &o>

from field measurements remains challenging.

1 : : 1
\ Porous medium:
Porosity N = 0.42
—~ 0.8} VP(dI’y) = 1000m/s 108 —~
||8 K Yﬁ
S P-wave velocity o
wn . )
i Biot-Gassman {06 _o
z —> >
@ ~
a - i
- o
= 04r 104 8
[ . " %))
0 Electrlce}l . . (;;
a 02} cond_uc,:tlwty 1/p‘-..‘ Percolation loo &
Archie’s Law threshold >
0 L L .."{'-.. Y M O
0 0.2 0.4 0. 0.8 1
CO, saturation
Figure 10. Reduction of P-wave velocity and eleatrconductivity tom=1// torm With

CO, saturation for a sediment with porosity0.42. Ratio of P-wave
velocity computed withVp(Brine) = 1540 m/sVp(COy)= 268 m/s (at
T=40°C and P=10MPa), \A(dry sediment)=1000m/s, andg=0.1.

Electrical conductivity computed with an exponert2 for relative

saturation and porosity, and a percolation thres8gal=0.7.
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Table 2.4. C@mon

itoring techniques

Method

Property measured

Principle, comments and issues

1. SUBSURFACE MONITORING

Porewater geochemistry
analysis®

CO,, HCO;, COs%, DIC*, major
ions, pH, alkalinity, salinity, and
isotopes.

CGO, dissolves in water and changes water
geochemistry

Seismic geophysical . . The bulk modulus of C&is one order of magnitude
. ) P-wave velocity and amplitude
technique$’ lower than that of water
Electromagnetic Resistivity and electromagnetic High |_mpedf_;1nce m'_Sf."?‘tCh of electric conductivity
. . and dielectric permittivity between G@nd
geophysical techniqué|waves : .
ormation water.
CO, causes non-isothermal events such as
Temperature signd? | Temperature expansion induced cooling of G@nd thermaheat
dissipation from C@dissolution
Infrared monitoring® Infrared absorption CQ gas shows characteristic absorption spectrum
for infrared waves.
2. NEAR SURFACE MONITORING
Analysis of near-surfacglsotopic composition, tracers, bull CO; Q|ssolves In water. A meanl_ngful analysis
©) o requires a thorough understanding of the
water gas composition, and DIC : X
geochemical cycle at the site.
CGO, leaks would eventually percolate through the

Surface analysis of soil
gas™

Composition of gas fluxes throug]
the soil

n_ . .
soil. Point measurements <iare accurate but

they lack spatial resolution

Near surface analysis o
air compositiorf®

CO, concentration in the near
surface by infrared gas analyzer,
eddy correlation tower, and light
detection and ranging measure

gases in the atmosphere. Local changes in
turbulence and biological sources and sinks of
CO, make the identification difficult.

CO, from leaks readily mix with other atmosphetjic

3. ON-SURFACE MONITORING

Time-lapse 3D reflectiovL
seismic imaging”

P-wave velocity and amplitude

Takes advantage of low bulk modulus of C®is
routinely used the petroleum industry and can
identify the plume subsurface movement.

Gravity ‘%

Mass density

Cgs generally lighter than water

Ground displacements’

Subsidence and heave, vertical
displacement

CGO, injection alters pore pressure and effect on
effective stress, and therefore strata compregsgih

Surface analysis of
carbon content in soft?

Carbon content binelastic Neutro
Scattering INS

Increased C@levels asphyxiate aerobic organisn

ns.

Remote sensing of air
composition!”

CGO, atmospheric concentration
by hyperspectral remote sensing
vegetative stress and long open (

of .
a/%%phcable at larger scales

infrared absorption

(1) [Emberley et a).2004;Gunter et al. 2000;Newell et al. 2008]; (2) laboratory studiekdi and Xue

2009;Shi et al, 2007;Xue et al. 2005] and pilot test8johnhoff et al.2010;Daley et al, 2007;Daley et
al., 2008;0nishi et al, 2009]; (3) [asperikova and HoversteR006;Nakatsuka et al.2010];

(4) [Bielinski et al, 2008]; (5) Eharpentier et al.2009]; (6) Pldenburg et al.2003]; (7) Leuning et al.
2008;0ldenburg et al.2003]; (8) Btrazisar et al.2009]; (9) Arts et al, 2004]; (10) Alnes et al.2008];
(11) [Alnes et al.2008;Kempka et a).2008]; (12) Wielopolski and Mitra2010].

Note: *DIC: Dissolved

inorganic carbon.
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2.5 Conclusions
» The volume of the geological formation that ikeafed by the injection of CQlepends
on geometric boundaries, spatial variability, flaenditions and the emergence of
viscous fingering.
» The physical properties of GQuch as density, viscosity, interfacial tensiod aalk
compressibility vary with pressure and temperattwaditions, and must be properly
modeled in numerical simulations of €@eological storage.
* In particular, the C®water interfacial tension decreases with fluidsstee. Lower
interfacial tension reduces the capillary entrysprge for CQinto a water saturated seal
cap rock.
* High CG injection pressures can induce fluid driven fraesu and trigger
displacements along preexisting faults.
» The solubility of CQ in water is high at reservoir pressure conditioifse density of
water increases with dissolved €&nd convective self-mixing takes place.
» Water acidification in the presence of £€nhhances mineral dissolution and alters the
sediment fabric when clay minerals prevail. Siksahave a higher buffering capacity
than calcite but the reaction rate is much slower.
» The evolution of dissolution and ensuing dissolutpatterns depend on the interplay
between the rates of advection, diffusion and digsm. Dissolution may cause
settlement, change in effective stress, and thmdbon of preferential channels for fluid
flow, particularly in carbonates.
» The presence of CQOdecreases the fluid bulk modulus, mass densitg, edactrical

conductivity of the water-C&xwo-fluid system. These changes support the agtjibic
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of geophysical methods based on elastic and eteefyoetic waves to monitor deep
storage reservoirs. While forward predictions aranageable, inverse analysis is
hindered by measurement difficulties and error pgagtion. Hence, the monitoring of

CO, geological storage remains challenging.
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CHAPTER 3
WATER-CO ,-MINERAL SYSTEMS: INTERFACIAL TENSION,
CONTACT ANGLE AND DIFFUSION

— IMPLICATIONS TO CO , GEOLOGICAL STORAGE

3.1 Introduction

Interfacial phenomena upscale through the sedimpentus network to define
multiphase flow characteristics. Thus, interfagglenomena control enhanced oil and
gas recoveryHope and Bavierel991; Rosen et al.2005], methane production from
hydrate bearing sedimentSdo et al.2002;Sun et al. 2004;Watanabe et al.2005], and
the ability to inject and store GOn geological formationgChalbaud et al. 2009;
Chiquet et al. 2007;Hildenbrand et al. 2004;Plug and Bruining 2007;Suekane et al.
2009]. Temperature and pressure vary considerabtiiese natural systems: from cold
and relatively shallow permafrost and marine sedisige.g., Alaska north slope:
~7MPa, 278K) to warm coal seams (e.g., AlabamakBldarrior Basin: ~7MPa, 296K),
and deep hot rocks onshore (e.g., Weyburn oil fieldtMPa, 323K). Therefore, G@an
form a gas, liquid, or supercritical phase in vasi@pplications or environments.

Interfacial tension arises at the molecular leweaaesult of van der Waals forces
[Butt et al, 2006; Defay and Prigogine 1966]. Three interfacial tensions can be
identified in a liquidl, fluid f, and solid substratesystem (Fig. 3.1). While fluid-liquid
interfacial tensiorsy is directly measurable, fluid-solists and liquid-solids;s interfacial
tensions are assessed through indirect methuats ¢t al, 2006]. Foreign substances on

the solid surface or within the fluids can modifyyaof the three interfacial tensions. The
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contact angle is influenced by other factors sushsw@face roughness, contact line
fluctuations, vibrations, and viscous effects [smgew byDecker et al. 1999].

The interfacial tensiosy between C@ (“fluid” implies either gas or liquid) and
liquid water is susceptible to changes in tempeeatand pressure. At ~298K, the
interfacial tension decreases from ~72 to 25mN/rprassure increases from 0.1MPa to
6.4MPa, and it reaches a constant value ~30mN/en & liquefies [studies at 278-to-
373K and up to 70MPa can be found@hun and Wilkinson1995;Dickson et al.2006;
Kvamme et a).2007b; Massoudi and King1974b; Sutjiadi-Sia et al. 2007]. Water
salinity affects the interfacial tension between,@@d brine Chalbaud et al.2009].

The interfacial tensionsis between the solid substrate and ;C@ecreases
significantly with the increase in G(pressure for different substratd3idkson et al.
2006; Sutjiadi-Sia et al.2008]. For an increase in pressure frBg0.1MPa to ~7MPa,
the corresponding decrease & is: 30-to-~OmN/m in glass hydrophobized with
dichlorodimethydilane, 24-to-~OmN/m in teflon, a®@to-17mN/m in glass.

On the other hand, the interfacial tensgybetween water and the solid substrate
remains relatively stable with the increase indlpressure; for example, the water-teflon
interfacial tension remains ats;~25mN/m, for a pressure range betw&e).1MPa and
~7MPa Pickson et al. 2006]. lonic species may interact with the sdidstrate and
alter sis.

The Young-Dupre equation, relates the contact aggte the mutual interfacial
tensions: cog=(sisSis)/ sq (Fig. 3.1). It follows that changes in interfaciahsionss;, Sts,
and sis with CO; pressure alter the contact angle in watep-8@bstrate systems. For an

increase in pressure froR=0.1MPa to ~8MPa, the increase in contact angle gs45°
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on glass hydrophobized with dichlorodimethydilang, 50° on teflon, g 15° on glass,
g 25° on muscovite mica, andg 60° on coal Chi et al, 1988;Chiquet et al. 2007,

Dickson et al.2006;Siemons et gl2006;Sutjiadi-Sia et al.2007].

(a) ()

f Fluid

X O;

Figure 3.1.  Contact angle: basic parameters irtalydity. Components: surrounding
fluid f, liquid dropletl and solid substrate (a) Partially wetting droplet.
(b) Non-wetting droplet. Shape parameters in dadiauction: (c) cartesian
coordinates systenx,g) and (d) coordinates along arc lenggff).

The purpose of this manuscript is to extend thepacof previous studies
summarized above to include other substrates ame-fhod conditions that may be
encountered in natural systems particularly indbetext of CQ geological storage. We
place emphasis on the simultaneous determinatiomteffacial tension and contact

angle. We note that while there is extensive datthe solubility and diffusivity of C®

in water, there is very limited information on tthéfusivity of water in CQ; therefore we
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include complementary tests to evaluate moleculdfusion. Finally, we use

experimental results to assess, @fjectability and storage in geological formations

3.2 Device and materials — Test procedure — Datadaction

Apparatus. We use the sessile droplet method to determineettwdution in
interfacial tensionsy and contact angle. This test configuration allmssto explore the
effect of relative density from gas @@ liquid CQ conditions. Tests are conducted
within a stainless steel high pressure cell, irtemolume ~55cr) which has a sapphire
window to allow for optical measurements (Fig. 8)2The cell is instrumented with a
pressure transducer (OMEGA PX303-GV) and a thermmoleo (copper-constantan,
Conax Buffalo) placed in the vicinity of the dropl@ fiber optic port provides internal
illumination. Separate injection ports are avakafdr CQ and water. The water droplet
sits on the selected substrate at the center afethéFig. 3.2-b).

Materials. Water droplets involve of either deionized watetbdne prepared by
mixing water with natural halite crystals at rooemperature and atmospheric pressure.
The tested substrates include: polytetrafluoroetiy| PTFE film, calcite crystal, clean
glass (amorphous silica) and glass coated witfsoiface pretreated with toluene and n-
heptane and coated with oil of medium viscositynfrdaracaibo Lake reservoirs -
procedure irBryar and Knight 2003].

Test procedureThe chamber is first subjected to vacuum and grgddiushed
with C0O,(99.99% purity) to remove air. Then, we use usipgegision syringe to place a
small water droplet (between 10-to-30Mnon the horizontally resting substrate; such

small droplets minimize gravitational effects arrdide insight relevant to the scale of
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pendular water at interparticle contacts withinisehts. The system is pressurized with
CGO; in stages, from an initial pressure of 0.1MPa tmaximum pressure of 20MPa.
Temperature remains within 297+1K at all times. &eord the evolution of the droplet
geometry using high-resolution time-lapse photolgya® m pixel size). Fig. 3.3 shows
a typical sequence of images gathered during prieasion, and during water diffusion

into liquid CQ. These images capture characteristic trends obdénvmost tests.

(a) ®)  |ight
(8
© View
point

12.5cm

High pressure cell (1)

Figure 3.2.  High pressure cell: (a) Vertical crassction and (b) chamber detalil.
Components: (1) Stainless steel body, (2) PTFE egaq8) Sapphire
window, (4) Copper gasket, (5) Screwable windowtdiasr, (6) Inlet-
outlet fluid ports, (7) Ports for transducers ahamination. (8) Mirror (9)
Length scale and thermocouple, (10) Substrate, $idinless steel base,
and (12) White light diffuser background.

We use images captured at stable temperature asdyse conditions to measure

interfacial tension and contact angle, typicallymBn after each pressurization step.

Although CQ diffuses quickly into the water at the interfaclkemical equilibrium is not

guaranteed and chemical reactions such ag €p@ciation and calcite dissolution may
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continue during the test. Note that the water drbpbnsistently advances or recedes
during pressurization.

Data reduction — Interfacial tension and contactgba Images are scaled and
digitally processed to find the interface boundarsing the Canny edge detection
algorithm [Canny 1986]. The C@water interfacial tensiosy, curvature radiR; andR,
and the pressure junipP at any point on the interface are related by Legkaequation

[Blokhuis 2004;Rotenberg et al.1983]:

s, T+ 1 —pp (3.1)

R R

Gravity g and the difference in densiyr between water or brine and ¢@ause a
pressure gradient gzalong the droplet height. Let’s consider cartesiaordinatesx,z)
measured from the droplet apex (see Fig. 3.1-c),aaparametrized representation of the
interface based on the curve lengiffrig. 3.1-d); then:

2(=cosf and d—Z:sinf (3.2)

ds ds

- -

Since curvature radii altgR,=d f/dsandR,=x/sin(f), Equation 3.1 can be re-written as:

df sinf _2sy
+

" ds x

+Dr gz (3.3)

where Ry is the curvature at the droplet apex. The recordexplet profile permits
recovering local values of, s, z everywhere, and measurirfg, at the apex. The
difference in mass densiti€s is computed from equations of state. For watesitigmwe

use expressions in Perry and Green [1997] and Mt@€an et. al. [1993]; we do not

correct for minor changes in water density assediatith CQ dissolution. For Cg) we
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consider it as a pure phase and compute its deuasityy expression in Duan and Sun
[2003a].

The only remaining unknown in Equation 3.3 is theeifacial tensiorsy. We
choose to simultaneously fit a large number of {®0iR,z2) to increase accuracy. We
digitize the complete droplet profile (1000-to-6006ints) and fit the points with the
lowest degree polynomial that properly justifie® tbata; typically a degree 3 to 5
suffices. Contact anglg (tangent when coordinates correspond to the satbgposition),
droplet volume and surface area are calculated frimenfitted polynomial assuming
axisymmetry. Interfacial tension is obtained by imizing the L> norm E = S {? of
individual errors in pressurg at each point along the droplet profile, wheres the
difference between the pressure predicted withllogavaturess;(1/R+1/R;) and the
pressure as a function of deptform the apex (8/Ro + g2. All calculations are
repeated for both left and right halves of the tbpThis data-intensive measurement
method gives consistent results and the estimated is s =+2.5mN/m for interfacial
tension and ¢=+0.6° for contact angle.

Data reduction - DiffusionWater diffuses into the surrounding €@ntil the two
phases equilibrate. The instantaneous droplet volamd surface area allow us to
evaluate the rate of water diffusion into the sunging CQ medium. The diffusion
coefficientD is inverted from successive forward simulationshef diffusion equation in

terms of the concentratianof water in liquid CQ; in radial coordinates and timet:

fo_p 2fc, T

1t rqr  qr? (34)
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We estimate the droplet volume and initial droggtiivalent radiuR from the
droplet shape. The injected liquid €0 water free, thereforgr>R,t=0)=0. Even though
the water droplet decreases in size, we assumewhstdr dissolved in the space
previously occupied by the contracting droplet isgligible, and consequently the
concentratiorc of water in liquid CQ at a distance equal to the droplet original ra@us
constant and equal to the solubility limit at therticular pressure and temperature
c(r=R,t)=C,. Because the water droplet is placed within aedosystem size,, there is
no flux through the boundaries and the spatialvdérie is ¢/ r|-,=0 at the chamber
walls. The reaction KO + CQ,  H,CO; and further speciation are assumed to be much

faster than the diffusion time.

(1) Increasing Pressure

»

Figure 3.3. A water droplet on PTFE substratecaurded by C@ (1) Changes in
interfacial tensions and contact anglg as CQ pressure increases from

0.1 to 18.5 MPa. (2) size reduction as water ddtusito the surrounding
liquid CO, (Duration ~400 min).
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3.3 Results and analyses

Table 3.1 shows tests conditions explored in thudys Experiments are designed
to achieve high measurement precision and to ingrowertibility of unknown
parameters. In particular, interfacial tension carie properly resolved when the contact
angle isg<80° and the droplet is flat, so emphasis is plamedon-wetting substrates
when interfacial tension data are sought. The dic@0O; is pre-saturated with water to
prevent water diffusion and to improve interfacesion measurements in long duration
tests. Experimental results and related analyses paesented next for the three
parameters studied in this research: interfaciaita, contact angle and water diffusion

in liquid CQ..

Table 3.1. Scope of the experimental study. Nusbrethe table indicate the number
of independent tests conducted for each condition.

Droplet

Gas liquid Substrate Sgs q D
CaCO; NA 3

PTFE 3 3 1

H,O

Amorphous SiO, NA 1

CO, Oil-wet SiO, 3 3 2
CaCO; NA 1

Brine PTFE 2 2 1
Amorphous SiO, NA 1
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3.3.1 Interfacial tension

Fig. 3.4 shows the measured interfacial tensipbetween C@and water as a function
of pressure; data compiled from the literature sinewn as well. Interfacial tension
decreases as G@ressure increases and it remains constant onc€@herapor-liquid
boundary is reached (~6.43MPa at 298K)ree sets of experiments are identified:
Deionized water droplets (filled circles in Fig4RB.our results are in agreement
with previous studieshun and Wilkinsgn 1995; Kvamme et al. 2007b;
Massoudi and King1974b; Sutjiadi-Sia et al. 2007]. The interfacial tension
between C@and watersy starts at ~72mN/m at 0.1MPa and 295K and decreases
linearly at a rate of ~7mN-m per MPa increase in, @@ssure until the liquid-
vapor boundary is reached. Thereafter, the intaffaension remains nearly
constant atsy  20-to-30mN/m [NoteKvamme et a).2007b observed a smooth
transition in the supercritical regime].
Brine droplets (open diamonds in Fig. 3.4): Thesifacial tensionsy between
CO, and brine is higher than between £&hd deionized water, and it exhibits
lower sensitivity to pressure. (Note: higher pressensitivity has been observed
in the supercritical regime at significantly highemperatures@halbaud et al.
2009])).
Water droplets with organic compounds that dissblfeom the substrate
(crosses in Fig. 3.4): The G@ater interfacial tensiorsy is lower than for
deionized water without organic contaminants, bates of decrease with
pressure are the same [in agreement with dafdim and Wilkinsanl995].

Overall, values of C@water interfacial tension can vary by +10mN/m
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depending on the dissolved compounds in water.
These results are the consequence of moleculaaatiien taking place within the liquid
and between water and the surrounding.CO

Interactions within the liquidForeign species modify the local electrical field
within the liquid. Variations in interfacial tensios[mN/m] with solute concentration
c[mol/L] are anticipated in terms of surface excefsoluteGmol-m?| [Butt et al, 2006;

Pegram and Recor@007;Tuckermann2007],

s RT
— | =-—G 3.5
), & 59

where g [dimensionless] is the solute activity coefficieamtd T[K] is temperature. In
agreement with this theory, ions are depleted atrterfaceG<0 in inorganic solutions,
but there is enrichment of organic spedg® at the interface when organic compounds
are present. In the case of £@here is high concentration of dissolved LQt@ar the
interface,G>0, causing the observed drop in interfacial temgiohun and Wilkinsgn
1995; Massoudi and King1974a;Sutjiadi-Sia et al. 2008]. Gibbs’ isotherms =f( )
give insight into molecular mechanisms responsfbteadsorption at the interface and
differences among gaselldssoudi and King1974b].Molecular dynamics simulations
show the preferential alignment of water moleculear interface ionsBhatt et al,
2004] and of water and GOmolecules at the interfacald Rocha et al. 2001,

Kuznetsova and Kvamm2002;Kvamme et aJ.2007b].
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CO, L-V boundary
=

at 295K at 298K
Gaseous CO, Liquid CO,
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H20 - PTFE
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Interfacial tension between water @. Lines indicate values reported
in the literature for deionized water at ~298K [Bhun and Wilkinson
1995; c-Kvamme et a].2007b; aMassoudi and Kingl974a; d-Sutjiadi-
Sia et al, 2007]. Note: the salt concentration in brine is
~200g(NaCl)/kg(water).

Interaction with the surrounding fluidrhe proximity to and the number of near-

neighbor charges in the surrounding fluid dependsttee difference between fluid

densities. Hence, higher interaction and lower riatéal tension are expected with

increasing CQ pressure and density as suggested by the Sugdeleddaequation

s=f( ) [Chalbaud et al. 2009; Chun and Wilkinsan 1995]. Consequently, the

interaction with the external fluid and the valdesp remain relatively constant once the

pressure exceeds the vapor-liquid boundary.
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3.3.2 Contact angle

Fig. 3.5 shows the evolution of contact angleith pressure for all substrates. It can be
observed that:
The contact angle on non-wetting PTFE substrataeases frong 100-to-140°
as pressure increases and remains almost confiiemthe pressure exceeds the
liquid-vapor interface.
The contact angle on oil-wet-silica increases shjglhhom g 85-t0-90° when C®
pressure increases from 0.1MPa to the pressurkeatiquid-vapor boundary
~6.43MPa at 298K; thus this substrate can turn fsdightly hydrophilic to
hydrophobic upon pressurization. At any given puesscontact angles are
similar for brine and deionized water.
Contact angles on amorphous silica S#nd calcite CaC@substrates remain
nearly constant with pressure. Dissolved NaCl irtewancreases the contact
angle by ~20° for brine on Sj@nd ~4° for brine on CaGO
Published results for glass, PTFE and coal sulestia@te similar to those obtained
in this study Chi et al, 1988;Dickson et al.2006;Sutjiadi-Sia et al.2007].
Our results also show that contact angles betwé&gniquid-CO, and water, and (2)
liquid-CO, and all tested solid substrates (CaCal-wet SiQ and PTFE) approach 0
in a vapor-CQ atmosphere.
Let’'s consider the Young-Dupre’s equation in diéfietial form to identify the
influence that changes in each component exertosg cupon small changes in gas

pressure,
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d(cosg) _ S«- :13 Tsy , 1 7se 19, (3.6)
dp Sy fe sq TP s, TP

This expression explains changes in contact aeglerted in Fig. 3.5:
On hydrophobic substrates (PTFE and oil-wet amarplsilica): a reduction in
Si=Scoz-H20 combines with a decrease isv=Sco2-substrate (Feported in the
literature) to cause an increase in contact angle pressure.
On hydrophilic amorphous silica and calcite: thediadn of NaCl increases
Si=Scoz-nzoand results in a higher contact angle. On therdthed, the decrease
IN Sy=Sco2-H20 IS partially compensated by a decreasesisScoz-substrateNOt
observed explicitly), and the contact angle remegtetively unchanged.

The observed contact angje0° for liquid CQ-substrate in vapor GQatmosphere is in

agreement with the reporteskozwapor)-co2(iquid) O-
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Figure 3.5.  Contact angle evolution with presdorea water droplet surrounded by
CO, and resting on hydrophobic substrates (oil-wet rmaous silica and
PTFE) and hydrophilic substrates (amorphous silead calcite).
Continuous  line: deionized  water; dashed lines: néori
~200g(NaCl)/kg(water).
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3.3.3 Water diffusion in liquid CO
The decrease in droplet volume with time observelig. 3.3 was measured for several
conditions. We inverted for the diffusion coeffioteD of water in liquid CQ using the
procedure outlined earlier; results are summarire#lig. 3.6. The water solubility in
liquid CO, was assumed to vary from 1.05kd/mt 10MPa to 2.1kg/fhat 25MPa
[measurements at 298-to-303KChrastil, 1982;Jackson et al.1995;Sabirzyanov et al.
2002; Spycher et a].2003;Wiebe 1941]. Our measured values and previously redorte
data are plotted in Fig. 3.7:
Previously published, NMR experimerids-1.5-to-2x1Fm?/s at 298K from 13-
to-20MPa Ku et al, 2003], and molecular simulatiom3=16-to-2x10°m?s at
308.9K from 6.3-to-17.1MPdJanten et al.2005].
In our measurements, uncertainty in the solubdityvater in CQ is responsible
for an estimation error of +4-10°m?s.
Values range fronD=1.2-to-1.8x10m?/s for water, td=1.0x10"m?%s for brine.
The lower diffusion coefficient for brine refledise attraction of water to ions in
the aqueous solution. In fact, we observe saltipitation as water molecules
leave the droplet and migrate into the bulk ligGi@,.
The measured diffusion of water in liquid €8 much faster than the diffusion
of CO, in water D=2-to-5x10°m%s [Thomas and Adam4965b], ions in water
D~10°m%s [Sharma and Reddy001], and organic compounds in supercritical
CO, D=2-t0-1x10° m%s [Experiments at 313K Funazukuri et al.1992;Liong

et al, 1992;Sassiat et al.1987].

45



A decrease iD with pressure is apparent.

We corroborated our droplet-based results by mehaslD configuration using a
capillary tube to create a steady state diffusiondition (data also shown in Fig. 3.7).
Values inverted from droplet tests are approxinyatelice higher from the 1D steady
state experimer=6.0x10° m?/s (probably due to convective currents). Neveese| all
our experiments confirm the very high diffusivitiwater in liquid CQ.

The high diffusivity of water in liquid C@is attributed to the small size of water
molecules in terms of equivalent molecular radarg] the low viscosity of liquid CO
Note: increases with pressure and decreases with ternperaglues range from 2x%0

Pa-s at 5MPa and 318K to“4Pas at 30MPa and 298Kdnghour et a].1998].

40 1 - -

QO Fluid | Substrate | P [MPa] | D [m?%s]

O | HO PTFE 14.4 12x108

301 .
PTFE 13.9 10x108
25 :
Oil-wet 8
Si0, 7.8 16x10
Oil-wet i

9.6 18x108

Sio,

—
S 01 O O

Droplet volume [mm3]
N
o

Time [10% 5]

Figure 3.6.  Water diffusion in liquid GOChange in droplet volume with time. Lines
represent the best fit using the diffusion modeju&ion 3.5).
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Figure 3.7.  Water diffusion in liquid Gt 297+1K (the shaded square represents the
value measured in a 1D tube). Literature data fibusion coefficients of
1) water in liquid and supercritical GO" "[298K, Xu et al, 2003] and
“ "[308.9 and 313.9KDanten et al. 2005], 2) CQ in supercritical CQ@
“+"[313.16K, Suarez-lglesias et al2008], and 3) organic compounds in
supercritical CQ"x" include benzene and naphthalene [31BWhazukuri
et al, 1992]; benzene, naphthalene and acetone [3BSsiat et a).
1987] and ester C4:0 [313H,iong et al, 1992]. The water diffusion
coefficients for species dissolved in water aratretly insensitive to
pressure — shown as a shaded area [~2R8Hicki et al, 1978].

3.3.4 CO-H,0O-substrate chemical reactions

We witness mineral corrosion during these teststhEumore, we also observed
the re-precipitation of calcite in the form of tgpl trigonal-rhombic crystals on the
mineral surface after water evaporation or watfusion out of the droplet. SEM images
are shown in Fig. 3.8. Similar micron-size prea@fet crystals are reported for calcite

precipitation from calcium slurryMontes-Hernandez et al2007]. Note: bicarbonate
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may precipitate as aragonite if temperature exc@eeBO3K [Cowan and Weintrift
1976].

The presence of CQrhanges the chemistry of the water droplet. Cadioride
dissolves in water with a solubility that dependspoessure and temperature (‘aq’ stands
for aqueous form),

COy(g-or-l)  COy(aq)

H,O(l) + COx(aq) H2COs(aq) carbonic acid
Carbonic acid ionizes stepwise to produce bicarteoaad carbonate ions,

H.COs(aq)  H'(aq) + HCQ (aq)

HCO; (ag) H'(ag) + CQ’ (aq)

Table 3.2 shows the concentration of these spetidsferent pressures obtained
from thermodynamic equations. The increase in, @@ssure results in both higher
solubility of CG, and higher concentration of aqueous species. Reaacbccur in the
order of seconds for carbon hydration dji@t ~ 0.038[CO,] (brackets mean
concentration in mol/L) and it is even faster fegpsvise ionization$tumm and Morgan
1996]. Therefore, the availability of species withihe droplet is diffusion-limited in real
systems sizé& where the characteristic diffusion time is of thdey ofL%D.

Calcite CaCQ@experiences relatively fast reactions with wataedified by CQ:

CaCQ(s) + HO + CQ(g) C&"+2:HCQ
Dissolution rates are proportional to the pH dgfece with respect to the equilibrium
condition and aqueous species are produced propalty to the CQ(g-or-l) pressure
increase Drever, 1997]. Conversely, a reduction in @) pressure produces nucleation

of CO, in gaseous form and the precipitation of calc@aCQ(s) buffering and
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dissolution causes a ~2 orders of magnitude inereadHCQ, as compared with the
non-reactive case. Both, chemical analyses of Gadis¥olution and the estimated
volume of precipitates in SEM images (thicknessiamesd ~0.3m) provide similar mass

estimates.

Figure 3.8.  Precipitated calcite observed undéméee initial location of the water
droplet after evaporation. Dissolution was causgd, acidification of
water in the droplet.

49



Table 3.2. Carbon dioxide solubility and aqueougecges concentration at
equilibrium under C@ pressure with and without Ca@O
Temperature=298K. C{* concentration is negligible. The SUPCRT92
thermodynamic database is used for high pressiceladons Johnson et
al., 1992]. CQ solubility obtained from Duan and Sun [2003a].

Solubility

CO, of CO, in Concentration [mol/L]

Equilibrium
pressure  water at pH
[Mpa] 298.15K H,COZ° HCO; ca’*
[mol/L]
In the absence of CaGO
104° ~10° 5.65 10° 10°°
0.1 0.0325 3.92 0.027 1.21 10*
6.4 1.376 3.09 1.14 8.14 10*
10 1.421 3.07 1.18 8.14 10*
20 1.559 3.05 1.29 8.83 10*
In the presence of CaGO
6.4 1.376* 4.85 1.14 0.047  0.023
10 1.421* 4.83 1.18 0.048 0.024
20 1.559* 4.79 1.29 0.054  0.027

(*) Assumption: CQ solubility in water is not significantly affectdry C&*.
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3.4 Discussion: implications to C@geological storage
Interfacial tension and contact angle define irdeiple capillary forces, the
capillary strengthening of the granular skeletomg &reducible saturation or capillary
trapping. In turn, pore-scale and grain-scale &sfeletermine the thermo-hydro-chemo-
mechanical coupled response of the geological foama Injectability and seal

performance are considered next in view of expantalgesults obtained in this study.

3.4.1 CQ injectability

The displacement of the saturating brine by liq@®, depends on their
viscosities coz and pine the pore flow velocityy, and capillary resistance at pore
throats. Let’'s consider a pore as a cylindricaktliengthL going from node to nodej.

The equilibrium condition when liquid GQ@lisplaces brine along the tube is given by:

S COSC] +V32L ICOZ”&OZ +Ibrinengrine (37)
d d? L

p=p; +4

where the second term is Laplace's equation anthtigeterm is Poiseuille’s equation.
Therefore, wettability (e.gscosg>0 if the host fluid is the wetting one) and vissalrag

determine imbibition and the occupancy of poreitiyer the wetting or the non-wetting
fluid. The balance between participating forces bancaptured in two dimensionless

ratios: between viscous componelitsand between viscous and capillary for€Ces

1 vn
M=—2 and C=—=>% (3.8)
ngrine S COSC]

Values of viscosity pine=(120.5)x10° Pa-s at 323K andco=(2-t0-8)x10° Pa-s at
318K and, from 5-to-30MPaFgnghour et al.1998;Netherton et a).1977] readily show

that that the viscosity number is low for liquid Ef¥ine systemd= cod brine~102
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On the other hand, th€ ratio varies with distance to injection wells apcessure-
dependans andgvalues.

Different invasion patterns develop as a functibiMoandC [Lenormand et a.
1988;Pennell et al. 1996]. We can anticipate the following situatiaies/eloping during
liquid CQ; injection into the reservoir:

Near the injection well - high flow velocitiigh C - low M): Viscosity controls

the invasion of C@into the formation. Given the low viscosity numbérfor

liquid CO,-brine systems, liquid COwill preferentially displace brine from the
largest pores, but it will be prone to instabil#iyd viscous fingering may emerge

[Lenormand et a].1988].

Far from the injection well: low flow velocitfy 0, low C. Note: this condition

applies as well at the interface against the sga&rlduring long-term quasi-static

storage): capillary forces control G@wvasion into the porous medium. Brine is
the wetting phase and remains in the smaller pdCegillary fingering may
develop.
Both viscous and capillary fingering patterns resullarge irreduciblesaturation of the
host fluid (brine). Oil-CQ phases behave differently to brine-Cg€nce part of the oil is

miscible with CQ [Blunt et al, 1993].

3.4.2 Sealing capacity of geological formations

The long-term storage of G@ a quasi-static condition£0, C=0) controlled by
capillary forces at pore throats. The following lgse is conducted to identify the

governing parameters and their interrelation.

52



1. Pore size distribution - Mean valukeet’s assume a log-normal distribution for
pore-size normalized by 1nm=log(d/nm) with mean ,=mean[logd/nm)],

standard deviatios,’=variance[logd/nm)] and probability density function:

_ 1 (x-m)
P(x) sx@exp 252 (3.9)

The mean x can be extracted from mercury intrusion porosigng¢diuang and
Holtz, 1986] or estimated theoretically as a functiontloé void ratioe, the
specific surfacé&; and the mineral density For conglomerates made of edge-to-
face and face-to-face aggregations of clay pagifieometric factor k between 6

and 12):
m= log —— (3.10)

2. Void ratio and compressibilityThe void ratio depends on the effective stpgsa
agreement with Terzaghi’'s consolidation theddyiland 1990a;Terzaghi et al.

1996],

pl
1kPe

e=e,, - C, log (3.11)

where the void ratiexpaatp’=1kPa and the compressibility coefficient of the
sedimentC. increase with increasing specific surface.

3. Breakthrough pressurd-or a given pore structure, there is breakthropgissure
p . determined by the pressure-dependent interfagi@ions and contact angle
q

_4s coxg
c d*

(3.12)
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where the critical pore siz# is herein defined as the minimum pore size along a
percolating path across the seal layer.

4. Critical pore size The analysis of gas breakthrough experimentah dat
[Hildenbrand et al. 2002; Hildenbrand et al. 2004; Horseman et a). 1999]
indicates that /nm> 10*, hence, the percolating path is made of porelw@jer
than the mean. The value df can be related to the meanby a factor of the

standard deviatiosy,
log d— =m +a (3.13)
nm m S .

Data in Horseman et al.1999] are analyzed using this formulation toreate
sx. We computed” from breakthrough [Equation 12, water-helium ifgeial
properties fromHough et al. 1952] and , from porosity [Equation 10, mineral
density and specific surface froRosborg and Pgn2008]. We obtain s=
log(d/nm)- . Results shown in Fig. 3.9 indicate thas, is relatively
independent of effective stress, and it ranges é&etw s,=0.7+0.15 for this

sediment (assumed geometric factor k=12). Thereﬁ%(?n =1Q" (072019,

Finally, we can express the breakthrough pressurari immiscible fluid as a
function of effective stresp’, sediment compressibilityefiea Co), pore structureg;,
Sy) and pressure-dependent interfacial tensi@amd contact angle

o=y S8 (here0.04 0.08) (3.14)

P
- C.log—
e1kPa c 1kPa

where the factor =4/(k10 *) groups theoretical and experimental constaats]

provides an order of magnitude estimation. Resnltsig. 3.4 and 3.5 combine to make

54



the wetting factoscosg a linearly decreasing function of pressure in eithertzitic and
carbonate sediments, from sdosg] 60mN/m at atmospheric pressure to
[scosg] 30mN/m on the L-V boundary. The wetting factor isryw low for oil-wet
sediments §cosgi<6mN/m, and capillary forces vanish. Spontaneoubilition takes
place when $cosgl<OmN/m. High values of breakthrough pressure areéciated for
clayey formations due to the high specific surfaod small pore size; in this case, the

presence of high conductivity mesoscale featurdsdedfine the geological plumbing and

restrict storage capacity.
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Figure 3.9. Critical pore diameter for gas bresawtigh (Equation 3.12) and most
prominent pore diameter as a function of effectsteess in bentonite
blocks [original data itHorseman et al.1999]. The secondary axis shows
the factor sy that quantifies the critical pore diametérrelative to the
mean 4 (Equation 3.13).
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Other concerns regarding Gjection in geologic formations include: change i
surface charge of clays and associated double &fguts due to decreased pore fluid pH
[Palomino and Santamarina2005] and mineral dissolution and ensuing chariges
effective stress leading to strain localizatioBhin et al. 2008], and increase in

permeability Phillips, 1991].

3.5. Conclusions

Dissolved organic or inorganic species in waterfggemntially organize at the
interface. Excess solute at the interface and the mass dens$itsurrounding C©
determine interfacial tension. In particular, theerfacial tension between water and,.CO
decreases with pressure from ~65+14 mN/m at atnevgppressure to ~25+7 mN/m
beyond the C@v-lI boundary. The variability in each case reflestdute type and
concentration.

Contact angleg changes in agreement with Young’s equation. Orrdpfabbic
substrates, the increase in contact amgleth pressure can be as high as 60°. Oil-wet
mineral surfaces may turn from hydrophilic at loasgoressure to hydrophobic at high
gas pressure. There is a small decrease in caamgtd on hydrophilic silica and calcite
substrates.

Water solubility in liquid CQ cannot be neglected when inter-particle pendular
water is involved. The effective diffusivity of wetin liquid CQ is highD=1.5+0.3x10
m?/s (D~1.0x10’ for brine) primarily due to the low viscosity afjliid CQ,. This value
is two orders of magnitude greater than diffusi@ues frequently invoked for ionic

species in water.
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Pore water acidifies in the presence of,@@d can react with mineral substrates.
Calcite dissolution, water diffusion out of drogletand calcite reprecipitation can take
place in short time scales (i.e., days) for pendwkter between contacts.

Capillary pressure and viscous forces play an inqoorole in determining CO
injectability and the sealing capacity of geologidarmations. Two end-member
scenarios can be identified: high velocity viscpsibntrolled flow (near injection wells),
and quasi-static capillarity-controlled storager (field and during long-term storage).
Fingering and changes in imbibition patterns caretiyp.

The breakthrough pressure is a function of sedinoiatracteristics (primarily
specific surface), overburden effective stress, #odl pressure dependent wetting
conditions (interfacial tension and contact angléhe smallest pore size along a
percolating path is larger than the mean pore diamdt is anticipated that high

conductivity mesoscale paths will control the segaltapacity of clayey rocks.
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CHAPTER 4
WATER-CH4-MINERAL SYSTEMS: INTERFACIAL TENSION
AND CONTACT ANGLE

— IMPLICATIONS IN NATURAL GAS GEOLOGICAL SYSTEMS —

4.1 Introduction

The high demand for diminishing conventional milacoal reserves promotes the
exploration of other sources of fossil fuels. Th&AJcurrently satisfies 21% of its
demand for natural gas from unconventional souregdading gas shales and unmineable
coal seamsHIA, 2011]. Japan seeks to produce commercially nafias from offshore
hydrate-bearing sediments at the Nankai Throlgax] 2000; Nagakubo et al.2011].
Furthermore, the production of natural gas from vemtional and unconventional
reservoirs can be enhanced by injecting carboniditoQ [Mathieson et al.2010;
Vandeweijer et al. 2011]: CQ enhanced recovery facilitates methane displacement
towards the production well, maintains the resergoessure to avoid subsidence and cap
rock straining, and may contribute to carbon seagsn.

Gas reservoirs usually contain two or more fluidg#s, including water, gas, oil,
and CQ. Interfacial phenomena between immiscible phaselsiding minerals upscale
through the sediment porous network to define mpl#ise flow characteristics. Thus,
interfacial tension and contact angle determinergesvery from both conventional and
unconventional reservoirsMazumder et al. 2008; Moridis et al, 2009; Seol and

Kneafsey2009;Seto et al.2009].
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Interfacial tension arises at the molecular lewedaesult of van der Waals forces
[Butt et al, 2006; Defay and Prigogine 1966]. Three interfacial tensions can be
identified between a liquidl another fluidf and the solid substrate While the fluid-
liquid interfacial tensionsy is directly measurable, fluid-solidis and liquid-solid ss
interfacial tensions are assessed through indinethods Butt et al, 2006]. The Young-
Dupre equation, relates the contact angte the mutual interfacial tensions: ¢g$s:s
Sis)/sy. The contact angle may also be influenced by ofthetors such as surface
roughness, contact line fluctuations, vibratioms] siscous effectdjecker et al.1999].

The interfacial tension between ¢blas and liquid water is susceptible to changes
in temperature and pressure. It decreases fromte-BL mN/m as pressure increases
from 0.1MPa to 40 MPa at 297K, and it decreasesIfymN/m as temperature increases
from 275K to 325K [experimental studies at 278-W8R and up to 100MPa can be
found inHough et al. 1951;Jennings and Newmai971;Ren et al. 2000;Sachs and
Meyn 1995; Sun et al. 2004; Wiegand and Franck1998]. Since the water-GO
interfacial tension is lower than the water-Qhrterfacial tension, the interfacial tension
of water with a CHCO, gas mixture decreases as the molar fraction of B&eases
[Ren et al. 2000]. The interfacial tension between differardlkanes and methane gas
ranges from ~0 to 30 mN/m as methane pressureasesefrom 0.1 to 15MPa; the
associated change in contact angle on dolomitecdses from 134 to 113deger and
Pietsch 2009].

The purpose of this manuscript is to study intedlaphenomena at reservoir
conditions and to extend the scope of previousiesuw include advancing and receding

contact angle measurements on different substeatésseveral pore-fluids that may be
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encountered in natural systems particularly indbetext of natural gas production and

enhanced fossil fuel recovery.

4.2 Device and materials — Test procedure — Datadaction

4.2.1 Apparatus, materials and test procedure

The sessile and pendant droplet methods are usdeteéaomine interfacial tension
and contact angle in this study. The fluids aresgwezed within a pressure chamber
[devices and experimental details in Chapter 3Juids include research purity GH
distilled water and 2M NaCl brine solution. Thetégssubstrates are amorphous silica,
calcite, coal (anthracite) and PTFE. Table 4.1 sanwas the pore fluid-substrate
combinations and the range in pressure and temperakplored. Fluids are pressurized

gradually with a gas booster and droplets are iegewith a high pressure syringe.

4.2.2 Data reduction — Interfacial tension and aonangle

The CH-water interfacial tensions obtained by matching the solution of
Laplace’s equation in differential form and arc @pnates §, ] to the droplet contour in
cartesian coordinates,f inferred from thresholded images,

&y _2,,09z s/
ds R, S X

(4.1)
where dx/ds=cos , dZds=sin , Ry is the radius of curvature at the apex, is the
difference in mass density between the two fluidggsg=9.81m/$, and =1 for sessile
droplets and =-1 for pendant droplets. The density of L£¥hries with pressure and

temperature as predicted by the Peng-Robinsonieqgy&eng and Robinseri97]. The

mass density of aqueous sodium chlorine solutisnsomputed taking into account
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pressure, temperature and salinityalvko et al. 2009;Pitzer et al, 1984]. Finally, the
contact angle measured during water injection aravithg is numerically determined

from the digitally enhanced thresholded images.

Table 4.1 Experimental study. Numbers in paremshadicate the number of
independent tests conducted for each condition.

T Maximum P
Droplet Substrate s
P T K [MPa]
Amorphous Si@ - 2) 270 19
Deionized CaCQ - 2) 278 17.9
Water Coal - 2) 303 15
PTFE 2) 2) 297 19.2
Amorphous Si@ - 2) 278-297 10.6
CaCQ - ) 278-297 10.6
Brine
Coal - 2) 303 10.6
2M NacCl
PTFE - 2) 303 10.6
Hanging drop 2) - 297 19.5

4.3 Results and analyses
Table 4.1 shows tests conditions and pore fluidsBabe combinations explored
in this study. Fig. 4.1 shows typical thresholdethges. Experimental results and related

analyses are presented next for the two paramietezstigated in this study: interfacial

tension and contact angle.
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(@) (b)

Figure 4.1 Test configurations used in this stu(d) Sessile drop on substrate
(PTFE). (b) Pendant drop hanging from stainlessl steedle. (c) Water
droplet on substrate with volume control (coal)rédholded images are
shown.

4.3.1 Interfacial tension

Interfacial tension results for Ghvater and Chtbrine systems as a function of
pressure summarized in Fig. 4.2 show that inteafaeinsion decreases as fJiessure
increases. There are two sets of experiments:

Deionized water droplets (filled symbols in Fig2§.results are consistently

lower than the ones found in previous studies. ifiberfacial tension between

CH4 and water is ~65mN/m at 0.1MPa and decreasesrtoNA@ at 19.2 MPa

(experiments at 297K).

Brine droplets (open symbols in Fig. 4.2): The ifaeial tension between GH
and brine is slightly higher than for deionized &vaat 0.1MPa, and decreases
with pressure at approximately the same rate.

For comparison, data compiled from the literatuRerj et al. 2000; Sachs and
Meyn 1995; Sun et al. 2004; Wiegand and Franck1998] are analyzed to extract an
expression to estimate the value of interfacialsimm between water and GHhs a

function of pressur® and temperatur€,
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swater—CH4 =a+b%+ C+b% eXp - dMiPa (42)

wherea=71.04mN/m,b=-0.0716mN/m,c=43.85mN/m, andil= =-0.0602. This equation
is applicable to pressure-temperature conditionthenrange from 0.1MPa to 200MPa

and 298K to 373.15K, with an error less than 2mNTime trend is superimposed in Fig.

4.2.

80

70 *ﬁé
= 60 - CHgs-water (297K)
= LA\
z %4
E 50 | . .

40 A
c
Q
a |
2 30
L —— Experimental fitting Equation (2 ) Deionized water
© 20 | m This study - Sessile droplet - Deionized water
O ® This study - Sessile droplet - Deionized water
{:5 10 | ¢ This study - Pendant droplet - Brine 2M NaCl
Q A This study - Pendant droplet - Brine 2M NaCl
= 0
— T T T

0 10 20 30 40
Fluid pressure P [MPa]
Figure 4.2 Interfacial tension between water and,.COur experimental results

(T=297K) are shown as empty symbols for deionizeatew and filled
symbols for brine; the trends shown as continuonssl| represent the
curve fitting of previously published measuremedEy. 4.2). The
interfacial tension decreases upon pressure inereas

4.3.2 Contact angle

Single dropletsFig. 4.3 shows the range of contact angjesieasured for water and

brine droplets surrounded by ¢Has, from low to high pressure. It can be obsetheat
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Amorphous silica and calcite substrates are clelayrophilic, while coal and
PTFE are hydrophobic.

Contact angles of water droplets on amorphousasi8iQ and calcite CaC9
substrates remain nearly constant with presgu@0-to-70°. Contact angles on
coal change moderately with pressure and remaindegt 110 and 130° (contact
angle increase in coal is hindered by water petetranto the coal matrix upon
pressurization). The contact angle on PTFE sulestrimicreases frong~100-to-
110° as pressure increases from 0.1 to 20MPa

The contact angles of brine on amorphous silicacandalcite are slightly smaller
than the ones measured with deionized water. Whiker contact angles are
measured with brine droplets on coal in comparisodeionized water droplets,
salts have the opposite effect on PTFE.

Similar trends have been reported for &@ater systems upon pressurization on

PTFE and coalgspinoza and Santamarina010a;Siemons et g/2006].

Advancing and receding contact angl&€sg. 4.4 shows the evolution of contact angle
during water injection and drawing at a flow rate~d-2 mni/sec (See Fig. 4.1-c).
Salient remarks follow:
Amorphous silica remains hydrophilic during advalceecession. The contact
angle varies between 40° and 60°.
The contact angle varies from 40° to 140° on calaibal, and PTFE showing
both hydrophilic and hydrophobic regimes.

Calcite can be significantly hydrophobic during grainvasion and the contact
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angle can be as high as 110°.

Coal is the most hydrophobic solid from the seswolbstrates studied here. The
contact angle can be as high as 140° during wdieree.

PTFE is predominantly hydrophobic and shows a dediined hysteresis loop.

Repeated advance-recession loops showed trendsteonsvith those plotted in Fig. 4.4.

180

120 f

[

<0 S

60 1° ; ° ¢ ﬁ

30

Contact Angle

Quartz Calcite Coal PTFE

Figure 4.3 Contact angle for water (empty circlagg brine (filled circles - 2M
NacCl) droplets on different substrates surrounde€H, gas. The results
show the average contact angle and standard dmvifai pressures from
1 to up to 20 MPa (See specific experimental detail Table 4.1).
Amorphous silica and calcite are clearly hydroghdis opposed to coal
and PTFE.
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Figure 4.4 Advancing and receding contact angiedrine on different substrates in
a CH, atmosphere at 10MPa. Hydrophobicity on coal, talend PTFE
prevails during advance. Amorphous silica remaydraphilic during

advance and recession.

4.4 Discussion and implications in Chlgeological systems

4.4.1 Changes in interfacial tension and contagltean

Changes in interfacial tension with pressure antptrature are the consequence
of molecular phenomena and interactions takingepiaithin water and the surrounding
CH,, such as, mass densities, gas solubility, anditgfof dissolved species to the gas-
water interface [similar trends apply to systemalning water and other gases including

CO2 -Massoudi and King1974b]. A thermodynamical model based on lineamsdy
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profiles of phases across the interface, Helmhiskz energy and chemical potential
shows fair adequacy to model the interfacial properof water and CH Schmidt et a).
2007]. Fig. 4.5 shows the governing effect of défeces in mass densities across the
interface  on interfacial tension and the secondary roleeafgerature T (normalized
by the CH critical temperatur@ =190.56K).

The variations in contact angle stem from changasterfacial tensions
between the participating species, including théssate, and their effect on the
equilibrium of the Young’s contact angle equatiéor example, an increase in contact
angle in hydrophobic substrates is expected daediecrease in the water-¢lterfacial
tension as observed in PTFE and coal substrated fn analogous case for €@
Chapter 3]. Contact angle hysteresis is due heteetes in the surface, surface
roughness, adsorption/desorption at the contaetdimd energy dissipatioB(tt et al,
2006]. Surface roughness and contaminant adsormiorsurfaces (e.g., atomically
smooth calcite cleaved surfaces) might have playeignificant role on the measured

contact angle hysteresis on the various substij@esker et al.1999]. .
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Figure 4.5 Water-Clinterfacial tension as a function of mass derdiitierence and
reduced temperature for several interfacial tensothermsT= 298.15K,
313.15K, 333.15K, 353.15K and 373.15K - data frdRer et al. 2000].
The difference in mass density correlates withrfatzal tension.

4.4.2 Applications: reservoir CHnultiphase flow

Interfacial tension and contact angle define capjlfforces and multiphase fluid
flow characteristics, e.g. relative permeabilitydarreducible saturation. The recovery
efficiency of CH, depends on the pore fluid viscositiesthe fluid flow velocityv, and
capillary resistance at pore throats. Let’s cozisalpore as a cylindrical tube diameder
and lengthL going from node to nodej. The equilibrium condition when the invading

fluid displaces the host fluid a distarcaong the tube is given by:

S COosy +V32L Inzwading + (L - I)nZiplaced (4 3)
d? L '

where the second term is Laplace's equation andhtreeterm is Poiseuille’s equation;
the contact angle is<90° when the invading fluid wets the surfapg,are the pressures

at the tube nodeg is the fluid viscosity, and the fluid average velocity (different
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coefficients apply for the case of planar fractur@herefore, wettability and viscous
drag determine imbibition and the occupancy of pdrg either the wetting or the non-
wetting fluid. The balance between participatingcés can be captured in two
dimensionless ratios in terms of viscous resistamcecapillarity,

n

n. .. VT vadi
_ !invading and C= invading (44)

M =
Misplaced S coyg
The viscosity of brine is pine=(1£0.5)x10° Pa:s and the viscosity of GHis
cna=(2+0.5)x10° Pa-s (T=323K, P=10-35MPa)l[ST.gov].
Two end-member cases can be identified in terntkeo¥iscosity ratidv:
Large viscosity ratio M>1. This case corresponds to depressurization and
consequent CHdisplacement by brine (or oil) in natural gas resigs, M =
brind cHa~50. Capillarity may favor stable displacementig solid is water-wet
(imbibition, e.g., advancing contact angle on arhos silica < 90°) or oppose
fluid displacement (drainage, e.g., contact angl3° in calcite). In either case,
the displacement of a fluid by a more viscous awoffs low residual saturation
[Lenormand et aJ.1988]. Because water displaces tm the pores, low gas
residual saturation is expected, i.e., high pradactfficiency.
Low viscosity ratio M<<1 This is the case of CHnvasion into water-saturated
fractures and pores during methane desorption fomal seams and during
hydrate dissociation in hydrate-bearing sedimems; cpd brine=1/50. The
invasion of a low viscosity fluid promotes bifurmat in the form of fingers.
Amorphous silica, calcite and coal are gas-wet w@Geh displaces water from

the pore space (non-wetting fluid invasion). ThiugafC depends on the value

of interfacial tension and velocity of desorption the case of coal or
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analogously, the rate of dissociation in the cdsbydrates. Fig. 4.6 shows the
case of a hydrate-reservoir and the variation tdriacial tension with pressure
and temperature as expected during production. fithe velocity v affects
invasion patternslienormand et al.1988]. viscous fingering is expected for
rapid desorption while capillary fingering is expet at low depressurization.
Both types imply high residual saturation of thettuid (brine).
Changes in pore space occupancy patterns affestiveelpermeability. The relative
permeability of invading Cilis expected to increase as water saturation degsea
interfacial tension decreases, and the medium besonore water-weQullien, 1979].
Note that there is still no evidence regardingriaigal properties between GO
CH4 and mineral substrates. This information is redtvta coal bed methane enhanced

recovery with CQand CH-CO, hydrate replacement.
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Figure 4.6 Water-Clinterfacial tension profile for a GHydrate-bearing reservoir
depressurization (axisymmetry assumed). The foonatemperature is
assumed to be 18°C (291.15K) and the far field ques ~20MPa; the
pressure at the wellbore is 2MPa and the temperad@ (278.15).
Temperature follows the hydrate dissociation bomndaterfacial tension
increases as pressure and temperature decreasevicinity of the well.

4.5 Conclusions
A thorough characterization of Ghivater-substrate interfacial properties
facilitates the understanding of GFkecovery from geological formations.
The interfacial tension between water and methappemds on pressure,
temperature and water salinity. Changes are masevéhin reservoir conditions but

become more pronounced when large depressurizetioamposed. The magnitude of

capillary effects will be mainly defined by the paize.
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Contact angle governs wettability. Variations ohtaxt angle with pressure are
not significant in Ck-water-mineral systems. The contact angle is expets be less
than 90° (water-wet) in siliceous formations duripgth water advance or recession.
Calcite and coal are gas-wet during water advantenlay behave water-wet when water
recedes, i.e. when gas invades the pore space.

Interfacial tension and contact angle stem fromemalar interaction at interfaces.
The change of water-CHnterfacial tension is due to GHdsorption at the interface and
correlates with the difference in mass density. r@lea in contact angle are a result of
variations in interfacial tension, surface hetersgees and fluid adsorption/desorption.

The contact angle affects multiphase flow chargsties. Stable water invasion of
gas-saturated reservoirs is anticipated in siliseand carbonate formations during
depressurization leaving behind low residual gasraaon. Conversely, non-wetting gas
invasion into water-saturated formations will tandorm viscous or capillary fingers and
leave considerable entrapped water behind in ceds land hydrate-bearing sediments

during CHi-recovery.
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CHAPTER 5
PROPERTIES AND PHENOMENA RELEVANT TO

CH4-CO, REPLACEMENT IN HYDRATE BEARING SEDIMENTS

5.1 Introduction

Global sustainability, in terms of energy needs dimdate stress from greenhouse
gases, requires new sources of energy and the mxaeag of CQ emissions. Methane
hydrate is a potential energy source, with worldwréserves on the order of 500-to-
10,000 Gt of carboriCollett, 2002; Kvenvolden 1988; Milkov, 2004; Ruppel and
Pohiman 2008]. Methane can be recovered from hydrate imgasediments by
depressurization, heating or chemical injection.phrticular, the injection of carbon
dioxide, CQ, into hydrate-bearing sediments can liberate nmeth&H, and sequester
CQO; in hydrate form McGrail et al, 2007; Ota et al, 2005a;Stevens et gl.2008;
Svandal et aJ.2006;Zhou et al, 2008b].

The chemical potential difference between,Githd CQ hydrate indicates that
CH4-CO, gas replacement is thermodynamically favoraBleo and Lee2001;Svandal
et al, 2006]. However, the extent of the reaction asdeifficiency in real systems is
determined by multiple factors and coexisting psses, such as (1) pressure and
temperature-dependent solubilities and interfagebperties, (2) relative viscosity,
permeability, and density between water and,,C@) invasion patterns and specific
surface of the hydrate phase, (4) fluid expansiter aeplacement, and (5) changes in
effective stress. These phenomena couple to deterneiplacement efficiency and the

geomechanical response of the sediment mass.
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In this manuscript, we review previous &8O, replacement studies, identify
and analyze underlying processes, present new iegral results, and anticipate

potential implications.

5.2 Physical and thermodynamic properties
The process of replacing GMith CGO; in hydrate must be understood at both the
molecular scale and the macroscale to anticipataditons for efficient CHCO,
replacement and its consequences on thermal, mieeahamd electrical properties. In
this section, we summarize physical parametergbular form and highlight the most

relevant observations in the text.

5.2.1 Structure: Geometry and length scales (Taldle)

Both CH, and CQ form structure | hydrate. This crystallographicusture is
composed of 2 small cages for every 6 large cagmshe stoichiometric formula is
6X-2Y-46H0, i.e., a maximum of 6 gas molecules X in largges plus a maximum of
2 gas molecules Y in small cages, and 46 water catds. The lattice repeats every
~12A [Sloan and Koh2008]. Thus, gas molecules make up a significamiar fraction
~15% of the hydrate structure (compare to the gasdity in liquid water ~0.1% molar
fraction, section 5.2e).

The stoichiometric ratio (number of water moleculesmimber of gas molecules)
often deviates from the theoretical value n=46/855for structure | hydrate. In
particular, the occupancy of G@nolecules in small cages increases with pressude a

the stoichiometric ratio decreases from ~6.6 aMP& and 273.15K, to the theoretical
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limit 5.75 at 4.5MPa and 283.15KAhderson 2003;Klapproth et al, 2003]. The CH
molecule is slightly smaller than GCGand fits more easily in small cages, so the
stoichiometric ratio for Ciihydrate is typicallyn=6 [Circone et al. 2005]. As a result,
the stoichiometric ratio of CH hydrate is less sensitive to pressure than the
stoichiometric ratio of C@hydrate.

Fig. 5.1 shows hydrate forming molecules and rdlat®lecular structures; they
are drawn using the corresponding van der Waals aad are shown at the same scale.
The size of the opening between water molecules fhran the face of big cages is
smaller than the size of both @@nd CH molecules. This simple observation leads us to
conclude that the hydrate cage must separate ¢aselthe Climolecule before it can
trap CQ. The molecule of nitrogen Ns smaller than C@and fits more easily in the
small cages of sl hydrate; this explains the end@dn€CH, replacement efficiency
obtained when a mixture of G@nd N is used in a water-limited GHhydrate system of

structure I, or of structure Il if combined withis [Park et al, 2006].

5.2.2 Thermal properties (Table 5.1-b)

In agreement with Le Chatelier's principle, hydré&demation is an exothermic
reaction. In particular, the heat liberated durihg formation of a mol of COhydrate
varies between tbo-ny57.7 and 63.6 kd/mol (Note: a mol of £bydrate is 449 h
189 where n=5.75-t0-6.6) Anderson 2003]. Conversely, hydrate dissociation is
endothermic as heat is needed to disorganize tystatrstructure. The heat adsorbed
during the dissociation of a mol of GHydrate is Hyany=52.7-t0-55.4J3/mol where a

mol of CH, hydrate is 16g + 18g andn~5.75 [Anderson 2004]. Therefore, CHCO,
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replacement is exothermic. The path assumed hemves complete Cldhydrate
dissociation before C{hydrate formation. Molecular dynamic simulations €H;-CO,
replacement in the first monolayer (interface bemv€H, hydrate and liquid C& show
only partial dissociation of the hydrate cage anddr enthalpy change for the complete
replacement reaction [Bjorn Kvamme 2010, persoonairaunication]. Experimental and
numerical data are still needed to assess the temolof the reaction when a large
hydrate mass is involved, as in the pore spacesdingents, where the characteristic
length scale is much greater than the crystal naesc

The thermal conductivity and diffusivity of liquid CGO, are significantly lower
than the corresponding values for either hydratesvater. In addition, water has the
highest heat capacityg among all participating phases. This combinationtharmal
properties suggests reduced heat dissipation anelased local heating where liquid £0

displaces water and contacts Jtydrate.

5.2.3 Mechanical properties (Table 5.1-c)

The viscosity of water is one-to-two orders of magie higher than the viscosity
of liquid CQO,; this pronounced difference in viscosity will aftefluid invasion flow
paths. Bulk densities are similar for hydrate aratern, ordered aschanyc< H20< co2hyd
The density of liquid C@may exceed that of watercozq> w20 (€.9., at 273.15K for
pressures above 25MPa); differences in fluid dgr=intribute to buoyancy effects on
fluid flow. Liquid CO, is heavier than water in deep sea locations, éuams lighter

than water near the continental shelf.
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N>

COs CH4

Faces of sl hydrate — big cage

Figure 5.1.

Hydrate forming molecules,(NCO, and CH) and two faces of the big
cage in sl hydrate. All molecules are drawn usiag der Waals radii to
the same scale. Hexagonal and pentagonal facesaregular polygons.
Notice that the opening between water moleculesnaller than the size
of N, CO, and CH molecules.
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The volume of wateW,, increases when hydrate formé,—1.234V,, for CH,
hydrate andvyy~1.279V,, for CO, hydrate. Such a large volumetric change within the
pore space causes volumetric strains in the sedimenng hydrate formation and
promotes skeletal instability and contraction dgrdissociation lLee et al. 2010]. The
shear stiffness of CHhydrate isG 3.5GPa (a similar value is expected for LCO
hydrate). Bulk moduli for liquid ED and CQ are lower than that of solid hydrates, and
the bulk modulus of liquid COis almost one order of magnitude lower than tHat o
water. Correspondingly, the P-wave velocity is #8es slower in liquid C@than in
water. The addition of COn hydrate reservoirs could increase measuredngseiwave
velocities by forming additional hydrate, or it éduower the measured velocity by
displacing pore water. The interpretation of setsaata gathered during G@njection

must account for changes in both hydrate saturatnahpore-fluid composition.

5.2.4 Electrical properties (Table 5.1-d)

The permittivity of liquid water is determined byet orientational polarization of
water molecules. The water dipole rotation is hiadan hydrates. In addition, GHnd
CO, are non-polar molecules and do not contributertentational polarization. Hence,
gas hydrates have much lower permittivity comparediquid water {Galashev et aJ.
2006]. The electrical conductivity of water increasalmost linearly with ionic
concentration at low salt concentration and it isichm higher than the electrical
conductivity of hydrates. The electrical condudtnof liquid CG; is even lower than the
electrical conductivity of hydrate. As with seismstirveys, resistivity surveys must

account for pore fluid changes as well as hydrat@ration changes. In contrast to
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seismic results, in which added hydrate formatiod €Q displacement of pure water
have opposing effects on the measured velocityelidaerical properties are reduced both
by added hydrate formation and pore water displacgémlracking hydrate saturation
and pore water chemistry is essential for corredtlterpreting electrically-based

monitoring techniques.

Table 5.1. Physical propertie$ CH; and CQ hydrate, pure Cand water relevant
to CH, replacement by C£n hydrate bearing sediments.

Property | CHhydrate(sl) | CQhydrate (sl) | CQliquid | H,O liquid
a - Structure |

5.75 (100% cage
occupancy) f

5.75 (100% cage
occupancy) f
5.81-6.10 [1.9-to-
9.7MPa, 263-t0- G'SZJ%Q'L"P"’"

285K]
~100% Large cage ~100% Large cage
Cage occupancy | ~70% Small cage| ~50% Small cage
[10MPa, 273K | [1.5MPa, 273K}

Stoichiometric ratio
or hydration number
#H,O mol/
#Gas mol

Refer to Fig. 5.1

Cavity Size

7.9, 8.66" 7.9, 8.66"
(Al
Guest Size a a
5.12 4.36
(Al
Lattice constant 11.95 [10MPa,
b - Thermal |
2.031 [263K] 2 280
Heat capacity 2.080 s [280K,10MPa] | 4.218 [273K
c 2.250 sf Nodatafound | ipy Variabley | 4.192 [283K
[kJ-kg K™ 2.077 [270K] gnly '
Thermal (lzonductlwty 068 [273K]: 0.49 [263KF ~0.1§7[3|§].E;MPa, 0.56 [273K1,
WK 0.49 [263K] 0.58 [283K]
1.33x10'
Thermal Diffusivity 2 [273K]
k=1 Ag1 3.1x10 No data found 6.07x10t 1.38x107
[ms] [283K]°
Heat or Enthalpy of
Dissociation and 52'7't0'5§'9 63.6-t0-57.7 (+1.8) :
Formation [273K] [at quadruple Does not appl (water to ice)
~53 [independent quadrtip PRy ~6¢
Hgy of P-T] points]
[kJ/mol]
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Property | CHhydrate(sl) | CQhydrate (sl) | CQliquid | H,O liquid
¢ - Mechanical |
Viscosity (2-t0-8)x10° 1 5x10°
Does not apply Does not apply [5-to-30MPa, [2§3K] D
[Pa-s] 318K]°
999.9 [0.1MPa,
273K]
Density ~938-t0-800 1003+1.5
929 [263K]" 1110-t0-1090 kg/m® [10MPa, 280-
[kg-m?] 9402 [30MPa] [10MPa, 280-to- t0-300K]
910[273K]% 1054" 300K] (highly | 1030+2 [3.5%
variable)? salinity;
10MPa, 280-to-
300K] ®
Water volume 1.234 1 1279t
expansion upon (n=6; (n=6; _
hydrate formation | crany=930Kg/MT; | cozny1100kg/n; Does not apply | Viee/Viy = 1.09
Vhya!/ Vi 100% occupancy) 100% occupancy)
Coefficient of 2+0.3x10"
thermal expansion sl hydrate sl hydrate [50MPa
P 7.7%10°[200K]* | 7.7x10°[200K]* | Nodatafound | 7270
K] 2.64x10° 283.15K]"
Bulk Modulus 7.2 [277K]t 0.338-t0-0.124 | 2.1-t0-2.3 GPa
[GPa] ~9 [273K]" No data found GPa [10MPa, [1OMPa , 280-
8.73 [273K]" 280-t0-300K] t |  t0-300K] t
Shear Modulus 3.2 [277K]"
[GPal 3.54 [273K]" No data found 0 0
Poisson ratio 0.32 [273K] No data found ~0.5 ~0.5
~600-t0-400 m/s| 1450-to-1518
Vp [M/s] 3775 [273K]’ No data found [1LOMPa, 280-to- | [1OMPa, 280-
300K]° t0-300K]*
Vs[m/s] 1954 [273K]" No data found 0 0
d - Electrical |
Electrical , depends on
conductivity <10“ at less than ionic
[S/m] 0.01" No data found 3000K* concentration
Sea-water: ~5
Dielectric
permittivity ~2.5[273K]) No data found 1.0to 1.5 from 1 79-t0-8C°
to 20MPa, 308K°
(freq. < 1GHz)

T computed value; &Joan and Koh2008]; &-Circone et al. 2005]; b-Klapproth et al, 2003];
c-[Uchida et al, 1999]; d-Waite et al. 2009]; e-Makogon 1997]; f-Handg 1986] [Yoon et al. 2003]; g-
[Span and Wagnerl996]; h- Mesovic et aJ.1990]; i-\Waite et al. 2007]; j-JAnderson 2003; 2004]; k-
[Davies et al. 2008]; L-Mori and Mochizuki 2000]; m-as in Mochizuki and Mori 2006]; n-Uchida et

al., 1999]; o-[Thomas and Adam4965a]; p-Fenghour et al. 1998;Netherton et a).1977]; g-Kiefte et
al., 1985]; r-Aya et al, 1997]; s- Millero and Poisson1981]; v-Helgerud et al.2009]; w-Bradshaw and
Schleicher 1970]; x-Belogol'skii et al. 2002]; y-[Galashev et al.2006]; z-[fanaka et al. 2008], ee-
[Goldfarb et al, 1999;0briot et al, 1993], and cel$raelachvili 1991].

5.2.5 Chemical properties: phase boundaries, dilebiand diffusivities (Tables 5.2, 5.3

and 5.4)
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Hydrate stability and gas solubility in water areegsure and temperature
dependent.
1) Phase boundariesNe develop regression equations for,Gd CH hydrate phase
boundaries, and for the liquid-vapor, L-V, boundéoy CO, by fitting values predicted
using experimentally validated thermodynamic modglDuan and Sun [2003b; 2005]
(Table 5.2). Hydrate grown from a mixed &80, gas atmosphere exhibits an
intermediate phase boundary, between the boundarpudre CH and CQ hydrates,
where the relative position scales with the mixtateo [Adisasmito et al.1991;Seo and
Lee 2001]. The liquid-vapor, L-V, boundary shown iigF5.2 corresponds to pure €O
Even small amounts of GHn CO, cause the gas mixture L-V boundary to shift toward
higher pressures, e.g. ¢@ith 10% CH condenses at a pressure ~2MPa higher than the
pressure needed for pure £f@onelly and Katz1954]. It can be observed from Fig. 5.2
that: CH, hydrate stability requires higher pressures th@a Rydrate for temperatures
T 283.67K. These boundaries partition the P-T spatcefour regions: Chihydrate may
be surrounded by liquid GQZone A) or by gaseous G@Zone B) ifT<277.1K; CQ

hydrate can coexist with either liquid @@one C) or with gaseous Gone D).

2) Solubility in liquid phasesTable 5.3-a shows a summary of solubility valtesall
participating species in different media; the sitankous presence of ¢land CQ in
water alters the solubilities shown for simple bynaystems Qin et al, 2008]. The
solubility of CH, and CQ in water affects gas transport, hydrate formatod hydrate
dissolution in water that is not fully saturatedhwgas. The solubility of COin water is

about 10 times greater than that of £CHoth solubilities increase as pressure increases
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and temperature decreases. The presence of hydratater inverts these trends. The
amount of dissolved water in liquid G@& not negligible, and can be as high as 0.003-to-
0.006 mol/mol, that is ~1kg of water pef of liquid CO, at T=285-t0-293K and®=10-
to-20MPa Bpycher et al. 2003]. Hence, liquid COcan remove water, effectively

“drying” the sediment.

Table 5.2. Phase boundaries for pure,CGihd CQ hydrates, and liquid-vapor
boundary for pure C§ calculated by fitting values predicted using the
experimentally validated formulation in Duan anch$2003b; 2005].

CH, hydrate stability boundary Cohydrate stability boundary
Ice-hydrate-CH gas Ice-hydrate-C@gas
P" =17.126T" - 14584 P"=8082T - 7.020
263<T 273.15K if 263<T 272.15K

Liquid water-hydrate-C@gas

. T' = 00358 e °2%% 27,829+ Ln(P']
Liquid water-hydrate-Clgas

T* =0.0396 el 6 l"“F’*)[24-348+ Ln (P* )]

if 273.15<T<290K

if 272.15<T 283.17K

Liquid water-hydrate-C@liquid

2644

P' =334 10" (')
if 283.17<T<290K

CGO, Liquid-vapor phase boundary

P' =345 (T')'™ i 263K<T Toea=304.1K

(Note: boundary shifts to higher pressures in/Ci, gas mixtures)

Definitions: P*=P/1MPa; T*=T/273.15K.
Note: (a) Ponelly and Katz1954].

Similarly, CH, is highly soluble in liquid Cg for example, a molar mixture of
12% CH, and 88% C@remains liquid above a line defined between [6.6MP73.1K]

and [7.2MPa, 278.1K], as can be estimated fronbthsble point line Ponelly and Katz
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1954]. This observation explains experimental tssat 8.7MPa and 277.1K where no
CH,4 bubbles were observed during £E60, replacement [~2/40 moles of CH4/moles of
CO2] [Dunk et al, 2006] as the liquid Cwas able to contain CHnolecules in solution
preventing the formation of a separate phase. lyinak observe that, the mixture GH
CO, has remarkably different bubble-point and dew-pbives as function of the molar
ratio between Cldand CQ[see:Austegard et aJ.2006;Donelly and Katz1954;Mraw et

al., 1978]. As a result, gaseous £&nhd CH will coexist in equilibrium with liquid CQ
and CH in a fairly large pressure interval.

3) Water vapor concentration in gaseous phébable 5.3-b): Water evaporates into
gaseous atmospheres. For example, 0.016 kg@fddn be found per cubic metérCO,
gas at 3MPa-273K (0.011 mok@ / kg of CQ) [Spycher et a].2003], and 0.005 kg of
H,O can be found per cubic metddr CH, gas at 3MPa-273K (0.012 mol® / kg of
CH,) [Folas et al, 2007]. We have consistently observed in sepagajgerimental
systems that water vapor in either £& CH, atmospheres can crystallize on hydrate
surfaces promoting hydrate growth in relativelyrshione scale (days).

4) Mutual diffusivities(Table 5.4): Diffusion controls most long-term pberena,
including hydrate formation and GH O, replacementDavies et al. 2008; Svandal et
al., 2006]. The diffusivities of C®and CH in water are about the same, however, the
diffusivity of H,O in liquid CQ is up to two orders of magnitude high&spinoza and
Santamarina2010b]. High water diffusivity and solubility iquid CO, make liquid and

supercritical CQan effective water-drying fluid agent.
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Table 5.3.

Mutual solubilities in binary mixture®) Liquid medium. (b) Gaseous

medium.
Rich phase medium | Solute Concentration [mol/kg]
3MPa, 273K 6.6MPa, 274K 10MPa, 285K
H,O CH, 0.11* 0.12* 0.13*
(without
hydrate) 1.39* 1.66*
CO: | 120,025 molimol] |  [~0.030 molimol] 1.72
o
'g CH, 0.060 0.063 0.116
] Hzo
< | (with hydrate)
— 0.89 0.83 .
CO: | [0.016 molimol] |  [0.015 mol/mol] Outside HSZ
H.O Does not apply 0.050" 0.056
2 (Gas CQ) [2.2x10° mol/mol] | [2.5x10° mol/mol]
CGo, Does not aool Bubble point for 12%
CH, PPl molar CH/CO, Supercritical mixture
(Gas CQ) .
mixture
CH H.0 0.016 0.008 0.012
4 2 [~2.5%x10* mol/mol] | [1.34x10% mol/mol] | [2.0x10* mol/mol]
2]
8 Cco, H.0 0.011 Does not apply Does not apply
o) z [~5%10* mol/mol] (Liquid COy) (Liquid COy)
. Does not apply Does not apply
CO, CH, Gas mixture (Liquid CO) (Liquid CO)

Sources: Donelly and Katz1954;Duan and Sun2003b;Folas et al, 2007;Hashemi et a).2006;Spycher
et al, 2003;Sun and Duan2007].

Notes: *These values are extrapolations of soliybiithout hydrate to lower temperatures. tValue fo

285K.

The diffusivity of CQ, CH, or H,O molecules through the solid hydrate mass is
much slower than through liquids (Note: preferdrditfusive transport is expected along
crystal imperfections and along the adsorbed way@r between hydrate and minerals).
Therefore, CQor CH, transport through solid hydrate will be much slowean through
water. If the CH-CO, replacement is limited by diffusive transport,dadtory

experiments and field implementations must seekdease the surface contact area.
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Table 5.4. Mutual diffusivities in binary water-G@nd water-Chisystems.

R;]Igze Diffusing | Diffusivity | Pressure| Temperature Method Reference
pha substance|  [m?s] [MPa] K]
medium
1.37x10° [Thomas and
CGo, . 6-"[10- ¥ 0.1 291.5-t0-298 ExperlmentalAdams 1965a]
H,0 -64x1
° 0.85x10° [Witherspoo
E CH, -to- 0.1 2770293 | Experimental jqeo) poon
r 1.49x10°
6x10° [Espinoza and
CO, H,O -to- 7-15 298 Experimental Santamarina
18x10° 2010b]
Co, | 0.9x10%° No 270 [Ikeda-
H,O data Molecular K
() N Dynamics Fukazawa et
CH, 1.0x10% 0 270 al., 2004]
Data
° 3.4x10" ,
S CH, CH, -to- 3-15 263-t0-268 Experimentd| [Davies et al.
@ | (H) 7 6x10%° 2008]
co, 1.0x10% No 273
Cco, Data Molecular | [Demurov et
(H) dynamics | al., 2002
HO | 10x10® | O 200 ]
ata
Note: (1) ice and (H) hydrate.
5.3 Previous studies — Rates of reaction
Previous CHCO, replacement studies documented in the literature a

summarized in Table 5.5 and P-T conditions aretgiobn Fig. 5.2. As noted in Table
5.5, we describe the time dependent replaceme@iHafby CQ, using the replacement
ratio in the hydrate: C&(CH,+CO,)=A(1-e¢" ), with A being the maximum replacement
ratio at long timesf. We obtain bothA and the characteristic time, by fitting the
published reaction-time data. The following preliany observations can be made from
these studies: (1) hydrate replacement rates iseresar the CHhydrate phase
boundary (data inQta et al, 2005a], also mentioned iMEGrail et al, 2007]), (2) the

reaction rate increases with increasing,@@s pressure, eventually becoming constant
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when CQ liquefies [data inOta et al, 2007]. We can also anticipate that high specific
surface CH hydrate experiences relatively fast replacemetdsrérefer to Kim et al.
[1987]). There is some supportive evidence in tisted studies, but they are not

conclusive due to lack of experimental details.

5.4 New pore scale experimental studies
Multiple coexisting processes take place during,-Ci®, replacement, including
heat release, dissolution of participating sperigsdifferent phases, volume change and
mass transport. The following two experimental ssddocument these pore-scale
processes. Fig. 5.3 shows the experimental devamed P-T trajectories. Both
experiments are monitored using time-lapse phopdgra We use digital image
processing to estimate length and volume informmaresolution: 1pixel~10m), and we

infer mass changes from measured volumes and therkdensity of the phases.
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14

Pressure [MPa]

Ice-Lizo CQO; hygrate

CH, hydrate

Lcoz— Veo2

Figure 5.2.

272 274 276 278 280 282 284 286

Temperature [K]

Dissociation phase boundaries for, @8d CH hydrates, liquid-vapor
phase boundary for pure GQand liquid water-ice boundary. Data points
show fluid pressure and temperature conditiongCids-CO, replacement
studies reported in the literature (numbers cooedpo references listed
in Table 5.5). Notice that GGand CH hydrate phase boundaries cross at
~7.5MPa and 283.7K. Furthermore, the C(uid-vapor boundary
intersects the two dissociation lines creating ftifferent zones inside the
CO; hydrate stability field, above the liquid wateeiboundary.
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Table 5.5. Previous GHCO, replacement studies. Note: cases are plottedyinb2 using the same Test # listed here.
Test P T CH, hydrate . Duration | Replacement| Characteristic time* L
formation Medium - Monitoring Reference
# [MPa] K] [hour] ratio* [A] [hour]
method
1 8.3 277 i Sandstone 300 0.64 128 MRI Hugebo et a).2008]
2 8.3 277 Sandstone 350 - - MRI Skevens et g12008]
3 3.6 273.2 Stirring No sediment 300 0.34 85 Rasmttroscopy Qta et al, 2005b]
4-a 3.10 271.2 150 0.16 48
4-b 3.26 273.2 Stirring No sediment 150 0.16 42 Raman spectroscopy Ofa et al, 2005a]
4-c 3.34 275.2 150 0.21 39
5-a 3.26 273.2 300 0.26 98
5-b 3.6 273.2 - . 300 0.34 94
Stirring No sediment Raman spectroscopy Ofa et al, 2007]
5-c 5.4 273.2 300 0.17 94 (1)
5-d 6.0 273.2 300 0.31 94 (1)
6 3.5 276 Polv(\)/gern:ce: No sediment 12 0.92 1.0 Raman spectroscogy Komfai et al, 2000]
7- 3.85 274.6 . . 800 0.55 222 .
a Stirring No sediment Water and gas produced Hifohama et al. 1996]
7-b 3.88 276.4 800 0.64 329
8-a 12.0 274.15 | Powder ice: No sediment 30 0.92 4.2 NMR [Park et al, 2006]
8-b 35 274.15 5-50 m 30 0.85 5.2 NMR
Powder ice: .
9 3.0 278 100-250 m No sediment 150 1.00 22 Raman spectroscogy Yool et al.2004]
0.19 33 (L-CQ)
0.27 31 (90% Isi
10 5.0 281.2 - Quartz sand 100 (90% emu s!on) Gas produced Zhou et al. 2008a] (2)
0.26 29 (70% emulsion)
0.24 26 (30% emulsion)
11-a 3.4 273 11
- . . Stirri N di t .
11-b 3.4 2755 mng 0 sedimen 11 No data No data Raman spectroscopy Mc@rail et al, 2007]
11-c 3.4 277.5 11
11d 6.8 300-273 - Sand 1.7
12-a 8.0 275.0 . - No data No data ' .
120 57 274.0 - No sediment - No data No data Time-lapse photography This study

*Note: replacement ratioX1-¢ "), A= final replacement ratio,= replacement rate. (1) Limited data availabl@ ll{@efined test
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(a) Light P T
Vent- S Digital
Vacuum ] camera
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I
Gas NN/
< [ o] booster
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O} B [&)
(b) /_\View point | (€) ! ) < |
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[ ] [ |
t View point
10 CO, HSZ CH, HSZ 10 ; COZHS,Z CH, HSZ
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g @
= 3400 | LT
g 4 g 4
a2 a 2f (i)
0 0 (ix) .
273.15  283.15  293.15 273.15  283.15  293.15
Temperature [K] Temperature [K]
Figure 5.3.  Experimental studies. (a) Pressurd eeld devices. (b) Droplet

experiments: i- Chlpressurization, ii- cooling, iii- CiHhydrate formation,
iv- liquid CO; injection, v- CH-CO, hydrate dissociation. (c) Meniscus
experiments: i- Chl pressurization, ii- cooling and ice formation; iice
formation, iv- ice melting, v- Cldhydrate formation, vi- injection of
liquid CO,, vii- liquid CO; to gas, viii- exit CH hydrate stability field, and
ix- exit CO, hydrate stability field. Both experiments are coctgd using
de-ionized water and research purity gases.
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5.4.1 Water droplet

A water droplet (initial mass 36.1mg) rests on drbphobic PTFE substrate and
forms a quasi-semispherical body (~2.5mm radiug).iAevacuated from the chamber
by imposing a partial vacuum, followed by Cpressurization (P=5.9MPa, T=293K, Fig
5.3-b) and subsequent cooling. Some water evaponatie the methane atmosphere; we
predict a ~1.2mg water mass loss from the drogdas€d on solubility information in
Table 5.3-b). Given a water density of ~1000 Ky(ffable 5.1-c), this agrees with the
volume reduction we measured after 5 days (x0.lmegigion). The first hydrate
formation event follows transient ice formation.téa we dissociate this GHhydrate by
heating (not shown in Fig. 5.3-b), and we cool slaeple back into the GhHhydrate
stability field. CH, hydrate nucleates again in the form of a hydnatethat grows at the
water-gas interface and propagates along the aderfat a velocity of ~0.02mm/s,
forming a complete hydrate shell in less than 5Sut@s (data shown in the auxiliary
material). For this growth velocity, heat transfeodels predict a hydrate film thickness
greater than 40m [Mochizuki and Mori2006]. We estimate the initial film thickness is
equal to ~60 m based on the droplet volume expans\fa/Viniia=1.016 and the
theoretical volume change from water to hydndtg/V,=1.234 (Table 5.1). Stable P-T
conditions are maintained for ~2 days; during tpesiod, further hydrate growth is
controlled by CH diffusion through the hydrate layer (Fig. 5.4-@&he shell remains
stable (Note: shell depressions were observed dnalg-coated droplet experiments by

Servio and Englezos [2003]).
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(a) -2539min — Before repla-
cement, in CH , atmosphere

(b) During liquid CO , flooding
(rising from the bottom)

CH, gas

(c) Omin — Immediately after
liquid CO , flooding

CH,-hydrate

(d) 18min — In liquid CO , (e) 36min — In liquid CO , (f) 186min — In liquid CO ,

(9) 1176min — In liquid CO , (h) 2178min — In liquid CO ,

(i) 3768min — In liquid CO ,

Figure 5.4.  Droplet experiment: time evolutiontloé CH, hydrate shell after flooding

with liquid CQ,. Pressure is 6MPa and the chamber temperaturs atay
274+1K, after point (iv) in Fig. 5.3-b. This seqeenof images suggests
that liquid CQ “dries” the water either in the hydrate shell amdhside
the hydrate droplet.

We flood the chamber with liquid GQdisplacing CH gas through a vent (Fig.
5.4-b); the pressure and temperature conditionsnarée the CH hydrate stability field
(P=7£1MPa, T=275£1.5K during the short injectiomige). The amount of water needed
to saturate the liquid CQOn the absence of any hydrate in the chamber sned(based
on solubility data in Table 5.3-a). We measure ~d5of water migration from the
droplet to the surrounding liquid G@n a period of 2 days; this is a form of “dryinigi’a

CO, atmosphere (Fig. 5.4). Thereafter, the drople¢ semains constant for ~4 days

under stable P-T conditions (P=6MPa, T=274+1K; Fgl-i). These measurements
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suggest a lower solubility of water in @@ the presence of hydrate than the value
reported in the absence of hydrate (similarly te galubility in water, Table 5.3-a).
While we assume replacement is taking place, ng @2id bubbles form in the liquid GO
due to the high solubility of CHin CO, (Table 5.3-a). We depressurize the chamber
gradually. The hydrate shell remains stable aft®s Caporizes and also across the,CH
hydrate phase boundary. We hold stable P-T comditadove the C{hydrate boundary
for ~30min. Finally, we depressurize the chambethkr and hydrate dissociates across

the CQ hydrate phase boundary at ~1.8MPa and 276.5K.

5.4.2 Water meniscus

In this second study, the water droplet rests betmievo water-wet hydrophilic
transparent glass surfaces, creating a cylindyksdlaped body of water similar to a
water meniscus between two grains (8.7mm diamé&t&7mm in height; and 120mg
water mass). Fig. 5.3-c shows the P-T trajectoased during the test. The evolution of
the droplet is observed through the lower plategy.(B.5-a). We trigger nucleation by
causing transient ice formation (Fig. 5.5-b). Mehahydrate starts forming at the
interface (similar observation inSfern et al. 1998]). Hydrate does not grow
homogeneously but advances in the form of lobesitivade the water meniscus (Fig.
5.5-c,d — Note: needle-type growth is observecheresults reported bys{ibramanian
and Sloan2002]. Volume expansion during hydrate growthy{¥,=1.234 - Table 5.1)
causes water to flow out of the meniscus alonghyarophilic glass surfaces, readily
forming a thin hydrate layer on the glass plateg.(5.5-c,d,e). The hydrate growth rate

inside the meniscus is between 0.05mm/hour andntiri/hour. This fast growth rate
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suggests that gas reaches the water through cradke hydrate shell rather than by
diffusion through the hydrate layer.

The injection of liquid CQis expected to trigger GHCO, replacement and water
dissolution into the liquid C©(the amount of water needed to saturate the liQglin
this chamber is 171mg, Table 5.3-a). Hence, the I3@rate film observed coating the
glass plates in Fig. 5.5-f appears to be thinner.,(more transparent) than the £H
hydrate film in Fig. 5.5-d-e. Once again, £¢bs bubbles are not observed. The lobular
hydrate structure remains inside the meniscus,ithdahe overall geometry of the solid
hydrate mass is preserved. Depressurization frqmdiCQ to gaseous Cfcauses the
water dissolved in liquid C£xo precipitate as C{hydrate on the glass plate (Fig. 5.5-9).
Depressurization out of the GHphase-boundary has no “observable” effect on the
hydrate phase within the meniscus or coating tlesgkurfaces (Fig. 5.5-h). Finally,

hydrate dissociates during depressurization bet@naQ hydrate phase boundary.

5.4.3 Summary

These two experiments reveal marked difference hydrate formation
behavior on hydrophilic and hydrophobic substragé@sl show the significance of mutual
solubilities during CHCO, replacement. There is no visual evidence of;-Cid;,
replacement when the Gltmosphere is changed for €@as or liquid, i.e., there is no
bubbling, volume change or alterations in the sglithse. The final depressurization

stage confirms the presence of {d@drate at the C£hydrate dissociation boundary.
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(&) Omin
[8MPa, 275K], Fig. 5.3-c(ii)

(b) 140min
[3.8MPa, 261K], Fig. 5.3-c(iii)

(c) 213min - In CH
[8.1MPa, 275K], Fig. 5.3-c(v)

(d) 901min — In CH
[8.1MPa, 275K], Fig. 5.3-c(v)

(e) 1728min —In CH
[8.1MPa, 275K], Fig. 5.3-c(v)

(N 1729min — In liquid CQ
[7.2MPa, 275K], Fig. 5.3-c(vi)

(g) 2086min — In gas CO
[2.9MPa, 274K], Fig. 5.3-c(vii)

(h) 2090min — In gas CO
[1.8MPa, 274K], Fig.5.3-c(viii)

Figure 5.5.

Meniscus experiment. (a) Water dropl8cale: 8.7mm diameter, (b) Ice formation, (¢)&&l, hydrate formation and

growth, (f) Injection of liquid CQ (g) Depressurization from liquid GQo gas C@ (h) Image for P-T conditions
outside the Chlhydrate stability field.
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5.5 Analysis — Sediment scale implications
Analyses and experimental results presented iniqusvsections allow us to
anticipate potential thermo-hydro-mechanical codplprocesses during GHO,

replacement in hydrate bearing sediments.

5.5.1 Molecular scale GHCO, replacement process

Molecular scale observations (Section 5.2), diffasrates (Table 5.1 and 5.4),
and experimental results (Table 5.5) point to &&lb solid-liquid-solid transition during
CH4-CO; replacement. Inside the stability field, €hlydrate in equilibrium is constantly
forming and breaking down at the interface, relegsind capturing CHmolecules [See
molecular dynamics insight iBaez and Clangyl994;Baez and Clangyl995;Walsh et
al.,, 2009]. In a C@rich medium, freed CH molecules may be replaced by £0
molecules, forming C®hydrate and releasing excess heat [William F. g/gersonal
communication]. This released heat causes a pesidedback by locally raising the
temperature of neighboring hydrate cages towardsQH, hydrate phase boundary to
facilitate the atomic-scale solid-liquid-solid G0, replacement in a form of “chain-
reaction”.

This hypothetical replacement process allows usdémtify two end-member
replacement scenarios. First, constant hydrateklteavn and formation make GHCO;
replacement possible within the ¢Hydrate stability field (zone A in Fig. 5.2); ihi$
case, reaction rates will be strongly dependerthercontact area between £é&nd CH

hydrate. Second, excess heat liberated in the @B} replacement transformation may
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sustain a high solid-liquid-solid reaction rateitlms case we anticipate a lower reaction

rate as P-T conditions are further inside the, Gytirate stability field.

5.5.2 Bound for excess heat-assisted reactionmitid CH stability field

The second end-member is analyzed next, takingcomsideration all the phases
involved. We assume that local P-T conditions re#tolh CH, hydrate dissociation
boundary driven by the excess heat liberated indta reaction (Section 5.2, Table 5.1).
How far inside the stability field can the hydrédtearing sediment be to experience this
excess heat-assisted reaction?

Consider CH hydrate at initial pressurey,Ptemperature Jand surrounded by
CO; (liquid in zones A and C; and gas in zone B, FH{), water and the mineral
structure of the host sediment. Let's also assuma¢ all hydrate cages undergo gas
replacement so that the liberated heat is propumtito the difference between the heat of
dissociation of CHl hydrate, I-CICH4hyC{kJ/kg], and the heat of formation of G@ydrate,
HfCOZhyd[kJ/kg]. We consider isobaric conditions and 10@lacement to calculate the
increase in temperaturel from the in situ conditioffp to the temperaturg, on the CH

hydrate stability boundary corresponding to presBgy

(M c0,Cco, ¥ MennyaCornya ¥ MGy + M mcm) T, = -
(M CH, CCH4 +M COZhydCCOZhyd +M wCo * M mcm) Tb - (H (;OZhydM COshyd ~ HgH4hydM CH4hyd)( . )
where subscripts for specific heaind masdv, arem for mineral andw for water. In
this analysis, we do not consider changes in P-ds@hboundary conditions for gas

mixtures (refer to Section 5.2e-1). All masddsconvert to volumeV through the

corresponding bulk densities and partial volumes are related to the total sediment
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volumeVr through the sediment porosify and the volumetric fractions of hydrefigq,
waterS,, and gas5; (CH, gas or C@gas/liquid) in the pore space,

Viga = Sya™Ve s Vi =SufVe, V=SV, V,=(- 7N (5.2)
whereSyq+Sv+S=1. A simple close-form analytical expression isaifed assuming that
the heat stored in GQand CH, and hydrates is similar before and after replasgm

c02c02/Cco2+  cHanydShyd/Ccranyd  cHaScHalCora + coydShyd/ Ccozye Then, the Cht
CO, replacement rate within the sediment will be mazed if the initial temperature of

the reservoir is equal or greater than,

f d
(H COzhydr cozhyd ~ HCH4hydr CH4hyd) Shydf

rCOZSCOZf CCOZ + rWSWf Cw + rCH4hdenydf CCH4hyd + (l' f)rmcm

(5.3)

Numerical results are presented in Fig. 5.6 forHy @Gydrate volume fraction
Sy0.5. This equation is a lower bound for the excésst-assisted GHCO,
replacement, since we assume that the liberatetl vim@ams up the whole sediment
mixture. The upper bound corresponds to the-CB, replacement for pure hydrate (line
on the upper left corner in Fig. 5.6). Local hegtduring replacement is between these

two bounds.

5.5.3 Hydrate dissolution in liquid GO

Liquid CO, will draw water and methane from the £Hydrate until it reaches the

solubility limit of water in CQ ycoz 2° (Section 5.2e-2). The change in hydrate

saturation in the sedimen®,yq due to hydrate dissolution in liquid G@,

1

DSnyd:(l' Snyd) 1 7chany NXMy 50 Meo2 +1 (5.4)

H20

yCOZ rCOZ rThH4 +n >q«nH 20 rT‘IH 20
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where them represents molar magsthe stoichiometric ratio, anttuanyg and coz are
the mass densities of GHhydrate and liquid C@at the prevailing P-T conditions. A
change in hydrate saturation o%,,~0.001 is estimated for reservoir conditidhx<0.3,
P=5-t0-8MPa, and T=273-t0-278K. While this is a Brmamber, continuous flow of
pure liquid CQ, can cause significant hydrate dissolution, fstance near the GO

injection well.

Figure 5.6.  Pressure-temperature upper and lowands for initiating excess heat
CH,4-CO, hydrate replacement by raising the local tempeeatn the CH
hydrate dissociation boundary. The temperaturecases due to the heat
released after CHhydrate dissociation and G@ydrate formation. Upper
bound: the reaction can begin far inside the, @itirate stability zone for
a solid hydrate mass (upper bound ~10K from the, Gtydrate
dissociation boundary). Lower bound: the reactiamstrbegin closer to
the CH, hydrate phase boundary in hydrate bearing sedimehtse
minerals and water absorb liberated heat. Boundscamputed using
Equation 5.3 and parameters from Table 5.1, porgsio.5, 0.25, 0.10;
cri=0.83 kJ/(kg-K); Hoznya=395kI/kg; Hcranya=440kI/Kg, cozny1100
kg/m®, and cHanyd=930 kg/m. Note: this analysis does not consider
intermediate hydrate phase boundaries for hydratavryg from gas
mixtures (Section 5.2e-1).
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5.5.4 Methane gas bubble formation

CH4-CO, replacement releases ¢hHhto the pore space. The critical ¢Hiydrate
saturationS*hyd required to cause GHoubble formation depends on the bubble point
molar ratioRgp for the CH-CO; fluid mixture at the specific P-T conditions. Thalue

of Shydcan be estimated as

-1

. r r
qud — (l- Sw) 1 7cnanya Mena Meo2 + __COzhyd Meo2 +1 (5.5)
Rep oo Mops ¥ NXMy 50 My Tcoa Meop ¥ NN 50

For reservoir conditions P=7.25MPa and T=278.189% bubble point isRsp=0.12
[Donelly and Katz1954], and the critical hydrate saturation fos g@bble formation is

Stya~0.21 (See Fig. 5.7-b).

5.5.5 Fluid volume expansion during @8O, replacement

Above bubbling conditions CHCO, replacement involves either volume
change at constant fluid pressure, or pressuregehander isochoric conditions. Let’s
compute first the change in volume during hydratemfation as a function of the

hydration numben, mass densities and molar masses

Viyd _ My ! 7 hya _m +nem, ry
Vv, m,/r, nxm, Iy

(5.6)

where the density of water is,=1000kg/mi, and molar masses ara,=18g/mol,
Mcns=16g/mol andmco=44g/mol. As shown in Fig. 5.7-a, an initial voluroé water
expands by WdJVw=1.234 to form CH hydrate (n=6, CH4hyd=930kg/n‘?), and

VhydVw=1.279 to form C@hydrate (n=6, cozny1110kg/m).
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The volume change of the hydrate mass during-C&. replacement can be
analyzed following a similar formulation and usiegperimentally measured macroscale
guantitiesn and (Note: is a function o). Let's assume all CHn hydrate exchanges

with the injected liquid C@ The change in hydrate volume is:

VCOZhyd _ 44+18", JJ cHanyd
Venanya  16+18Mcps 7 oonya

(5.7)

The volume occupied by the hydrate mass expandst dbtw-6% after CHCO;
hydrate replacement nus=6, nco=6, and pressure-dependent mass densities
Crany910-940kg/M,  co2ny@1090-1110kg/r). The change in lattice size ~2.9% is in

agreement with this macroscale analysis (refeataes in Table 5.1).

On the other hand, released £dés after replacement occupies a volume that is
strongly dependent on pressure and initial hydsataration. The final volume occupied
by the released methaig“™ which did not dissolve into the liquid GQrelative to the

volume occupied by the G@hat became trapped in hydrat&®? s,

! chanyd Shyd Ay, ) Rqp (1_ s, ) ’ ) ! cozhyd >6nyd Mo, My,
CH yd /' coz
Vg f Mgy, My, FNM 0 Mg, Mg, +NXM 50 I cha (5.8)

Vo

s, ! cozhyd Mo,
yd
lcop Mgy HNXN 4

There is a very pronounced increase in pore flotbme associated with GHCO,
replacement at constant pressure. The volumetiix Vg°"4/V,“? is plotted in Fig. 5.7-b
as a function o0&,y for reservoir conditions P=7.25MPa, T=278.15%p=0.12 Donelly
and Katz 1954]; for exampleVy,""Vv,“9%~390% for S,,=50%. Conversely, a marked
increase in fluid pressure and decrease in effecsivess will take place if constant

volume is imposed during GHCO, replacement. Field conditions will be between ¢hes
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two extreme scenarios. If replacement conditiorsultein a CH/CO, mixture, the

volume of the mixture fluid can be computed usingic equations of statéijand Yan

2009].
(@)
as VCH4 hydrate =1.234
k water
VCOZ hydrate =1.279
water
Water Hydrate
(b)

Figure 5.7.  Volume change analysis. (a) Duringratal formation/dissociation, i.e.
Eq. 5.7 (b) During CHCO, replacement, i.e. Eq. 5.8 (P=7.4MPa,
T=281.4K, co=906kg/ni, bubble point for CHCO, mixture Ryp= 12%
mol CH, / mol CQ).
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5.5.6 Sediment volume change during/&E0, replacement

A soil subjected to an increase in effective stress from an initial effective
stress s, to a final stress s, + s experiences a volumetric strain
wi=Cc log[(so'+ s%)/s,] that is proportional to the compression ind€x. The
presence of hydrates stiffens the soil skeletomhab lower values of the compression
index are expected for hydrate bearing sedimergs fbr the same sediment without
hydrates [Lee et al. 2010]. The stiffening effect of hydrate dependstioe pore habit:
pore-filling (smallest effect), load-bearing andmamnting (largest effect)Waite et al.
2009]. While CH-CO, replacement involves transient “local” dissociati@reliminary
experimental evidence we have gathered using cémgetH, hydrate-bearing sands
with hydrate saturatior®.y—5-t0-10% shows no significant change in globaffress
when wave propagation velocity data are gatherathgllCH,-CO, gas replacement.
Thus, low volumetric strains should be expectednduCH,-CO, replacement under
free-draining flow conditions. Fluid volume changeay affect sediment stability if free-
draining conditions are lost during replacemente Tollowing sequence of events may
take place $antamarina and Jang009]: fluid volume expansion during the £80,
replacement causes an increase in fluid pressutecr@ase in effective stress, and a loss
in sediment strength leading to shear failure, djagen fractures, and/or collapse of the

sediment skeleton.

5.5.7. Mixed fluid flow

CQO is considerably less viscous than water, and @i tend to produce viscous

fingering in excess-water reservoirs. Some recantearical simulations show finger-like
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patterns when CQinvades water-saturated formatiortéapg et al, 2005; Qi et al,
2009], while other simulations show minimal €fihgering [Chang et al. 1994]. The
analysis of pore scale capillary and viscous fomaggests higher tendency to viscous
fingering in the near field of the injection well here flow velocities are high

[Lenormand et a].1988].

5.5.8 Anticipated sediment-scale emergent phenomena

Four different injection scenarios are identified Table 5.6 in terms of P-T
conditions that control either liquid GOr gas CQinjection (zones A and B in Fig. 5.2),
and either excess-water (gas-limited) or excess{gader limited) hydrate-bearing
sediments. Phenomena and properties listed abolge uee identify the following
processes that may take place during injection:

The release of CHabove the bubble point leads to gas forma8g® and lowers
the relative permeability of the liquid phase [v@&enutchen's equation as in
Kleinberg et al, 2003].

A low velocity of the invading C®front, compared to the rate of ¢@ydrate
formation, will promote the growth of new GOChydrate in excess-water
reservoirs, occlude regions with ¢Hydrate, prevent the direct contact of CH
hydrate with CQ, and hinder CHCO, replacement (see numerical simulation of
CO; hydrate clogging inKang et al, 2005]).

The replacement rate in both excess-gas and ewadss-reservoirs will be
controlled by the spatial distribution of G@uring injection and the replacement

reaction rate.
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Clogging by CQ hydrate formation can be analyzed by comparingvitlecity of the
invading CQ advective front and the growth velocity of €@ydrate at the water-GO
interface. The advection fluid velocity in poregm/s]= ¢/(2 rH,f) is determined by the
injection flow rateg[m?®/s], the distance from the well to the franthe hydrate-bearing
reservoir thicknesdd, [m], and the sediment porosify. The velocity of diffusion-
controlled growth of the hydrate plug in pores ppmximatelyvp=D/ , whereD is the
diffusion coefficient [ni/s] of CQ, through hydrate and[m] the length of the hydrate
plug. The ratio of these two velociti@s/va=2 DrHf/( q) determines whether hydrate
clogging {p/va >>1.0) or unconstrained advectionm//a << 1.0) will take place. For
example, clogging is not anticipated in sandy sedit and sandstones near the injection
well during continuous injection, (assumidgl0®m, i.e., the plug length is similar to the
pore size). However, a stagnant Ciiid front will promote hydrate formation and a
differential pressurecorpw Will be needed to break the G@ydrate seal in order to
continue injecting C@ Assuming cylindrical pore geometry, the additioG&®, pressure
IS pcorpw=4 /d wherebis the hydrate-mineral bonding strengthis the pore diameter
and d'the plug thickness. For plugg@adnd a bonding strength-250kPa, the differential
pressure to re-initiate pumpingpso-pw~1MPa.

The complex interaction among coexisting processayg give rise to emergent
bifurcation phenomena such as viscous fingering gasddriven fractures. On the other
hand, self-homogenizing effects may also arisegi@mple, ChH gas production during

CO; injection will reduce the local permeability anicidier CQ fingers formation.
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Table 5.6.

Anticipated sediment scale phenomenaglCH,-CO, gas replacement

Reservoir Type
Gas-limited, excess-water Water-limited, excess-gas
Gas buoyancy affects invasidn CH, hydrate is found at
Slow gas replacement rate due contacts’.
g to low gas activity’ Low hydrate volume expansign
e Expect viscous fingering of GO (1-t0-6%) ™
& gas® High CQO, gas permeability
CO, and CH mix, and flow
together
Released Cllgas lowers the Some of the water in CH
mixture bulk modulus (if above hydrate will dissolve into the
N bubble point concentratiof) liquid CO; and the final
e Large fluid volume expansion i hydrate saturation will
g released methane excee*ds decrease; in fact, liquid GO
S5 bubble point concentratioh might “dry” hydrate near the
2 Expect viscous fingering of injection well
i liquid CO, *¢ Some CH gas will remain
% trapped in the sediment
(]
£ Replacement rate is limited by The sediment is water limited
spatial invasion of gas/liquid so it does not clog by forming
~ CO; new hydrate
8 At low injection rates or due to
o flow interruptions, CQwill
=> react with the excess water to
= form hydrate during injection,
3 plugging the formation and
S shielding CH hydrate at
o reservoir and pore scall§
= Hydrate saturation increases ahd
L rr]1ydraulic conductivity decreasgs
. Water acidifies
a - [Lu et al, 2009]; b - McGrall et al, 2007]; ¢ - Kang et al, 2005]; d - Lenormand et a).1988]; e -

[Waite et al. 2009]; f - Donelly and Katz1954]; g - Bpan and Wagnefi996;Trusler and Zararj 1992];
h - [Kleinberg et al. 2003]; i - Kneafsey and Pruesg010]; *1- this study, equation 5.7; *2 — thisdy,

equation 5.8; *3

— this study, section 5.4, Fid.. 5.
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5.6 Conclusions

The replacement of CHoy CG in hydrate bearing sediments involves multiple
coexisting processes, such as mass and heat trgniseat liberation, dissolution, gas
production, and fluid volume change.

The CH, hydrate cage must separate to release then@itecule and trap the GO
molecule. This transient and local solid-liquididdransition within the stability field is
assisted by the excess heat liberated during@®} replacement and can extend as far
as ~10K inside the stability field. The presentenmerals, water, and excess gas can
limit this self-sustaining reaction to within ~3K the CH, hydrate boundary. While
available data are limited, experimental and themak considerations suggest that
replacement rates increase near the, Gytirate phase boundary, with increasing pore
fluid pressure until the CQOliquefies, and, when CHhydrate masses are small so the
surface available for CQexchange is high.

New experimental results highlight the high solipibf water and CHin liquid
CO,. Hydrate forming water dissolves into liquid €®o that lower hydrate saturation is
expected after CHCO, replacement in water-limited reservoirs. The tramisin hydrate
stiffness that should accompany local solid-ligsadid CH,-CO, replacement has a very
small effect on macro-scale skeleton stiffness tredsediment should experience low
volumetric strains during CHCO, replacement under drained conditions.

Processes and properties reviewed in this mandsatipw us to anticipate
various reservoir scale phenomena during,-Cl®, replacement, including: potential
decrease in water saturation, decrease in thedligelative permeability, pronounced

increase in fluid volume when a Gldas phase is formed, G@Qydrate clogging when

106



the velocity of the invading front is low and thaseenough water to supersaturate the
CO,, and the possibility of COfingering leading to CiHhydrate occlusion within the
reservoir. Excess-gas methane hydrate reservomglcsine more amenable to GEO;
replacement because of high permeability to,d@rge interface between GHydrate
and CQ, and no early C®hydrate clogging. Volume-pressure changes assaocitat
CH4-CO, replacement in excess-water reservoirs may causease in fluid pressure,
decrease in effective stress and strength lossm@kexpansion, and gas-driven fractures
if a CH; gas phase develops and the permeability is lowugmdo prevent pressure

dissipation.
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CHAPTER 6
P-WAVE MONITORING OF HYDRATE-BEARING SAND DURING

CH4-CO, REPLACEMENT

6.1 Introduction

The simultaneous injection and geological entragmei CO,, along with
enhanced hydrocarbon recovery may increase theegftly and sustainability of fossil
fuels. Examples of these combined processes artee@ianced oil recovery, and €O
enhanced coal bed methane recovery. In this stwayfocus on ChCO, hydrate
replacement whereby methane is recovered from tsuiearing sediments with the
concurrent entrapment of GO

Published theoretical studies and laboratory-sealgeriments have shown the
successful release of GHs a result of the replacement reaction caused@yirgection
[Hirohama et al. 1996; Kvamme et a).2007a;Lee et al. 2003;McGrail et al, 2007;
Tegze et a).2007]. Pore scale phenomena include heat reasaliffusion controlled
reactions, dissolution of fluid phases, gas pradua¢tand porefluid volume expansion
[Note: a comprehensive review of phenomena releim@H4-CO2 replacement can be
found inJung et al. 2010]. The first reservoir-scale trial test haem planned for the
Alaska North Slope in 2011 (DOE - project DE-NT0BB8).

P-waves provide insight into the stiffness evolutad hydrate-bearing sediments.
The stiffness evolution affects the mechanical itglof production wellbores and gas
hydrate reservoirs. P-wave methods have been wsetbnitor CQ field injection tests

[Arts et al, 2004;Daley et al, 2008;James et a].1995;Spyros and Brugel997;Spyros
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et al, 1995; Xue et al. 2006] and to assess g@®ansport and saturation in laboratory
experiments Angeli et al, 2009a;Lei and Xue 2009; Sarout et al. 2009; Shi et al,
2007]. In this study we use P-waves to monitordhelution of CH hydrate formation,
CO, flooding, CH-CO, replacement, and final hydrate dissociation indsanThe
properties of C@Qand CH are reviewed first. This is followed by the expsental study

and complimentary analyses.

6.2 Review of CQ and CH, properties

The physical and chemical properties of {d@pend on pressure-temperature PT
conditions. The critical point of CQOs at P=7.38MPa andl=304.1K. The density of
liquid CG; is usually lower than that of water, but there rbaya density reversal at high
pressure, such as in deep-sea settings (at 277.1ak;1035kg/nf when pressure is
above ~28MPa). The bulk compressibility of liqui®@L{s an order of magnitude higher
than that of water§pan and Wagnerl996]. The most important properties of £O
relevant to transport-conduction processes arevgm) low viscosity, typically 10 times
lower than that of water C0O2=10-4 Pa-s at 10MPa and 280Kenghour et al.1998];
(b) high diffusivity of water into liquid C®[D 2-t0-20x10-8m2/s at 7-20MPa and
~300K -Espinoza and Santamarind010c], (c) significant solubility of water irquid
CO, [0.05mol/kg at 10MPa and 285K Spycher et al.2003], and (f) high solubility of
CO, in water [0.83mol/kg at 6.6MPa and 274K in thesprece of hydrate Hashemi et
al., 2006].

The critical point of CHis atP=4.60MPa and=190.6K, therefore, CiHdoes not

form as a liquid phase in geological reservoir agpions. The mass density of gas L£H
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can be approximated with a cubic equation of §t¢e parameters in Table Peng and
Robinson 1976]. The mass density and viscosity of,Gife low at reservoir conditions
when compared to water; for examplegns=232kg/ni and cps=2.7x10°Pa-s at
P=30MPa and'=280K [NIST, 2010].

Both, CQ and CH can form gas hydrates at high pressure and lowpéeamture.
Water molecules form a polyhedral structure, whiabows them to host the
corresponding gas moleculeSI¢an and Koh2008]. Even though both GGnd CH
form hydrate structure I, their solubility in waterage occupancy in the hydrate, and
thermodynamic stability inside hydrate cages difignificantly [Adisasmito et aJ.1991;
Anderson et aJ.2003;Servio and Englezp2001; 2002]. Mixed CHCO, gas conditions
cause a shift in stability boundaries which depemas the CH/CO, mass ratio
[Adisasmito et al.1991;Seo and Lee2001].

Gas hydrates form in the pore space of sedimerttsedbiottom of the ocean and
at great depths in permafrost where P-T conditemeswithin the hydrate stability zone
and CH is abundant{venvolden 1988]. The pore habit of hydrates in sedimentsda
large impact on the physical properties of hydizaring sediments [e.g. pore filling,

segregated lenses, and cementik¢pite et al. 2009].

6.3 Design of experiments
We use P-waves to assess the evolution of hydnasediments. We purposely
localize hydrate growth at contacts by using aigiéyrtsaturated sand pack, so that all of
the water is found at interparticle menisci. Theref the granular medium acts as a

“sensor” that amplifies the signature of the phabigrocesses taking place at tens of
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thousands of grain contacts. In particular, samihgrwork as Hertzian stiffness sensors
that can reflect minor changes in contact condstiorhus, compressive and shear wave
velocities increase significantly even with smdflanges in hydrate saturation (Note:
hydrate nucleates on grain surfaces and growshhat@ore in water saturated sediments;
much lower changes in stiffness take place in¢age).

Materials. Ottawa Sand #20/30 is the host sediment [rounchgy@50=0.72mm
and d60/d10=1.2, where dx is the diameter for Hpenrcentile in the distribution - details
in Cho et al, 2006]. Fluids include research purity £€&nd CH gases, and distilled
water.

Apparatus.The tests are conducted within a high-pressure beaequipped with
multiple ports for fluid injection, electronics aoections, and pressure measurement
devices (transducer Omega PX303-GV). A sapphiredain allows for direct
observation into the pressure chamber. Inside Hamber, we place a spring-loaded
sediment cell (25mm diameter and ~20mm height - &ib) designed to apply a 100kPa
effective axial stress at zero lateral strain cbods. The cell is equipped with
piezoelectric transducers (5mm radius, 0.2mm tleskhto generate and receive P-waves
(Fig. 6.1). The piezoelectric transducers are comuk to a signal generator BK
PRECISION 4012A and an oscilloscope HP54600B. Hpaiti signal is a step function
that repeats every 20ms. The output signal is passeugh a 300kHz low-pass analogue
filter and is sampled at 5Mhz. A total of 32 condge® signals are averaged to increase
the signal-to-noise ratio, and stored every 30stéNae observe the waveforms on the
oscilloscope screen continuously during criticabgasses). A thermocouple (Copper

Constantan, Conax Buffalo) placed inside the sedinoell measures the pore-fluid
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temperature within the sand specimen. The sediwhts perforated (0.5mm diameter

holes) to retain the sand grains and but to alletee flow of CH and CQ.

Figure 6.1.  Experimental devices. The spring-loadediment cell is housed inside
the pressure chamber (shown with a dashed line). Sping applies a
constant effective axial stress 100kPa to the sand. The piezoelectric
transducers attached to the lower and upper ptdtédse cell are used to
generate and measure the compressive P-wavesrdbeuple (bottom
right corner in the cell) measures the sedimenptgature.

Experimental procedurélhe sand is mixed with distilled water, packeside the
sediment cell, and loaded to a constant effectal atress. Then, we place the sediment
cell inside the pressure chamber, briefly apphadigl vacuum, and flush the system
with CH, gas at least five times in order to remove théngide of the chamber and
specimen pore space. Immediately after, we stdogt@ressure, temperature, and P-

wave arrivals.

We run a total of seven multi-stage tests using dhme sand, at the same
effective stress, but with different initial value$ water saturation. We subject each
specimen to a pre-specified pressure-temperaturetif@@ history to gain detailed

information related to hydrate formation, ¢GHO, replacement, and subsequent
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dissociation. Ice and hydrate formation PT pathe ehosen to facilitate hydrate
formation and to gain physical insight. The PT drigts during CQ® flooding represent
two plausible scenarios: (a) flooding inside the,@kldrate stability field is expected to
be safer but slower, while (b) G@as injection coupled with depressurization may be
quicker but may be accompanied by sediment conpacBT paths that induce hydrate
dissociation allow us to confirm PT conditions aape transition for either G@r CH,
hydrate. Finally, successive G@ushing is relevant to anticipate the responskyafrate-
bearing sediments subjected to high ;C&dlvection. Results are summarized in the

following section

6.4 Results
The main stages in the various PT time historiesshilown in Fig. 6.2. Fig. 6.3
shows typical waveform cascades measured duringlifferent stages. The dominant
frequency of the transducer-sediment coupled sysgein the ultrasonic regime and
ranges from ~20kHz (sand pack in air) to 150kHzneeted by ice or hydrate). Specific

observations for each PT stage are summarized next.

6.4.1 Ice and hydrate formation

(a) Specimen cooling and ice formation at grain corggpath a in Fig. 6.2) Ice
formation lasts from 30-t0-350s for water satunmatics,=0.045-t0-0.37
(exothermic-heat transport controlled). A pronouhcmcrease in stiffness
accompanies ice formation (e.g. Fig. 6.3-a, infa0.045).

(b) CH,4 hydrate formation from ice in an excess-imospherdpaths aand b in
Fig. 6.2). The ice-bearing sediment is pressunaid CH, (path a) and warmed

outside of the ice stability field (path b). We ebge that CH hydrate nucleates
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as ice melts. While hydrate formation at each nwrsiss CH diffusion-limited,
the volume average P-wave velocity remains highan in the unfrozen sediment
at all times (Fig. 6.3-b is a continuation of Fig3-a - initialS,=0.045). Hydrate
continues growing for ~12h and the sediment mixttwatinues to increase in
stiffness (only 45min shown in Fig. 6.3-b).

(c) CHy4 hydrate formation from water in an excess;Gtimospherdpath c in Fig.
6.2). In this case, the initial sediment tempematgr above that of the hydrate
phase boundary, and the hydrate is formed by cgd@kig 6.3-c). This process is
much longer than ice formation because the growtmat governed by heat
transfer but instead by the @Hiffusive transport through the hydrate layer that
forms at the interface between the pendular water the bulk CH gas (for
S/~=0.10, ice formation takes place in less than 20ses, yet hydrate formation
requires about 24h). The duration of hydrate foromaincreases with the initial

water saturatios,.

6.4.2 CQ flooding

(d) CO, flooding and displacement of GHpath d in Fig. 6.2)After CH, hydrate
forms at grain contacts, we flood the pore spadé gaseous, then, liquid GO
while the PT conditions remain within the ¢Hydrate stability field.CH, is
slowly vented while C@is pumped into the chamber. The liquid phase ftiona
is observed through the sapphire window; the iatafrises to eventually fill the
chamber as the injection of G@ontinues. From PT conditions and bubble point

data, we estimate that less than 10% of the methemained in the chamber,
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mostly above the sediment cell [see CH4-CO2 phagsdileria in Donelly and
Katz, 1954]. Fig. 6.3-d shows the results gatheredndutte liquid CQ flooding

of a CH, hydrate-bearing sand at a hydrate saturatio,gf0.045; based on the
evolution of P-wave velocity to an asymptotic vaaral on the time for diffusion-
controlled growth (Section 6.5.3), we assume atewhas converted to hydrate at
this point. P-T conditions remain within the CHydrate stability field. There is
no significant stiffness change.

(e) Liquid-gas-liquid CQcycle at &4~0.045 (path e in Fig. 6.2). We renew the,CO
in the pore space by imposing a liquid-gas-liqu@,Cycle, to simulate extensive
flushing of the sediment with pure liquid @dFig. 6.3-¢ shows the first of ten
CO; flushing cycles. The wave velocity does not chasgmificantly when the
pore-fluid is changed from liquid GQo gaseous CO
Liquid-gas-liquid CQ cycle at §,<<0.045(same as path e in Fig. 6.2). When
hydrate saturation is very low, the difference wikbstiffness when pores are
filled with liquid CO,, as opposed to gaseous £ evident (Fig. 6.3 as soon
as CQ vaporizes, the waveform shifts to having long ¢tatrme (~20 s to

>40 s) and low frequency.

6.4.3 Hydrate dissociation

() Dissociation of CH hydrate(path f in Fig. 6.2) Fig. 6.3-f shows Clihydrate-
bearing sand in CHgas as it is heated beyond the hydrate stabiktg.f The
dissociation of Cll hydrate takes ~20mifor initial S,,~0.10 (Fig. 6.3-f). As

soon as the specimen crosses the Bydirate dissociation boundary, the P-wave
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velocity starts to decrease. After complete disstom, the effective stress acting
on the granular skeleton dominates the sedimeifiheds (Note: Fig. 6.3-c is a
continuation of Fig. 6.3-f).

(g) Dissociation of CH hydrate in the presence of @(path g in Fig. 6.2). In this
experiment, we take a specimen of {tydrate-bearing sand in Gldas beyond
the CH, hydrate stability field and simultaneously inj€x®, in order to reach the
region bound by the CHand CQ hydrate phase boundaries. Upon continued CO
injection, the CQ@ gas becomes liqguid GOFrom PT conditions and dew point
data, we estimate that less than 10% methane siaylee chamber, mostly above
the sediment cell [see CH4-CO2 phase equilibridonelly and Katz1954]. The
P-wave velocity hardly changes during the proc€ss. 6.3-9,S~0.27, during
the time shown and afterwards. We observe this rditgdpreservation behavior”
at low hydrate saturation as welll,(+~0.03 - not shown in Fig. 6.3).

(h) Hydrate dissociation after C{flooding (path h in Fig. 6.2). Fig. 6.3-h shows the
dissociation of originally pure CHhydrate in sandSys~0.10) ~48h after the
injection of liquid CQ. During depressurization, the specimen goes thrdhg
CH; hydrate phase boundary first; but the P-wave vgloeemains almost
constant until the Cohydrate phase boundary is reached. A rapid lossftriiess
occurs once the PT conditions are beyond the I@@rate stability field, and the
sediment stiffness returns to the original watet-wedndition. Complete

dissociation lasts ~15 minutes.
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(a) Freezing and pressurization (e) CO, liquid-gas-liquid cycle

(b) CH, hydrate formation from ice (f) CH, hydrate dissociation
(c) CH, hydrate formation from water (g) CO, flooding outside CH, HSZ
(d) CO, flooding inside CH, HSZ (h) Depressurization - Dissociation

Figure 6.2.

Pressure-temperature time historié® drrows show the PT conditions
followed in various tests, not necessarily in clmlogical order (letters
match datasets in Fig. 6.3). Phase boundarieshakensfor CH, and CQ
hydrate, the liquid-vapor boundary for pure £Oand the water-ice
boundary as a dashed line [equationgdung et al. 2010]. Initially, we
freeze the water in a GHatmosphere (@ and then increase pressure by
injecting CH, gas (). We formed hydrate from ice to hydrate (b) and
from liquid water (c). C@injection is shown as loops, first G@ooding
(d), followed by liquid-gas-liquid Cegeycles (e). The CHCO,
replacement is sought during the first £i®oding inside the CHHSZ
(d) or during the excursion outside the Otydrate stability field (g). We
dissociate any hydrate during the final depresation step (h).
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(a1,a2) Freezing and pressurization (b) Hydrate formation from ice (c) Hydrate formation from water

(d) CO; flooding of CH 4 HBS (e1) Liquid-gas-liquid CO ,cycle #1 (e ) Liquid-gas-liquid CO , cycle #8
(f) CH4 hydrate dissociation (g) CO ,flooding outside CH 4, HSZ (h) Depressurization and dissociation
Figure 6.3. P-wave measurements in hydrate-beaand (void ratie~0.7, effective

confining stresss ~100kPa, and mean particle sizg=0.72mm).
Waveforms from time-lapse P-wave monitoring: x-axiscilloscope time
[ s]; y-axis, experimental time from the top to thettbm [min].
Waveform voltage in colors, white denotes the digmaks and black the
signal troughs. Each frame represents a differeatgss (results from
various tests — Refer to Fig. 6.2 and Section &\8}ice the high contrast
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Figure 6.4.

in frequency and amplitude between water unsatdratel either ice or
hydrate-bearing sediments. Notes: HPB hydrate pHhasendary, *
increased contrast to show low amplitude waveforBienmary of PT
histories for experiments shown in this figure:idijial S,=0.045 (a, &,
b, d, e, and h); 2) initia§,=0.10 (a, &, b, f, ¢, d, h); and 3), Iinitial
S=0.27(a, &, b, f, c, g, and final depressurization).

Reduction of hydrate-bearing sanfinst$s during successive flushes of
pure liquid CQ, as liquid-gaseous-liquid GOcycles inside the CH
hydrate stability field. The vertical axis repretsethe ratio between the P-
wave velocity at experimental timeand the initial P-wave velocity at
time ty before ice and hydrate formation. Each liquid-tiasid CO, cycle
replaces 0.030kg of pure G@very ~3 days, which is equivalent to 8.5
times the pore space of the sand specimen. No}eD(ting the CQ
liquid-gase-liquid cycles, we show thé ratio for the specimen in gas
CO;, to highlight the effect of cementing hydrate oe tranular skeleton.
The sand does not show any evidence of cementatenthe &' liquid-
gas-liquid CQ cycle (28" day in the figure).

6.4.4 CQ flushing

We flush the C@in the sediment by imposing the g@ressure cycles sketched

as path e in Fig. 6.2. Fig. 6.4 shows the compitimess evolution for a hydrate-bearing

sand G,~0.045) subjected to ten G@lushing cycles (Note: this is a 35 day long

experiment; ice formation, hydrate formation froce,iand CH displacement by liquid

CO, are shown for completeness). The granular skelstifimess decreases gradually
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with each CQ flushing cycle. The P-wave velocity at the eigfitishing cycle is the
same as for the water-wet sand pack at 100kPa. Mfeadtled the chamber and

recovered only dry sand from the sediment cell.

6.5 Complimentary analyses and discussion

Earlier physico-chemical arguments at the latticales suggested that a solid-
liquid-solid transition is required for GHCO, replacementJung et al. 2010]. However,
macroscale experimental results presented here ahuwst constant sediment stiffness
during CH,-CO, replacement. It is concluded that the solid-ligsadid transition takes
place locally at a scale small enough that thensedi volume average properties remain
unchanged. Clearly, hydrate dissolution in liquidD£saturated reservoirs will be
accompanied by stiffness loss (e.g. near the iojeatell), while new hydrate formation
in excess-water reservoirs will increase the sediratffness (typically in the far field of
the injection well).

The following complimentary analyses permit extragtadditional information
from these experiments and provide an approachssesa changes in the geological

formation.

6.5.1. Frequency effects

The piezoelectric transducers used in this stude lahigh resonant frequency in air.
Once buried in the sand, the resonant frequencstrangly dependent on the sand
stiffness and the sediment mass within the nedd ¢ the transducer. Assuming a

parallel stiffness model, we can estimate the @ffematural frequency of the coupled
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sand-transducer systeff@ [underlying expressions imevling 1979; an analogous

analysis for buried bender elements can be fouh@eand Santamarin2005]

3
71(3)2 . Epz +hE,
r -
f L i (6.1)
c2p t
— 1, +brg pr?

whereb=2 (first mode of vibration) anti~1.6 [Poulos and Davis1974] are geometry
related factors, and, and n, are the Young's modulus and Poisson’s ratio of the
transducer. The sediment stiffndssdetermines the resonant frequency of these buried,
thin transducers (thickness much smaller than #déus,t/r<<1). Indeed, experimental
results show that at an effective stress&fl00kPa, the dominant spectral frequency
ranges from 20kHz (sediment without ice or hydrate)l50kHz (sediment with ice or
hydrate). These values are readily corroboratetirbg series shown in Fig. 6.3. In all
cases, the wavelength is greater than 20 times the grain stg and satisfies the
equivalent continuum assumption. The wavelengtiemains significantly shorter than
the travel distance in all measurements.

The frequency content of P-waves in the sand daainaith liquid CQ (refer to
Fig. 6.3) often exceeds Biot's characteristic fremey Biot, 1956] for our experimental
conditions {~0.42, jiquidco=10"Pa-sf iiquiacor~0.9kg/n, and ~10"°m?)

- Mcoe

fe
2,0/'002/(

~10kHz (6.2)

The ratio between the high and low frequency P-waalecity is ~1.07 [equation

in Santamarina et al.2001a] and has a minor effect in these resultsaaalysis. In view
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of field applications, we continue the analysisPeivave velocity for the low frequency

regime.

6.5.2. P-wave velocity — changes during liquid,@i@oding

In the low-frequency regime, the mixture bulk coegmibility Byix can be estimated
using the low frequency Biot-Gassman equatiBourbie et al. 1987; Mavko et al,
2009], while the mixture mass densityix is computed as a volume average. The general

expressions for the system under consideration are,

2 -1
S -
B =By oD Suy T Son S IS By gy
Bm Bw BCO2 BCH4 Bhyd Bm Bm
rmix =f (Smfw"'scozrcoz +SCH4rCH4 +Sr1ydrhyd)+ (1' f)fm (64)

where 7 is the sediment porosity arilis the relative saturation with subindewedor
water, CQ, CH,;, and hyd for hydrate. A similar expression can be used ifer by
replacingSaya, Bnya @and nyd With Sce, Bice and ice. The physical and mechanical properties
of water, CQ, CH, and solids (i.e., quartz, ice, and hydrate) armersarized in Table 6.1;
notice that the bulk stiffnesses sortBis>Bice>Bnya (M: mMineral). A proper equation of
state is used for the fluid phase to account foltians in pressure and temperature (see
Table 6.1).

Equation 3 disregards the stiffening effect of tlapy forces in mixed fluid
conditions, such as water-GOnixtures; this approximation is adequate for cears
sediments and/or high effective stress levelsedded, the value &< can be increased

as a function of suction and saturati®epata-Landa2007].
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Table 6.1. Physical and mechanical properties ofdrate-bearing sediment
constituents. The following constants and equatemesused to predict P-
wave velocity for the multiphase fluid-sedimentteys using the Biot-
Gassman equation (Equations 6.3 and 6.4).

Water- Gas .
Phase CQ CH, brine Ice Hydrate Mineral
Physical properties
CH, hyd:
. CH, Peng- Correla- E .
Mass density, A . ) D 930 Quartz:
[kg/m?] CO, EOS REI(J)lgsBon tion 921 CO, hyd: 2650
1100°
Viscosity, Experimental 2405x10°H | ~15x1g' | Poes ot Doesnot | Does not
[Pa s] fitting © - ’ apply apply apply
Mechanical properties
P-wave velocity,| Correlation | Polynomial " D D M
Ve [M/s] based ol equatior Equation 3870 3780 6060
S'W\a/"e[r;’fs']oc'ty’ 0 0 0 1949 | 1963° | 4110"
S
Shear Modulus, 3.2N +
G [GPa] 0 0 0 3.4% 3540 45
Bulk Modulus, t t t b 7.1 t
Poisson ratio, ~0.5 ~0.5 ~0.5 033 | 032° | ~0.08"

A- [Duan and Sun2003b]; B- Peng-Robinson parametfis:191.15K,P.=4.641MPa, =0.0115;
C- [Mavko et al. 2009]; D- 31MPa effective stress and 273.15¥lIferud et al.2009]; E Bloan
and Koh 2008]; F- RAya et al, 1997] ; G- Fenghour et aJ. 1998;Vesovic et aJ.1990]; H- At
298K, 10-to-20MPaBicher and Katz1943]; I- Brine at 293KNetherton et a).1977]; J- Epan
and Wagner 1996]; K- [Trusler and Zarari 1992]; L- Belogol'skii et al. 2002; Mavko et al,
2009]; M- [Gueguen and Palciauskat994]; and T means computed value.

The constrained modulus of the skeletbh can be determined fronve
measurements in gas saturated safgsVy® . From the theory of elasticity, the bulk
and shear modulus of the skeleton Bgee1/3[(1+ s)/(1- )]Msk andGg= [(1-2 <0/(2-

2 ]Ms, where the small strain Poisson’s ratio for thengtar skeleton is lowg=0.1
[Santamarina et al.2001a]. KnowingBnmix (Equation 3),Gsx and mix (Equation 4), the

compressive wave velocity of the fluid saturatedops medium can be computed as,
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(6.5)

Fig. 6.5 shows the ratio between the P-wave velocity predictions for the
sediment saturated with a water-C@ixture §+So0>=1), and the same sediment
saturated with water only§(=1). Values of are shown as a function of G®aturation
for different skeletal stiffnessésyg, fluid pressures, and porosities. Parameters imsed
each pane are selected to match the conditionsirirexperiments and other published
studies; data are superimposed on the graphs. -T&e is always less than one because
the P-wave velocity of liquid COranges between ~300m/s (7MPa, 300K) &88m/s
(10MPa, 280K) as compared to that of watgtyaie~1500m/s. The -ratio is most
sensitive to the stiffness of the skeleBypandGs, and it tends to=1 as the stiffness of
the skeleton increases. Theatio changes significantly with PT conditions a@@®,
saturation &0, Similar trends apply to brine-saturated media 1((MPa; T=280K;
S=10%; B= 2.11GPa; Bine= 2.64GPa; = 1004kg/m ; uine= 1075 kg/m).

An immediate implication of this analysis is thaetinjection of liquid CQinto
water-saturated sediment in the field replaces Higlk stiffness water for the more
compressible liquid C®and a lower P-wave velocity is anticipated. Alse mote that
due to the low P-wave velocities of gas £thd both gas and liquid G@ompared to the
P-wave velocity of the hydrate-bearing saMg (900m/s at 100kPa vertical effective
stress), P-wave velocities measured in this stldsety track the evolution of skeletal
stiffness.

While the forward prediction o¥p is viable, flat trends in Fig. 6.5 indicate that

the estimation of C®saturation fromVp measurements will be inaccurate, especially in
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stiff, low porosity sediments where marked chanige€0O, saturation have almost no

impact onVp.

(This study)
() (b)
(Daley et al., 2008)
(Shi et al., 2007)
(c) (d)

Figure 6.5.  Ratio of compressive P-wave velocit@sliquid and supercritical CO
water saturated sediment and the same sedimematsatwith water as a
function of CQ saturation. The effects of (a) Skeletal stiffness
represented inVps, (b) pore-fluid pressurd®; (c) temperature T; (d)
porosityf. The bulk modulus and density of g@nd water are calculated
with equations of state as a function of pressune temperature (Table
6.1). Laboratory and field results are superimposed

6.5.3 Time evolution: Formation Rate

Diffusion controlled hydrate growth is anticipatetl menisci (excess-gas conditions).
CH,4 hydrate formation is limited by methane gas tranghrough the hydrate layer
thicknesss that forms around the menisci (excess-gas sedjm&nsteady state, the flux

of gasFy from the pore space (concentrati@gu) to the water inside the meniscus

(concentratiorC,q) is
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Coux - C
F,=D—— (6.6)

’ S
where D is the diffusivity of CH through CH hydrate. The concentrations
Coul= cnadmol/L] and Cyq depend on pressure and temperature conditi®asvio and
Englezos 2002;Servio et al. 1999]. The gas concentration in hydrat€ig~7.3mol/L
(full occupancyn=5.75; lattice size 12A). For a quasi cylindricabgetry, the evolution

of the hydrate shell thickens in time becomes,

C,.-C
s= [2D—2k "y (6.7)
Chyd - Caq

We estimate the time required for hydrate formatigp in pendular water at interparticle
menisci by combining Equations 6.6 and 6.7, andtswitings for rp,
T
Experimental diffusion valueB=3.4-t0-7.6x10> m%s [Davies et al. 2008], combined
with Equation 6.8 lead to the conclusion that watesubmillimetric menisci converts to
hydrate in few days. Similar rates are expectetappen in diffusion controlled CH

CO, replacement processes.

6.5.4 Water solubility in liquid C®and hydrate dissolution

Both CQ and CH hydrates tend to dissolve in liquid €@at is not water saturated, as
confirmed by the results shown in Fig. 6.4 [se® disng et al. 2010]. An estimated

~30mg of water could be dissolved into liquid &2fven the void space in our chamber
under the experimental conditions in this studyteiatively, only ~3mg of water can

dissolve into the C&filled pore space of the sediment cell. The expent shown in
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Fig. 6.4 starts with 180mg of water in the sediment, S,=0.045. Thus, ~180mg/30mg
= 6 to ~180mg/3mg = 60 flushing cycles of £@re needed to dissolve all hydrate-
forming water into the surrounding liquid GONine CQ flushing cycles were sufficient

in the experiment documented in Fig. 6.4.

6.6 Conclusions

CH4-CO; replacement in hydrate-bearing sediments preseatsque opportunity
to address increasing energy demands within theegbaf climate change. Considerable
research efforts are needed to understand the eaitypbf underlying processes leading
to commercial scale technological developments.

We designed an experiment that takes advantageeotdntact-dependent sand
stiffness to follow CH hydrate formation, COflooding and gas replacement, and
subsequent hydrate dissociation. The test desigplifea the process signatures by
simultaneously measuring phase reactions that pékee at thousands of interparticle
menisci.

Hydrate growth in excess-gas sediments is conttdie CH, diffusion through
the intermediate hydrate shell that separates dmskand free water.

After CGO, flooding, the hydrate mass dissociates at the B@rate dissociation
boundary, which confirms the successful &0, replacement.

The hydrate-bearing sediment retains its stiffreissng CQ flooding and gas
replacement. Therefore, while a lattice-scale skdjdid-solid transition is required for
CH4-CO, replacement, the reaction is local and does nasecan appreciable effect on

the macroscale mechanical properties of the hydiredeing sediment.
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The mutual solubility and diffusivity of water, GQCand CH components play a
crucial role in the process of GO, replacement. Liquid COwill dry water from the
existing hydrate, causing a decrease in both hgdsaturation and sediment stiffness in
regions subjected to extensive £iw, such as near the injection wells. This magd
to volume contraction, trigger borehole instabjlayd facilitate sand production.

The bulk modulus of C®at reservoir conditions is lower than that of wate
Therefore, P-wave velocity decreases as @Gplaces water from the pore space. The
change in P-wave velocity is small in hard rockd atiff sediments. This observation

limits the use of P-wave monitoring of Gjection.
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CHAPTER 7
CLAY INTERACTION WITH LIQUID AND SUPERCRITICAL CO

THE RELEVANCE OF ELECTRICAL AND CAPILLARY FORCES

7.1 Introduction

Carbon capture and geological storage have begroged to reduce greenhouse
gas emissions into the atmosphere.,@©uld be captured at concentrated point sources
(typically power plants), and then compressed amécied into nearby geological
formations [PCC, 2005]. Most carbon storage target sites, suchdesp saline
formations, consist of high permeability rocks @pde sands which act as repositories for
pressurized and buoyant g®@verlaid by a low permeability formation whichnges as a
sealing cap rock (See Fig. 72doley et al. 2006;Gale, 2004]). Two important macro-
scale characteristics of good seal layers are maityi and ductility Powney 1984]:
faults, fractures, and existing wellbores are majmcontinuities and may result in
preferential paths for CQOleakage; on the other hand, ductility allows caygkr
deformation without fracturing.

Shales and evaporites commonly serve as cap rawmksidtural hydrocarbon
accumulations; similarly these rocks are consideasdpotential seal layers for @O
storage. Table 7.1 shows a compilation of petqgcal properties of shale cap rocks at
selected carbon storage sites; clay minerals aneajr component of these rocks.
Evaporite seal layers serve as@p rocks at Weyburn, the K12-B project, and thk S
Creek CQ injection site Benison and Goldstejr2000;Chiaramonte et a).2008;Li et

al., 2005;Vandeweijer et a).2011].
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Figure 7.1 Carbon capture and geological storéaeA power plant equipped with
carbon capture technology delivers £iO the storage site where €@
injected into a porous formation overlaid by a capk. (b) Close-up of
shale-sandstone interface where pressurized budy@ntis retained by
capillary fringes.

The sealing efficiency of intact shale cap rocksl@sninated by high specific
surface clays [Chapter 3]. Fine grained clays esist high capillary entry pressures, but
are more susceptible to changes in electrical for@apillary forces and changes in
electrical interactions will inherently arise as £f@vades the cap rock because of the
CO,-water interfacial tension, water acidification, darthe nonpolarity of C@
Eventually, capillary and electrical phenomena afesccausing mechanical couplings
which will affect porosity, sediment fabric, hydi@uconductivity, compressibility, and
the sediment shear strength [e.g. NAPL and clayslanet al, 2001;Kaya and Fang

2005; Montoro and Francisca2010; Santamarina et al.2001b]. Yet, the interaction

between clay minerals and @Qs poorly understood. Apart from a few polymer
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manufacturing investigationSérhatkulu et al.2006;Urbanczyk et a).2010], there are

no experimental studies of clay behavior when idaor surrounded by GO

Table 7.1 Petrographical properties of cap rotlsekected carbon storage sites
Dominant clay :
. . Carbonates . Approximate .
Site minerals . Evaporites Porosity
. minerals overburden depth
weight %
) lllite-smectite ~45%
Frio, USA )
lllite ~10% .
[Hovorka 2009; o Calcite - 1450 m 8-10%
Kaolinite 13%
Lynch 1997] )
Chlorite ~3%
Sleipner, Norway ) .
) Mica-lllite ~25%
[Bge and Zweigel o .
. Kaolinite 14-18% Calcite 1-3%
2001;Chadwick et ) S - 750 m 35%
o Smectite 3-9% Siderite 2%
al., 2004;Pilliteri .
Chlorite 1-4%
et al, 2003]
Krechba, Algeria Muscovite-illite ~25-
[Armitage et al. 50% o
. . Siderite ~15-0% - 1850 m 1.8-11.3%
2010;Mathieson et Chlorite ~20-4%
al., 2010] Kaolonite ~8-4%
Otway, Australia Kaolinite 44-17%
[Watson et al. lllite 6-1% Siderite 35-2% - 1980 m 2.5-7.5%
2005] Smectite 3-1%
SACROC, USA )
) ) Calcite 2.5% )
[Carey et al. 2007; 62% lllite-smectite . 0.1% Halite 2000 m 1.3%
Dolomite 2%
Han et al, 2010]
Rousse, France lllite 2.2-14.5% Calcite 30-65%
[Tonnet et a. Kaolinite 0.3-4.1% Dolomite 3-63% - 4000 m 0.5-3%
2011] Chlorite 0.1-2% Siderite 0.1-6.2%
Carnarvon, lllite-smectite 30-25%
Australia lllite 15-20% S
. Siderite 1-4% - 1100 m 21%
[Dewhurst et al. Kaolinite ~15%
2002] Chlorite ~5%
Ketzin, Germany . .
lliite 42-74% ) Halite (small
[Forster et al, ) Dolomite 4-35% ) 600 m 10%
Chilorite 1-3% fraction)
2007]
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In this study, we explore the particle-scale intdoms between liquid and
supercritical CQ with clay minerals to discern the role of eleatiand capillary forces
on potential cap rock performance (Note: Qissolution and water acidification effects
on clay surfaces are not addressed in this mapisciihe research approach seeks to
gain insight into complex phenomena relevant t@ €rage conditions. The study starts
with an assessment of electrical and capillary dsrin clay-water-C® systems; then
experimental evidence gathered in simple and walstrained experiments is presented.
Finally, the study concludes with an analysis oftiGgpated geomechanical and

hydrological implications for C@storage sites that involve clayey cap rocks.

7.2 Review on clay-water-CQ systems

7.2.1 Clay minerals and shales

Shales are sedimentary rocks made of clay mindmaésgrained quartz, feldspar
and carbonates, with particles size typically ks 60 m [Gueguen and Palciauskas
1994]. Burial, chemical diagenesis, and cementatgaluce the pore size of these fine-
grained deposits. Chemical reactions and even @samgclay mineralogy at the high
temperature and pressure conditions can resuliriher chemical compactioljgard et
al., 2004].

Clay minerals are phyllosilicates that crystallizgpically in small-size platy
grains <10m [Mitchell and Soga 2005; Sposito 1989]. Clay minerals control the
mechanical and transport properties of shales.riéan pore size of shales ranges from
5nm to 100nm, porosity from ~1% to 12%, and perriigatirom 10%“m? to 10%m?

[Armitage et al.2010;Katsube and Williamsqri994;Watson et aJ.2005].
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The forces acting on clay particles can be grouptx[Santamarina2001;van
Oort, 2003]: (1) mechanical, including effective stressepage-drag, capillarity, and
cementation forces; and (2) electrical, includirap\der Waals attraction, electrostatic
Born repulsion, and electrical forces due to swfdxydration and osmotic effects.
Because of their physico-chemical nature, eledtrioeces depend on the pore fluid

chemistry.

7.2.2 Electrical forces

The surface charge of clay particles is pH dependiea abundance of Hat low
pH promotes protonation leading to positively cleakgsurfaces [yklema 1995;
Santamarina et al.2001a;Stumm 1992]. Note: implications of acidification, suak in
CO, storage, on clay fabric are discusseddalpmino and Santamarin2005]).

Hydrated ions are attracted to the charged clafases and form the diffuse
counter-ion cloud; the ensuing interparticle refusincreases with the pore fluid
relative permittivity ' and it is inversely proportional to the pore flugshic strengthco.
When water-saturated clay dries, counter ions tortie particle surface and excess salts
precipitate. The discrete nature of molecules, tstasrge Born repulsion and periodically
varying hydration forces must be considered atpateicle distances smaller than ~2nm
[Israelachvili 1991;van Oort 2003]. Finally, van der Waals interactions giv&erto
attraction forces between clay minerals; this forseproportional to the Hamaker

constant which is a function of the permittivitytbe fluid and minerals involved.
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Changes in pore fluid chemistry (ionic concentnatty, pH, relative permittivity
') and their impact on electrical interactions ha@mplex consequences on the
sediment hydraulic and mechanical properties. Gleahe role of these surface

phenomena is proportional to the specific surfdabeclay sediment.

7.2.3 Capillary forces: interfacial tension andtemh angle

The water-CQ interfacial tension is pressure-temperature depetndt decreases
from Ts~72 to 25 mN/m as the pressure increases from CaltdF6.4MPa at ~298K.
EventuallyTs reaches a plateau & =255 mN/m in the supercritical GOstate; high
salinity can increase the interfacial tension bytagd0 mN/m Chalbaud et al. 2009;
Espinoza and Santamarina010a]. The contact angle formed by the,@@ter interface
on the mineral surfaces also varies with fluid pues in response to changes in,O
water interfacial tension: as the fluid pressurereases to reservoir conditions, the
contact angle increases on oil-wet amorphous gflie85° to 95°), coal (~50° to 120°)
and mica (~40° to 60°) and slightly decreases in water-wedigous silica and calcite
surfaces (~40°) [Chalbaud et al.2009;Chi et al, 1988;Chiquet et al.2007;Dickson et
al., 2006;Espinoza and Santamarina010a]. Together, interfacial tensidpand contact
angle determine the magnitude of capillary phenomehacqds ). The interaction
between capillary phenomena and mechanical stressritical to evaluate hydro-

mechanical couplingsAlonso et al. 1990].

7.2.4 Particle forces and strains
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Let's estimate the effect of water displacement G®, on interparticle
interactions. The capillary force computed for atewameniscus between two platy
particles thickness slenderness=l/t and specific surfac&=2(1+2/ )/t in a shale with

porositynis (assume contact angle0°),

Fo=S T M2 =g T

2
1-n,, 2@+2/b)

7.1
n n S,r (71

The average force carried by a particle with sleneles being part of the granular

skeleton subjected to an effective stre'sis

p? " 2u+21b)°

* 1-n S.r (7.2)
Therefore, the ratio between these forces is
F _ 5/3 2/3
Fap _ o S @0 b (7.3)

F, °s' n  (1+2/b)
On the other hand, the colinearity of electricat&s and skeletal forces hinders a force-
based comparison. Instead, let's estimate the impha@ reduction in interparticle
separatiors as a result of the decrease in electrical repulBoces and increase in van

der Waals attraction. The corresponding strain is

e=">"(1-n) (7.4)

Fig. 7.2 shows a plot of the force rafi@./Fs« and of the shrinkage strainversus
specific surface in the context of carbon geoldgitarage. We identify two zones:

Reservoir domaingrains are larged¢10°m), rotund, and the specific surface is

low. Contact force§ s due to effective stress prevail (Note: capillaatyd mixed
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fluid flow conditions do affect fluid flow in thisegime). Electrical forces effects
are negligible.

Cap rock domain Capillary forces and physico-chemical interacsiogain

relevance when small particles are involved ashe tap rocks d<10°m).
Specific surfaceS=2/(d- ) [m?g] is an adequate physical quantity for
characterizing platy fine grained sediments and ihtimately linked to the clay
composition in the cap rock (e.@~400-700 Vg for montmorillonite, 50-100
m?/g for illite and 5-10ri/g for kaolinite Mitchell and Soga2005; Santamarina
et al, 2002;Van Olphen1977]).

Cap rock conditions at Gtorage sites currently being considered are supesed on

the figure. It can be concluded that physico-chamieffects must be taken into

consideration when high specific surface clayeksaare selected as cap rocks for,CO

storage.

7.3 Study of electrical forces - Sedimentation test
Observations in the previous section showed theortapce of physico-chemical
effects in clayey cap rocks. The purpose of thigige is to further explore differences in
clay behavior in non-polar COversus polar water. Sedimentation tests are used t

magnify the effects of electrical interactions beén fine grained clay particles.
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Figure 7.2

Particle scale analysis of £Slorage formations: ratio of capillary to
skeletal forces (Eq. 3) and strain due to redudtoimterparticle distance
with changes in electrical forces (Eq. 4 — init@rosity 0.3) versus
specific surface. The response of high specifi¢aser clay particles that
form the cap rocks is governed by capillary andcteleal forces. The
interaction between the coarser particles that fdhma reservoir is
governed by interparticle contact forces that iteoim effective stress.
The symbols represent conditions of cap rocks &t ¢r), Sleipner (x),
Krechba () and Otway (), SACROC (*), Rousse (), Carnarvon (+),
Ketzin ( ). In each case, the specific surface is estimated reported
clay composition, and the effective stress is estith from the overburden
depth (details and references in Table 7.1). Th#icpa slenderness is
assumed to befor S<inf/g and =(log(S/(0.1nf/g))** for S>1nf/g.
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7.3.1 Device, materials, and experimental procedure

Sedimentation tests were conducted in a polycatbohide (effective height
95mm, ID = 6.35mm and OD = 19.0mm) held betweemalum caps, and sealed with
buna-N o-rings (Fig. 7.3-a). Pressure transducerds thermocouples track pressure-
temperature conditions. Time-lapse photography seduto monitor and record all
experiments.

Two clays were selected for this study: kaolinitdlS(1:1 clay provided by
Wilkinson; details in Paloming 2003]) and calcium montmorillonite (2:1 clay,
montmorillonite-rich bentonite provided by the Anoan Colloid Company).
Sedimentation tests were conducted with differesiapand non-polar fluids including
deionized/deaerated water, brine consisting of 2BMICNaqueous solution, heptane
(Fisher Scientific), and research grade,G@irgas). Table 7.2 and 7.3 summarize the
physical properties of the clays and fluids usethese experiments. Depending on the
selected fluids, we performed experiments at atimexsp pressure and at 7-12MPa (see
Table 7.3).

The experimental procedure consists of five seqalesteps: (1) fill the tube with
clay (~0.060gq, i.e., the solids volume fractionless than 0.01), (2) remove adsorbed
water on the clay with vacuum and heat, (3) fi#t thbe with the selected fluid (2-3 ml),
(4) shake the cell to thoroughly mix the fluid asldy into a colloidal suspension, and (5)
place the tubes vertically, allowing the clay tdtlseat the bottom of the tubes. This
procedure is repeated several times for each t&y-¢ombination (2 clays and 5 fluids,

see Table 7.4). We measure the settling rate, sedatnon height, and observe particle

138



agglomeration and flocculation following the testgedure outlined inHaloming

2003].

Figure 7.3

Schematic views of experimental devicés) Sedimentation tube
(ID=6.35mm): the transparent polycarbonate tubleeis between by two
aluminum caps with buna-N o-rings; external tramsds measure
pressure and temperature. (b) High pressure chaagjogpped with a see-
through sapphire window: the clay slurry is placeda glass slide; the
large volume of the chamber compared to the volaofrtee slurry allows
a significant water mass to dissolve into the sg@@t fills the chamber.
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Table 7.2 Physical properties of the clays usdtiése experiments.

Physical property Kaolinite Montmorillonite
Mineralogy 11 2:1
Specific surface’3{m?%g] 50-55 610-670
Particle thickness*t [m] 15x10° 1x10°
Specific gravityGs [ ] 2.6 2.7
Liquid limit*** LL [%] 45 250
Relative permittivity ' (a) 5.1 55
Refractive index (b) 1.56 15

Notes: (*) measured with methylene blue spot tephm[Santamarina et §/2002]
(**) estimated from t~2/(S.,G)
(***) fall cone test

Refs.: a- Robinson2004]
b- [Leach et al.2005;Weidler and Friedrich2007]

Table 7.3 Physical properties of the fluids usedsedimentation experiments.

Physical property Water Brine, 2M NaCl Heptane Supercritical CO, Liquid CO ,
(Test condition) (0.1MPa, 298K)| (0.1MPa, 298K) | (0.1MPa, 298K) (12MPa, 313K) (7 MPa, 298K
Density
[kg/m’] 997 1072 (a) 680 (g)(b) 719 (c) 745 (c)
V'S[CP‘;S';]V 0.90x10°%(a) 1.08x10°(a) 0.386x1C° (b) 0.059x1C%(d) 0.0620x16 (d)
Polarity Polar Polar Non-polar Non-polar Non-polar
Relative permittivity N
"at 1-10 GHz [ ] 78.5 (e) 56 (f) 1.92 (g) 1.43 (h) 1.4 (m)
Refractive indexn 1.333 (e) ~1.36 (n) 1.385 1.167 (h) 1.167 *
Solubility of water . .
[mol H,0 / mol fluid] NA NA 0.5-0.6x1C (k) 4.5x10° (j) 2.9x10° (j)
Interfacial tension with|
waterT, [N m] NA NA 0.051 (o) 0.028 (p) 0.030 (q)
Note.: (*) Assumed
Refs.: a -Zhang and Han1996];

b - [Aucejo et al.1995];

¢ - [Span and Wagnefl996];

d - [Fenghour et a].1998];

e - [Israelachvili 1991];

f - [Buchner et a].1999;Santamarina et al2001b];
g - [Friiso and Tjomsland1997];

h - [Obriot et al, 1993;Sun et al.2003];

j - [Spycher et a].2003];

k - [Polak and Ly 1973;Susilo et al.2005]

m - [May et al, 2005];
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n - [Maykut and Light1995].

0 - [Zeppieri et al. 2001]

p — Kvamme et a/.2007b]

g — [Espinoza and Santamarina010a]

7.3.2 Results

Sedimentation patterns, such as final sedimenthhgigc size and sedimentation
mode, change noticeably with different pore fluitteese characteristics are summarized
in Table 7.4. For example, montmorillonite remainssuspension for days in distilled
water, but it aggregates and settles in a mattesecbnds in supercritical GQFig. 7.4).

Details follow.

(@) Montmorillonite in distilled water (b) Montmorillonite in scCO ,
P=0.1MPa and T=298K P=13MPa and T=308K
1sec 2sec 3sec 4sec 5sec 6sec

Figure 7.4  Pictures of montmorilonite settling) (@ distilled water and (b) in
supercritical CQ. Notice the pronounced difference in time scales.
Montmorillonite particles remain dispersed in suspen for days when
the pore fluid is deionized water, however, thegdily form 50-150um
size observable flocs in scG@nd settle in few seconds. This pronounced
difference reflects the role of governing electricéerparticle forces.

Flocculation/Aggregation.Clay particles remain dispersed in distilled watéut

flocculate in brine. The diameter of kaolinite ahdntonite aggregations in brine is
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inferred from Stokes’ law (laminar regime expect#dlow sedimentation velocity),
Jem[18ValG ™ ( o fiid) 1*% = 50-t0-140 um, and it is two orders of magnitudegér
than the actual particle size. In this estimatidhs,assumed floc density ig= i+ (1-
n), where ¢ is the fluid mass density is the mineral mass density ands the final
sedimentation porosity).

Both kaolinite and montmorillonite show extensivartitle aggregation when
suspended in low permittivity fluids (heptane, IdjuCO, and supercritical CO- see
Table 7.4 and Fig. 7.4 and 7.5). Due to fast sediat®n, floc sizes are determined from
image analysis and range from ~90-t0-600um for ikéel and up to 160um for

montmorillonite.

Sediment final porosityThe final sediment height is used to compute tlignsent final
porosity from the total volum¥y corresponding to the final sedimentation heigland

the volume of solid¥s (values in Table 7.4):

VT_VS =1 Ivlclay/r

n= T T AR
V, 1/4x0D*h

(7.5)

whereMgay is the clay mass, is the mass density tfie clay mineral, an® is the tube
inside diameter. Results are plotted in Figure 3dient remarks follow:
(a) Kaolinite. The final porosityn~0.9 does not show a consistent trend with changes

in fluid permittivity ’ or ionic concentratiomy. Flocculation in heptane or GO
creates large void spaces. (Note: porosity refaltscCQ are biased because
increased attraction forces produce particle attectt to the walls of the

polycarbonate tube).
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(b) Montmorillonite The sediment porosity is maximum0.99 for clays submerged

in deionized water. Porosity decreases for lowdflpermittivity k' or high ionic

concentration £
Table 7.4 Summary of sedimentation results.
Fluid Water Brine Heptane Liquid CO , Supercritical CO;
Kaolinite Mciay=0.060g
Number of 12 6 4 5 2
experiments
Final heighth 6.3 6.7 8.9 7.1 3.3
[mm] (5.3-7.9) (6.2-7.5) (8.0-9.5) (6.7-7.5) (3.0-3.6)
Floc size [um] 3-30 15-20 370-610 280-550 88-220
Sedimentation Dispersed Flocculated free Flocculated free
mode* se din?entation Flocculated Flocculated free (flocs attach to (flocs attach to
polycarbonate) polycarbonate)
Montmorillonite Mg2,=0.0569
Numt_)er of 5 3 3 4 4
experiments
Final heighth NA 6.0 2.0 2.7 24
[mm] cloudy (5.5-6.2) (1.9-2.1) (2.4-2.9) (2.0-2.7)
Floc size [um] <0.7 15-40 41-165 47-94 47-142
Sedlment*atlon Dl_sperseq Flocculated Flocculated Flocculated free Flocculated free
mode Sedimentation
Note: * see sedimentation mode detailsHalpming 2003]

** result biased by clay attachment to the tubdsva
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(a) Kaolinite

(b) Montmorillonite

Sedimentation test results: floc sind final porosity. The floc size in
water and brine is computed using Stokes’ law amlavaluated by direct
visual measurement in heptane and,COhe Hamaker constants for
mineral-fluid-mineral systems are calculated usihgschitz theory

(permittivity and refractive index values in Tablel). Notice the low

in  supércal
Significant particle flocculation is observed in thokaolinite and

1 I [ 1 1
*
z
; i

78.5 56 1.385 | 1.167 | 1.167

0.98 0.73 0.42 3.14 3.14
large ghort none | none none
low ¢y | high co

disper | face to

-sed face

L I
] I i
# 1 3 z * =
® 2
Fluid 78.5 56 | 1.385 | 1.167 | 1.167
permittivity
An [10%°J] 1.57 124 | 084 | 420 | 4.20
Double large short
layer low co | high co none none none
. edge
Aggregation nggr f?giéo to
edge
Figure 7.5
sedimentation porosity of montmorillonite
montmorillonite in liquid and supercritical GO
7.3.3 Analysis

Forces between suspended clay particles are gavéynelectrical interactions.

The double layer repulsion force can be estimased a

t

Fep =160RTGd 207
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CO..
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Whered is the diameter of the disk-shaped particles [ng,the distance between discs
[m], R=8.314 J/(mol-K) is the ideal gas constahis absolute temperature [Kdy is the
bulk fluid ionic concentration [mol/L], andis the Debye-Huckel length for a 1/e decay
of the Stern potentiaMitchell and Soga2005;Santamarina et al.2001b]. This length

can be estimated as

0

where (=8.854.10"* C2J'm™ is the real permittivity of the vacuum: is the relative
permittivity of the solutionz is the valence of the ion, arfek96485.3 C/mol is the
Faraday constant.

On the other hand, the van der Waals electrosstiaction forceFa: between
two disc-shaped clay particles with diametersuspended in a fluid with Hamaker

constantd, is [Israelachvili 1991;Santamarina et al2001b],

Fuz A 78)
wheret is the separation between the two particles. Thméker constam, depends on
the dielectric permittivity of the medium which cha estimated from Lifschitz theory in
terms of the relative permittivity’ and the refractive index, s of the mineraim and the
fluid f [Israelachvili 1991],

3, ¢ Kuki " 30n, (2-ntf

d 7.9
4 klm+klf 16\/5 (nri +n$ )3/2 ( )

whereks=1.38x10" J/K is Boltzmann’s constant[K] temperatureh=6.626x10** J-s is

Planck’s constant, and~3x10" Hz is the assumed relaxation frequency. The catled|
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values for the various clay-fluid systems undersideration including montmorillonite
and kaolinite in water, brine, heptane, and,@@ shown in Fig. 7.5.

The two electrical force&., and F4 control the tendency for clay particles to
agglomerate. Repulsiof, vanishes in non polar fluids (i.e., salts do nissdlve and
ions do not hydrate). On the other hand, the Hamedastant andr,; are higher in C®
than in water (mainly due to differences in theraefive indexn). While a higher
Hamaker constant explains the flocculation of katdi and montmorillonite in C§£)
significant kaolinite and montmorillonite floccuia is observed in heptane regardless of
the computed low Hamaker constant due to the absainepulsive double layer effects.
Indeed, the combinelep, andF4 forces predict a decrease in repulsion with irgirea
Co and decreasing'. In particular, flocculation in non-polar fluidgdesns from high
attractive forces in the absence of repulsive doldfer forces.

The mean interparticle distantean be approximated from the sediment porosity

n or void ratioe and the platelet thickness assuming a parallel platelets fabric,

tziw:ew (7.10)
1-n

In the case of montmorillonite, the mean interg#tdistance i$~100 nm for the high
porosity sediment in deionized water=0.99) andt=2 nm for the low final porosity
measured in heptane and £@~0.7) assumin@mone1nm. In the case of kaolinite, the
mean interparticle distancetis135nm for the high porosity sediment in deionineer
(n~0.88) andt=35nm for the low porosity measured in heptane & (n~0.7)
assumingwiaor-15nm. Therefore, volumetric contraction is expecis CQ displaces

water from the clay pore space.
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7.4 Study of capillary forces - Desiccation tests
The particle level analysis presented earlier ssiggethe emergence of relevant
capillary phenomena in clayey cap rocks in thegmes of water and GOA special test
is designed to corroborate the emergence of caplaenomena within the sediment as
the water-CQ interface invades the sediment pore space. Irettests, “water drying”
results from the solubility of water in supercr#icCO,, as ~5x10 mol of water can

dissolve per mol of Coat 16MPa and 313K, this is ~1.5g of water per beCO,.

7.4.1 Device, materials, and experimental procedure

Three independent experiments were carried out Btamless steel chamber
equipped with a see-through sapphire window at eatpres ranging from 308-to-313K
and pressures ~16MPa. The internal volume of thiadrjcal chamber is 210 cta Fig.
7.3-b. A pressure transducer and a thermocoupleuseel to monitor pressure and
temperature conditions inside the chamber and lapge photography is used to observe
the evolution of the clay paste.

The test procedure follows: (1) place a 1.5enontmorillonite paste mixed with
a 0.1M NaCl, at an initial water content =1000%, abglass slide inside the chamber
(initial volume ~1.5 c), (2) remove air and inject “dry” CQresearch grade - Airgas),
and pressurize to the target pressure-temperatnéitons (supercritical), (3) monitor
changes in the clay paste at steady temperaturgrasgure. Periodically, we replaced

the “wet” CQ, with dry CQ under pressure.
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7.4.2 Results

The clay paste contracted and cracked in the #xperiments. Snapshots in Fig.
7.6 show images gathered at various stages inesteRuring the first 48 hours, water
dissolves into C@and causes a significant volume contraction withaacking (not
shown in the figure); later on, as more water dies into the supercritical GO
desiccation cracks gradually emerge (Fig. 7.6).

For the specific case shown in Fig. 7.6, the ihiigght of the clay slurry patch is
~4mm, with an initial void raticep = G¢JS = 10x2.7/1 = 27. After desiccation, the
thickness of the thin clay crust is ~0.4mm and shavhorizontal contraction of ~20%.
Thus, the volume has contracted almost 12 times. fiftal void ratio of the clay crust
pieces is aboue=1.2 (porosityn~0.55) and the mean interparticle distance=isew

~1nm.

7.4.3 Analysis

The initiation mechanism for desiccation cracks dmn explained within an
effective stress frameworkShin and Santamarina2010]. The initial sediment
compaction during desiccation follows 1D consoilioiat suction causes the water-£0
interface to squeeze the clay paste. Thus, the raiid decreases as sucti®aorPu

increases,

P, -P
e=8yp, - C;log —C]O;Paw (7.11)

where the consolidation parameters for this monilionoite clay areC. = 0.46 antikpa=
3 (blue line in Fig. 7.6-b). Eventually, as thefeliéntial pressure between water and,CO

increases, the increasing clay stiffness prevamtbdr consolidation; instead, the water-
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CO, interface invades the water saturated clay. Tdlaey entry value for parallel clay
platelets, is computed using Laplace’s equation toed separation between platelets
t=2e/(S; ) as a function of the clay specific surfé&eand its mineral mass density

r T,cosg S,
Peoz - Pw|max = 10%¢ (7.12)

where the coefficient 10accounts for the pore size distribution within ttlay mass
=log(d)/log(dmeay). Clay particles remain water-wet in the presesfc€0, (hydrophilic
with ~40 to 60° in silica surfaces — section 7.1.3).ilGay forces are primarily normal
to the water-C@ interface in the funicular regime. Then, £@wvasion alters the
distribution of particle forces from vertical-donaimt during consolidation, to transverse-

dominant at invasion points leading to crack foriorat

a- (+24 h) b - (+44.5h) c - (+60.0h) d- (+73.5h)
Water saturated slurry Onset of CO ; invasion Extensive localized CO , CO, desiccated clay

invasion

Thresholded images

Side view schematics

Figure 7.6  Montmorillonite-water slurry subjecteda supercritical COatmosphere
(15MPa, 311K). Time lapse photography and assatisketches show
the evolution of desiccation and the formation dapitdary-driven
fractures. The water-CQinterface initially “compresses” the sediment
until supercritical CQ invades the sediment locally and triggers
desiccation cracks.
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Fig. 7.7 shows in red a set of capillary entry eatwrves for different values of

>0 (capillary entry always starts at the largesidsp We can conclude that: (1)

capillary entry and crack initiation cannot be expéd considering a uniform pore size

distribution (=0) in these experiments &co-P. should exceed 40MPa; (2) ¢O

capillary entry starts at the largest voids, sugls@face imperfections; (3) non-cracked

clay patches remain water saturated; and (4) C&pillary drying reduces the clay

porosity to levels equivalent to thousands of nsetéroverburden.

Figure 7.7

Effective stress analysis of desiccatioack initiation. The clay slurry
starts at a high void ratio (point a which corresg® to Fig 7.6-a) and
follows the clay normal consolidation line (blued) as it is compressed
by the CQ-water interface. The water-G@nterface invades the sediment
when it reaches conditions that satisfy the capilentry curve (red lines
for different values where 1Gakes into account a log normal pore size
distribution). Eventually, higher water suction des the water-CO
interface to invade the sediment pore space (sayt o for =0.7).
Interface invasion occurs at larger pores firshdeg these are nucleation
sites for fracture initiation. The process ends mwtiee mutual C@ water
solubility is reached (point d which correspondg-ig. 7.6-d). Capillary-
driven fractures will not form if the original effeve stress is higher than
the effective stress where the capillary entry euand the normal
consolidation line meet.
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7.5 Discussion and implications

7.5.1 Implications for geological carbon storadessi

The buoyancy of scCOin water creates a static overpressure of 0.27kdPa
0.4MPa for a 100m column of G@here ¢, depends on in-situ pressure-temperature
conditions (cox~720kg/n? at P=16MPa and T=324 K0r590kg/nt at P=16MPa and
T=339K). The CQ column height depends the reservoir thicknessmgéty, and
injectability (capillary and viscous effects). Thdditional injection overpressure may
gradually dissipate in time, in part due to Ldissolution in water, reservoir
hydrogeology and convective effects. The pressis@dtinuity at the seal layer must be
resisted by the seal layer.

Fractures, faults, and existing wellbores are mdjscontinuities that favor CO
leakage. In addition, the cap rock sealing capaniight be compromised by: (1)
hydraulic fracture, (2) fault reactivation by resa@r overpressurehiaramonte et aJ.
2008; Rutqgvist and Tsand2002], (3) agueous CQliffusion into water at the cap rock
(without bulk CQ invasion) and consequent water acidification amdenal dissolution
[Berne et al. 2010;Gaus et al. 2005;Gherardi et al, 2007;Shin et al. 2008]; and (4)
CO, invasion into the cap rock, capillary breakthroughd CQ advection Angeli et al,
2009b; Hildenbrand et al. 2004; Li et al, 2005; Wollenweber et al.2010]. The
assumptions of seal structural integrity lead tdupper bound seal capacity” estimate.

The experimental study presented above highligat #uditional electrical and
capillary effects that may be involved in €@vasion of the cap rock and offer insight

related to changes in electrical forces and thergemee of capillary suction.
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Summary of electrical effects in the cap rdekblished studies and new results presented
in this manuscript are combined to anticipate piaérffects of CQ on cap rocks:
The double layer thickness tends to be thin onroag minerals surrounded by
high salinity water ~1 to 2M [pore fluid charactits fromGaus et al. 2005;
Gherardi et al, 2007].
Water will be displaced from the large pores by itvasion of C@and locally
reduce the osmotic repulsion effects.
Free ions will migrate with the displaced water{ geunterions will remain to
satisfy electroneutrality in addition to brine imetform of residual saturation in
smaller pores [see molecular simulation€wie et al, 2010].
The residual interparticle water dissolve in £@he ionic concentration will
increase, osmotic repulsion decrease, and excésswsk precipitate. CQ and
precipitated salts will fill the interparticle sga@nd dominate the interaction
between clay platelets.
There will be a four-fold increase in the Hamakenstant for clay-C@clay as
compared to clay-water-clay systems.
Water will acidify due to C@dissolution in water, and changes in pH will mgdif
the surface charge of clay particles. Changes in iphic concentration, and
Hamaker constant combine to cause fabric changes#m be analyzed in a pH-
o fabric map Fantamarina et al2001b].
While these effects are magnified in high spedficface clays like montmorillonite, the
same effects will take place in other clays buterated by particle size, and possible

differences in surface charge (silica and giblfsites).
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Summary of capillary effects in the cap roDlesiccation tests show the effects of mutual
water-CQ solubility, interfacial tension, the emergence soiction, and the ensuing
capillary-driven contraction and possible open-mdideture development. Capillary
driven fractures will not develop in high effectiggress and low porosity cap rocks (to
the right of the capillary entry curve — Fig. 7.7given typical values of clay
consolidation parameters;fp, Cc) and specific surfacg; [Burland, 1990a;Santamarina
et al, 2001a] and disregarding diagenetic cementatienamticipate that capillary-driven
fractures will not happen in kaolinite-, chloriter illite-rich shales at a burial depth
greater than 1km. However, smectite-rich shales rayprone to capillary-driven
fracture at depths less than ~4km. The sequenpessible events is captured in Fig. 7.8.
The water-CQinterface reaches the cap rock and the sedimempiasses,
capillary pressure overcomes the entry pressureCfoy pcoientry) at surface
imperfections and invades the largest pores;
desiccation fracture nuclei may develop dependmgftective stress conditions;
a percolating C® path forms and CObreaks through the medium, this path
typically connects pores bigger than the mean [@red],
Further CQ flow into the pore space will occur through £@dvection, water
dissolves into scCO (cap rock dehydration), suction increases further,
accompanied by additional sediment contraction, anterparticle water

eventually vanishes causing salt precipitation.

Related effects relevant to reservoir rocksrelatively small fraction of clay minerals

can affect the performance of reservoir rocks in, G@rage projects. Fines control
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hydraulic properties if they exceed a critical clagss fraction where clay particles fill
all the voids between the coarse-grained sedimkeketon; this critical clay mass
fraction mgay/Motal CaN be estimated from the void ratio of the coagsg. and finesegay

as.

m0|ay — Ceoarse (7 1 3)
rTl[otal 1+ ecoarse + eclay

Critical clay mass fractions can be as lowrgg,/Mota = 10% for montmorillonite and up

to 20% for kaolinite.

Figure 7.8 CQ@ invasion into water saturated cap rocks: capillargssure and
relative CQ saturation. As suction increases: (1) the sediroemipresses,
(2) capillary pressure overcomes the entry press(8g desiccation
fracture nuclei may develop, (4) a percolating datims and C@breaks
through the medium, (5) water dissolves into sgCs&lction increases
further and interparticle water eventually vanisheausing salt
precipitation.
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The injection of CQ into reservoirs may favor clay detachment from erh
surfaces (acidification and change in surface ajaog attachment (increased Hamaker
constant). C@may also open clay-filled pores by capillary drniveontraction. Overall,
we expect an increase in permeability in clayeydstmes during C&Oinvasion. In fact,
experimental evidence shows that the permeabilitglay rich sandstones increases
almost six fold when flushed with GOnstead of waterRimmele et al.2010]. The
permeability of clay-filled fractures and faultslmalso be adversely affected by clay
sensitivity to CQ and this situation should be assessed carefullgstonate leakage

potential.

7.6 Conclusions

CO, geological storage is one alternative for redugrgenhouse gas emissions.
Evaporites and shales will act as seal layers atainr pressurized and buoyant £0he
assumptions of seal structural integrity and homedg lead to upper bound estimates of
the sealing capacity from intact non-fractured rgubperties. Clay minerals play a
fundamental role in shale seal layers. Becaus@eftharged surfaces of clay, the pore
fluid between clay platelets can readily affect kiyelraulic and mechanical properties of
shale, e.g. permeability and osmotic repulsion.

Sedimentation experiments and analyses show (hatclay flocculates when
submerged in C® (2) montmorillonite sedimented in GMas a lower porosity than
montmorillonite sedimented in brine as a resultdetreased osmotic repulsion, and (3)
there is a four-fold increase in the Hamaker coristam clay-water-clay to clay-Co

clay systems which indicates higher attractiondsravhen C@invades clay rich rocks.
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Desiccation experiments and analyses show thatth@)capillary forces that
develop upon fluid invasion can trigger open-mocdkctures if the effective stress is
lower than the effective stress at which the capillentry value curve and normal
consolidation line meet, (2) pore size distributays a critical role in the initiation of
fractures, and (3) cap rock may be moderately dettgd upon the injection of dry GO

Despite the apparent high sealing capacity of sh&é€} might breakthrough the
cap rock at elevated pressure gradients, factitdte the low CQ@water interfacial
tension at high pressure. Once it breaks throughtimmuous flow will be determined by
the cap rock permeability and low @Qiscosity. We anticipate that GOnvasion,
breakthrough, and continuous flow will likely be campanied by (1) volumetric
contraction, because of increased suction and egdosmotic repulsion, (2) increased
permeability because of clay platelet tighter aggtien, (3) cap rock dehydration, and
(4) capillary-driven fractures under low effectiggress conditions. These consequences
may hinder the sealing capacity of cap rocks.

Phenomena discussed in this manuscript have beedividoally
confirmed/observed using either experimental ootécal methods. Yet, the complex
interplay between chemo-hydro-mechanical processay lead to positive feedback
mechanisms that can either degrade (e.g., platele&tpse increase in pore size
further fluid conduction) or self-stabilize (e.gwater dissolution in C® salt
precipitation from brine porosity reduction) the cap rock seal capacity.

We can conclude that good shale seals have a pajifis surface, are subjected

to a high effective confining stress, have low igoand uniform pore size distribution,
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are saturated with a high ionic concentration hrared form a thick and continuous seal

layer.
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CHAPTER 8
CO, BREAKTHROUGH IN CLAY BARRIERS - IMPLICATIONS
FOR CAP ROCK SEALING CAPACITY AND INTEGRITY IN

CARBON GEOLOGICAL REPOSITORIES

8.1 Introduction

Carbon geological storage is one alternative t@ heltigate the emission of
greenhouse-gas carbon dioxide Q@to the atmospherdHCC, 2005]. Carbon capture
and geological storage involves €@apture at large point sources, transportatiod, an
injection into a suitable geological formation. Maearbon storage target sites considered
to date involve high permeability rocks and uncdidsted sands, as GQepositories,
overlaid by a low permeability formation that ses\as a sealing layer. Although the gas
and oil industries currently possess the technotoggject CQ underground, significant
improvements in the understanding of trapping meismas, chemo-hydro-mechanical
coupled effects, and leak estimations are needfdebearbon geological storage can be
decisively adopted.

CO is lighter than water at the pressure and temperaionditions in most target
formations. The uppermost part of the formatiorseki to the C@injection well will
have high C@saturation while the lower and lateral boundavwékcontain mostly CQ
acidified water Kneafsey and Pruess2010]. CQ buoyancy creates a differential
pressure proportional to the @®lume thickness and mass density difference, e.g.
0.27MPa (if cor~720kg/m) to 0.4MPa (if coz~590kg/nt) for a 100m column of C£

where co2 depends on in-situ pressure-temperature condifiigs 8.1-a). The shape of
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the CQ pool depends on the reservoir physical and geanptoperties (e.g., entry
value, permeability, layering, homogeneity, andpthg), and injection conditions (e.g.
fingering). An additional excess pressure remainthe CQ after injection unless water-
extraction wells are operated concurrently with ;Afjection Bergmo et al. 2011;
Ehlig-Economides and Economigde2010]. Buoyancy and injection-related excess-

pressure must be resisted by the overlying se&dimgation or cap rock.

Figure 8.1 Carbon geological storage. (a) Schenwdtia fossil fuel plant equipped
with CO, capture technology and G@elivery to the injection point: deep
geological formation overlaid by a cap rock. (b) Saater capillary
menisci form the repository meets the cap rockseéhmenisci at small
pore throats hold the buoyant €@c) Capillary tube analogy in water-wet
minerals.

Cap rocks are the critical component for long-tel@O, sequestration
underground. For example, a leak of 3 kijfmer year is enough to saturate in a time
frame of ~100 years the pore water in a shallonri@0lumn of soil with porosity ~0.4;

this will drive the pH to ~3.5 and trigger minedagsolution. However, the thickness of

the CQ pool would decrease in only ~2cm. Two of the nra@cro-characteristics of a
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good seal layer are continuity and ductilitdwney 1984]. Faults, fractures, and
existing wellbores are major discontinuities andymesult in preferential paths for GO
leakage. Ductility allows cap rock deformation waith fracturing.

Flow through the “intact” cap rock is hindered bgpdlary and viscous forces
(Fig. 8.1). However, the cap rock sealing capaaiigy degrade in time due to: (1)
hydraulic fracture and fault reactivation by resanoverpressureGhiaramonte et a).
2008;Rutqvist and Tsan@002], (2) aqueous G@liffusion into cap rock water (without
bulk CG invasion) and consequent water acidification amgenal dissolution Berne et
al., 2010; Gaus et al. 2005; Gherardi et al, 2007; Shin et al. 2008]; and (3) C®
invasion into the cap rock, capillary breakthroughd CQ advection Angeli et al,
2009b;Hildenbrand et al.2004;Li et al., 2005;Wollenweber et al.2010]. For example,
extensive mineral dissolution and precipitation Haeen reported at natural €O
reservoirs Allis et al, 2001;Watson et a).2004], and evidence of remineralization has
been observed in the time frame of decades at erHamil recovery sitesEjmberley et
al., 2004;Gunter et al. 2000;Kaszuba et a).2005]. Other less known couplings include:
(1) reactivity of water dissolved in GQMcGrail et al, 2009], (2) changes in electrical
balance between clay particles due to water acatian and water displacement by £0
(3) emergence of capillary forces, and (4) cap raghydration and volumetric
contraction [in this thesis - Chapter 7].

CO, may be transported by advection or diffusion tigtothe intact cap rock.
Furthermore, the development of a percolating @kase, and cap rock permeability and
thickness are critical factors for assessing poséfkthrough C@transport Fleury et al,

2010;Gherardi et al, 2007]. The low viscosity of CQand the low interfacial tension of
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water-CQ interfaces inherently enhance the risk of leakay@nd shale cap rocks,
commonly assumed as perfect seals, may presemegligible CQ conductivity.

The purpose of this study is to analyze the trarispb CO, through well-
characterized consolidated sediments, estimatanjpaitédeaks in cap rocks, and explore
geotechnical implications. To reach these objestivee run a parametric GQressure
breakthrough experimental study involving varioeslimments saturated with water and
brine, and developed analytical models. Finally, wge the new findings to anticipate
reservoir scale implications. In this study we assuhat the seal is structurally sound
and homogeneous; these simplifications allow usgtmate an “upper bound seal
capacity”. Degradation of the cap rock sealing prips may lead to C{Qeaks. Such
failure would facilitate the escape of €@ overlaying layers and destabilize other

trapping mechanisms (G@issolution and mineral trapping).

8.2 Fundamental concepts, physical properties, argrevious studies

8.2.1 CQ-water properties

The physical properties of GQlepend on pressure and temperature conditions.
CO, mass densityco, varies widely and can be calculated with a praugpration of state
[Span and Wagnerl996]; values at reservoir depths greater thad0dOrange from
~500 kg/nt to 800kg/m. Other important pressure-temperature dependempepies of
CO; include high bulk compressibility typically an erdof magnitude higher than that of
water, and very low viscosity, typically 10 timiesver than that of water,co=10" Pa-s
at 10MPa and 280KHenghour et al 1998]. CQ is electrically non-conductivel fnaka

et al, 2008].
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The water-CQ interfacial tension is pressure-temperature depetndt decreases
from Ts~72 to 25 mN/m as the pressure increases from OaltdB.4MPa at ~298K, and
eventually plateaus at =255 mN/m when CQis in the supercritical stat&yamme et
al., 2007b]. High salinity levels can increase theeiifacial tension by 10 mN/m
[Espinoza and Santamarin&010a]. The contact angle formed by the ,@@ter
interface on mineral surfaces also varies withdflpressure in response to changes in
COx-water interfacial tension: as the fluid pressurereases to reservoir conditions, the
contact angle increases on oil-wet amorphous gjlie85° to 95°), coal (~50° to 120°)
and mica (~40° to 60°) and decreases slightly in water-webignous silica and calcite
surfaces (~40°) [Chalbaud et al.2009;Chi et al, 1988;Chiquet et al. 2007;Espinoza
and Santamarina2010a].

CQO, dissolves in water to form aqueous carbon dioxide solubility of CQ in
water Xcoz [mol/L] can be estimated using Henry's lawo, = ki Pcoz, where the
Henry's coefficient is approximateky 0.035 and the fugacity coefficienEl can be
estimated with an equation of stat8tymm and Morggn1996]. Water at room
temperature and 0.1MPa may contain upde, 0.03-t0o-0.04 mol of C@per liter of
water. Solubility increases by two orders of maghétxco, 1-to-2 mol/L as pressure and

temperature increase to reservoir conditions.

8.2.2 Cap rocks and clay minerals

Shales and evaporites commonly serve as cap rooks hiydrocarbon
accumulations. The trapping ability of cap rockpeteds on physical and geometrical

properties: high capillary pressure, ductility, hmgeneity, lateral continuity, and
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thickness Downey 1984]. Different types of trapping configuratioinglude: anticlines,

fault traps, stratigraphic traps, and other diagerneaps, such as tar and gas hydrate seals

[Dikkers 1985; Downey 1984]. Table 8.1 shows a compilation of petropregl

properties of shale and evaporite cap rocks attselecarbon storage sites. Shales are

sedimentary rocks made of clay minerals, fine-grdiquartz, feldspar and carbonates,

with particle size less than 60n [Gueguen and Palciauskak994].

Table 8.1 Petrographical properties of cap rotlsekected carbon storage sites.
Most seal layers are shales, evaporites or a ldysgquence of the two.
Depth . . . CO;
Site (over- Cap rock | Reservoir | Dominant Porosity Pore size Permeability | breakthrough
thickness | thickness | minerals distribution
burden) pressure
lllite-smectite
Frio, USA ~45%
[Hovorka 2009; llite ~10%
Lynch 1997; 1450 m 75 m 12m Kaolinite 13% 8-10% - 1.7 MPa*
Sakurai et al. Chlorite ~3%
2006]
Calcite
62% lllite-
SACROC, USA smectite <50nD
[2%3;‘5_{';;6’;} 2000m | 150 m 150m | calcite25% | 1.3% - perpendicular -
: e ;
al., 2010] Dolor_rjl_te 2% to bedding
0.1% Halite
Oil reservoirs
Mississippi, capped by
USA sagom | anhydrite )
(Esposito et al Upper saline
2008) 1800 m aquifers capped
by shales
Salt creek, USA
[Benison and Mix of
Goldstein 2000; | 1650 m evaporites and -
Chiaramonte et shales
al., 2008].
Mostly
Weyburn, !
Canada 3800 m anhydrite (;)'520; 6-25 nD 5-11.2 MPa
[Li et al, 2005] . ’
Dolomite traces
. Mica-lllite
[Bge and Kao'l'g[,t/e 14- 45-55%
Zweige| 2001, 750 m 100 m 250 m s >70 35% particles < -
- mectite 3-9%
Chadwick et al. Chlorite 1-4% 2um
2004;Pilliteri et 0
al., 2003]

Calcite 1-3%
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Siderite 2%

lllite 2.2-14.5%

Kaolinite 0.3- Primary
o 4.1% dporosity:
Rousse, France Chlorite 0.1-2% =1-100pm B
[Tonnetetal. | 4000m | 2000m|  400m 0.5-3% and o aﬁﬁif’g"ﬁ, .
2011] Calcite 30-65% secondary ’
Dolomite 3-63% porosity
Siderite 0.1- d~10nm
6.2%
lliite 42-74%
i -30,
Ketzin, Chlorltf 1-3% Pore bodies
Germany 600 m 85 m 20m | Dolomite 4-35%| 100 | <300nmand  _jo5p -
[Forster et al, pore throats
2007] Halite (small 10-36nm
fraction)
K12-B,
Netherlands Anhydrite and
[Vandeweijer et 3750 m ) ) halite . ) ) )
al.,, 2011]
Otway Kaolinite 44-
’ 0,
Australia lie62% | -25
- - . - - - *
[Waéso%”S]et a. | 1980m Smectite 3-1% |  7.5% 1-2MPa
Siderite 35-2%
u~17nm*
lllite-smectite (fit curve
30-25% from
Camanon. lite 15-20% Dewhurst
[Dewhurst et 1100 m - - Kaolinite ~15% 21% Henning) - 3-4 MPa*
al., 2002] Chlorite ~5% 40%
v particles
Siderite 1-4% less than
2um
Muscovite-illite
*Xleg%hrit;a' ~25-50% i ~5-236
) Chlorite ~20-4% nm
[Armggi’g,et | 1g50m | 950m 20m | Kaolonite~8- | 1% (low - -
; o . :
Mathieson et 4A’ plg)rlzflst)y
al., 2010] Siderite ~15-0%
Notes:

" converted from nitrogemM{z.,ine=0.057 N/m) ) to CO(Ts coz-waie=0.025 N/m)

* capillary threshold pressure convertednfmercury Tsng-2—0.485 N/m) to C@(Ts coz-wae=0.025 N/m)

Clay minerals are phyllosilicates that crystallize small-size platy grains

(<10 m) [Mitchell and Soga2005;Spositg 1989]. The surface charge of clay particles is

pH dependent:. low pH promotes protonation, leadimgoositively charged surfaces
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[Lyklema 1995;Santamarina et al.2001a;Stumm 1992]. Hydrated ions are attracted to
charged clay surfaces, form a diffuse counter-ibmud and promote interparticle
osmotic repulsion. One dimensional consolidatiorapeeters €;xps Cc), and the specific
surfaceS; of clays allow us to estimate porosity and poee-sit a given effective stress
[Burland, 1990b;Santamarina et al.2001a]. A cursory analysis readily shows thay cla
minerals control the mechanical and transport ptaseof shales because of their high
specific surface.

Burial (mechanical compaction), chemical diagenesisl cementation reduce the
pore size and throats of these fine-grained dejpdShemical reactions are favored at the
high temperature and pressure conditions foundr@atgdepth, and result in further
chemical compaction; for example, smectite changelite at temperatures higher than
~60°C and kaolinite may transform to illite or ctile at 135°C under the right pore fluid
conditions Nygard et al. 2004]. The porosity of shales ranges from ~19%126&6, the
mean pore size ranges from 5nm to 100 nm, and duititg ranges from 16m? to 10

m? [Armitage et al.2010;Katsube and Williamsqri994:Watson et a).2005].

8.2.3 CQ-water in natural porous media — Chemo-hydro-meichaphenomena

Breakthrough pressur€he capillary entry pressur®do-Py) for a water-CQ interface

in an ideal porous medium comprised of a bundleybhdrical pores with diametetis,

4T, cosg
Pcoz -R=——

w d (81)

where Ts is the interfacial tension between water and,@@d is the contact angle
formed by the water-CQinterface on the mineral surface. The Qisplaces the water

and breaks through the medium wh&ad>P,) is exceeded. Real sediments and rocks
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have a non-uniform pore size distribution. Mostiseht pore structures follow a log-
normal distribution. Some fine grained sedimentsilek a dual porosity made of micro
and nanopored_[oret et al, 2003]. Thus, the critical pressure for breaktigtodepends
on the pore size distribution and connectivity. [€al8.2 shows a compilation of

breakthrough studies and results.

Table 8.2 Previous gas breakthrough experimenidles.
CO; .
Medium Fluid breakthrough Permgab'"ty Reference
(102 m?
pressure[MPa]
Bentonite blocks He 2.6-6.75 5-30 Horseman et a].1999]
Claystone and N, 0.03-2.9' 3-550 Hildenbrand et al. 2002]
mudstone
Shale, marl,
iimestone, and | ©% (' and 0.1-4.9 ~0-89 fiildenbrand et al, 2004]
sandrock 2
Limestone and clay CO, and He (Iim%Zté(l)ne) ~0.5 (limestone) [Wollenweber et a|.
rich marl ~0.5 (marl) ~3 (marl) 2010]
Evaporite COx CHaand 215 6-70 Li et al, 2005]
2
[Tonnet et al.2010;
Marl CQO;and N >7.6 20to<1 Tonnet et al.2011]
Shale (efe) 35t04 60 Angeli et al, 2009b]

T Converted from nitrogen (Rz-wae=0.057 N/m) or Helium (Tre.wae=0.068 N/m), to CO(Ts coz-wae=0.025 N/m)

The CQ breakthrough pressures are less than ~7MPa iryleycks and less
than ~21MPa in evaporite rocks. Higher capillarggsures could be anticipated in these
tight sediments, assuming mean pore size in Eq. l@ivever, these breakthrough
experimental data gathered for various types okggmint to the fact that breakthrough

percolating paths connect pores larger than ~5nurthé&r analysis of these results shows
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that the percolating path that breakthroughs dgysally connects pores with diameters

greater than the mean pore sigspjinoza and Santamarin2010a]

Mineral dissolution.Quartz presents the lowest reactivity to acidifreater. Carbonates
are among the minerals with highest reaction ratenvexposed to low pH and may
experience significant dissolution. Minerals sushaaorthite, phlogopite, and kaolinite
show intermediate chemical reactivity with &&ridi ed water when compared to calcite
and quartzli et al, 2006;Shao et al.2010]. Silicates yield more dissolved cationstha
carbonates do, but their reaction rates are slp@anter et al. 2000]. The reactivity of

evaporites and CQis negligible - seeljusseault et al.2004]).

Electrical forcesCap rocks are water saturated. Clay-forming cagsoeact to changes
in the surrounding pore fluid. As opposed to wa@®D, is a non-polar, low permittivity
fluid. Hence, a change in the electrical equilibriaf the forces acting on clay particles is
expected as Cills the pore space, including: a reduction imasic repulsion, residual
water dissolution in C®and salt precipitation, and a four-fold increase¢he Hamaker
constant for clay-C@clay as compared to clay-water-clay [this thesi€hapter 7].
These effects take place in all clays and are nfiagnin high specific surface clays like

montmorillonite.

Suction and volumetric change¥he mechanical properties of clay sediments are

sensitive to water saturation, dependent sucteeadihg to phenomena such as swelling

during wetting Alonso et al. 1990;Sanchez et gl2005] and volumetric contraction and
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even desiccation cracks during dryingspinoza et al.2011; Shin and Santamarina
2010]. A change in suctionls produces a change in the void ratle that it is
proportional to the suction compressibility coefnt s (generally <0.01 for clays)
and inversely proportional to the current suctidlopso et al. 1990],

ds

de=-k,
(s+ pa)

(8.2)

Wherep,=0.1MPa is the atmospheric pressure.

Relative permeability and residual saturatiofhe sediment permeability, water
saturation, and viscosity control the advectivedport of CQ after breakthrough. The
residual water saturation is a critical parametenftland et al. 2011]. The relative
permeability of CQ in cap rocks is commonly assumed because theee lexk of

experimental data.

8.3 Device, materials, and experimental procedure

8.3.1 Device

We designed a multi-cell high-pressure oedometsteay to apply a constant
vertical effective stress’, [MPa] up to 3MPa, and withstand pore-fluid pressuip to
20MPa (Fig. 8.2). The oedometers are machined bstainless steel rods and sealed
with buna-N o-rings. Effective stress is provideg & steel spring. These cells are
designed to impose a radial fluid pressure gradigoin the periphery towards the
drainage tube at the center of the specimen. Té#8g)d seeks to minimize leaks between
the specimen and chamber walls in standard 1D memaeers. The chamber

accommodates sediment specimens with dianttetOmm and heighb~35mm. We
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measure: (1) the input GQressurePi[MPa] = Pco, at the periphery at the reservoir
side, (2) the exit pressui®,{MPa] =P, i.e., the water side (before breakthrough), (3)
the amount of water displaced during £6vasionm, [m?], (4) the flow of CQ through
the sedimenticoz[m*/s], and (5) the vertical deformation of the seditr&pecimen z to
cumpute volumetric strain= z/h. An auxiliary water-filled transparent pressurdl ce
connected to the exit port is used to observe IEéks in the form of bubbles exiting the

discharge pipe.

8.3.2 Materials

We prepared homogeneus specimens made of: fine Bah@ (U.S. Silica),
precipitated calcium carbonate PCC (Imerys), crdshealcium carbonate CCC
(Hubercarb), kaolinite SA1 and RP2 (Wilkinson), dmhtonite (GEL - PureGold). Some
specimens were mixed with deionized water and etivh brine (2 mol of NaCl per kg
of water). CQ research grade purity (Airgas) was used in atstegable 8.3 summarizes

the parametric study and materials involved irtests.
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Figure 8.2 Experimental device. (a) Specimenscarepacted within a high pressure
oedometer to impose a zero lateral strain boundliton. The space
above the piston hosts a heavy-load spring whighiegpconstant vertical
effective stress to the sediment, serves as & @€servoir”. The
complimentary observation chamber on the rightvadléor CQ flow rate
estimations. Pressure tranducers, dial gauges,pagettes are used to
measure pressuf®,, Poy, settlement z, water displacememn,, and CQ
flow rateqco2. (b) Close up of the sediment plug boundary caooakt

8.3.3 Procedure

The water/brine and soil mixture is first consoleth in stages to an effective
stress ,~0.4MPa. Sediment pieces are cut to fit the preseell. Filter paper is placed
in between the oedometer walls and the specimeordate homogeneus peripheral
boundary flow condition. A sealing grease that @n-sneactive with C@ (Goop,
Swagelok) is placed on the lower and upper pistongrevent transport through these
interfaces. Once in the cell, the specimen is duteted to an effective stress,~2MPa.

Then, we increase the inlet pressujet® cause C@radial invasion into the sediment.
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After each injection-pressurization cycle, the inlalve is closed and the inlet pressure
Pin iIs monitored in time. Each pressure stage finishlben the settlementz and the
volume of displaced watem, approach an asymptotic trend. Eventually, ,CO
breakthroughs, and G@low rategco, are monitored thereafter. Most experiments were

carried out with an atmospheric backpressure abtitiet portP,,=0.1MPa.

After breakthrough, C®is circulated through the sediment to measure the
evolution of CQ permeabilitykco.. Finally, selected specimens are subjected to high
resolution local electrical resistivity profilingnore details in Cho et al, 2004]) and
magnetic resonance imaging MRI 3D (Bruker Pharmagda— bme.gatech.edu/mri) to
analyze the spatial distribution of @@ithin the pore structure. The electrical resistan
at the tip is computed from external voltage meas@nts Cho et al, 2004],

V
Rtip = Rknown (83)

Vin - Vmeas
where the imposed input voltageVig=1Vpp (100kHz sinusoidal wave), and the known
resistance used Rqowr2.2k . The needle is driven at 2mm/min and data areectt

at rate of 12 samples/min. Thus, the spatial réieolius ~150um.
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Table 8.3

Sediments used in this study — profgertie

Specific Mineral Mean arain Saturating Number of Void ratio at
Sediment surface density sizegcg pore fluid independent breakthrough
S [m%g] m [kg/m?] 0 experiments e
Sand F110 0.02 2650 110 m Deionized 5 0.85
water
CCC 0.25 2700 8m Deionized 3 0.60
water
PCC 10 2710 1m Deionized 1 1.2
water
Kaolinite clay SA1 13 2600 11m Deionized 5 0.6-0.7
water
Kaolinite clay RP2 21.9 2600 0.36 m Brine 2M 1 0.73
Montmorillonite clay 320 2500 Brine 2M 4 0.69

8.4 Results and analyses
A total of 12 experiments were completed as pathi study. A typical time-
response is presented first, followed by a compiabf results to identify common
trends and behavior. Fig. 8.3 shows typical sysg@matures, which are explained in the
next sections.

8.4.1 Typical response - breakthrough pressure

Let's define the breakthrough pressire as the minimum pressure that causes
CO, to percolate through the sample. In order to idflerthis threshold value, the
pressure gradient is gradually increased in stagelowing each differential pressure
increase, the CQwater interface compresses the sediment and sesi@ezer th,/dt >0.
If the differential pressureP is below the breakthrough pressurg, P<P*, volume
contraction and water displacement decay graduaNyards dn,/dt~0 and d/dt~O.

When the differential pressure exceeds the brealgr pressure P>P*, CO, breaks
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through, there is a rapid decrease iR and CQ starts leaking through the exit pipe
Gcoz>0.

Fig. 8.3 shows the response of a kaolinite specinidre CQ pressure is
gradually increased in stages (Fig. 8.3a). At lawspures; the clay plug contracts but
does not allow for CO2 flow so that it performsaagerfect seal (Fig. 8.3b). The pressure
finally reaches P>P*after day ~70, there is a sudden rise in,@0w (Fig. 8.3c) and
water flow vanishes (Fig. 8.3b). The gflbw rate reaches a peak and then decays due to
the decrease in the pressure gradient (no additio@a is injected into the reservoir
tank).

Fig. 8.3d shows the evolution of the volume averagid ratio with time, which
is computed from the sediment strajg  z/h and initial void ratioey, e=ey - [1+ep).
The change in void ratio depends on the sedimempogssibility (parameter€. and

€1kPa)-

8.4.2 CQ advective flow after breakthrough

We estimate water permeabili, from the time rate of consolidation during
initial loading and early COpressurization stages before breakthrough. Thansed
permeability to CQ after pressure breakthroudo, is estimated using the measured

CO; flow rategcodkg/s] and assuming axisymmetric flow towards tleatcal collecting

pipe,

— qCOZ ”COZ dC
Kooy = In—= 8.4
02 2/0 h rCOZ(Rn - Pout) dp ( )

wherepcodPa s] is the average G@iscosity (typically 1.6x18Pa-s to 1.7x1fPa-s at

laboratory temperature an@<5MPa), cojkg/m’] is the CQ average mass density
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across the specimem is the specimen heigh®;, and Py are the upstream and
downstream pressured,~40mm is the specimen diameter, adg3.17mm is the
collecting pipe diameter.

Fig. 8.3c shows the measured £{@w rategcozand Fig. 8.3e the estimated €0
permeability kcoz, for a kaolinite specimen. Notice that permeabilibgcreases after

breakthrough because ¢@ushing gradually decreases the specimen waterateon.

8.4.3 Post-test forensic analysis

We carefully inspected all specimens after disnvagtthe oedometers. All but
bentonite specimens exhibited visual and mechaim¢egrity. One bentonite specimen
showed a visually observable crack at the basectriflal resistivity profiles and

magnetic resonance data follow.

Electrical resistivity profilesA 1D electrical needle probe (diameter 1.27mm;tebele
separation ~0.3mm), is used to gather high resolglectrical resistivity profiles of the
sediment plugs after breakthrough. The sedimetretal resistivity sqgincreases with

decreasing sediment porosityand increasing C{saturation gop,

1
Wse = WW 1 <~ |\
’ n(l - Scoz )

(8.5)
Where , is the resistivity of the aqueous solution.

Results for a kaolinite plug are shown in Fig. &Bgher resistivity values are
measured towards the center of the specimen wher€@ flow rate is higher (radial

flow conditions). These electrical resistivity pte$ in this and most other tested

specimens point to consistent desiccation neaexheipe.
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Figure 8.3 Typical experimental signals. From topbottom: differential pressure
P=Pin-Pout (Pout Is the back pressure); displaced water magssCO, flow
rate gcoz, Specimen void ratio e=f( z), and CQ permeabilitykco,. As
CO, pressures increases, it invades the porous mednuandisplaces
water m,>0; eventually CQ@ percolates and flows freely through the

specimen qcoz>0. Capillary suction promotes volumetric contrawti
de/dt<0. Specimen: kaolinite RP2.
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MRI. Fig. 8.4 shows MRI images obtained for a kaolipiteg specimen that underwent
CO, breakthrough and extensive ¢fluid flow after breakthrough. These images have a
350um pixel size; The spatial resolution is coadses to regularization strategies used
for tomographic inversion. We observe a lower sigmansity at the top of the

specimen, which is a result of local higher £@turation or lower porosity, or both. The
water moisture gradient is symmetric and smoothldgalization of CQ flow is

apparent from these images.

8.4.4 Parametric study

Breakthrough dataBreakthrough pressure results from all 12 expertsesith different
sediments are plotted as a function of the estidnaterage pore diameter(Fig. 8.5).
Data are shown as intervals to capture the unogytai pressure gradient at the time of
breakthrough. The breakthrough pressure increastreanean pore size decreases.
Capillary breakthrough values computed using Lagtaequation are superimposed on

the figure,

p* =y Ts cosqg (85)
m

where the estimated average mean pore throat ceamet=2¢e/(S;- ) for fine grained
sediments anf=0.15ds, for coarse grained sediments (cubic tetrahedickipg). The
interfacial tension is calculated as function afgsure for the 298K isotherm and contact
angle is assumed constar40° [Espinoza and Santamarin2010a]. The parameter
captures particle shape and fabric, and pore s&telaition. Fig. 8.6 shows that a good
match is obtained with Laplace’s equation fer4 (rotund grains — tube model) and?2

(platy particles - parallel plates model) as anardgund for breakthrough pressure. a)
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Figure 8.4 Post test completion forensic analydistwo kaolinite specimen. (a)
Electrical needle probe characterization (Eachaigair 1-4, 2-5, and 3-6
are in the same plane with the center of the spatiamd distributed every
120°). Desiccation near the central discharge pgpevident from the
higher electrical resistivity. (b) Tomographic restruction using
magnetic resonance imaging; brighter colors comedpo higher water
content. Water desiccation is higher in the uppat pf the specimen
which experiences higher G@dvective rates (radial flow).

Lower values matching experimental values means thagretfeakthrough happens in

pores larger than the mean or ensuing fracturabtdse CO, breakthrough. In fact, the
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low breakthrough values observed in bentonite amesistent with the presence of
fractures observed during the forensic study. Vge alot the minimum pore size ~5nm
which satisfies the highest breakthrough press(aesmuch as ~21MPa) measured in
various rocks in the literature. We emphasize tat 8.5 may predict high values of
capillary breakthrough pressure P* for high spegtfirface and low void ratio sediments,

but experimental data show that P* is much lower.

Permeability dataFig. 8.6 shows all the water and £€xperimentally determined
permeability data gathered in this study. The dvé&end is a decrease in permeability as
the mean pore size decreases. The @meability of the clayey sediments tested is thi
study ranges from 18 m? to 10®m? after CQ flushing. Note that the measured £O
permeabilities depend on water saturation. Thd firader saturation after breakthrough
and CQ flushing in kaolinite ranged fror§,=0.48 to 0.92 depending on the magnitude
of the applied CQ@pressure (higher C{pressure correlates with lower water saturation).
The final saturation of montmorillonite specimeasged fron5,=0.82 to 0.89.
Theoretical as well as empirical predict a changpesmeability with the square
of pore size. Let's consider Kozeny-Carman equasiod the Hazen equation for fine-

and coarse-grained sediment respecively,

e e

k=g— — Kozeny-Carman 8.6
q1+e S,r y (8.6)

k=C,dj Hazen (8.7)

A straight line with slope 2:1 in the log-log spasgperimposes to the experimentally

measured permeability. We observe that the expetaheralues of permeability for

178



bentonite lie outside the theoretical trend anchptm the presence of higher conductivity
channels, such as fractures.

Most measured C{permeabilities fall below the measured water patoiiiies,
implying relative CQ permeabilities after breakthrough and during g @@h are 10 to
100 times lower. This is not the case for bentospecimens in which fluid-driven

fractures may have developed during u@essurization.

8.4.5 Analyses of state of stresses

Low breakthrough pressure, high kCO2, and obseriedtures in the
montmorillonitic specimens raise concerns aboutgbeential effects of test geometry
and boundary conditions on the evolution of unesteain fields that may facilitate flow
localization.

A numerical simulation of the state of stressethefsediment plugs is performed
using CODE_BRIGHT, to capture the effect of vettioading during consolidation and
the radial loading due to capillary pressure at @@-water interface on the sediment
periphery before C@invasion. We use the non-linear, plastic cam-alagdel with
parameter€,=0.0384,C.=1.67, @xp+5.68 ,M=1.2.

Fig. 8.7 shows that there is an increase in poragithe edge of the collection
pipe and high local shear stress; conversely, Igyeeosity is observed on top of the
collection pipe. High local porosity and shear strdevel subsist upon radial €O
pressurization. However, these porosity and sfiekts provide no clear justification for

the possible emergence of &@riven fractures.
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Montmorillonite Kaolinite Carbonate silt Fine sand
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Breakthrough pressure [MPa]
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Mean pore size 2e/(Sq- ) [m]
Figure 8.5 Experimental breakthrough pressurekiédabounded by empty circles)

for different sediments (bounded by empty circles)a function of mean
pore size. Laplace’s formula is superimposed féiedknt values of the
geometric fabric factor (Eq. 5). Notice that much higher breakthrough
pressure is expected from Laplace’s equation fogh hispecific
montmorillonite sediments than the ones measurgererentally. The
theoretical prediction bends at high breakthrougbsgure because of
lower interfacial tensionTg 298K isotherm). We added two experimental
values for similar test conditions with filled des [Horseman et aJ.
1999].
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Montmorillonite Kaolinite Carbonate silt Fine sand

Permeability [mz]
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Mean pore size 2e/(Ss- ) [M]

Figure 8.6 Water permeability (filled circles) an€O, permeability after
breakthrough and after G@lushing (empty squares connected by solid
line) for different consolidated sediments. 2:1psi@urves in the log-log
space predicted by Kozeny-Carman and Hazen modelsuperimposed.
Note: CQ permeability increases after breakthrough mainhe do a
decrease in water saturation.
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(a) Vertical displacements and porosity after ctidation (vertical load)

(b) Mean stress and porosity after capillary corsgian (lateral loading)

Figure 8.7

FEM analysis of the porosity and stfedd in the clay specimen using a
modified cam-clay model (paramete@=0.0384,C.=1.67, ewp+5.68,
M=1.2). The simulation has two stages: (a) vertidadding —
consolidation, and (b) lateral capillary loading.edhlts show the
localization of stresses and plastic deformatiorsurad the collection

pipe.
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8.5 Implications - Cap rock integrity and CQO, leaks

8.5.1 Order-of-magnitude estimation of leaks

Consider a formation overlaid by a cap rock of khiesst;, diffusion coefficient
D*, and intrinsic permeabilitit. Let's estimate C@transport through the cap rock, both
by diffusion without breakthrough and then by adwetafter breakthrough.

The time to achieve steady state diffusive fluprisportional toTg*=t%D*, e.g.,
~32 years for a 1m cap rock and ~3200yr for a 1@m rock, assumin®*=10"m?/s.
Once steady-state is reached, the steady-statgsidif flux is calculated using Fick’s

law,

g, =-nD" e 88)
h

Where xco2 is the concentration of GOn water and the cap rock porosity (the
tortuosity coefficient is neglected in this approation). Fig. 8.8 shows the diffusive flux
for various cap rock thicknesses, assumingo=1mol(CQ)/kg(water), D*=10"m?/s,
n=0.1. The diffusive flux is""co~10"kg/m?/yr or lower. High temperature conditions
increase the diffusion coefficient and high pressuncreases the solubility of GGn
water (effects not accounted in Fig. 8.8).

The advective flow after breakthrough is computsithg Darcy’s equation,

- (8.9)

While these flow rates correspond to constant presgradient conditions, the pressure
at the CQ repository will drop as CPescapes (and GQdissolves/convects in the
reservoir). Fig 8.7 shows the results for a cafk neth a relatively high permeability

k~10""m?as compared to values in Tables 8.1 and 8.2 and8f6g The advective flow
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rate can be as high as 10 kglyn considering a thin cap rock£1m) subjected to a high
pressure gradient P=10MPa). For more realistic field conditions, adue flow rates
remain smaller than 1kgAtyr.
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Figure 8.8 Order of magnitude analysis of Q€aks for a cap rock thicknegs (a)
Diffusion before and advection after breakthrougy.(8 and 9n=0.1,
D*=10°m%s, Sc0=0.3, Kco=(Scor)? co=10%Pa-s). Notice that the
time to achieve steady state diffusive flux is mmional tot,%D"; (b)
upper bound advective flow rate estimate for déferCQ stotage sites
due to buoyancy and a 1MPa pressure gradient. {(Mateeny-Carman
equation is used to evaluate permeability when palntity data is not
available from Table 8.1)
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Let’s estimate the rate of advection after @eakthrough due to G®uoyancy
P=h( w~ co2g for several existent and planned L£@Gtorage sites. Cap rock
permeabilities are based on reported values orrtegpaock descriptions (Table 8.1),
assuming a C@pool thickness equal to the reservoir thicknesgl a mass density
difference - co=300kg/ni. Fig. 8.7 shows the calculated advection ratesléNalues
vary linearly with order-of-magnitude ranges in rperbility, a post-breakthrough leak
rate lower than 0.1kg/ffyr appears as an adequate upper bound in the absérilow
localization features.

This leak rate 0.1 kg/ftyr would release 100 kgfrin a thousand years. This
amount of CQis equivalent to a ~0.5m reduction in the ol thickness in a reservoir
rock with porosity 0.2. For comparison, ~315k§/of CO, is needed to saturate and
decrease pH to ~3.5 in a 100m water column in anial shallow water aquifer with
porosity 0.4 (disregarding the buffering effectsaherals).

Contrary to advective flow, diffusion is not affedt by buoyancy, pressure
difference (except pressure-dependent solubildy)small pore size in the cap rocks. In
long term, the pressure-difference will vanish, &@, diffusive transport will remain.
Advective and diffusive fluxes are in the same ordemagnitude when the pressure
difference is small, i.e., thin GQpools P=h( w co2)g; from equations 8.8 and 8.9,

P<(n/Kcod )( D* XcodK).

185



8.5.2 Storativity rating — dimensionless parameters

Let’'s compare values to define the sealing capadfityarbon geological storage
systems as a function of pool and cap rock chaiatites.

The capillary entry pressur€ is an intrinsic cap rock property parameter
C~Tscos /[e/(Ss m)-10] (from Eg. 8.5 — fine-grained sediments), wherakes pore size
distribution into consideration ; if>1, breakthrough happens along pores larger thean th
computed meaneXS; ).

The buoyancy pressurd? depends on the thickness of the g@olh, P=h( -

co2g. (Note: the CQ pool thicknes$ may be thinner than the reservoir thickness due
to lateral spreading, or thicker such as in the @dsan anticline system).

Let's define the “sealing ratio” as theratio between capillary breakthrough
pressure and buoyancy pressure,

Cc _ SJTcosqr,
DP  ehdr, - 7cop)

Sealingratio=p, = (8.10)

Sealing ratios ;>>1 are sought for safe storage. Fig. 8.9 showtr different
carbon storage sites and the range of uncertaintlyeise value. Upper and lower bounds
are calculated considering maximum and minimum ligapi and buoyancy pressures.
The maximum capillary pressure is computed with ésBmated mean pore diameter,
adopting a minimum pore diameter of ~5nm in view exfperimentally measured
breakthrough pressures reported in Table 8.2. Thainmam capillary pressure is
computed assuming that G@reakthrough connects pores ~30 times larger than
estimated meartEspinoza and Santamarina010a]. The maximum buoyancy pressure is
calculated assuming that the £@ol height could be higher than the reservorkhess

in thin reservoirs (complex geo-plumbing), and #igantly lower in thick reservoirs.
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Extreme scenarios plotted in Fig. 8.9 consider @@, pool height 0.h for thick
reservoirs h>50, and 8 for thin reservoirdi<50. Results in the previous section show
that most clayey cap rocks exhibit breakthrougtspures between 1 to 5MPa while a
100m column of C@develops a buoyancy pressuré~0.2MPa to 0.4MPa). Additional
injection pressure may change this pressure baldngag the early life of the storage
system.

The second evaluation of a gQ@eological storage system addresses its
mechanical stability. Changes in effective strems trigger fault reactivation, and fluid-
driven open-mode fracturing. Let's compare theiahiin-situ vertical effective stress at

the reservoir depthto the buoyancy pressure created by a &flumn heighh,

Stabilityratio = p, = ;—F') - M (8.11)
w1 coz

Where subindices correspond to sediment ‘sed’, Mateand CQ.

Small changes in effective stress>>1, are preferred to avoid mechanical
instabilities. The stability ratio is computed feome field cases listed in Table 8.1;
uncertainty in the C@pool height (se@;-analysis) and overburden deptt(.22) are
included in the ranges shown in Figure 8.9. Oncairggdditional injection pressure

would reduce this ratio during the early life oé throject.
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Analysis of sealing capacity at existand target C@ storage sites in
dimensionless ratios; ratio of capillary pressure over buoyancy pressure
Eg. 8.10, and ratio of effective stress over buoyancy presskce,8.11.
The error bars represent uncertainty in capillagsgpure, buoyancy and
effective stress (refer to text). Overburden, cagkrthickness, and GO
storage capacity are key parameters for evaludhagsafety of storage
sites.

188



8.6 Conclusions

The cap rock is the fundamental component of cagemogical storage systems.
Most target storage sites are capped by shalepostes, or a combination of
both. Clay minerals play a fundamental role in pleeformance of shales as cap
rocks. Small pores in clayey cap rocks create hapillary pressure and generate
high viscous drag to hinder the migration of budy@a@,.

Low CO, mass density, CQviscosity, and C@water interfacial tension facilitate
CO; leaks.

Breakthrough pressure, ensuing £@ermeability, and specimen volumetric
deformation were measured on sediment plugs usiegialy designed high
pressure oedometers. Results show that the breaktmipressure increases as the
pore size decreases (1:1 slope in log-log space),itais 1IMPa<P*<3MPa for
kaolinite and bentonite plugs consolidated tp-2MPa.

CO, permeability arises after breakthrough and in@gdsy orders of magnitude
with continued CQadvection. Most specimens showed a final waterrgabn of
0.7-0.9.

Bentonite plugs developed fluid-driven open-modactiires that limited the
capillary entry and breakthrough pressur. Higher , C@ermeability than
anticipated followed.

Flow-localization may be favored by reservoir getmoe conditions. For
example, the numerical model of plugs tested ia $hiidy showed an increase in

porosity and shear at the edge of the drainage pipe
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The sediment dries during GQransport. Electrical resistivity and magnetic
resonance data show higher drying close to theagai pipe (radial flow).

Order of magnitude analyses show that leaks in nstmtage sites will be
advection-controlled once percolation takes plage the absence of high
conductivity geological features). Diffusive andvadtive CQ leaks through non-
fractured cap rocks will be minor and will not coromise the storage capacity of
CQO; injection sites.

A rating system is proposed to evaluate potent@bge sites. The rating system
is based on a comparison of the buoyancy pressuwrged by the COpool, the
capillary breakthrough pressure of the cap rockl e effective stress at the
reservoir depth. These parameters are combineefinedthe sealing ratio and

stability ratio.
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CHAPTER 9

CONCLUSIONS

This research investigated phenomena related tbowageological storage,
including the possibility of CHCO, replacement in hydrate-bearing sediments. The
scope of the work included data compilation fromblmhed studies, and new
experimental results related to interfacial propsertin CQ- and CH-water-mineral
systems, mechanisms involved in £B0, replacement in hydrate-bearing sediments,
and the sealing capacity of clayey sediments @imre€Q underground. Complimentary
numerical and analytical analyses extend the agplity of the results to reservoir
conditions and anticipate geotechnical implicatiollse main conclusions are presented

separately for each study.

CO, Geological Storage - Geotechnical Implications.
The physical properties of GBuch as density, viscosity, interfacial tensiod an
bulk compressibility are pressure-temperature deg@en
Geometric boundaries, spatial variability, flow ddions and the emergence of
viscous fingering affect the volume of the geolagformation injected with C©
Water acidification in the presence of £éhhances mineral dissolution.
Complex hydro-chemo-mechanical interactions, whitdad to emergent
phenomena, may hinder the storativity of injectarbon dioxide.
The contrasting physical properties of £&hd water support the application of

geophysical monitoring methods based on elasticeteatromagnetic waves.
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Water-CQ-mineral systems: interfacial tension, contact @&ngand diffusion —
Implications to CQ geological storage
CO,-water interfacial tension decreases significafrtyn 72mN/m to ~25mN/m
as pressure increases to reservoir pressure-tefupgecanditions.
Contact angle varies with GQpressure in response to changes in-@@ter
interfacial tension.
Water solubility and diffusivity in liquid C@govern the evolution of interparticle
pendular water.
Pressure-dependent interfacial tension and coatagie affect injection patterns

and breakthrough mechanisms.

Water-CH-mineral systems: interfacial tension and contaagla — Implications to
natural gas geological systems.
CHg-water interfacial tension decreases up to 20mNém fatmospheric pressure
to high pressure relevant to reservoir conditions.
Minor changes in contact angle are measured upéfy Qressurization.
Amorphous silica, calcite, coal, and PTFE subsératbow receding contact
angles <90° (water-wet); calcite, coal and PTFE show adirancontact angles
>90° (gas-wet).
While stable displacement is expected during ga®very from natural gas
conventional reservoirs, gas fingering and highdred water saturation are

expected from the depressurization of coal bedshgddate-bearing sediments.
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Properties and phenomena relevant to &AFD, replacement in hydrate bearing
sediments.
The CH, hydrate cage must separate to release then@itecule and trap the GO
molecule. This transient and local solid-liquididdiransition is assisted by the
excess heat liberated during £60, replacement.
Hydrate forming water dissolves into liquid €®o that lower hydrate saturation
is expected after CHCO, replacement in water-limited reservoirs.
Volume expansion, COhydrate clogging, and CCOfingering leading to CHl

hydrate occlusion within the reservoir are expectedng CH-CO, replacement.

P-wave monitoring of hydrate-bearing sand during,820, replacement.
CH4-CO, replacement within the stability field occurs vath loss of stiffness in
the granular medium.
CO,-flooded sandy reservoirs can remain mechanicadple during and after
CH, gas production.
Continued sediment flushing with dry G@issolves the hydrate, opens the pore

throats, and weakens the granular skeleton.

Clay interaction with liquid and supercritical GOthe relevance of electrical and

capillary forces.

Clay minerals determine the properties of shaleseatlayers.
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Clay flocculates when sedimented in £@nd may attain lower porosity than
when it is sedimented in brine. A four-fold increas the Hamaker constant
predicts higher attraction forces.

The cap rock may become dehydrated upon the iojedtf dry CQ. Capillary
forces that develop upon G@vasion can cause contraction and may eventually

lead to the formation of desiccation cracks.

CO, breakthrough in clay barriers - Implications foag rock sealing efficiency and
integrity in carbon geological repositories
The breakthrough pressure less than ~2MPa for sediments consolidated to
v =2MPa, except for smectite rich sediments.
Relative permeability increases suddenly aftep 6@akthrough and advection.
The advective and diffusive transport through ih@ap rocks is not negligible,
yet it does not significantly affect the storatywadf CO, over millennia.
The geometric properties of target formations aag wck physical properties
are needed to evaluate the potential sealing dgpaticandidate C@ storage

sites.
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