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ABSTRACT

Climate change due to G®uild up in the atmosphere has been studied for many years.
Carbon capture andasage (CCS)s a technology teeduce the atmospheric emsss of CO;,
produced fromlarge point sources like power plants. The captured GQleposited into the
subsurface formation, such as deep saline aguifethe case of geologic sequestration 0,CO
The earliest application o€O, sequestration in subdace formatios was back tothe early
1970s in order to increasal production. Environmental benefits of €Gtorageto redue
greenhouse gaemissions to the atmosphée/e been considered sirtbe 1980s and studied in
detailed sincethe 1990s.In deep geologic formations, CQs trappedthrough a number of
mechanismsncluding structural, capillary, dissolution, and mineral piag to achieve secure
and longterm storage whicheduces the risk of leakage. The fundamemalerstandingf these
mechaisms should beimproved in order tadevelop strategies on theapping in the target
formation. Heterogeneityof the formationis another factor thgtlays a key role for the stable
trapping at the injection and pesijection periods andmakesit challenging to unérstand the
relative contribution of each mechanisanstorage The main goal of thisstudyis to investigas
the role of heterogeneity dhetrappingof dissolved CQfor thesecure antbng-termstorage in
the deep saline formations viaell-controlledlaboratory experiments and numerical modeling.
The small and intermediatzalelaboratoryexperiments were performed using surrogate fluid
combinations showing identical density characteristics with dissolveg &d@ brine under
ambient presse and temperature conditions. The more complex packing configurations and
field-scale applications were simulated using the numerical modelréBléis ofexperimenth
and numerical modeling studiesiggested that theontribution of convective mixing tohe

stable trapping of dissolvedO, depends on the geometry, distribution, and hydraulic properties



of the geologic featuresn the formations In multilayered systems, convective mixing and
diffusion controlled trapping contribute to dissolution tragpihowever thempact of each
mechanisms depends on the permeability and thickness of thgeloneability layers. On the

other hand, the intralayer heterogeneity present inpgemneability layers enhances mixjragnd

the longterm trappingin these layes depends owlistribution of the materialsThe effective
strategies can be developed to enhance trapping by taking the advantage of natural heterogeneity
of the formation. These conclusions are relevant when investigating stable trapping of dissolved

CO, in deep saline formations.
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CHAPTER 1

INTRODUCTION

1.1. Carbon Capture and Storage

Climate change due to G@uild up in the atmosphere has been studied for many years
(Nordbotten and Celia, 20L1Carbon capture andtwage (CCS) has gained increasing
importance in recent yeat® decreasecarbon enissions in the atmospher&he geologic
sequestration o€0, has been applieth deep subsurface formatiotws create stable conditions
where CO, becomes immobilized. The earliest applicationCéd, sequestration in subsurface
formatiors was back tahe early 1970s in order to increasd production(Benson and Cook,
2005 Nordbotten and Celia, 20LIEnvironmental benefits of G&torageto redue greenhouse
gas emissiongo the atmospherbave been considered sinitee 1980s and studied in detailed
sine the 1990s(Bachu et al., 19948enson and Cook, 200&unter et al., 1993; Nordbotten and

Celia, 201).

Fuel combustionand industrial wastesare the main sources of thatmosphericCO;
emissiors (Benson and Coqk2005. CGO; captured at these sourcesseparated from the other
gases and transported to the storage @eean antbr geologic formationswhere itcan be
securely stored for a long tim&igure 1.1). In the ocean storage, G@an eithe be directly
injected into tle ocean or deposited on tkeafloor CO, must be stored at the locatsodeeper

than 3km where CQis denser than sea water.

At 73 atm pressure and 38CltemperatureCO, reachedo a critical point(Figure1.2).

For pressure and temperatures greater than the critical values, i€@t supercriticalstate



(scCQ) where it is denser than gaseous.dBenson and Coqk2005. In deep geologic
formations,density of CQ increasewith depth due talecrease in volume under theeefis of
geothermal gradierftom ground surface to greater dep{Rsgure 1.3). CO, is supercritical at
depths below 800 m. Atupercritical stateCO, is & more compressed forrmat allows for

storage of the sam@mount of mass in a much smaller volume compared to gaseaussGeen

in Figurel.3.

Figurel.1l: Schematic diagram of CCS systeimtsansport of C@Qand storageptions(Metz et

al., 2003.

Solid
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Figurel.2: Phase diagram of GO
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Figurel.3: Variation of CQ density with depth, assuming hydrostatic pressure aygbtnemal

gradient of 25°C/knfrom 15°C at the surfag@®enson and Coqk003.

There are three candidate formatiofts sequestration of CGOin deep subsurface
formationsincluding depleted oil and gas reservoirs, unminable coal theelgo their greater
deptts, and saline aquiferd-jgure 1.4) (Cook, 1999; EnniKing and Paterson, 2003%3allo et
al., 2002; Qi et al., 200&8009; Stevens et al., 200IThese storage formations have to have
several properties to provide secure and successful trappitt) A seal rock is necessary to
prevent vertical flow to the ground surfaarr, 2009. Depleted oil and gas fields have caprocks
to keep the oil and gas in the formation. However, saline formation and coal seams heayenot
a suitable seal for the storage of seC(@) The storage formation has to be deep enough
(>800m) to keep C@at supercritical statéOrr, 2009. (3) The formation has to hawelarge
storage volume fosequestration of significant quantity of @@eep saline formations have the
largest capacity (~1000~10000 Gt CQ) comparedwith depleted oil and gas fields (~6%5
~900 Gt CQ) and unminable coal beds (=3-200 Gt CQ) (Benson and Cook, 20D54) The
formation has to be leak free. Areas with pi leak paths are not suitable. The large numbers
of abandoned wells at the depleted oil and gas fields inareséeakage risk. In addition, fault
and fracture zones are thetentialleakage pathway&asda et al., 2004(5) The permeability

3



of the formation should be largenough for the injection o£0O, at reasonable rates from the
reasonable number of well®rr, 2009. Therefore, the deep saline formations with impervious
caprock are one of the most suitable candidates due to their largeigicdearage volume,

common occurren¢@nd storage securiffu and Lichtner, 2007; Szulczewski et al., 212

Geological Storage Options for CO, — D1oduced oil of gas
1 Depletedoilandgasreservoirs | eeeeeeeeceseeseee Injected CO,

2 Use of CO, in enhanced oll recovery m Stored CO.

3 Deep unused saline water-saturated reservoir rocks 5

4 Deep unmineable coal seams

5 Use of CO, in enhanced coal bed methane recovery

6 Other suggested options (basalts, oil shales, cavities)

Figurel.4: The candidate geologic formations for £€@questratiofBenson andCook, 20095.

The ongoing C@sequestration projects in &ireeformations can be seen kigure 1.5.
The Sleipner andn Salah aréwo of the ongoing C@ sequestration projectspplied in deep
saline formationgBenson andCook, 2005. The Seipner Project is the first commercistale
project operated by StatojArts et al.,, 2004; Eiken et al., 2011; Torp and Gale, p00He
geological storage of C(has been applied inhe Utsira formation irthe North Sea since 1996
(Chadwick et al., 208). The Utsira formation is composed of Tertiary aged sandstone and
contains secondary thin shale layers affecting movement of injec@€d (Herrera et aJ 2010;

Nooner et al., 2007 The brmation is locate@t 800 m below the seabed of the North Saad



the caprock isa flat thick shale(Korbol and Kaddour, 1995; Zweigel et al., 2p08andstone
reservoir in the central Saharan region of Algeria is a gas reservoir and a good candidate for the
storage of C@ due to thickmudstonelayer as an upper seand its minimal structural
uncertainty and risk. The In Salah Gas Proyauich isoperated by Sonatrach, B&hd Statoil is

the worl dé&sle €Q stosage plojact ig @ gas reserv{lenson andCook, 2005

Mathieson et al., 20)1
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Figurel.5: Ongoing CQ sequestration projects and their storage forma(ions 2009.

1.2. Motivation and Goalof the Study

CO, sequestration has been applied to the numerous field Bitgesd1.5). CO, can be
securely stored in the formation through several mechanisms inclgtimcfural, capillary,
dissolution and mineral trapping. dvever,heterogeneity irthe formation that plays a key role
for the stable trapping at thiajection and posinjection periods makesit challengingto
understand the contribution of each mechanisnsttwage The controlled field experiments

cannot be conducted accuratelye to poorly defined geology and boundary conditions of the



target formation On the other handhe laboratory experiments can be used to improve the
fundamentalinderstanding of the procesdkat arepresent at field condition@igure1.6). The
main goal of thisdissertationis to investigat therole of heterogeneity othe trapping of
dissolved CQ@for the secure andbngtermstorage in deep saline formations wiall-controlled

laboratory experiments and numerical modeling.

. -~

Unconfined
Aquifer

Deep
Saline
Formation

Layers

Figurel.6: Conceptal model showing the effects of heterogeneity on flow and storage of

dissolved CQ

The motivation behind this study is to select surrogate fluid combinations that have
idertical density properties with dissolve@0O, and brine under ambient pressure and
temperature conditions, to develop an experimental method in order to intpeoftendamental
understanding othe role of heterogeneity on trapping of dissolved @Qeservonscale andto

investigate the contribution of lopermeability layers otheflow andstorage of dissolved GO



1.3. Thesis Outline

This dissertation is composed of nine chapters and one appendix. In Chapter 1, a general
explanation of C@ sequestration, description of the problem, and the motivation behind this
study are presentedlhe literature reviewof the previous investigationdackground o
convective mixingand mass transf@rocessesand hypotheses and corresponding research goals
of this study are explained in Chapter 2 Experimental methodsand procedures, and
measurement ntieods are described in ChapterThe mathematical and numerical madate
given in Chapter 4From this study three peeeviewed journal papers are expected to be
published. These papei(see beloware provided in Chapter 5, Chapter 6, and Chapter 7.
Finally, the summary including key outcomes from each paper and recommendations for future
research are presented in Chaptert#e details orthe image processing method are described in

Appendix.

1 Paper I: Agartan, E., L. Trevisan, A. Cihan, J. Birkholz€), Zhoy and T. H.
lllangasekare (2015 Experimental Study on Effects of Geologic Heterogeneity in
Enhancing Dissolution Trapping of Supercritical £QVater Resour. Resdoi:
10.1002/2014WR01577@ublished onling

1 Paper Il: Agartan, E., A. Cihan, JBirkholzer, Q. Zhou,and T.H. lllangasekare,
(2015, Effects of Stratigraphy of Deep Layered Geologic Formations on Trapping of
Dissolved CQ, Water Resour. Reqin preparatioh

1 Paper lll : Agartan, E., A. Cihan, J. Birkholzer, Q. Zhou, ahdH. lllangasekare,
(2015, Study of the Effects of Formation Heterogeneity in the S€onfining Shale
Layers in Enhancing Mixing, Contributing to Dissolution Trapping of,C@ater

Resour. Res(in preparation).



CHAPTER 2

LITERATURE REVIEW AND BACKGROUND

In this chapterthepreviousinvestigations that arearried out on C@sequestration, mass
transfer, densitgriven flow, and backliffusion are explainedand hypotheses formulated for

this research and goals of the study are described

In the literature review andalokground sectionjrét, major trapping mechanisms in deep
saline formations are introduced. Then, the dissolution of capillary trapped sc€Kplained,
and the key studies iNon-Aqueous Phase LiquidN@APL) dissolution literature are mentioned
becausehere isalimited number of investigations imass transfer gcCQ. The factors which
influence bhe spreading of the dissolve&ZiO, in homogeneous and heterogeneous media and
mixing processes are presented. Findlg, impacts ofow permeability zonesn persistence of
diffused dissolved mass storgdtheselayers are mentiondoly providing examples frolNAPL
literaturebecause there kanot been any study conducted on this subject in €fQuestration

field.
2.1. CO; Storage in Deep Saline Formations

For CCS to be implemented as a technology to reduce €fissions, the safe and
successful storage of scgOn deep geologic formations is importanthe four main
mechanisms that immobilizéhe injected scCQin the target formationnclude structurabnd
hydrodynamic capillary, dissolutionand mineraltrapping (Figure 2.1). The storage security
increases from structurahd hydrodynamic trapping to mineral trappahge tostablestorageof

COy,; howeverthetiming of processes ineases in -3 orders of magnituda yeas (Figure2.2).
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residual gas trapping solubility trapping
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Figure2.1: Trapping mechanisnm§$uekane et al., 2006
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Figure2.2: Storage securitgmodified fromBenson andook, 20085.

2.1.1. Structural and Hydrodynamic Trapping

When scCQis injected intodeep saline formations, it starts to move under the effect of

buoyancy forcedecauseadensity of scCQ is lighter than denty of brine. Whenfree phase



saCQO, reachedo the caprock, it is trapped undan impervious or low permeability caprock
(structuralstratigraphicaltrapping) such as shaléayer or salt beds Kigure 2.1). This is a
physical tr@ (such as anticline and tilted fault block) to prevent the further upward movement of

scCQ (Figure2.1).

2.1.2. Capillary Trapping

While free phase scCQs spreadingit is trapped in the pores by capillary forces. This
process is dked capillary trappingor residual trappindpecause the trapped sc£i® at residual
saturation At residual saturatigrblobs and ganglia of scG@nap off from the continuous phase
and become immobile after imbibition of ambient briftesidual saturain results from
capillary forcesand it is influenced by (1) the medium pore size distribution, (2) wettability of
the rock, (3) fluid viscosity and density ratios, (4) interfacial surface tension, (5)
gravity/buoyancy forces, and (6) hydraulic gradierfMercer and Cohen, 1990 Any
heterogeneity present in the formation afes an impact othe capillary trapping of scC@

(Chatzis et al., 1993

2.1.3. Dissolution Trapping

Dissolution of capillary trapped scG@ncreases the storage security because afeer th
dissolution, density of solution becomes greater than the density of formatior{figne=2.2)
(EnnisKing and Paterson, 20P3The solubility of scC@in brine undeseveralconditions were
studied byDuan etal. (2006, Duan and Suf2003 and Spycher et a{2003. Duan et al(2006
and Duan and Su(2003 presented a solubility model for the calculation of the equilibrium
concentrations of scGOn brine, which carbe applicable to a wide range of temperras (0-

260°C), pressures (8 200MPa), salinity (0 4.5 M of salt) and a number of dissolved salts

10



(NaCl, KCIl, NaSO,, MgCl,, CaC}, K,;SO, etc.). The data regression formula introduced by
Spycher et al(2003 can beused to calculate the solubility water in CQ-rich phase for 12

110°C range.

The density of dissolve®€O; is 0.1:2% heavier than the density of formation brine
(Figure2.3) (EnnisKing and Paterson, 2003; Pruess and Zhang, 2008; TengXA%;, Weir et
al., 1996 Yang and Gu, 2006 The rate of increase in solution density depends on the salinity of
formation brine, mass fraction of scg@nd temperature and pressure of the medAmdersen
et al., 1992; Bachu and Adams, 2003; Garcial2@hsumi et al., 1992The denser solution on
top of brine leads to the generation gravitational instabilities in the system. Theéenser
solution tends t®ink into thedeeper parts of the formatidRrigure 2.1) by producingdensity
driven fingers This enhancse convective mixing of dissolvedCO, in permeablehomogeneous
formations(EnnisKing and Paterson, 2008leufeld et al., 2020 In heterogeneous formations,
themixing mechanism depends grology and hydraulic propersief the formatior{Agartan et

al., 20ba; Farajzadeh et al., 2011; Ranganathan et al.,)2012

,0-CO, Density [kg/m
a
a
\

H
=
(=

s / P=100 [bar]
- — — — - P=200 [bar]

_______ P=300 [bar]

0 501 002 503 504 D05
CO, mole fraction

Figure2.3: Aqueous phase density variation with dissolutiosdfO, (Garcia, 2001
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2.1.4. Mineral Trapping

WhendissolvedCO, react with the host rock, primary minerals dissolve, and secondary
carbonate minerals forifBachu et al., 1994; Gunter et al., 1993; Izgec et al., 2006; Kaszuba et
al., 2005. According to Xu et al(2001), the factors playing an important ®lin the CQ-rock
interactionsare (1) the nature of the host rock, i.e. igneous, metamorphic, or sedimentary, (2) the
mineral origin, i.e. primary (antigenic, detrital) or secondary, (3) the effective reactivity of the
mineral ofthe hostrock which is afunction of permeability and porosity of the host rock, the
mineral specific surface areandthe decomposition mechanism and r@kang et al., 2012
(4) the mass fraction of reactive mineralstie host rock and (5) the availability of water in
pemitting mineraldecomposition and reaction dissolved components thiCO,. The eaction
of dissolvedCO, with minerals can be rapid in the case of carbonate minerals, yet slow for
silicate minerals(Bachu et al., 1994 The dissaltion of minerals increses porosity of the
carbonate aquifers more thtresiliciclastic onegBacon et al., 2009; Xiao et al., 200®n the
other hand, more secondary mineral ferm the siliciclastic aquifers tharthe carbonate
aquifers Although porosity of the carbonate quifers reachesthe initial value after the
precipitation in the case ofsiliciclastic aquifers, the final porosity is smaller than the initial
value As a result, aquifersofmed by siliciclastic rocks can Heetter candidates for mineral

trapping compad to carbonate aquifefGunter et al., 2000
2.2. Mass Transfer of scCQ in Brine

There is a limitedhumberof studies omrmass transfer of scGQOnto formation brine.
MacMinn et al.(2011) numercally studieddissolution of scC®in homogeneous media, and
identified three regimes (slow, fast and instantaneous saturations) depending on how quickly the

brine that is beneath the plume bews saturated with dissolv&D,. Farajzadeh et a{2007)

12



investigated the mass transfer of £i®to water and surfactant Istions using a D column
experiment. They found that densdyiven convection enhances the mass transfer of QIO

water at the early stages of the experiment. However, at later times, molecular diffusion became
the dominant mass transfer mechanismeyl reported that the addition of surfactant to water
does not change the mass transfersraBasda et al(2011) studied the solubility trapping by

using vertically averaged approaches with an upscaled representation of the dissolution
convection processThey showed the effect of different modeling choices for laogde
geological systems. Li et g2013 numerically investigated the impacts of the shape of the van
Genuchten (S-shaped) and BrookSoreytype (convex) capillampressure moels on
dissdution of scCQ. They reported that the van Genuchtgpe capillarypressure model

accelerates C&xolubility trapping significantly compared with the BroeRereytype model.

In these studies, the effects of source zone entrapment architecture andnéhe b
sweeping on the dissolution of scg&@nd the storage of dissolv&D, have not been addressed,
and there have not been any mass transfer model introduced involving these parameters. On the
other hand, in NAPL dissolution literature, tléssolution mdels were developed for the
determination of the lumped mass transfer coefficient. In the next section, general background on

mass transfer and tipeevious studies/models amass transfer of NAPL in water are explained.

2.2.1. General Background onMass Transferof NAPL in Water

Many investigators have studiadass transfer of NAPL (NeAqueous Phase Liquids)
for contamination problems. Results of these studies shthvaeNAPL dissolution rates depend
on (1) amueous phase velocit{?) ratelimited mass transfelbetween phase$3) physical by
passing of the phase around contaminated region (due to low relative permeability of agueous

phase)(4) mixing of compoundsand(5) theporous media charactstics (Powers et al., 1991,

13



1992. Toimprove theunderstanishg of mass transfer processsthe formation heterogeneignd

NAPL phase distribution ahe pore scale should be knovMiller et al., 1990.

Whengroundwater flow velocity is slow relative to mass transéesbetween phases,
the dissolution can be stsmed to occur under equilibrium conditions. The local equilibrium
assumption (LEA) assumes thadncentration of water leaving a region of residual NARka
dissolved concentration of amganic phase at the solubility le&aba, 1999 LEA produces a
constant rate of NAPL removal until it completely disappé8rtag, 199Y. However, n reality,
the removal rate has an asymptotical decreagerb as the NAPL saturation is reduced tue
nontuniform distribution of NAPL in heterogeneous aquifer, leiggroundwater flow velocities
and lower NAPL saturation@ower et al., 1991; 1992Thus, LEA always underestimates the

cleanup time of NAPL as the rate of dissolution is guedicted(Saba, 199p

The stagnant film theory is the conceptual modet tescribes mass transfer between
two phaseswhere the NAPL phase to aqueous phase mass transfer occurs through a stagnant
film adjacent to the interface. I'n the fil m,
is applied to determine the nsafux of NAPL to the aqueous phaskixffrom film theory), J, in
equation(1), where D is the diffusion coefficient in free liquid phas&TL U is the thickness of
the assumed stagnant film [L],s@s the solubility of NAPL in water [M/f], C is the

concentration of NAPL in the water phase [M/land'Q s the mass transfer coefficient [L/T].

_dC D
J= D~ =-(C G} k(& g (1)

U canna be measured, so a lumped mass transfer coefficient needs to be defined in the
representative elementary volume (REV) s¢®ankow and Chey, 1996. The flux in REV,U

[M/L>T], is calculated using equatid8), where K is the lumped mass transfevefficient. The

14



relation between porscale mass transfer coefficient), and the lumped mass transfer
coefficient,0 [1/T], is given in equatiofB), whered is the total NAPLwater surface area fL

within the REV of volumen [L?).

J =K,(C, -C) (2)

C

k5
K —k,V 3)

The limitation of using this model is thdiet total interfacial contact area between NAPL
and water® , in REV cannot be calculated, so the lumped mass transfereffeient should
be determined empirically. Phenomenological models known as Glhaedvood models are
used for the prediction of the mass transfer rate coefficients. The interphase mass transport and
overall mass transfer rate coefficients are a fonctf a large set of variables, including
dynamic viscosity and densities of wetting and -maiting phases, interfacial tension,
gravitational acceleration, porosity, mean particle size, displacement pressure, residual water
saturation, entrapped NAPL saition and diffusion coefficient. The dimensionless groups
given inTable21lpr ovi de a <correlation between interph
number , Pecl et number, Schmidt 6s n ullynlsear |, and

dimensionless form of the mass transfer coefficients.

There are several GillarBherwood correlations developed by different investigators,
and each of them are valithder different condition§Thibodeaux and Mackay, 20[L{Table

2.2).

Saba and lllangasekar@000 showed that the correlations developed from-one

dimensional (AD) experiments by Imhoff et al. (1993), Miller et al. (1990), and Powers et al.

15



(1992; 1994b) inrable 2.2 are not suitble for 2D flow conditions, and thus they introduced a
model for twedimensional (D) systems Table 2.2). Zhu and Sykes (2004) presented a
pseudeequilibrium approach to describe mass transfer using three simplistic screerdetsm

which are simpler and easier to use than the complex correlation methods and applicable to field
scale problemsLiu et al. (2014) carried out a theoretical and psgzale simulation study to
improve the understanding of mass transfer from DNAPIldueds and subsequent reactions at

early and late times of the plume at the interfaces of high and permeability layers.

Table2.1: Dimensionless groups of importance to NAPL entrapment and dissolutiorounspor

media(after Saba, 1999
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Saenton and lllangasekare (2007) successfully developed the upscaling method; however,
it needs to be adapted to scL@ssolution. The developed method uses the geostatistical
parameters of the heterogeneity and the statistical description of the NAPL saturation distribution
to upscale the mass transfer rate coeffici@htliodeaux and Macka011). They validated the

method using the data from an intermediate scale tank experiment. This method allows for the

16



numerical simulations of mass transfer of NAPLs in heterogeneous source zones. The correlation

for up-scaled mass transfer is given iruation (4), wheréYQis the upscaled Sherwood numher

vertical correlation length, and ; and 0 “

vertical saturation distribution.

is the variance of the D field, Y& is the vertical dimensions of the simulation grid,is the

are the dirensionless second moment of the

Table2.2: Gilland-Sherwood type correlations for interphase mass transfer.

System Correlation Range Reference
7 Miller et al.
- VP Y8
1-D NAPL YQ pcY® "o 0.001<Re<0.1 (1090
1-D NAPL O uKYE Q8 Y3 0.01<Re<1 | POWers etal
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1-D NAPL "Q oTREY® Qjo 8 0.0012<Re<0.02 'm?fg;f; al.
1D Powers et al
Naphthalene YQ o@YP 0.001<Re<1
(19943
Spheres
x Power et al.
- SN 8 ™8 __i__
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1-D NAPL o 8~y Imhoff et al.
Surfactant QO 1§ X'F —8 Y 0. 0 0&®045 (1095
1-D NAPL "Q p @Y 0.1<Re<10 | Szlag(1997
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(2000
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In CO, sequestration literaturanass transfer from the complesource entrapment
architectures in heterogeneous formations and the impacts of brine sweeping on the dissolution
and the storage of dissolved fluid have not been addressed in detail. The previous studies in
NAPL mass transfer will be used to investigatee tmass transfer of sc@GOThe major
differences between NAPL and sc@&@ass transfers are the pressure and temperature conditions
of the formations, the fluid properties, the scale of the problems, and the flow rates of the
background fluids. In terms d€O, sequestration challenge, the higher formation brine flow
velocities are observed during the sweeping, which influences the satuliatrdrutionand the
dissolution rates of the capillary trapped sed® homogeneous and heterogeneous porous

media(Figure2.4). The NAPL mass transfer modeksn be applicable t60, mass transfer

Spreading
&

Storage

Figure2.4: Conceptual model for the dissolution of scG®formation brine.

2.3. Density-Driven Flow of Dissolved CQ

After dissolution of scCg the densersolution triggers gravitational instabilities the
medium This leads to the generation of densltiven convective fingeringHassanzadeh et al.,
2009. In this section, convelste mixing is explained imeneral. Then, its importance GO,

storagas mentioned for homogeneous and heterogeneous formations.
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Densitydriven convectiveflow occurs when the flow pattern is influenced by density
differences in the fluid systeniThe density distribution $ a function of time and space
(Holzbecher, 1998 There are two types of convective movemantduding natural or free
convection and forced convection. When convective movement occurs in a closed system having
zero mean velocity angdithout any mass exchange with thetside, it is called natural or free
convection. Forced convectiooccursa result of external surface forcé€ombarnous and
Bories, 197% Combination of free and forced convection is called mixed conveddouble
diffusive fingering convection is another phenomett@toccusin thefluid systems containg
two components that influencecal fluid density (Cooper et al., 1997 Doublediffusive
convectionhas beerstudiedin porous and fractured medid is a signficant process forthe
transport of fertilizers ahsolutes from the land surfaeed themigration of contaminants from

landfills (Cooper et al., 1997

Large scale convectioran be observenh the atmospheres, oceans, planetanyd earth
mantle Convection alsooccursin aquifers, geothermal areasd snow layer@Combarnous and
Bories, 197% According to Combarnous and Borig®975, the homogenization othe whole
fluid volume anda nonuniform in situ temperature distribution in hot and cold zareshe two
main effects of convection in porous medium. Hot springs and high temperature geothermal
areas lead tthe formation of thermal convection. On the other hand, convective movement in
snow occurs when the gradient of unstable air density beclamges enoughThis convective
movementalso contributes to mass transfer of water through vaporization and condensation
(Combarnous and Bories, 1975; Nield and Bejan, R0A@&ddition,convection has been shown
to arise after a tsunartike eventdue toinfiltration of brackish seawatdanto the fresh water

aquifers(lllangasekare et al., 2006; Vithanage et al., 20d@taminant transpofBchincariol et
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al., 1994, 199yandheat convectioim the saturated porous medend flow ofdissoked CO; in
brine in the deep saline formations (EnnisKing and Paterson, 20R3Convection is also

observed irunsaturated and fractured zor€¢ass 19983).

According toHolzbecher(1998), convection studies began with Benard in 1900. Benard
worked experimentallyn the steady state convectiostudied the onset of convection for the
box heated from the bottgrand observedrectangular and hexagonal shapes of the convection
cells from the side and top, respectiv@tiolzbecher, 1998 Rayleigh(1916 improvedBe nar d 0 s
studies for convection in clear fluids and determined the critical condifiRegeigh Number,
Ra)for the onset of convection. Horton and Rogé®45 and Lapwood1948 are the pioneers
of thermally driven convectiostudiesin porous mediaThey used the method developed by
Rayleigh (1916 for clear fluids andformulatedthe dimensionles®ayleigh numberseen in
equation (5) associated with densityven convective flow (Horton and Rogers, 1945;
Lapwood, 1948 If Ra is greater than the critical valyRa = 4 2 = ~40), then mixing is
dominated by convectiofHorton and Rogers, 1945; Lapwood, 1R48not, diffusive mixing is
observedIn equation(5), k is thepermeability [nf] , (o o]} i s t he belweeansthet y di
fluids [kg/m’], g isthe gravitational acceleration [nfs H is the thickness of the layer [m], D is
the diffusion coefficient [Mi/s], p is the viscosity of the background fluid [Pa.sind @ isthe
porosity of the mediumt].

_kDr gH
Dmf

Ra

®)

Elder (1967 studied the convective mixing in a box shaped vertical model for laminar
fluid flow caused by a vertical temperature gradient. Voss and @883& modified the Elder

problem into a variable density groundwater problem such that the fluid density isiarfuohct
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salt concentration. Due tdiffusion of saltinto fresh waterthe density of wateincreasest the
top boundary and it createsnvective mixingdriven by gravitational instabilitiefdHassanzadeh

et al., 200% The Elder problem is a benchmark tbe densitydriven flow problems.

The densitydriven convection of dissolve@O, in homogeneous media was examined in
detail using theoretical, numeri¢cand analytical based approacl{EsnnisKing and Paterson,
2003, 2005, 20Q7Farajzadeh et al., 2002011 Hassanzadeh et al., 2005; Hidalgo and Carrera,
2009; Nordbotten et al., 2005; Nordbotten and Celia, 2011; Pau et al., 2010; Pruess and Zhang,
2008; Riaz et al., 2006 However,the experimental studies are very limit¢8ackhaus et al.,

2011; EnnisKing and Paterson, 2003; Neufeld et al., 2010; Suekane et al)). 20 2veral of
these experimental investigatiorfBackhaus et al., 2011; EnrfSng and Paterson, 2003;
Neufeld et al., 2010 surrogate fluids of scCCand formation brine that haw@milar density
characteristics with scG&ormation brinewere used under ambient pressure and temperature
conditions because it is difficult to create high pressuréise laboratory conditionhat exist in

the deep geologic formation(Suekane et al.,, 26D The past experimental studies mainly
focused on the effects of fluid @rformation parametershe mass transfer rate, the onset of
convective mixing, and the instabilities. The results of these investigations and the extrapolation
of understanding ofinalogous processes in thermal convection show that convection is the
dominantmixing mechanismn permeabldhomogeneous porous media. The onset of convection
strongly depends on the porosity, permeabibiyd thickness of the medium, aspect ratio, and
fluid properties, such as density difference between two fluids, salt concentration ofriatine a
mass fraction of dissolve@O; in brine. Studies on thermal convection in homogeneous media
indicate that boundary conditions, aquifer slope, groundwater, od degree of heterogeneity

are the other factors affecting the onset of convedtidectk, 192; Combarnous and Bories,
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1975; Epherre, 1977; Nield and Bejan, 2006; Oostrom et al., 1992; Rees and Bassom, 2000;

Taku Ide et al., 2007, Tsai et al., 2013

The effects of heterogeneity on mixing were studied theoretically by Nield and Simmons
(2007, Nield and Kuznetsog2007, and Simmons et al2010 for thermal convection, and
theoretically and numerically by Prasad and Simn{@083, Schincariol et al(1994; 1997 and
Simmons et al(200]) for contaminant transport. Schincariol and Schwét@90 carried out
experimental studies in layered and lenticular formations to determine the effects of salt
concentrations and groundwater flow rates on dewityen flow characteristics to address
problems irflow systemsFor layered systems, they found that even small permeability contrasts
between layers led ta dense plume to accumula®ng the bedding interphases. Numerical
studies, carried out byicKibbinan d O6 S (198D amd #McKibbin and Tyvand1982 on
the periodic porous media, emphasized that significant permeability differences are required for
the formation of convection. On the other hand, there are only a limited number of experimental
studieson the effect of heterogeneity on convective mixing and eWedtapping of dissolved
CQO,. Farajzadeh et a{2008 experimentally investigated the importance of convection on mass
transfer of gas COfor duatlayer systemsThey alsonumerically studiedhe dual layered
system with a low permeable layer on top of the high permeablarzheice versa. They fodn
that for both of the layered caséseflow is dominated by natural convecticaand the reduction
in vertical permeability reduces the effecfsconvective mixingKneafsey and Prueg2010
determined the dependence of size and location of fingers on permeability variaisons.
numerical simulations, Green and EnKisg (2010 explored how the presence of
discontinuous shale lenses elerdes the convection processxd showed that the average

breakthrough time of COdecreases with increasing length of shale lenSasjzadeh et al.
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(2017 and Ranganathan et §2012 carried out a detailed numerical study on the influence of
the degree fospatial heterogeneity in permeability on the dissolution rate of saCkrineand

onset of convection. They quantify the degree of heterogeneity and continuity by means of
statistical parameters. They reportadee different spreading regimdspendig on the degree

of heterogeneityfingering, dispersion and channeling

The existing studies mostipcus on the factors affecting the onset of convectiotien
homogeneous and heterogeneous media, and how mixing processes are influeticed by
heterogenity. However, in the purpose of G®Gequestration, which is to store scO® deep
geologic formation securely for a long time, the contribution of mixings processes to stable
trapping of dissolvedO, in the homogeneous and heterogeneous formatighold be studied

in detail.

2.4. Diffusion into/Back Diffusion from Low -Permeability Zones

Role oflow-permeabilityzoneson mixing and storage in multilayered systems has been
investigated for the applications in subsurface contamination and mixing of freshlanater
(e.g. Chapman and Parker, 2005; Schincariol and Schwartz, 1994; Vithanage et al\Wkeh2
dissolved fluid reaches to theansition of medium/higipermeability and lowpermeability
zones, the dissolved fluid starts to pool and thus spressisllg due to hydraulic boundary
between the zones. Lateral spreading enhances the diffusion area of the dissolved fluid, which
contributes to the amount of stored mass (Agartan et al., 28tBagcariol and Schwarti990).
The concentration gradient vahi drives diffusion between these zorfe$ i ¢ k 6fa onk a w
dimensional diffusionn equation (1)is higher in the beginning butdiecreases with time due to

dilution (lateral spreading) and diffusion into lgwermeability layer. Thus, concentration of
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low-permeability layer becomes greater than the concentration of the mediwpénigbability
layer, where back diffusion startBack diffusion is the solute mass transfer from the lower
permeability zones back to the higher permeability zones due tewbesal of the concentration
gradient.This has been mostly addressedha subsurface contaminant transport and tsunami
studies because the solute diffusing into -lmevmeability layers behaves like a continuous
source of contamination due to slow difftus rates(e.g. Chapman and Parker, 2005; Chapman
et al.,, 2012; Parker et al., 2004; Wilking et al., 20Ihe remediation of it might be very

challenging.

Parker et al(2008 emphasized the storage capacity of thesepemmeability layers.
They showedthrough a numerical modeling study that a single thin clay bed with 0.2 m
thickness is able to store a significant amount of dissolved TCE mass for several years. This
underlines the large storage capacity of clay beds. Tsdil@revents also cause grational
instabilities in the subsurface formations due to release of heavier seawater into unconfined fresh
water aquifers which contaminates drinking and/or irrigation water resources. Low permeability
zones present in the formations can store saltrwhateugh diffusion, which influences the
timescales of aquifer contamination and corresponding remediation proQidasgasekare et
al., 2009. Salt mass fraction in the system needs to be reduced to make the water resources
usable for drinking and/drrigation purposes. Experimental and numerical studies were carried
out to determine the flushing time of salt water from the fresh water aquifers after a tsunami
event (Vithanage et al., 2032 In the intermediate scale tank experiments, relatively lower
permeability layer was interbedded in between higher permeability sands, and the salt water was
released from the top of the tank at a constant rate for a certain period of time. The results

indicated that the heterogeneity had an important effect ortiriee of recovery, and the
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continuous low permeability layer increased the total floghtime by 40% due to slow flow of
salt water in that laygiVithanage et al., 2032This emphasizes the storage capacity of the low

permeability layers.

As applied toCO, sequestrationthe convection in dudhyer systems with a low
permeable layer on top of a high permeable layer and vice versa was studied using numerical
models(Farajzadeh et al., 20R8The results showed that the vertical flow was dominated by
naural convection for both of the cases, and the reduction in vertical permeability decreased the
effects of convective mixinglowever, the influence dhtralayer heterogeneity presetlow-
permeabilityzoneson flow and storage of dissolvéldid (Figure2.5) has not been addressed in

detail inany of the fields.

Source _
Zone
Density-
driven
convectivg
fingers a

=t

Capillary Trapped scCO,
\

Capillary Trapped scCO,

Fingers merged at the
transition of the two layers at

t. Creservoir
(¢t e
oo eee

Diffusion of dissolved
5cCO, into the low
permeability layer

Low Permeability Layer
(Randomly Distributed

Permeability Field)
(b)

Back-diffusion of dissolved CO,
into the upper and lower aquifers

(a)

New fingers were generated in
the lower aquifer at

C reservoir

1000s of years later

(d)

Figure2.5: Conceptual modebt the spreading of dissolv&, in (a) homogeneous and-@)
layered porous media, (t)e generation of convective fingering in lower aquifer, and (d) the

backdiffusion from low permeability layer.
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2.5. Testing Hypotheses
The following typotheses have been formulated to drive this research

Hypothesis1: The @ntribution of convective mixing tthe stable trapping of dissolved
CO, depends on the geometry, distribution, and hydraulic properties getilegic featurem

the formationgFigure1.6).

Hypothesis 2: Convective mixing and diffusn controlled trapping aréwvo processes
that contributeto the dissolution trappingh multilayered formations with loygermeability
zones The relative contribution of each process depends on permeability and thickness of these

zoneg(Figure2.5a-b).

Hypothesis 3: Multilayered systems with heterogeneous -jp&rmeability zones
introduce convective mixing and diffusion conteal trapping as in the first twoases. In
addition to that, theséntralayer confinemest produceleakage mechanismand this also

contributes to mixingFigure2.5a-d).
2.6. Research Goals and Specific Objectives

The objectives and scope of this project have been developed in order to fill the
knowledge gaps mentioned tre dissaltion trapping ofCO, in deep geologic formations the
previous section. In the experimental analyses, the small and large test systems referred to as
fismallscale andintermediates c al e 0 have b e ewel-contr@led labooatoryp er f or
experimentsd improve the understanding of the important trantspwchanisms. Both small
scale and intermediatxale experimentaere modeled to relate bendtale phenomena and

field-scale applications.

Objectives of the papers are
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a. Paperl: To investigate the role of mixing on the trapping ofdissolved CQ@ using
homogeneous and heterogeneous porous media laboratory experiumelets ambient
pressure ancetmperature conditiongn(press)

b. Paper Il To evaluate the validity of the experimental findings$Paper Ifor the field-scale
settings using numerical mode focusing on the influence of different perrbédies and
thicknesses of lovpermeability layers onflow and trapping of dissolved CO (in
preparatiof

c. Paper Il To investigate the effects of intralyheterogeneitpresentin low-permeability
layers on mixingand trapping of dissolved G@sing an intermediatecale experimerdnd
simulatethe influences odifferent spatial distributions of loywermeability materials on

mixing and total storag@n preparation).
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CHAPTER 3

EXPERIMENTAL METHODS AND PROCEDURES

3.1. Introduction

The materials, measurement methadsl setup of the experiments are described in this
chapter. Firstthe materials including sands and fluids are explainkdn;theimage processing,
ion chromatography, gas chromatograpand xray attenuatiomethods are introduced. Finally,
the small and large tank experimental setup are descfdvedensitydriven flow and mass

transfer studies

3.1.1. Sands

The test sands, gathered from WNN and WedrorCorporatiors, wereused in aset of
small and large tank experimeniavo types of sandaere used in the experiments@sanusil
and AccusandsGrains of Granusi{#20/30, #50w, and #11®ave an angular shapadwell-
sorted, whereaéccusands (#12/20, #8410, #40/50, and #50/7@gas wellrounded and poorly
sorted grainsThe properties of the sandxluding porosity, hydraulic conductivity, and mean
grain size(dsg) arelistedin Table3.1. Silt and clay were alsased in somefdhe experiments to

create confined conditions.

3.1.2. Fluids

Laboratory investigations of GQluid behavior at posinjection period are challenging
due to difficulties in recreating the high pressures and temperatures that exist in the deep

geological formabns (Suekane et al., 2006; 2009). Laboratory studies on dissolvedd®O
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can be conducted under ambient pressure and temperature conditions using surrogate fluids
having similar density characteristics as dissolved, @@ brine under reservoir condit®

(Cinar et al., 2007; Wang et al, 2010). In this experimental study, four different surrogate fluid
combinations listed iTable3.2 were used. For the small tank dengitiven flow experiments,

two different fluid combinationsvere tested in a sandy mediufidure 3.6) that include (a)
methanol/ethylene glycol mixture (MEG) in wat@deufeld et al., 2000and (b) water in
propylene glycol (PGjBackhaus et al., 2011The comparison dahe densities of the candidate

fluid combinations, and scGQand formation brine before and after dissolution are given in
Table3.2 andFigure3.1, respectivelyFor both of the fluid pairs, 10% red fodge by volume

was added into scCOrepresentative fluid to do visual observations. The PG/water fluid
combination was selected to be used in the small tank experiments. The results of the fluid

selection experiments are presenteBaper | in chapter 5.5.

Table3.1: The physical characteristics of the sanded(Sakaki et al., 2007

Sand No. Sand Type Porosity [[] Hydraulic Conductivity [cm/s] dso [mm]

#12/20 Unimin 0.318 0.3760 1.040
#20/30 Granusil 0.320 0.2300 0.750
#30 Granusil 0.394 0.1160 0.500
#30/40 Unimin 0.325 0.1060 0.524
#40/50 Unimin 0.334 0.0520 0.358
#50/70 Unimin 0.363 0.0359 -
#50 Granusil 0.426 0.0332 0.310
#50w Granusil 0.301 0.0186 0.280
#70 Granusil 0.396 0.0141 0.200
#110 Granusil 0.323 0.00507 0.120
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Table3.2: Density ratios of scC&formation brine and tested fluid combinations.

Density  Solubility

Experiments Fluid Combinations Fluids
P (gfen®)  (gkg)
" . 0.268-
Supercritical CQin scCQ 0.73D
- Formation Brine 0 '9450_ ~55.34
(Nordbotten et al., 2005 Brine 1,230
Methanol/Ethylene  MEG + Food
@ Small Tank Glycol (MEG) in Water Dye 0.960 Miscible
Densitydriven Flow
(Neufeld et al., 2010 Water 0.9970
. Water + Food
(b) Small Tank Water in Propylene a Ggye 00 0.9970
Densitydriven Flow Glycol Propylene Miscible
¥ (Backhaus et al., 20]1 Py 1.0340
Glycol
(c) Large Tank NaBr
o . : 1.007.6  ~943.2
Densitydriven Flow NaBr Solution in Water ~ Solution (290;:)
/Diffusion Water 0.9970
Hexanol +
. 0.8140 ~5.
I\/I(glss'lr'rr] 2:;1‘-:rnk Hexanol in Water Sudan IV ( 2(‘;);)
Water 0.997

For the large tanklensitydriven flow experimentsa different fluid combinatior((c) in
Table3.2) was used to do more quantitaianalyses. Fahis study,scCQ was assumed to be
dissolved inthe formation brine.To represent dissolved GOknown concentratioraqueous
NaBr solutionwas prepared. The concentration of NaBr was determined to provide the same
density difference with dissolved G@nd brine at the solubility limit which is 10.6 kgfrander
reservoir pressuré-9 MPa)and temperaturé~36eC) conditions(Figure 3.1). As in previous
experimental study, 10%edfood dye by volume was added into the NaBr solufidre denser
food dyed NaBr solution was inject@tto the source zone to mimic the onset of dendityen
fingering and flowof dissolved CQ Details of the fluid selection study are explained in Paper

Il in chapter 7.3.1.2.
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Figure3.1: Variation of density of formation brine, PG solutions and water solsitiaith mass

fraction of CQ, water and MEG, respectively.

Hexanol and water fluid combinatiq(d) in Table3.2) was used in the small tank mass
transfer experiments. Hexanol was for sgCénd water was for formation brine. X#mol is
lighter than watelike scCQ and brine. Tie solubility limit of hexanolin water alloved to
mimic dissolution of less dense sc&@ brine in laboratorypressure and temperature
conditions. To observeissolutionof hexanolin waterin the porousnedium visually, Sudan IV
powderwas addedTo determine the depletioof hexanolsaturationswith dissolution,10%
iodoheptandoy weightwas added int&udan IV dyedchexanol toseparatehexanolattenuation

from waterusing xray attenuatiormethod.
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3.2. Measurement Methods

The measurements methods that include image processing methods, ion chromatography,

gas chromatography, aneray attenuation method are explained in the next section.

3.2.1. Image Processing Method

In the small tank densigiriven flow experimats, propylene glycalPG)and water were
used as surrogates of brine and sgQ®spectively. In order to determine the dissolved water
concentrations inside the tank, different methods were tested including gas chromatography,
mass spectrometry, reframti index etc. However, none of thasethods was able to measure
dissolved wateconcentrations due to specific chemical properties of propylene glycol and low
concentrations of water. Thereforan image processing method was developed for the
determinatn of concentration distribution inside the tank from the periodically takiiggal
images Theimage processing method was carried out for the five sands (#50w, #50/70, #40/50.
#30/40, and #12/20) that wetsed in the homogeneous and heterogenewmda small tank
densitydriven flow experiments The sands were packed in a layered systemvémiable

background concentrations of dissolved water in propylene ghgceéen ifrigure3.2.

#50w

#50/70
#40/50
#30/40

#12/20

Figure3.2: Five different sands having (a) 47.98 kd/ib) 23.99 kg/m (c) 4.798 kg/m (d)

2.399 kg/ni, and (e) 0.4798 kg/fdissolved water concentrations.
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The digital images taken for each concentration were analyasdd on RGB (Red
GreenBlue) color intensities. The results of the analysis showed that Green intensity captures
the concentration variations much better compared to Red and Blue. The relationship between
Green color intensity and dissolved water conegiain as seen ifrigure 3.3 was formulizedor
each sandBy using the developed equation, the concentration distribution inside the tank for
each experiment were determined. Details of the image processing methods is givesnidiXApp

A.

#12/20
+#20/30
—-#30/20
—-#40/50
~—#50/70

oncentration [kg/m3]

= #50w

Figure3.3: Concentration vs Green intensity graph for the sands.

3.2.2. lon Chromatography

lon chromatography (IC) istgpe ofliquid chromatography thajuantifies concentrations
of ions by using anoin exchange resin to separate different ions present within a sample
Chromatography is a separation technigue where a sample containing various chemical
compounds is injected instantaneously into a column, and the different compounds travel
through the clumn at different rates based on their chemical propeffies.Dionex DX600 IC
system in theCenter for Experimental Study of Subsurface Environmental ProceSESED

laboratoryhas the capability of analyzing for both anions and cations, but is tyrsehup only
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for anion analysisln IC method, each aniahat shows up at different times has a unique bell
shaped curve Hgure 3.4). This method was used in the large tank derdbityen flow
experiments in order to determithe Br concentrationsHigure 3.4) for calculation of the NaBr
concentrations of the unknown samples taken from the tank. In this metbadiention time of

Br' is ~6.8 minute, anthedetection limitof Br is 0.1 mg/I.

Figure3.4: IC response for one of tltandardsv e r t i ¢ a | axis represents

while horizontal axis represents retention time in seconds

In order to calculate th@nknown concentrations accurately, it is necessary to draw
calibration graph using standards. Standards are the sawifiidsnown concentrationéTable
3.3). When either height or area of the cunadf the standardsare correlated with their
corresponding knowrconcentrations, the relation between respoffsgight/area)and the

concentration islevelogedto calculate concentrations of the unknown samples.

In Table3.3, the retention time, height, and area of the known concentration standards are
listed. There is a linear relationship between height/area and correspondingaNa@ntcation

as seen irFigure 3.5a andFigure 3.5b. However, the accuracy of the height measurements
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decreases at higher concentratiofigire 3.5a) because the curve might toenmed at the top

due to upper detection limit of the IC. On the other hand, the area provides more accurate results
(Figure 3.5b). The relation between the area under thec@nve and the NaBr concentration is

seen inFigure3.5b for the listed standards irable3.3. The concentrations of the samples taken

from the large were calculated using this relationship.

Table3.3: IC regponse for the known concentration NaBr standards.

NaBr Retention Height Area
Concentration [g/l]  Time [min] [uS] [MSxmin]
0.0513 6.86 1.919 0.330
0.1538 6.83 7.693 1.313
0.5130 6.81 23.591 4.128
1.5380 6.74 80.925 15.601
5.1300 6.61 223.646  54.090
15.3800 6.45 474.017 147.424
:gw :§10
o o* o
(a) ° Ic R:.:]:cnse- H:i:il of the ::mide Cuer:[ps] . (b) ’ IC Response - Ar:: under the Brum:dDeDEurue [uSxmin] e

Figure3.5: IC calibration curve to calculate NaBr concentrations of unknown sanngites (a)

height and (b) area of the Burve
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3.2.3. Gas Chromatography

Gas chromatography (G@quipped with flame ionized detector (FID) was usethe
small tank mass transfer experimentslétermire the dissolvedhexanol concentratiain water.
GC is one of the common methods used in analytical chemistry in order to separate and analyze
compounds by vaporizing the samples without decomposifianthese analyses, Fl@asused
because it is sensitive to wide range of organic compouwateentrations, and hydrocarbons.
Selection of carrier gases plays an imanttrole for the detectors, andr fdifferent detectors,
different carrier gases areecd. For GC with FIDultra high purity helium,ultra high purity
nitrogen, hydrogerand zero aigases were useds in IC methodeach component produces a
specific spectral peaat different timesThe height and area of these peaks are proportional to
the concentrations of the corresponding substances in the sample. In the analyses, a Hewlett

Packard HP 6890 GC with FID was used.

3.2.4. X-ray Attenuation Method

The xray attenuation method was usedlaa@minethe spatial and temporal distribution
of hexanol saturationsapped in the source zotre the small tanknass transfer experiments.
The xray attenuation method is based on Beex mb e r ttlak deskcribas the change in
energy intensity for a beaof monoenergetic photons traveling through a material with linear

attenuation coefficiedand thicknes:
/1, =€ (6)

wherel is the intensity of photons transmitted across the matanall, is the photon
flux in the absence of a material or incident beam inten@itgvisan, 201p Volumetric

fractions of any of the phases (hexanol) inside the tank are measovatymray source and
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photon detector simultaneously along the scanning grid.irftegpolation of the data gives the

distribution of the scanned phagasxanol)in the tank.
The hexanol saturations in the source zone werendieted by following these steps:

(1) The empty tanklg) and tank filled with wetting phase (watef) (vere scanned in a

row to obtain patthength which iswidth of the tank.

(2) The tank filled with wetting phaséy( and wetpacked tank with the sandg (vere
scanned to determirmathlength of the void spaces whichpsrosity of the sandnterpolation

of this data gives thporositymap of the sand inside the tank

(3) The wetpacked tanklg) andporous medium with trapped hexarfhl were scanned
as a last step to calculateetpath length of the hexanol whichhiexanol saturatiorData was

interpolted fordetermination of the saturation distributgan the source zone.
3.3. Small and Intermediate-ScaleTank Experiments

From smalscale studies to field-scale applications dimensionality of the flow
characteristics changes as well as the complexitiyeofystemsThe small and large test systems
r ef er r endallstate arairgerntfediates c a | e 0  m ¢his studyosrepiduce theeep
geologic formations located at least 800 meters depth under ambient temperature and pressure
conditions Smallscale representsentimeter scale experiments, and intermeeiatde is for 1
10 meter scale studie$he size of the test tank was chosen to best achieve the goal of each

experiment.

These controlled laboratoryscale experimentsvere performed under theelected
boundary conditions, initial conditions, and permeability distributions (heterogeng&ityg

provided better understanding on the observed processes. This experimentall@ivetjus to
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investigatethe fundamentals of théeld-scale processeséchanisms ira smaller spatiakcale
andin a shorter timescale For example, the onset of convective mixing can occur in 10 to 100
years at posinjection periodin the formation However the intermediatscale large tank
experiment to examinte simlar process under controlled boundary and initial conditicars

last for couple of months.

Three experimental studies weperformed to investigate densitgriven flow in
homogeneous and heterogeneous porous media and mass transferrofd@ation bime. In

all of the studies, different surrogate fluid combinations were used as described in chapter 3.2.2.

3.3.1. Density-Driven Flow Experiments

The small and large tank experiments wegeried out to evaluate the effects of
magnitude of homogeneous permegpiand formation heterogeneity on densityven flow
and trapping The key findings from the smadicale tankexperimentswere tested in the large
tank for more complex packing configurations under background hydraulic gradient. The
intermediatescale eperiments provided longer andeeperflow field that improved the

understanding of theelationshipbetweergoverning forces and plume migration and trapping
3.3.1.1.Small Tank Experiments

The 2D test tank was made ofgxiglas and aluminum with 27.94 cm 8.24 cm x 2.54
cm (LxHxW) internal dimensiond-{gure3.6). The size of the tank allowddr the examination
of different formation heterogeneities in shorter tiperiods. The plexiglas side of the tank
allowed fa the visual observation of the processes by periodically taking digital infagese
3.7). The sampling ports drilleat the baclof the tank(Figure3.7) were used fothe injection of

dyed scCQrepresentative fluid intdhe sourceone(Figure3.6).
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The tank was packed to represent a confined saline formation using the test sands. The
model domain was composed of four zones: the main mixing dowfane thesands were
chosen depending on the goal of the experintéet source zon@#12/20 sand) to mimic initial
distribution of capillary trapped scGOthe impervious caprock and bedro@kL10 sand) to
create hydraulic barrierand the two head reservoifgrawel) to set the boundary conditions

(Figure3.6). Properties of the sands used to pack the each zone are liJi=l&3.1 in chapter

3.1.1
\ 1
0.635 v
3 0.63
254
P A — N |:| Main Domain
T o635 10.16 " 635 |
Source Zone
(#12/20 Sand)
15.24 Impervious Layer
(#110 Sand)
Exp. 1: #30/40 |:| Constant Head
Exp. 2: #40/50 Boundary(Gravel)
v Exp. 3: #50/70
127 4
254 22.86 254
27.94

Figure3.6: 2-D homogeneous small taekperimensetup(units are in cm).

Figure3.7: The small tank showing the sampling ports at the back.
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In all of the experimentshé tank was wepacked with the surrogate brine (P®)these
experimentsno-flow boundary conditionsvere applied to left, right, and bottom boundaries.
The upper boundary was at hydrostatic presskine.source, surrogate scg;®as assumetb
be trapped in the soue zone and it was atresidual saturationin the small tankthree
homogenous and four heterogeneous meiasitydriven flow experiments were performed
using the sameourceinjection'extractionschemeDetails of the experimental setup, the source
injection scheme, the homogeneous and heterogeneous erpdiaments, and the findingsea

explainedn Paper | in chapter 5.

3.3.1.2.Large Tank Experiments

Moving from smalscale tointermediatescale allowed for the observation dfl) the
plume migration and trgging in alonger anddeegr flow field which is necessary fathe
densitydriven flow studies, (2) theffects of multilayered formations with lovypermeability
zoneson flow and transport processes compatedhomogeneous formatisnand (3) the
influencesof the slowbackgroundchydraulic gradient on flow and storage of the dissolved fluid.
The intermediatescale experiments were performed in the plexiglas tank with 243.84 cm Xx
121.92 cm x 7.7 cm (L x H x W) internal dimensions as sedngare 3.8. Two homogeneous
(Figure 3.8) and one heterogeneouBidure 3.9) media experiments were carried olihe
heterogeneoudarge tank experiments were designed to examine the effects rafayar
heterogeneity present in lepermeabilityzoneson mixing and trapping of dissolved fluwith

respect to homogeneous formations

The plexiglas material of the tank allowed for taking the periodical digital images from
both front and back sides tife tank. This provided us to observe the effects of 7.7 cm thickness

of the tank on densitgiriven fingering process because it was wide enough for the generation of
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3-D fingers. At the baclside of the tank, 448 sampling ports were drilled which allofeed
sampling during the experiment to measure concentration variations. The sampling grid can be
seen inFigure3.10. As explained in the AFluidso chapte
used in these experiments. To ceeaimilar gravitational instabilities, NaBr solutiomas
prepared tgrovidethe same density difference (10.60 ki¥mith CO, andformation brine at
equilibrium concentrationsinder reservoir pressure and temperatwenditions The NaBr
solution was dya with 10% red food dye by volume to visually observe the migration of the
plume.The samples that were taken from ports at the back of the tank were analyzed using lon
Chromatography to determine the concentration distribution of NaBr. There were two
homayenous and one heterogeneous media experiments were performed in this tank using the
same injection scheme and background sand. Details of the experimental setup, the source
injection scheme, the homogeneous and heterogeneous media experiments, adah¢fseafia

explained in Paper Il in chapter 7.

] | | ]
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Figure3.8: Homogeneous large tank experimental sétunits are in cm).
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Figure3.9: Heterogeneous large taexperiment setup (units are in cm).

Figure3.10. Homogeneous large tank experimental setup showing the sampling grid.
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3.3.2. Mass TransfersExperiments

The third experimental researcha preliminary study fothe mass transfer of GOIt
was performed to test trsuitability of the surrogate fluid combination and the applicability of
the analyses methodswo mass transfer experimemntgre conducted to test (1) trurrogate
fluid combination and th&C methodto analyze dissolved concentratipasd (2) theefficiency
of the x-ray attenuation method tdetermire saturation distribution inside the source zohee
mass transfer experiments were carried out in the sahéak with 27.94 cm x 15.24 cm x
2.54 cm (LxHxW) internal dimensiongFigure 3.6) that was used in the small tank density

drivenflow experiments.

As mentioned in A3.1. 2. F | ucarded out by hsing@t er , t
different fluid mixture (Sudan IV dyedhexanol as supercritical G@nd water as bring To
increase the contaetrea betweetwo fluids (hexanol and water}he vertical source zone was
preferred a seen irFigure3.11. In this experimenta confired aquiferwas simulatedby packing
upper and lwer bounds of the tank with lowgermeability #110 sand’he main domain was
packed with #40/50 sand, atide source zone was composed of #12/20 sdire was no
backgroundlow applied to the tank. To reh at residuasaturation in the source zortbe same

injection/extraction cycle was appliedth the small tank denskgriven flow experiments

In the second experimer@,2 ml/minbackground flow rate was applied to the tank, and
the source zonevith 7.62 cmx 2.54 cmx 2.54 cm(LxHxW) dimensions was located in the
middle of the tank(Figure3.12). The gavel packs were placed to left and right of the tank as
constant head boundaries. The source zone and main domain weed paitk #30 and #70
sands, respectivelgTable 3.1). 10% iodoheptane (by weight) was addedSudan IV dyed

hexanol as a dopaid distinguish hexanol attenuations from waldre residual saturations were
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achieved in the sourceome by applying the same injection/extraction cycle with the previous
small tank experimentPetails of the experimental setups, the source injection schemes, the

experiments, and the results are explained in chapter 8.
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Figure3.11: Soil packing configuration of small cell experiment with new test fluid mixture

Gravel packs for constant
head boundaries
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Figure3.12: Small tank packing configuration for mass transfer experiments
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CHAPTER 4

THEORY AND MODEL ING

4.1. Introduction

In this chapter, the development of the numerical madekplained The main goal of
numerical modelingstudy is to evaluate the capability of the developed mametaptue the
processes and mechanisms observedhe experimental andalso to test the experimental
findings for more complex conditionsvhich cannot be testedud to limitations in the
experimental configurationsand fieldscale phenomendor this study, 2D vertical cross
sectionalnumerical models were developed to glate thedensitydriven small and large tank

experiments and the fiestale applications.

A finite volume method (FVM) d&sed singlephase, twecomponent,and density and
viscositydependent flow and transpaniodelwasemployedoby Dr. Abdullah Cihan atawrence
Berkeley National Laborator{fBNL) for this study.The FVM is a special finite difference
(FDM) formulation(Versteeg and Malalasekera, 199&hd it 58 a method for representing and
evaluating partial differential equations in the form of algebrequations (LeVeque, 2002).
Similar to finite difference (FDM) and finite element (FEM) methods, the domain is discretized.
Each node is surrounded by a control voluifige control volume integration distinguishes the
FVM from all other computationalidld dynamics techniqueb the FVM, volume integrals in a
partial differential equation that contain a divergence term are converted to surface integrals
using the divergence theorehtere are several advantages of the method: (1) The FVM provides

local mnservation of a fluid property for each control volume, and also global conservation for
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the entire domainVersteeg and Malalasekera, 199%)) This property decreases the mass
balance errors compared tiee FDM and FEM(3) The FVM is also momentum arehergy
conservative method4) The basic control volume does not limit the cell shapeA¢cording
to Holzbecher (1998)the FVM converges much betterompared to thé<DM and FEM for
densitydriven flow problemsOn the other hand, the FVM might causse diffusion when the

simple numerics are used.

Besides the benefits of the FVMne of themain advantages of this model tlse
flexibility . This model allows us to do any necessary changes, which makes it easier to deal with
compared to muHlvariablke existing codes. It is also very straightforward as opposed to other
software. In the last three years, the several different versions of this software hmsgdreead

to capture the significant flow and transport mechanisms observed in the expebettants
4.2. Development of Numerical Model

A singlephase, twecomponentanddensity and viscositdependent flow and transport
model wasemployed as a research tdol better understanthe contribution of diffusive and
convective mixingprocesse®n trappng of dissolved C@ This modelusesa nonlinear fully
coupled solution method he developed numerical model is based on a catytiaguation ),
an AdvectionDiffusion Equation (ADE) §) , and D agy (Bearp1972 IRasulting non
linear coupledtwo partial differential equations7{8) are discretized by the Finite Volume
Method (FVM) and solved by NewteRaphson (NR) method in a FORTRAN program. At each
NR iteration, linearized system of equations is solved by a preconditioned restarted Gaheraliz

Minimum Residual (GMRES) algorithm.

”(:t ) +D(ru) © @)
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Continuity equation without the source terBefpr,1972] is shown in equation),Avhere
} is thedensity of the solution [kg/fy u is the Darcy flux [m/s], and is the porosity-]. uis a
vector in 2D and 3D. ADHEBear, 1972 for the transport of dissolved G@n brine is given in
equation (3 wherew is the mass fraction of the solute [kgIm and D is the diffusion
coefficient [nf/s]. In equation (P , Dar c {Béags 19T2pnisv given, wherek is the
permeability of the medium [fh g is the gravitational acceleration [fi/sP is the pressure [Pa],
andp is the viscosity of the solution [Pa.$h the small tank densHgiriven flow experiments,
Agartan et al(2015a) used propylene glycol (PG) for brine and red food dyed water for £cCO
where density and viscosity of the solution only depend on the mass fraction of solute (water) as

given in egations (0) and (L1), respectively.

r =85.93%7 -217.687 +88.42% 403 (10)

m=4.4968310° exp -3.8613 (1D

4.3. Verification with the Elder Problem (1967

The numerical code was verified with theDlanalytical solution of the ADE without
density andviscositydependence to check the validity of the computational algorithms. In
addition, the Elder problertElder, 1967 was solved and compared with an existing numerical
results to verify the ability of the model to simulate a fluid flow driven by dernliferences

only (i.e. viscosity is fixed.).
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Elder (1967 examined the convective flow experimentally and numerically. Due to
limitations in the HeléShaw cell experiments, EId€r967) studied thermally driven convection
in a closed rectangular box geal vertical model. The flow in the box was initiated by a vertical
temperature gradient. In the numerical study, EIfE367) employed a finite difference
representation of the governing equations for vorticity, stream function, and thermal energy
balance Eighty lateral and forty vertical nodes were used, and time discretization was set to
reach the first point of the comparison (1 year) in 20 time Sdpssanzadeh et al., 2005;
Simpson and Clement, 2003; Voss and Souza,)19®&s and Souz@d 987 modfied the Elder
problem into a variable density groundwater flow. The fluid density was as a function of salt

concentration.

In this study, we assumed that solute and temperature transport in porous media are
governed by similar balance equations (usingpal o gy bet ween Fourierods |
Fickdos | aw for diffusion). We solved the EI de
saltwater intrusion problem in a homogeneous porous medium initially saturated with fresh
water. A 300 m longsur ce of saltwater with a salt ma s ¢
middle of the top as a fixed concentration boundary condifayu(e4.1). Zero mass fraction of
the salt was applied to the entire base. adheupper corner, a pressuduewa s speci fi ed
at mo, and t hdstributionwas lydrostptic. dlsosher sides were set as no flow and
no mass flux boundary conditioSimpson and Clement, 200&8imulation parameters for the
Elder poblem are given imable4.1. In the simulations, 160 lateral and 80 vertical grid cells

were used, and maximum time step was 1 month.
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Figure4.1: Initial and boudary conditions of the Elder problem.

Table4.1: Simulation parameters for the Elder probl@rss and Souza, 1987

Parameter Value
Permeability, k [rfi 4.845x10"
Porosity,a [-] 0.10

Diffusion Coefficient, D [nf/s]  3.565x1(

Diffusion, observed when the saltwater released into the fresh water, forced the solute to
move into fresh water in the vicinity of the source zone. This increased the density of water, and
eventually, the denser fluid started twove towards the bottom of the porous medium by
convective flow formed in the system. The 2-, 4, 10, 15, and 20year results of Elder
(1967 and the present model are compared in terms of salt mass fraction distribo&aesults

for 0.2 and 0.Gatios of salt mass fraction (w) inside the box to the maximum salt mass fraction
(w;, =1) applied from the top boundary are giverFigure4.2. The timing of the processes and

the initiatian, evolution, and final spreading of the convective fingers match reasonably well with
the EIl der 6s r elguredt2sverify Thh mumerical seligienImetsodo{ogy used in

the model.
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Figure4.2: Comparison of the results of Eldgi967) (Black lines for 0.2 and 0.8/w, ) and the

present code (Blue lines for 0v@ w, and green lines for 0.6/ w, ).

The analyses on the sensitivity of the model parameters and the comparison with the

small tank densitgriven flow experiments are explained in Paper Il in chapter 6.
4.4. Modeling Mass Transferof CO,

A singlephase, twecomponentanddensity and visosity-dependent flow and transport
model wasemployed as a research tdolstudy densitydriven flow. One of the rate limited
mass transfer models wasapted to the scGQ@lissolution andncorporated into the model to
simulate dissolution and transpprocessetogether Similar to previous modelhis modeluses
a nonlinear fully coupled solution methodhis model assumes that the sec@©trapped in the
source, and it is immobilelThus, it does notinclude multiphase flow; however, it is able to
simulate the relation betweewetting phaserelative permeability(k,,) and saturationgS,)
(equation (19. The developed numerical model is based on a continuity equat®n aid

AdvectionDiffusion Equatiorwith a source ternfADE) (13) , D d.awc(iy)pamdfirst-order
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mass transfeequation forCO,/NAPL to the aqueous pha$#5) (Bear, 1972. Resulting non

linear coupled two partial differential equation2-113-15) are discretized by the Finite Volume
Method (FVM) and solved by NewteRaphson (NR) mébd in a FORTRAN program. At each

NR iteration, linearized system of equations is solved by a preconditioned restarted Generalized

Minimum Residual (GMRES) algorithm.

—u(fjt” £) +D(ru,) 9 (12)

u(fsﬁt ) sp(r,m, - 5,0 B =K(G ) (13

u,= X (pp g (14)
m,

J :W *.(Cq €) (15)

K =Ko, S (19

where,}  is the density of the solution [kgfinu, is the Darcy fluxfor the wetting phase
[m/s], ka is the relative permeabilitgf the wetting phasd-], kwo is the wetting phase relative
permeability at maximum wetting phase saturatidnB,, is the weting phasepressure [Pajiy
is the viscosity of the solution [Pa.g}, is the density of nomvetting phaseK. is thelumped
mass transfer rate coefficiefg'], C, is the concentration of the solution [k@]mCeq is the
equilibrium concentration [kgt¥], kwo is thepermeability of the porous mediufm?], S is the

wetting phase saturatior] [ andS, is thenonwetting phase saturatiod |

In this study, one of thephenomenological models known @gdland-Sherwood models
for NAPL mass transfewas inegrated in the modglequation (8)). The interphase mass
transport and overall mass transfer rate coefficients are a function of a large set of variables,

including dynamic viscosity and densities of wetting and-wetting phases, interfacial tension,
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gravitational acceleration, porosity, mean particle size, displacement pressure, residual water
saturation, entrapped NAPL saturation, and diffusion coefficient. The dimensionless groups
given inTable2.1 in chapter 2.2.Jrovidea correlation between interphase mass transport and

the Reynolddés number (Re), Peclet number (Pe)
(Sh) that specifically is a dimensionless form of the mass transfer coefficients. Among the
Gilland-Sherwood cordations listed inTable2.2 in chapter 2.2.1, Saba and lllangasekare (2000)
showed that the correlations developed frof &xperiments by Imhoff et al. (1993), Miller et

al. (1990), and Powers et al. (1992; 19948 not suitable for-B flow conditions, and thus

they introduced a model f@D systemgequation (8)).

D

K =Sk 17
¢ oz (17)
| 2o 8

SH=11.34R&7 88-3%57;—50 8 (18)

where,S hi$ the modified Sherwood numbels is the mean graidiameter ], d, is
the volumetric noswetting phase conterd]| Uis the tortuosityd], andL is thedissolutionlength
[m]. The 2-D NAPL mass transfer model wascorporated into the meti and to test the

accuracy of theumerics, thg@reliminary verication study was performed.

4.4.1. Preliminary Verification of the Modelwith the NAPL Mass Transfer Study

Saba and lllangasekare (2000) carried out an experimental study in a tank withx2.2 m
1.1 mx 5.08 cm (Lx H x W) internal dimensions(Figure 4.3). The source zone and main
domain were packed with the same #30 sand. Two constant head supply tanks were used to

control hydraulic gradient. They created the LNAPL sowvith 10.16cm x 5.08 cmx 5.08 cm
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(L x H x W) dimensionsas ser in Figure4.3. The LNAPL saturation in the source zone was

measured to be.22.
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Figure4.3: Schematic diagram of the experimental fagi{fbaba and lllangasekare, 2000)

Saba ad lllangasekare (2000) studied the natural dissolution behavior under different
groundwater velocities and entrapment source lengths. We tastetbdel with two velocities
(0.36 m/d and 2.17 m/d) that they appliadhe experimentThey investigated #t the relation
between finger length and the flow velocity irD2flow conditions. Higher concentrations were
observed at the higher flow rates, which was a result of the fingering of the aqueous phase
through the contaminant zone. Our model can capthee major processes observed
experimentally including the fingering of the aqueous phase and the relation between dissolved
concentrations and flow velocitieas seen inFigure 4.4. However, this is a preliminary
verification study our model needs to be verified with a data set to make sure that the mass

transfer dynamics are captured accuratéty. CO, mass transfer, thiGilland-Sherwood model
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needs to bemodifiedAerified with the experimental studies and upscaled for the-$iedde

simulations.The discussions on the results are presented in chapter 8.6.
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Figure4.4: Comparison of our resisl with Saba and lllangasekare (20€#)0.36 m/d and 2.17

m/d flow rates.
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CHAPTER 5
EXPERIMENT AL STUDY ON EFFECTS OF GEOLOGIC HETEROGENEITY IN

ENHANCING DISSOLUTION TRAPPING OF SUPERCRITICAL CO »

Reproduced with permission from Water Resources Research Journal. Copyright 2015

American Geophysical Union

Elif Agartan*®, Luca Trevisal?, AbdullahCihar?, Jens Birkholzé?, Quanlin Zho(f, Tissa

H. llangasekar®
5.1. Abstract

Dissolution trapping is one of the primary mechanismsehhtincehe storageecurity
of scCQ in saline geologic formationscCO,, when dissolvd in formation brine praduces an
aqueous solutiothat is denser thaiormationbrine whichleads toconvective mixingdriven by
gravitational instabilitiesConvective mixing can enhance the dissolution ot @@l thust can
contribute to stable trapping of dissolved L£QHowever, in the presence of geologic
heterogeneities, diffusive mixing may also contribute to dissolution trapping. The effects of
heterogeneity on mixing and its contribution to stable trapping are not well understood. The goal
of this experimental study i® tinvestigatehe effectsof geologic heterogeneity on mixing and
stable trapping of dissolved GOHomogeneous and heterogeneous media experiments were
conducted in a twalimensional test tank with various packing configurations using surrogates
for scCQ (water) and brine (propylene glycol) under ambient pressure and temperature

conditions.The results show thdhe densitydriven flow in heterogeneous formatiomsay not

! Chapter 5 includes the material from paper | that was published online in Water Resources Research Journal.

* Corresponding authoelif.agartan@gmail@m

@ Department of Civil and Environmental Engineering, Center for Experimental Study of Environmental
Subsurface Processes (CESEP), Colorado School of Mines, Golden, CO 80401, USA.

@ EarthSciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.
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always cause significant convective miximgpecially in layered systemsontaining ow
permeability zonedn homogeneous formationdensitydriven fingering enhancdsoth storage

in the deeper parts of the formation and contact between the host rock and disselVedt@O
potential mineralizationOn the other hand, for layered syste dissolved C® becomes
immobilized in low permeability zonewith low diffusion rates, which reduces the risk of
leakage through any fault or fractuioth cases contribute to the permanence of the dissolve

plume in the formation.
5.2. Introduction

The desity-driven convection of dissolved GOn homogeneous porous media was
examined in detail using theoretical and analytical approg@ressKing and Paterson, 2005,
2007; Farajzadeh et al., 2007; Hassanzadeh et al., 2005; Hidalgo and Carrera, 20@9tedordb
et al., 2005; Nordbotten and Celia, 2011; Pau et al., 2010; Pruess and Zhang, 2008; Riaz et al.,
2006. In contrast, experimental studies are rather lim(iBstkhaus et al., 2011; EnffSng and
Paterson, 2003; Neufeld et al.,, 2D1@&xcept for Neudld et al. (2010 who performed
experiments in 2D porous media using glass beaitlte experiments were carried out either in
HeleShaw cells or in ondimensional (iD) columns using either gaseous £é&nd water
(Aggelopoulos and Tsakiroglou, 2012; Faemjeh et al., 2008; Kneafsey and Pruess, P010
surrogate fluids for scCOand formation brineunder ambient pressure and temperature
conditions(Backhaus et al., 2011; Enfi8ng and Paterson, 2003; Neufeld et al., 200the
experimental studies mainfgcused on the effects of fluid and formation parameters on the mass
transfer rate, and the onset of instabilities leading to convective mixing. The results of these
investigations and the extrapolation of understanding of analogous processes in hediooconve

show that convection is the dominant mechanism of mixing in homogeneous porous media. The
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onset of convection strongly depends on the porosity, permeability, thickness and aspect ratio of
the medium, and the fluid properties, such as density differdoetween two fluids, salt
concentration of brine and mass fraction of dissolved {@Qormation brine. Studies on heat
convection in homogeneous porous media indicate that boundary conditions, aquifer slope,
groundwater flow and degree of heterogenaity other factors affecting the onset of convection
(Beck, 1972; Combarnous and Bories, 1975; Epherre, 1977; Nield and Bejan, 2006; Oostrom et

al., 1992; Rees and Bassom, 2000; Taku Ide et al., 2007, Tsai et a)., 2013

Effects of heterogeneity on mixingere studied theoretically by Nield and Simmons
(2007, Nield and Kuznetso2007 and Simmons et a(2010 in heat convection, and Prasad
and Simmong2003, Schincariol et al(1994, 1997 and Simmons et a{200]) in subsurface
contaminant transport. cBincariol and Schwart£1990 carried out experimental studies in
layered and lenticular formations to determine the effects of salt concentrations and groundwater
flow rates on densitdriven flow characteristics to address the problems in flow systears.
layered systems, they found that even small permeability contrasts between layees detite
plume that accumulates along the bedding interphases. Numerical studies, carried out by
Mc Ki bbi n an@98®an® MdKibhinmardnyvand1982 on peiodic porous media,
emphasized that the convection can be confined to one or a few layers for a small number of
layers. However, the systems behave like a homogeneous single layer in the presence of many
layers. In addition, the small permeability of ttug layer is adequate to generate convective

mixing in the bottom layer.

In contrast to other fields, there are only a limited number of experimental studies on the
effect of heterogeneity on convective mixing and stable trapping of dissolved-@@jzaeh et

al. (2008 experimentally investigated the importance of convection on mass transfer of gaseous
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CO, for duatlayer systems. Kneafsey and Prugx310 determined the dependence of size and
location of fingers on permeability variatioridsing numeical simulations, Green and Ernis

King (2010 explored how the presence of discontinuous shale lenses accelerates the convection
process, and showed that the average breakthrough time gfaC@e formation bottom
decreases with increasing length of sHalees. Farajzadeh et €011) and Ranganathan et al.

2012 carried out a detailed numerical study on the influence of the degree of spatial
heterogeneity in permeability on the dissolution rate of sa@®@rine and onset of convection,

and introducedhree different spreading regimes: fingering, dispersion and channeling which are

important regimes for stable trapping of dissolved,.CO

As discussed above, most aspects of convective mixing have been investigated either in
CO, sequestration or other daty-driven flow literature. However, the effects of heterogeneity
on the mixing and the stable trapping of dissolved, @G&ve not been adequately addressed.
Stable trapping of dissolved G@ the secure and long term storage of dissolved i@@eep
saline formations. It is important to reduce the risk of leakage. The permanence of dissolved CO
in the formation depends on the geology and hydraulic properties of the units. The goal of this
study is to investigate the role of mixing on the trapping ofotliiresl CQ using homogeneous
and heterogeneous porous media laboratory experiments. The research is based on an
investigation using surrogate test fluids in a two dimensiond))(2est tank with various
packing configurations under ambient pressure andbeesure conditions. The impacts of
formation permeability and structure, in layered systems and distinct blockwise heterogeneity,

were also examined in the context of mixing and stable trapping.
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5.3. Materials and Experimental Methods

The experiments have beperformed in a-D test tank using surrogate sc&dand brine.
The tank was packed with test sands having variable permeabilities to observe the physics of the

processes clearly for distinct homogeneous and heterogeneous cases.

5.3.1. Materials

In this study, te wellcharacterized test sands and the surrogate fluid combination of

scCQ and brine were used.
5.3.1.1.Test Sands

The following test sands were used in the set of experiments: (1) #12/20 (very coarse),
#20/30 (coarse), #30/40 (medium), #40/50 (fine), #50w XH#®®/70 (very fine), and #110 (very
fine). The physical characteristics of the sands including porosity, hydraulic conductivity, and

mean grain size are presented able3.1in chapter 3.1.1

5.3.1.2.Selection of the Surrogate Fluid @mbination

A laboratory study of scCObehavior after injection under ambient pressure and
temperature conditions is challenging. Primarily, it is difficult to create high pressure and
temperature that exist in deep geological formations in relativelg &g systems, such as the
one we are using. Hence, this study was conducted using surrogate fluids having similar density
characteristics to those of dissolved g@rmation brine under sequestration conditi¢8sar
et al.,, 2009; Wang et al., 2010In this study, two possible surrogate fluid pairs,
methanol/ethylene glycol mixture (MEG) in wa{@&eufeld et al., 2010and water in propylene

glycol (PG)(Backhaus et al., 20),1were tested with the selected test sands. The comparison of
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the densities athe candidate fluid combinations, and se@®@d formation brine before and after

dissolution are given imable3.2 andFigure3.1, respectively.

Neufeld et al.(2010 used a food dyed mixture consistinf 37% methanol and 63%
ethylene glycol (MEG) by weight as surrogate seC&hd observed the spreading of dissolved
MEG in water. Backhaus et §2011) performed experiments with water dyed with food dye and
PG as surrogates of scg@nd formation brinerespectively. For both of the fluid pairs, the
density of resultant fluid after dissolution was greater than the density of the surrogate brine
(Figure3.1). A series of porous media tests was carried out useggtfiuid pairs by following
the experimental methodology explained in the next section. In these tests, the soil packing
configuration given irFigure 3.6 wasused, and the main domain was packed with #30/40 sand.
Based on the test results in sectmb.1, PGwater fluid pair was chosen to be used in the

homogeneous and heterogeneous porous media small tank experiments.

5.3.2. Experimental Setup

The 2D test tank was made of Plexiglas and aluminum with 27.94 cm x &é242.54
cm (LxHxW) internal dimensiong={gure 3.6), which allows for the examination of different
formation heterogeneities in shorter times. The tank was packed to represent a confined saline
formation using th test sands. The model domain was composed of four zones: the main mixing
domain, the source zone, the impervious caprock and bedrock, and the two head reservoirs to set
the boundary conditions. Each of these zones was packed with test sands with known

permeabilities Table3.1).

The upper and lower impervious boundaries of the synthetic reservoir were achieved with

very low permeability #110 sand by the creation of a hydraulic barrier. Two vertical gravel packs
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were placed to the left and right boundaries as optional constant head constraints. A discrete
coarse sand inclusion packed with a #12/20 sand acted as a source zone to simulate an initial
distribution of scCQ trapped by capillary forces. Sands in the maiixing domain varied

depending on the goal of the experiment.

In each experiment, the tank was swpetcked with the surrogate brine (PG). All sides of
the tank were closed representingfloov boundary conditions. In these experiments, it was
assumed thathe trapped surrogate sce@ the source zone was at residual saturation. The
surrogate scCOwas first dyed with 10% food dye by volume and injected from the four
injection ports corresponding to the source zone using four 1 ml plastic syringes. eldtedinj
fluid was extracted immediately to represent low saturations (residual saturation). The extraction
was continued until the surrogate brine was detected inside the syringes from the color changes.
After the dissolution of the surrogate sc{i@the surogate brine, the spreading of the dissolved

plume inside the tank was tracked periodically through digital imaging.

5.3.3. Image Processing Method

In the small tank experiments, water and propylene glycol fluid pair was used as
surrogates of scCQand brine, repectively. The image processing analysis was performed in
order to determine the dissolved water concentrations inside the tank using the periodically taken
photographs. The responses of different sands with variable dissolved water concentrations were
armalyzed and by using the results of the tests, the relationship between dissolved water
concentration and color intensity was developed. The distributiatissblved water density
inside the tank was also determined useguation (1D in chapter 2. However, due to

oscillations in the light intensity during each experiment, an error was found in the calculated

61



values. The detailed analysis of the digital images showed that the oscillation of light intensities

is not periodical, which causes +0.12 kdmor range in the density calculations.

The digital images from the experiments were analyzed using this method, and the results
of image processing analysis were used to determine the first and second spatial moments of the
dissolved water plume in x armdirections. First spatial moment is for the center of mass, and

second spatial moment is related to the spreading from the center dFnegterg, 1986
5.4. The Small Tank Experiments

After the selection of surrogate fluid combination, the homogeneousetatbgeneous
porous media small tank experiments were performed under ambient pressure and temperature

conditions.

5.4.1. Homogeneous Packing

Three homogeneous porooedia experiments={gure3.6) were performed to dermine
the influence of magnitude of homogeneous permeability on convective mixing and eventual
trapping of dissolved CO In the first experiment, the main domain was packed with #30/40
sand having medium permeabilityable 3.1). The behavior of fingers in less permeable sands,
#40/50 and #50/70, was analyzed in the following experimérabl€ 3.1). The observations
were made for 7 days in order to examine the effectifieirent permeabilitiesn the same time

frame.

5.4.2. Heterogeneous Packing

Two distinct packing configurations, layered and distinct rectangular blocks, were used to

represent four heterogeneous porous media experiments. The first two experiments were carrie
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out for simple Figure5.1a) and complex layering=(gure 5.1b) to investigate the effects of a
texture transition on finger generation, mixing and trapping. In theefigériment, #50/70 sand

was overlaid by #40/50 sand with a low angle 97iBclination as shown ifrigure 5.1a. This
experiment was continued for 32 days until the spreading regime in the low permeability layer
was clearly identified. Following this experiment, the effects of layered heterogeneity were
studied by creating alternating layers of coarse, medand fine sands in the order of #50w,
#20/30, #40/50, and #30/46igure5.1b). The thickness of gravel columns located at each end

of the tank in the second experiment was decreased to half that of the first experiment to enlarge
the main test domain. The spreading of the dissolved plume was tracked for 18 days to

investigate the behavior of dissolved water in different permeabilities and at each sand transition.
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Figure5.1: Packing configuration of heterogeneous media experiments (a) 1, (b) 2, (c) 3 and (d)

4 (units aren cm).

In the second set of heterogeneous experiments, the distinct rectangular blocks with

variable permeabilities were studied to observe the influence of connected high permeability
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pathways on mixing and stable trappirkagire 5.1c, Figure 5.1d). Except for the thickness of
gravel columns, the main difference between these two experiments was the permeability of the
rectangular block located under the source zonehén3® heterogeneous experiment, it was
packed with medium permeability sarfligure5.1c), whereas low permeability sand was used

in the 4" heterogeneous experimerfigure 5.1d). These experiments were continued until the
impacts of different permeability distributions on the spreading characteristics could be observed

and this corresponds to 42 and 7 days, respectively.

5.5. Results

The results of the selection of surragdtuid combination, and homogeneous and

heterogeneous media experiments are presented in this chapter.

5.5.1. Results of the Selection of Surrogate Fluid Combination

The results of the porous media tests giveRigure5.2 demonstrate that densitlriven
convective mixing is observed in both of the fluid pakgy(re5.2a andFigure5.2b). The dyed
dissolved surrogate Gvas outlined@ compare the variations in the spreading with time. Each
spreading contour represents the particular time giverrigare 5.2a andFigure 5.2b. The
outmost contour is fothe final distribution of the dissolved fluid inside the tank. The image
processing method cannot be used to determine the dissolved concentrations for the fluid
selection experiments due to greater oscillations in the light intensity during these erfgerime

and location of the tank in the laboratory.

The spreading of dissolved MEG in water was very fast, which limits the detailed
observation of the formation of densityiven fingers and mixing processes (Figure 4a).

However, the dissolution of water G, the initiation of the densHyriven fingers and the
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spreading of dissolved water in porous media were slow enough to track the physical processes
clearly (Figure 4b). Therefore, the PG and water fluid combination was selected for small tank

experimens.

1 hour

= 6 hours

12 hours

1 hour
6 hours

12 hours
(b)

Figure5.2: Results of porous media experiments for the selection of the test fluid pairs: (a)

methanol/ethylene glycol in water and (b) water in propylene glycol.

PG, which is a member of the glycefamily, is a colorless, nearly odorless and clear
viscous liquid.The aensity and viscosity of pure PG and PG solutions depend on temperature.
Under ambient pressure (atmospheric) and temperature condition¥C)~22 density and
viscosity of the PG sotions change linearly with water concentration for lower mass fractions
of water. The retionships given in equations (18nd (1) in chapter 4.2re for the density and
viscosity as a function of water mass concentration, respectivalie general deity
characteristics of PG solutions and £X0lutions are similarHigure3.1); however, the igcosity

variations of these solutions are slightly different. The viscosity oPfBesolutions decreases
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with increasng water fraction (equatiorif) in chapter 4., which speed up the vertical motion
of the dissolved water at higher concentrations. On the other Hamdjiscosity of brine is

assumed to be independent of the,€C@ncentratior{Phillips et al., 198L

5.5.2. Experimental Results

The results of the small tank experiments that were carried out for homogeneous and

heterogeneous packing configurations are explained in the next section.
5.5.2.1.Results of Homogeneous Media Experiments

The results of homogeneous media ekpents for #30/40, #40/50, and #50/70 sands are
given inFigure5.3, Figure5.4, andFigure5.5, respectively. The calculated Ralwes for these
experiments inTable 5.1, which are greater than the critical value (~40), support the
experimental observation of generation of derdityen convective finger development in all

the experiments.

Table5.1: Ra values for homogenous experiments.

Sands Permeability [m?] Ral[-]

#30/40 1.08 x 10 647
#40/50 5.30 x 10 309
#50/70 3.66 x 10* 196

The Ra values were calculated for these experiments using egiatiwhere D is 8x10
Y'm%s, weis55x1FPa.s and H is 0. P)ovasécalouated doy the(fi®al 5 9 4
distribution of dissolved water in the source zone prior to the onset of convection. The injected

water in the source zone was assumed to be fully mixed with PG. The dissolved water san
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the lower one third of the 2.54 cm thick source zone along the boundary between the high
(#12/20 sand) and medium or low (#20/30, #30/40, #40/50, and #50/70 sands) permeability
sands. The concentration of dissolved water in the specified zone wasedssube uniform.

The mass fraction of water was calcuthtes 0.194. Then, by using equation (2), the density of

PG with dissolved water was determined for th

———— 12 hours
e 1.5 days
o 5 days

e T days

Figure5.3: Results of 1st homogeneous mediexperiment for #30/40 sand.

12 hours

1.5 days

- § days

7 days

Figure5.4: Results of 2nd homogeneous mediexperiment for #40/50 sand

The propagation of the longest fingeFiqure 5.6a) versus time graph of these
experiments was ptted using the periodically taken digital images. The length of the longest

finger was measured from the bottom of the source zone. The results of image processing
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analysis were examined for each experiment. The figfufe 5.6b) and secondHgure 5.6¢)

spatial moments in-direction versus time graphs were generated using the data from image
processing analysis to compare the experimental results quantitatively. Tdra bbthe source

zone locates at 0.1143 m, which is the highest value for the first moment observed in the
beginning of the experiment. When the densitiyen convective fingers move to the deeper
parts of the formation, the location of center of masseadeses in vertical directiofigure5.6b).

The long fingers, small center of mass values, and large spreading values were observed in high

permeability sand experiments.

12 hours
1.5 days
5 days

7 days

Figure5.5: Results of 3rd homogeneous medierperiment for #50/70 sand

5.5.2.2.Results of Heterogeneous Media Experiments

For the %' heterogeneity experiment with the inclined lithological interface, the density
driven convective fingers generatedoininedium permeability #40/50 sand reached to the
boundary between medium and low (#50/70) sands, where the fingers nfeéged3.7). This
slowed down the vertical spreading, but enhanced the lateral spreadiag be seen the area
occupied by the dissolved plume graplFigure5.6d. The interface inclination led the dissolved

water plume move through the down slope. Although the inclination contributes to the spreading
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in vertical direction, the low permeability #50/70 sand blocks the movement due to slow

diffusion rates. Therefore, the plume propagates slowly in the vertical direction as seen in Figure

8a.
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Figureb.6: (a) Fingertip propagation, (b) first and (c) second spatial moments of dissolved water

plume, and (d) area occupied by dissolved water versus time graphs for all experiments.
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Figure5.7: Results of heterogeous mediunexperiment 1.

The result of ¥ heterogeneous medium experiment with alternating layers of high,
medium, and low permeability sands is giverrigure5.8. In addition to the finger propagation
(Figure5.6a) and area occupied by dissolved wakgg\re 5.6d) graphs, the variations in first
(z-direction inFigure5.6b) and secon@x and z directions ifrigure5.6¢) spatial moments with
time were determined using the data from image processing analysis. This experiment highlights
the changes in the flow at the sand transitions due todtedary between high/medium and
low permeability sands, which impacts the stable trapping. The low permeability layers in the
system slowed down the vertical spreading due to slow diffusion Fitpe€5.6a, Figure5.6b,
and Figure 5.6¢). Fingers merged, and dissolved water spread in lateral direction along the
boundary Figure5.8) as carbe seen in the increasing second spatial momentliregtion with
time in Figure5.6¢. This increases the diffusion area along the sand transition. The results also

highlight the storage capacity of low permetpilayers compared to high permeability ones.

The results of 8 and 4" heterogeneous media experiments with rectangular blocks are
presented irFigure 5.9 and Figure 5.10, respectively. In the presence of rectangular blocks of

low, medium and high permeability sands, the dertityen convective fingers were formed in

70



the high permeability layer under the source zoRmgufe 5.9 and Figure 5.10), and the
convective mixing is controlled by density driven sinking through high and medium permeability
connected pathways. The difference observed on the spreading of two experiments i& result
the permeability distribution of the rectangular blocks. The propagation of the longest finger
(Figureb5.6a) and the area occupied by dissolved wdgguie5.6d) grapls showed the effect of

this distribution on the results. ligure 5.6a, the fingertips reached to 8 cm depth from the
bottom of the source zone at 15.8 and 5 days, respectively. In addition, the image processing
analysis was performed for®heterogeneous media experiment, and the results of first and

second spatial moments are giverfrigure5.6b andFigure5.6c¢.

12 hours

3 days
9 days

— 18 days

Figure5.8: Results of heterogeneous mediarperiment 2.

12 hours

—— 3 days

18 days

32 days

Figure5.9: Results of heterogeneous mediarperiment 3.
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1 hour

~———— 12 hours

3 days

6.5 days

Figure5.10: Results of heterogeneous mediarperiment 4.

5.6. Discussionf the Results

For homogeneous systems, the stable trapping is to get more dissolved mass into the
system and spread the mass over a larger aquifer zone to increase the potential for more
mineralization that contributes to the permanence of the dissolved plume in the formation.
Convective mixing enhances the trapping of the dissolved fluid in the deeper parts of the
formation. The magnitude of convective mixing depends on the permealbilibe anedium.

From higher (#30/40) to lower permeability sands (#50/70), the onset time of convection and
trapping of dissolved C{ncreasgFigureb5.3, Figure5.4, andFigure5.5). The deeper center of

mass Figure5.6b), and greater spreading irdzection Figure5.6¢c) observed at early times are
indicators of the faster onset of convection as observed in #30/40 sand homogeneous medium
experiment. From lower permeability (#50/70) to higher permeability (#30/40) homogeneous
experiments, the finger width decreadeig(re5.3, Figure5.4, andFigure5.5), the finger length
increases Kigure 5.6a), the center of mass moves to the deggets Figure 5.6b), and the

vertical spreading from center of mass enhan€ggi(e5.6¢). These indicators also point out the

faster mass depletion from the source Zondigher permeability formations compared to lower
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permeability ones. Therefore, the effectiveness of convective mixing increases with increasing

permeability of the formation.

The earlier onset time, the higher mass depletion rates, and the fastl vadition
observed in the higher permeability formations enhance the stable (secure and long term) storage
of dissolved CQ® in deeper parts of the formation, which reduces the risk of leakage. This
vertical spreading also contributes to the potentiahforeralization due to increase in contact

area between dissolved g€énd the host rock.

The lower permeability layer (#50/70) in theé' heterogeneous experiment with
inclination slowed down the mass depletion rates, and the vertical flow of the dissalezdin
order to evaluate the effects of additional inclined low permeability layer on the results, this
experiment was compared with th& Bomogeneous experiment. The same sand (#40/50) was
used to packed the"®homogeneous experiment and the ugdpger of the 1st heterogeneous
experiment. The #50/70 sand has a significant influence on the spreading characteristics. The
longest finger in the second homogeneous experiment reached 7 cm in 5 days; however, the
same depth was reached after 30 dayseniitheterogeneous experiment. Moreover, the visual
observations indicates that the densitiven convective flow observed in th&’ homogeneous
experiment was replaced with more diffusive transport by the addition of #50/70 sand in the
medium, which ld fingers to merge at the sand transition. Slow diffusion rates in that layer
might enhance the storage of dissolved fluid through immobilization. Therefore, the low

permeability sands have a significant effect on the spreading and storage of the diksdlved

In the presence of mullayer heterogeneity=gure5.8), it was observed that the density
driven convective mixing was replaced by diffusive mixing in low permeability layers. These

experimental resultsonfirm that permeability has a noticeable impact on the fate of instabilities,
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and the spreading and trapping of dissolved mass. At the transition of the high/medium to low
permeability layers, the fingers merge and spread along the boundary betwenTllageesults

of the layered media experiments show that the sequence in which the variable permeability
layers are arranged is another factor influencing overall spreading behavior. Under reverse
conditions (movement from lowto high-permeability mediury the fingers were immediately
generated in the highermeability zone, and densitlyiven convective mixing became the

dominant mechanisni{gure5.8).

The propagation of the longest finger versus time graprlglshowed the influence of
different permeability layers on the spreading. The stepwise propagation was observed due to the
alternation of low and high permeability sands in the sequence. TheHigsiré 5.6b) and
second FFigure5.6¢c) spatial moments, which were determined using image processing method,
also highlight the effects of the layers on spreading. In order to determine the influence of
alternating layers on thepreading and storage, the result of tith2terogeneous experiment
was compared with the®lhomogeneous medium experiment because in both cases, the same
sand (#30/40) was used to pack the layer under the source zoné® het€rogeneous
experimentthe upper #30/40 sand later was followed by low, high, and medium permeability
sands, respectively. These additional layers slow down the vertical movement of the plume as
can be seen ifrigure 5.6a andFigure 5.6b, and also limit the vertical spreading due to low
diffusion rates into #50w low permeability sand layig(re5.6¢c). The center of mass in th& 1
homogeneous experimespread around 0.075 m depth after 1 week; however, in the 2

heterogeneous experiment, it reached the same location in 18 days.

On the other hand,uting the movement from high to low permeability media, the lateral

spreading due to the accumulationdidsolved water mass along the boundary between sands
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increased the contact area between the dissolved fluid and the low permeability layer as observed
in Figure 5.8. As a result, the total amount of diffused dised water mass in the low
permeability layer increased, which led to the stable trapping of more mass. The stable trapping
in layered formations depends on the storage capacity of low permeability layers because the
dissolved CQcan be trapped in low paeability layers through immobilization. This is a secure

and long term storage of dissolved £®@he loading capacity of these layers depends on their

hydraulic and geometric properties.

In the presence of rectangular blocks with different permeabijlitiesisitydriven
convective fingers were controlled by higher permeability connected pathways. The hydraulic
boundaries in the system significantly modified the spreading characteristics. Farajzadeh et al.
(2017 called this process channeling. Althoughgr like features were observed in the tests,
they occurred as a result of the movement of dissolved mass through connected pathways.
Contrary to the layered systems, low permeability zones behaved more like impervious discrete
layers as clearly seen imeg results of the small tank experiments with rectangular blocks
heterogeneityRigure 5.9 andFigure5.10). Green and EnniKing (2010 numerically observed
a similar behaior for discrete shale layers. They found that the plume motion depends on the
permeability in vertical and horizontal directions and the shale layers speed up the vertical
spreading compared to the homogeneous formation with same effective verticalriaodtal
permeability. In both of the cases, the higher permeability connected pathways controlled

convective mixing.

Figure5.9 and Figure5.10 show anobvious differene in the mixing behavior between
these two experiments, which was caused by the lower permeability of the upper rectangular

block located under the source zone in tfidndterogeneous experimefigure5.10). It can be
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said that the low permeability block split the paths, accelerated the spreading of dissolved water
into deeper parts of the domain, and also decreased the spreading time. In addition, the splitting
of the paths enhanced the lateral spreading. Thenadation of the dissolved water mass on top

of the low permeability block in the™heterogeneous experiment increased the concentration
and density gradients, which speed up the vertical motion of the plume under the effect of
gravitational forcesKigure5.10). However, in the 3 experiment, the fingers spread through the
medium permeability upper blockigure5.9), which diluted the dissolved water concentration
anddecreased the density gradierftee spreading in the™experiment was faster than th€ 3

one due to greater density gradient. This regime decreases the time to reach the deeper parts of

the formation.

As a result, the spreading time variations observethe 3% and 4" heterogeneous
experiments influence the stable trapping. More dissolved plume got in touch with host rock in a
short time in the % experiment compared td%3experiment as seen Figure 5.6d. In the 4"
heterogeneous experiment, 23%spreading area was observed at 6.5 days; however, the same
area reached at T%lay in the 8 heterogeneous experiment. The potential mineralization in the
4™ heterogeneous porous media experiment is expéatedcur in a shorter time compared to
the 3% experiment. Therefore, these findings indicate the importance of the distribution and
hydraulic properties of the rectangular blocks in the formation on the spreading and storage of

dissolved plume.

The compdson of the & heterogeneous experiment with th& homogeneous
experiment, which have the same #40/50 sand layer located under the source zone, emphasize
the importance of rectangular blocks heterogeneity with variable permeabilities in the system. In

Figure 5.6a, the similar finger lengths were observed in the beginning of the experiments.
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However, when the dissolved plume in tH& ieterogeneous experiment reached to the higher
permeability sand block (#30/4Ghe vertical spreading enhanced. In the center of mass versus
time graph inFigure 5.6b, the effects of #30/40 sand on spreading is more clear. Instead of
higher permeability #30/40 sand, the lower permeabiby/#0 was placed in the same location.

The vertical spreading could be paused at the sand boundary; however, due to accumulation of

the higher density dissolved water, the faster spreading would be observed in vertical direction.

In the experiments thawere reported, source strength and boundary conditions are
important factors that influence forces driving convective mixing. They might have considerable
impacts on flow of dissolved water that was used as the surrogate foiFG@Oexample, the
gravel @cks located on each side of the small tank to control the boundary heads enhance
convective mixing because they may act as channels for upward flow in the convective cells. In
the absence of gravel columns, vertical spreading of dissolved water migbivee, svhereas
the wider gravel packs might speed up convective flow. On the other hand, the instantaneous
release of source (water) slows down the vertical spreading due to dilution of dissolved water
concentrations at the deeper parts of the mediumseswadd in the small tank experiments. This
reduces the density of the solution, and hence the effects of gravitational forces acting on it.
However, the continuous source of water might decrease the impacts of dilution. In other words,
concentration and dsity of solution will not be significantly reduced during the flow. This
might contribute to convective flow. For example, in tiH2terogeneous medium experiment
with alternating layers of fine, medium, and coarse sands, the continuous water saintce mi
enhance diffusion into low permeability layers due to greater concentration gradients while

contributing to convective mixing in the relatively higher permeability sands.
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CHAPTER 6
EFFECTS OF STRATIGRAPHY OF DEEP LAYERED GEOLOGIC FORMATIONS ON

TRAPPING OF DISSOLVED CO3

6.1. Abstract

’Secureand successful trapping of GGn deep formations can reduce leakage risk.
Agartan et al.(20153 showed through a set of controlled experiments that relatively lower
permeability layers with respect to an average formatiom@ability enhance trapping where
dissolved CQ@can be effectively locked through diffusion. As this finding was limited to a few
test configurations, its validity under field settings was evaluated numerically using a finite
volume metho¢based, singkphase, twecomponent, and density and viscogigpendent flow
and transport model. The experimental d&@artan et al.20153 was used to test the ability of
the model to capture the observed processes. A numerical model containing getdagicas
corceptually similar to the Utsira formation (Sleipner field) was used to investigate the role of
permeability and thickness of shale layers on trapping at$edte. This formation provided a
reasonably good test setting as it has similar features with Etyers interbedded 4between
composite sandstones that were used in the experiments. The results highlighted that at
high/medium and low permeability zone transitions, convective shutdown was observed due to
slow diffusion into and within shales. Thiekand lower permeability shale layers are able to
store significant amounts of dissolved £0r a long time. However, when the heterogeneity is
defined by thinner and higher permeability layers, convective mixing was found to be dominant

as in homogenesuformations. These findings have useful practical implications as effective

2 Chapter 6 includes material in paper II.
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strategies can be developed to enhance dissolution trapping by taking the advantage of natural

heterogeneity of the formation.
6.2. Introduction

Geologic sequestration of carbon dioaxid considered as an important strategy to lower
atmospheric loading of GQyas and thus slowing down global warming and climate change
(Benson and Cook, 20p5The purpose of CfOsequestration is to create stable trapping
conditions where CObecomes immbilized. Many factors control the stable trapping in,CO
sequestratioriBachu, 2008; Bradshaw et al., 2007; De Silva and Ranijith,)20d#ch include
the specific fluid properties in the deep geologic formations, the geochemical properties of the
subsurfce material, and the spatial variability of geological properties of the forn{atiarder
Meer, 1993. Dissolution entrapment as one of the primary trapping mechanisms increases the
storage security because after the dissolution of, @énsity of solg becomes heavier than
density of brine. This eliminates the buoyancy forces that moves supercritica{s@Q0Q)
upwards (Benson and Cook, 20D5For the dissolution trapping in relatively permeable
homogeneous formations where convection is the dominansport mechanism, the strategy
for trapping should be to maximize the amount of dissolved mass and its residence time in the
host rock to enhance potential for mineralizatiéigartan et aJ.20153. On the other hand, the
relatively lower permeabilityzones present in multilayered systems slow down the vertical
spreading oflissolved CQ, and the slow diffusion rates into and within these zones allow for

the storage of dissolved flufdr a long period of timgAgartan et aJ.2015q.

Role of permealitly variation on mixing and storage in multilayered systems has been

investigated for the applications in subsurface contamination, heat convection, and mixing of

fresh and salt watefe . g . Chapman and Par ker , 2005; Mc k
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Schincamml and Schwartz, 1994; Vithanage et al., 2013tudies of heat convection in
multilayered systems showed that an increasing number of layers drove the system to behave like
an anisotropic homogeneous porous medife Ki bbin and OO6Sul landv an,
Tyvand, 1982; McKibbin, 1986 On the other hand, an experimental study of mixing of fresh
and salt water indicated the significance of permeability variations in a layered medium where a
half of an order of magnitude or less decrease in permealfiggted the flow of salt water
(Schincariol and Schwartz; 1990his permeability reduction led salt water to accumulate along

the boundary between two layers which enhanced the diffusion area of the dense plume into

lower permeability zone.

Low permeality zones in multilayered systems are able to store a considerable amount
of dense fluid. This has been mostly addressed in subsurface contaminant transport and tsunami
studies because the solute diffusing into low permeability layers behaves like @Bucosti
source of contamination due to slow diffusion rgieg. Chapman and Parker, 2005; Chapman
et al., 2012; Parker et al., 2004; Wilking et al., 20Rarker et al(2008 showed through a
numerical modeling study that a single thin clay bed withrf.Zhickness is able to store a
significant amount of dissolved TCE mass for several years. This underlines the large storage
capacity of clay beds. Tsunadfike events also cause gravitational instabilities in the subsurface
formations due to release of awer seawater into unconfined fresh water aquifers which
contaminates drinking and/or irrigation water resources. Low permeability zones present in the
formations can store salt water through diffusion, which influences the timescales of aquifer
contaminéion and corresponding remediation proceq#engasekare et al., 20pP6Salt mass
fraction in the system needs to be reduced to make the water resources usable for drinking and/or

irrigation purposes. Experimental and numerical studies were carriedo odétermine the
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flushing time of salt water from the fresh water aquifers after a tsunami @litranage et al.,

2012. In the intermediate scale tank experiments, relatively lower permeability layer was
interbedded in between higher permeability saads, the salt water was released from the top

of the tank at a constant rate for a certain period of time. The results indicated that the
heterogeneity had an important effect on the time of recovery, and the continuous low
permeability layer increased thatal flushout time by 40% due to slow flow of salt water in that
layer (Vithanage et al., 2032 This emphasizes the storage capacity of the low permeability

layers.

As applied to C@ sequestration, the significant storage capacity of low permeability
layers in the formation might contribute to the long term storage of dissolvedAGbugh the
dissolution trapping of COin homogeneous formations has been studied in detail using
analytical, experimental, and theoretical appro&hackhaus et al., 2Q] EnnisKing and
Paterson, 2003, 2005; Farajzadeh et al., 2007; Hassanzadeh et al., 2005; Hidalgo and Carrera,
2009; Kneafsey and Pruess, 2010; Neufeld et al., 2010; Nordbotten et al., 2005; Nordbotten and
Celia, 2011; Pau et al., 2010; Pruess and Zhafg@8; Riaz et al., 2006it has not been
adequately addressed for multilayered systems having low permeability zones. The convection in
duallayer systems with a low permeable layer on top of a high permeable layer and vice versa
was studied using numealk models(Farajzadeh et al., 20p8The results showed that the
vertical flow was dominated by natural convection for both of the cases, and the reduction in
vertical permeability decreased the effects of convective mixing. The effects of low permeability
zones on dissolution trapping of €@ a layered medium were investigated further using a set
of small tank experiments conducted under the identical initial and boundary con@htiamsan

et al., 20153. The experimental results showed that diffudiesv was the dominant mixing
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mechanism in low permeability layers due to slow diffusion rates where dissolveda@®e
stored through immobilization. This eventually enhanced stable trapping of dissolved CO
However, the experimental and numerical fimgdi on convective mixing in layered formations

are very limited to a few test configurations.

In a homogeneous medium, convective flux decreases when the descending plume
reaches to the lower boundary where the domain begins to fill up with dissolvesl fieds
(Hassanzadeh et al., 2Q07This process is called convective shutdofiewitt et al., 2013;
Hewitt et al., 201% Convective shutdown might also have important influences in multilayered
formations with low permeability zones. Nevertheless, ifisces on flow and stable trapping of

dissolved CQin layered systems have not been addressed.

The goal of this study is to evaluate the validity of the previous experimental findings for
field-scale settings using a newly developed numerical model faruwsinthe influence of
different permeabilities and thicknesses of low permeability layers on trapping of dissolyed CO
A Darcylaw based numerical model simulating miscible flow of a binary fluid mixture was
developed and tested. The model was verifigtl @xisting numerical solutions. The effects of
porosity and permeability perturbations, and numerical grid resolution on ddepgndent
finger formations and model results were investigated. Then, the small tank experiments
presented in Agartan et. 420159 were simulated using the model for testing the ability of the
model to represent convective and diffusive flow regimes observed in the experiments. Finally,
using the numerical model, the sensitivity of permeability and thickness variationatverg
low permeability zones on trapping of dissolved ,Cd multilayered formations was

investigated at a fieldcale setting. The Utsira formation in the Sleipner field having similar
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layered geological structure with the laboratory experimerifggartan et al. 20153 was

simulated using the developed numerical model.
6.3. Numerical Modeling

The developmenand verificationof the FVM-based, singkphase, twecomponent, and

density and viscosity dependent flow and transport model is explainbédpter 4
6.4. Model Comparison with the Small Tank Experiments in Agartan et al(2015a)

The model results were compared with the results of the small tank experiments in order
to evaluate the capability of the model to capture the observed and recorded procdsses in t

experiments.

6.4.1. Sensitivity of the Numerical Model Parameters

During the experiments conducted by Agartan et2dl15a) the miscible fluid (red food
dyed water as scCGP nontuniformly distributed in the source zone immediately after the
injectionextracton period (lasting about ~15 seconddyigUre 6.1). This nonruniform
distribution might have occurred due to injection methodology,-pcate heterogeneities, and
other possible small scale heterogeneities formexng the packing procedure of the sand
materials. Perturbations in geometry, initial conditions, and material properties can trigger
instabilities in transport paths of fluids. Density and viscosity gradients in the systems with
perturbations lead to awective fingering phenomenon. Resolving the convective fingering
accurately by a numerical model requires using very high spatial and temporal resolutions.
Moreover, numerical errors resulting from numerical solution procedure with finite tolerances
haveinfluences on onset of convection and finger evolution. The porosity and/or permeability

perturbations should be added to the model to overcome the numerical errors associated with the
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solution spac¢Pau et al., 2000 The sensitivity of the model pararaet was examined by using

the similar approach with Pau et @009, 201.

[:[ Main Domain

6.35 . Source Zone
(#12/20 Sand)

I:l Impervious Layer
Exp. 1: #30/40 (#110 Sand)

Exp. 2: #40/50 [[] Constant Head
Exp. 3: #50/70 Boundary(Gravel)

254 2286 254
[ 27.94

Figure6.1: The distribution of the source in the source zone after injeetitnaction period for
(a) #30/40, (b) #40/50 and)(®50/70 homogeneous, and (d) 2nd (multilayered system) and (e)

3rd (rectangular blocks) heterogeneous small tank experirffegastan et al., 2014.

Pau et al(2009; 2010 investigated the influences of simulation parameters, such as grid
resolution, prosity and permeability perturbations, solver tolerances, and domain size, on the
solution using the blocktructured adaptive mesh refinement method. They assumed a 2
dimensional (D) isothermal and homogeneous domain with a layer of-$2@urated brinat
the brine/CQ gas interface, which allows using a variabdnsity, singlephase, and
incompressible model to treat the dissolwtbffusion-convection processes. The focus of their
study is the dependence of the stabilized mass flux and the onsebftioonvection on the
simulation parameters. The onset time of convection determines the time at which convection
becomes an important transport mechanism. They found that the onset time decreases with
increasing fluctuation strength, and the porosityctflations are more effective in triggering

instability than permeability fluctuations.
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In this study, the sensitivity of the grid resolution and porosity and permeability
fluctuations on the model results were examined. The simulations were carriedr abé fo
surrogate fluid combination (PG and water) used by Agartan €2@l5a)in the small tank
experiments Kigure 6.2). The initial mass fraction of water in the 0.508 cm thick source zone
was assumed to be 94 (Agartan et al.2015a) As the tank was a closed system, no flow
boundary conditions for pressure and water concentration were assigned to the bottom and the
vertical sides. The boundary condition at the top was specified as constant pressure equal to
atmospheric pressure, and no flux boundary condition was assumed for water. Fluid and

formation properties are listed Trable6.1..
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Figure6.2: Initial and boundary conditions ttie numerical model (not to scale).

The 1, 2, 5, 10, and 25% porosity and/or permeability perturbations were applied to
trigger the fingers Rigure 6.3). The total water mass remained in the source zone were
detemined to analyze the influences of porosity and/or permeability fluctuations on the onset
time of convection. The faster mass depletion indicates an early onset time of convection. The
results inFigure6.3 showedhat the onset time for convection decreases with increasing porosity

fluctuations. This emphasized the effectiveness of variable porosity fluctuations in triggering
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convective instabilities compared to permeability fluctuations. In this system potasttyation

has more effect on the flow compared to the permeability variations.

Table6.1: Fluid and formation properties.

Parameter Value
Density of PGh pg [kg/m’] 1034.6
Viscosity of PG, pg[Pa.s] 0.055
Density of waterh ., [kg/m?] 1000
Viscosity of water, 4 [Pa.s] 0.001
Permeability, k [rf] 1.079%x10"
Effective diffusion coefficient, B [m?/s] 8.0x10"
Porosity,a [-] 0.325
Mass fraction of water, w] 0.194
Density increase due to watessblutionD; [ Klg/ 9.1
Gravitational acceleration, g [M]s 9.81
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Figure6.3: The effects of porosity (@) and permeability (k) fluctuations to the onset of

convection.
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According to Riaz et al2006, for convective mixing studies, the grid resolution should

be smaller than t §d theaonvecive fander toveaapturd thee nngidtion of( o

convection accurately. The critical wavelength of this systeam determined using equation

(12,where o} i1 s the

(PG)[kg/m?).

j =B
° 0.0kDrg

density

di fference

bet ween

(19

& was calculated to be 1.770 cm. The selected domain is almost 15 times longer than the

critical wavelengthIn the grid resolution study, the coarsest grid size was selected as 0.5080 cm,

which was smaller than critical wavelength, and 0.25% porosity fluctuation was assigned.

According to Pau et a{2009; 2010, after reducing the grid size by half, the parofiuctuation

should be doubled to get a better convergence. The same method was applied in this study. The

grid sizes and corresponding porosity fluctuations are listédlhe6.2.

Table6.2: Grid sizes and porosity fluctuations.

Grid Size [cm]

Porosity Fluctuation [%]

0.5080
0.2450
0.1270
0.0847
0.0635
0.0508
0.0423

0.25
0.50
1.00
1.50
2.00
2.50
3.00
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The results are summarized in the grapFkigure6.4. The total water mass remained in
the source zone at different times converged to a single value for the porosity fluctuations which
were greater than 2.0%Figure 6.4). However, for the smaller porosity fluctuations, the
significant variations in the total water mass were observed in the source zone because the
applied perturbations were not enough to overcome numerical errors which generates fingers in

the system.

For this study, the coarser grid size should be equal or smaller than 0.0635 cm, and
minimum porosity fluctuation should be equal or greater than 2.0% to overcome the effects of
numerical errors and produce convective fingers as a result of porosity perturbBtierefore,

the results of the present (20@uWwalPfindnge consi st e
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Figure6.4: The effects of grid resolution to the onset of convection.

6.4.2. Numerical Simulations of theSmall Tank Experiments

The small tank experiments presented under homogeneous and heterogeneous packing

configurations by Agartan et af2015a)were simulated to test the ability of the model for
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representing the flow and transport processes observedeaadied in the experiments. The
experimentgAgartan et al.2015a)were carried out using a small tank with 27.94 cm x 15.24
cm x 2.54 cm (length x height x width) dimensions. The simulations were performed for the
surrogate fluid combinations of propgyle glycol (PG) (brine) and water (sc§@vhich were

used in the experimentdgartan et al.2015a)

In the experiments, the synthetic aquifer domain consisted of four zones that included the
main mixing domain, the source zone, the impervious caprockbadwck, and the gravel
columns to control thBow across the tank (séggure3.6 in chapter 3.3.1.1). Theermeability
and porosity of the sands for tightly packed condition were determined in the prior exatim
studies by Sakaki and lllangasek&807), Schroth et al(1996, Smits et al(2010, Wietsma et
al. (2009, and Zhang et a(2009. The permeability field in the tank could be different from the
previously measured values due to imperfection led packing. The sensitivity of the
permeability suggested that when the permeability values close to the upper limit of the tightly
packed conditions were assigned to the sands in the numerical models, the concentration
distributions matched reasonably Wwsith the experimental results. The range of permeabilities

and porosities are listed irable6.3.

No flow and no flux boundary conditions for pressure and water concentration were
assigned to left, right, andotiom boundaries. The top boundary was specified as atmospheric
pressure and no flux for water concentration. The initial concentration of the water within the test
domain was set to zero. As briefly mentione
Modd i ng Parameterso section of the paper, i n ot
the source zone after the injection, the small scale heterogeneities at the coarse/fine sand

interfaces, and the imperfections of packing cause formation otinitorm flow field which
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leads to the occurrence of convection. The final distributions of the source in the source zone
shown in Figure 3 for all of the modeled experiments were discretized for each case. The equal
amount of red food dyed water was assutieede injected into each grid in 15 seconds, which
was the total time of the injectieextraction cycle applied to the experiments by Agartan et al.
(2015a) In addition, a 10% porosity fluctuation, which is greater than the critical value 2.0%,
was addedo the system to overcome the numerical errors. In order to characterize the onset time
of convection accurately, the source zone was discretized with 0.0635 cm grid size, which is
equal to the critical wavelength of the convective finger for this dontai@.grid size increased

to the sides of the tank.

Table6.3: Properties of the sands.

Sand  Permeability (x10%% [m?  Porosity [-]

#12/20 3.830-5.230 0.318
#20/30 2.34G- 2.780 0.32¢
#30/40 1.08C - 1.520 0.3258
#40/50 0.530'- 0.736 0.334
#50/70 0.31F-0.346 0.372
#50w  0.170 - 0.258 0.30F

*Smits et al (2010, "Wietsma et al(2009, °Schroth et al(1996, “Sakaki and lllangasekaf@007), °Zhang et al.
(2008.

An effective diffusioncoefficient of 8x10* m%s was used to simulate all of the small
tank experiments. An adaptive time stepping was used in the numerical model with a maximum
time step of 1 hour. The simulations were carried out for the same time periods with the

experimets (7 days for homogeneous and 6.5 to 33 days for heterogeneous cases).
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6.4.3. Simulation Results of the Small Tank Experiments

The simulation and experimental results were compared to verify the ability of the model
to capture convective and diffusive flow re@sn observed during the experiments. For
homogeneous formations, the initiation and evolution of the dedsitgn convective fingers at
variable permeabilities is important to simulate. In addition, the spreading characteristics of the
dissolved mass ahé¢ transitions of the high/medium and low permeability sands should be
captured. The timing of the observed processes and the total time of the experiment should also

match with the simulation results.

The comparison of the general fingering and spreadirayacteristics of #30/40 sand
homogeneous medium experimg@tgartan et al. 2015a)and numerical model is given in
Figure 6.5. The accurate simulation of the homogeneous and layered media processes is very
crucid because the goal is to investigate the mixing and storage in stratified systems. The
formation of the fingers observed in the experiment at 12 hours is similar with the numerical
model inFigure 6.5a, Figure 6.5b, andFigure 6.5c, respectively. The results at 7 dajsg(re
6.5b andFigure 6.5 d) mach very good for the final distribution of the dissolved mass in the

domain in regarding to the finger depth and width and the total time of the processes.

Figure6.6 shows the comparison between the experimemdlnumerical model results
in the layered heterogeneity case. In this experiment, Agartan @0aba)used alternating
layers of #50w, #20/30, #40/50, and #30/40 sands. The total time of the experiment was 18 days.
The results demonstrated that theespling characteristics at the sand transitions including
merging of fingersKigure6.6a andFigure6.6d), lateral spreading-(gure6.6a andFigure6.6d),
diffusion into the low permeability layeFigure6.6a, Figure6.6b, Figure6.6d, andFigure6.6e),

and reformation of the fingers in the high or medium permeability sand laygnsr€ 6.6b,
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Figure6.6c, Figure 6.6e, andFigure 6.6f) were simulated reasonably as well as the initiation of

the fingers and the total timing of the processes.
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Figure6.5: Experimental &, b) (from Agartan et al., 2015and simulation (c, d) results of

#30/40 sand homogeneous case: (a, ¢) 1.5 days, and (b, d) 1 week.

The experimental and simulation results for the propagation of the longest finger from the
bottom of the source zone were compared for all cases. The reskitgiie 6.7a showed that
the evolution of the fingerat different permeabilities with time for homogeneous formations
captured very well. The location of the longest finger estimated by the model at a certain time
was comparable with the experimental results for the layered and block heterogeneities given i

Figure6.7d.
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Figure6.6: (a) Experimental (&b, c) (from Agartan et al.,®5a)and simulation (d, e, f) results

of layered media case: (a, d) 3 days, (b, d) 9 days, and (c, e€) 18 days.

In addition to the visual comparison, the quantitative analysis was performed using the
image processing method developed by Agartan €@l5a) For the image processing method,
the periodically taking pictures of the experiments were used to determine the dissolved water
concentrations in the tank. The small tank was packed with different water concentrations using
the sands listed in Tablé to analyze the changes in the light intensities. Therefore, the
relationships between light intensity and water concentrations were developed by Agartan et al.

(2015a)for each sand. After the calculation of the concentrations, variations in the first an
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second spatial moments with time was determined for each experkgune@.7b, Figure6.7c,
Figure 6.7e, andFigure 6.7f). First moment gives the location of the center of the mass, and
second moment is related to the spreading of the plume from the center of thEmwssrg,

1988.

For the homogeneous formations, the first and sfaooments in irection were
compared. From the generation of the fingers to the final distribution, the dependence of vertical
spreading on the permeability of the medium was simulated accurbigly€6.7b andFigure
6.7c). For example, for the experiment with higher permeability sand, the center of mass located
in the deeper parts compared to others for the same time frame. The results of these tests stated
that the cde can capture the generation of dendiiyen convective fingers, the effects of

permeability on spreading in homogeneous experiments.

The changes in the center of mass-airection and the spreading in x and z directions
with time for layered and blé&cheterogeneous cases provide a good match between experimental
and numerical results for the processes observed at the transition of the different permeability
sands in layeretieterogeneous media experimemiig@re6.7a andFigure6.7f). The physics of
densitydriven flow in a layered medium were captured reasonably by the developed model

(Figure6.7d, Figure6.7e, andrigure6.7f).
6.5. Numerical Models for the Utsira Formation in Norway

The Utsira formation located in the Sleipner field in the North Sea was studied in order to
analyze the effects of pmeabilities and thicknesses of low permeability layers on the trapping
of dissolved CQat field-scale systems. The Utsira formation is composed of MieBéneene
aged sandstone having 2800 m thicknesg§Chadwick et al., 2004; Zweigel et al., 2004{Aet

al., 2008. Porosity and permeability of the Utsira sandstone a086 and 1x1%? m? to 3x10
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12 m?, respectively(Arts et al., 2008; Herrera et al., 2010; Zweigel et al., 20T#e Utsira
sandstone is evident as approximately 30 m thick comptsitrs (Zweigel et al., 2004
Seismic survey results by Hermanrud et(2009, Torp and Galg¢2004), and Zweigel et al.
(2009 showed that the composite sandstone layers are separated by3imetHick discrete
intracreservoir shale layers. The therkshale layer, which isB m, separates the uppermost leaf
of the sandstone from the main reservoir benéatts et al., 2008 There is an uncertainty on
the geometries, distributions, and hydraulic properties of the shale layers. Herrer@@tGul.
modeled the shale layers with around 6X1? permeability. Johnson et 42004 used two
different permeabilities for the shale layers as 3%X16¢ and 3x10® m? and added 5%

porosity.

6.5.1. Development of Numerical Model for the Utsira Formation

Severascenarios were developed for a simplifiezblpgy of the Utsira formation. Based
on the information from the literature, the model domain was set up using the average thickness
of the Utsira formation at 300 nfrigure 6.8). The length of the domain was assumed to be 400

m.

The domain was composed of 10 discrete composite sanddtalee layers. Each
composite layer was 30 m thick and included a sandstone layer and an underlying shale layer.
The sandstone and sbdayers were assumed to be horizontally continuous. The permeability
and porosity of the sandstone layers were specified as'2rftand 35%, respectivelHerrera
et al., 2010; Torp and Gale, 2004 he porosity of the shale layers was $36hnson etl.,

2004). The diffusion coefficient was 2.06x2an%s from Lindeberg and Bergm@003. Five

distinct permeabilities and thicknesses were assigned to the shale Tade64).

95



8.0 120
2 4+ + #30/40 - Exp. 2 4+ + + Multi Layer - Exp
‘é’ |- - - #30/40 - sim P ‘é’ --- MulliLayer-Sim.| ______-
SE © © 0 #40/50 - Exp. % SE 4|© © ¢ Blocks - Exp. ’,—-" 060990
=3 - = #40/50 - Sim .:’ o =8 - - = Blocks - Sim. BAIIS ot
S o 507asans070-Exp . ¢ Se Pt G aiad
£% - - = #5070 - Sim, o - £E T
N | " % g 804 ,-‘g:go
® o #r ® o
39 ar 8 e
23 + 23 S A
83 40 & 2 58 P
22 N 22 &
£S i + , 29 £S v
T oA ® 3 b ¥ i
5 © 8ot e 50 40— i g
cE o) e Y G e cE ot
8820 7 R 22 ¥y
R S 38 £
-] ] 7 T =) '
g K. a B
2 g"s e 9
o 7 o
0.0 T T T T T 0.0 T T T T
0 2 4 6 0 10 20 30
Time [day] Time [day]
0.12 0.12
.'s¢' .... .
L 7 e e . +3e
- AT L %
E L T Sl LTSNy € ?’\_
c X . T = ° Y W
o g 2 + c ~ 4
S *ee S S i
B 008 L §ooa— . gy
2 e b
k-] 3 B ¥
3 % L
£ s ¢ 970-p0 * 0
H £
g £
5 0.04 - 4+ 4+ #30/40 - Exp. S 004
= - == #30/40 - Sim. ot
E © © 0 #40/50 - Exp. E + + + Multi-Layer - Exp.
i - == #40/50 - Sim. 4 |- = = Multi-Layer - Sim.
A 6 A #50/70 - Exp. © © ¢ Blocks - Exp.
- == #50/70 - Sim. - - - Blocks - Sim.
0.00 T T T T T T 0.00 T T T T T
0 2 4 6 0 10 20 30
Time [day] Time [day]
6.0 50.0
4+ + + #30/40 - Exp. 4+ + Multi Layer (x) - Exp.
‘:‘E - - - #30/40 - Sim. |- - - Mutti Layer (x) - Sim
= [oeo#40/50 - Exp. a5 [223 Blocks (x)- Bxp;
s - = = #40/50 - Sim. & - - - Blocks (x) - Sim. &%
x 4 A A#50/70 - Exp. E |4 4 & Multi Layer (2) - Exp ° .
§ 4.0 |- - - #50/70 - Sim. T = = Multi Layer (2) - Sim. 8,
E-4 = 30.0 - Blocks (z) - Exp. L & o
I x ! . 0"
] = - = - Blocks (z) - Sim. e’
X 5 5y
. : 5 20.0 9o = +
- o ° — e
£ 20— <" 8 2 g
s~ I P as S
> # + i ] o ®
z > R e 10.0 —
o o L
'x o v 4 p p_0_0 8 0 0o
G®" e . = g O, RaBagalARAT T T 0T
—:_..4_.-4--t—‘—-‘- """"" R.b_-‘—-""-
0.0 t : T T T 0.0 . T T T T
2 4 6 0 10 20 30
Time [day] Time [day]

(e) (®
Figure6.7: Comparison of the g@erimental (Agartan et al., 2015&)d modeling results for

homogeneous (a, ¢, €) and heterogeneous expesrfraultiayered system and rectangular
blocks heterogeneity) (b, d, f): Propagation of the tip of the longest fingen) foorfaogeneous
and (b) heterogeneous cases, first momentalireztion for (¢) homogeneous and (d)
heterogeneous cases, and sesandments in xand zdirections for (e) homogeneous and (f)

heterogeneous cases.
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Figure6.8: The Utsira formation scenarios for the determination of the effects of shale layer

permeabilities and thicknessen convective mixing and dissolution trapping (not to scale).

Table6.4: Permeabilities and thicknesses of shale layers.

Parameters Values
Permeability, k [M]  3x10%° 6x10"7, 3x10™, 1x10™* and %10
Thickness, H [m] 1,2,3,6,and 10

For the sensitivity analysis of shale permeability, shale layer of 6 m thick was assumed to
separate the uppermost sandstone layer from the lower composite saststeniayers. The
thickness of the lower shaleykrs were kept as 1 m. The permeability of these zones ranged

from 3x10® m? to 3x10* m? (Table 5).For the sensitivity of shale thickness, the permeability
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of the shale layers was specified as 3%’ The thickness of the uppermost shale layeredari
from 1 m to 10 m Table 6.4) but the rest of them were assumed to be 1 m thick. These
simulations were carried out for dissolved £d brine. Density and viscosity of the fluids and
solubility of CG, in brinewere determined based on the pressure and temperature conditions in
the Utsira formation. For all simulations, 12 m thick dissolved @Gsolubility was assumed to

be trapped under the caprock (i.e., the top boundanyleberg et al., 1999Mineralizaton was

neglected in all of the simulations.
6.5.1.1.Density, Viscosity, and Solubility Calculations of Formation Brine and scC®

The temperature at the top of the Utsira formation is 36.2NWoner et al., 2007 The
pressure at the shale caprock and the Utiranation is 87.80 bars and 8210 bars,
respectively(Johnson et al., 2004Density, viscosity, and compressibility of the brine were
calculated as 1018.53 kgin0.7310° Pa.s and 0.4410° 1/Pa, respectively, using the salinity
of the brine (3.05% Yo weight (Grimstad et al., 2009 and pressure (90 bars) and temperature
(36.2°C) of the formation under the caprock. The solubility of sg@®rine was determined to
be 1.2575 mole/kg using the equation of state developed by Duan a(2088rand Dua et al.

(2006 under the specified pressure, temperature, and salinity conditions. The viscosity of the
formation brine was assumed to be independent of thecBfentration based on the study

carried out by Philips et a(1981). The density of the distved CQ was calculated using

equation (2preported in Duan et af2006, where r, is the partial density of dissolved €O
[kg/m?], MW, is the molecular weight of GJ44.01 g/mole],V, is the molar volume of

dissolved CQ [cm*g.mole] in equation (21 and T is the temperaturéC]. The density of

aqueous phase with dissolved 8a linear function of C®mass fraction as given in eation
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(22, where, } is the % & nissthe tdensity df brineH1018.5%kifmt i on |

and w is the mass fraction of G the aqueous phasé.|

MWeo, 10° (20)

f

leo, =

V, =37.51-9.585 3AGT 8740 r: 5.044 10 (21)

— W W (22

b b

il-ww
’

6.6. Resultsof the Utsira Formation Scenarios

The effects of shale layer permeabilities and thicknesses on mixing, spreading, and

storage of dissolved GQvere analyzed as a function of time.

6.6.1. Influence of Shale Laye Permeability

Five scenarios of distinct shale layer permeabilities showrabie 6.4 were simulated
using the model configuration given Figure 6.8. The simulations we continued for 1000
years. The 1009ear results irrigure6.9, the mass remained in the source zone resuRgjure
6.10a, and the first and second moment resultBigure 6.10c andFigure 6.10e, respectively,

emphasized the significance of permeability variations on flow and storage of dissolyxed CO

Following the release of the sourfitem the source zone as an initial condition, the onset
of convection was observed at around] year Eigure 6.10a). Convection created a rapid
decrease in COmass stored in the source zoég(re 6.10a). Dissolved C@reached to the
uppermost shale layer at"i@ear for all cases. The shale layer blocked the vertical flow of dense
fluid as independent from its permeability due to significant reduction in advectiop&tmvin

the shale layer, leaving only slow diffusidfigure6.10a, Figure6.10c, andFigure6.10e).
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Figure6.9: 1000 year simulation results for determination of the effects of shale layer
permeability on convective mixing and dissolution trapping of dissaB@gd (a) 3x10** m?, (b)

1x10™ m?, (c) 3x10™ n?, (d) 6x10"" m?, and (e) 3x18% m?.

At 1000" year, while the accumulated dissolved C®as still diffusing into the
uppermost shale layer in the case of the lower permeabilities térfGand 3x10° m?) (Figure
6.9d andFigure 6.9e, respectively), a considerable amount of the dissolved mass reached the
bottom of the formation for the highest permeability case (3%18°) (Figure 6.9a). The
convective mixing was also observed in deeper sandstone layers for higher shale layer
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permeabilities as seen igure6.9a, Figure6.9b, andFigure6.9c. The onset time of convection

in the deeper sandstone layers depends on the vertical permeability of the shale layers. For higher
shale permeabilities, convection the second sandstone layer started after tens of years.
However, in the case of lower shale permeabilities, it might not be observed for more than 1000

years.

6.6.2. Influence of Shale Layer Thickness

The thickness effects were evaluated for five different tteskes of the uppermost shale
layer (from 1 m to 10 m), while keeping the thickness of the other shale layers at 1 m. The
concentration distributions of dissolved g@fter 1000 years for the scenarios are shown in
Figure6.11. The thickness of the uppermost shale layer has a considerable impact on the mixing,

spreading, and trapping of dissolved &Rroughout the domain.

The onset of convection occurred at aroufigdar as explained in previous chapter. The
deaease in C@mass in first 18/ear was a result of convection observed in the upper sandstone
layer Figure6.10b). The flow of dissolved CoOwas slowed down by the uppermost shale layer
at 10" year where convecté shutdown was observed for a certain period of time depending on
the thickness of the shale lay&iqure6.10d andFigure 6.10f). The time to initiate convection
in thedeeper sandstone layers depends on the thickness of the shale layer due to slow diffusion
rates. The thicker shale layeRdure6.11d andFigure6.11e) leads to the stoga of dissolved
mass in the upper sandstone layer and the uppermost shale layer for a long time compared to the
thinner casesHigure 6.11a, Figure 6.11b, andFigure 6.11c) due to slow transport of dissolved
CO; in shale layers. Nevertheless, the thinner shale layers do not retard the vertical movement of

dissolved CQfor a long time which speeds up its spreading to the deepergbdite domain
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(Figure 6.10 and Figure 6.11a, Figure 6.11b, andFigure 6.11c). Thereforethe system behaves

similar to a convective mixing dominant homogeneous formak@u(e6.10 andFigure6.11).
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Figure6.10: Variation of the total mass remained in the 12 m thick source zone for (a)
permeability and (b) thickness analyses; first momentsdineztion for (c) permability and (d)
thickness analyses; second momentsdiirection for (e) permeability, and (fickness
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Figure6.11: 1000 year simulation for determination of the effects of shale layer thickness on
convective mixing and dissolution trapping of dissolve:G&) 1m, (b) 2m, (c) 3m, (d) 6 m,

and (e) 10 m.

6.7. Discussiors of Results

The multilayered heterogeneity in theotgagic formations affects the vertical movement
and storage of dissolved GOrhe presence of very low permeability layers with respect to the

average permeability in the reservoir slows down the vertical spreading, and they are able to

103



effectively lock dssolved masg§Agartan et al.20159. The thickness and permeability of these
layers have an important impact on the mixing, spreading, and storage. The permeability of the
shale layers affects the flow and storage of dissolveg r@@e than their thicknesas seen in
Figure6.10. Convection shutdown occurs depending on the physical and hydraulic properties of
the low permeability layers. In this study, the total mass remained in the source zone and the
spatial morent results irFigure6.10 showed that the convective shutdown occurs at 10 years of
simulation for all cases. For the lower permeability and thicker shale layers, convective
shutdown decreases the convective fund equalizes the dissolved £€bncentrations in the
sandstone layers due to slow diffusion rates into and within the shale layers. This contributes to
the storage of dissolved G@ these layers for a long time. At the transition of the high/medium
andlow permeability layers, a lateral spreading occurs which enhances the diffusion area and the
diffused mass into the low permeability layers. In the field setting, the lateral spreading leads to

the storage of more mass into low permeability layers.

In the case of relatively higher permeability and thinner shale layers, the system behaves
like a homogeneous medium where convective mixing enhances the trapping of heavier fluid in
deeper parts of the formation. The onset time of the convection in the deeplstone layers
depends on the thickness and permeability of the shale layers. Convective mixing leads the
dissolved mass to contact with host rock in a shorter time. Therefore, the contact area between
the dissolved C@and the host rock increases forttgrttial mineralization, which is referred as

the most secure way to store sg@®deep geologic formatior{Benson and Cook, 205
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CHAPTER 7
STUDY OF THE EFFECTS OF FORMATION HETEROGENEITY IN THE SEMI -
CONFINING SHALE LAYERS IN ENHANCING MIXING, CONTRIBUTING TO

DISSOLUTION TRAPPING OF CO ;

7.1. Abstract

*Heterogeneityof the formationwhere supercritical Cis trappedplays a key role on
mixing and trapping of dissolved GOIn a previous study, it was demonstrated that in the
presence of heterogeneity, both cecwe mixing and diffusion contributes to dissolution
trapping (Agartan et al., 2015a). The relative contribution of each of these mechanisms depends
on the degree of heterogeneity that defines the configuration of the distribution -of low
permeability (3. shale) in the formation (Agartan et al., 2015b). In this study, we investigated
how heterogeneity within the semmonfining lowpermeability layers contributes to mixing
through brine leakage and trapping through diffusionthe longterm, dissolved mss stored
into these layers can be diffused back when the concentration gradient reversed as reported in
subsurface contaminant transport and tsunami studies. Based on this knowléclgenediate
scale laboratory experiment was designed to investigateontribution othese three processes
(convective mixing, diffusion controlled trapping, and back diffusitanlongterm storageof
dissolved CQ® in multilayered formations wittheterogeneous loywermeability layers This
experiment was performed ngia surrogate fluid combination to represent dissolved @
brine under ambient pressure and temperature conditidms resultshowthat theconnectivity

of higher permeability materialithin the semiconfining low-permeability layers produces

3 Chapter 7 includes the material from paper IIl.
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leakage pathwaysbetween upper and lower aquifeamd thus contributes teenhancednixing.
This experimental findingvas testechumericaly for different distributions of thesamelow-

permeability materialbaving similarvolumeratioswith the experimentallgtudied scenario
7.2. Introduction

Role ofverticalheterogeneity omixing and storagbas been studied for the applications
in CO, storage,subsurface contaminant transpamd mixing of freshand salt waterln CO;
sequestration, the influences of pertigey variations on finger size and location were
examined experimentally by Kneafsey and Pruess (2010). Farajzadeh et al. (2011) and
Ranganathan et al. (2012) numerically studied the effects of the degree of spatial heterogeneity
in permeability on C@dissolution rates and onset of convection, and identified different flow
regimes (fingering, dispersion, and channelinghen the heterogeneity is created with the
randomly distributed rectangular blockeaving different permeabilities, convective mixing
occurs through the higpermeability connected pathways, and lower permeability blocks
enhance the convection (Agartan et al.,, 201%5%le of discontinuous shale lenses on
convection waswumericallyinvestigated byGreen and EnniKing (2010) They repored that
the presence of shale lenses enhances convective mixing, and the breakthrough time of the
dissolved CQ@ at the bottom of the formation depends on the length of the shale |[Eles@ss
and Gasda (2013) numerically investigatied éffects of longehorizontal barriers. They found
that the increasing horizontal and vertical apertures between the barriers enhance mass flux into

the domain, whereas the longer barriers decrease it.

In the presence of continuousmgermeability zong, dissolved masthat reachegshe
layer transitionbetween permeable and lgvermeability layerstarts toaccumulatedue to slow

diffusion rates. This leads to lateral spreadoighe dense mixturalong the layer transition
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which increases the availabsgeafor dissolvedmassto diffuseandenhancestored mase the
low-permeability zonegAgartan et al., 2015a; Schincariol and Schwartz, 1980}he initial
times, higher rates of diffusion is observetbwever, the concentration gradients decrease with

time due to diition (lateral spreading) and diffusion.

These lowpermeability zones are able to store considerable amount of arabshus
contributing to dissolution trappingarker et al(2008 showed through a numerical modeling
study that a single thin clay bedth 0.2 m thicknessanstore a significant amount of dissolved
TCE mass for several yealhendissolved massoncentrations in the loywermeability zones
become greater than the permeable |laj&r a certain period of timéhe concentration gradient
is reversed and back diffusion starts. Therefore, thack diffusing mass behaves like a
continuous source of contaminatiddh@pman and Parker, 2005; Chapman et al., 2012; Parker et
al., 2004; Wilking et al., 20)2In tsunamilike eventsthelow-permeability zonesthat canstare
salt water through diffusiomfluencethe timescales of aquifer contamination and corresponding
recovery(lllangasekare et al., 20p6Experimental and numerical studies were carriedbgut
Vithanage et al(2012) in orderto determine the flushing time of salt water from the fresh water
aquifers after a tsunami evenin intermediatescale tank experiments relatively lower
permeability layer was interbedded in between higher permeability sands, and the salt water was
releagd from the top of the tank at a constant rate fahart period of time. The results
indicated thatthis type of heterogeneity played a key roten the time of recoveryThe
continuous low permeability layer increased the total flmshtime of salt waer by 40%

(Vithanage et al., 2032

As applied to CQ sequestrationthe convection in dudhyer systems with a low

permeable layer on top of a high permeable layer and vice versa was studied using numerical
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modelsby Farajzadeh et a(2008. Thar resuts showed that the vertical flow was dominated by
natural convection for both of the cases, and the reduction in vertical permeability decreased the
effects of convective mixingAgartan et al. (2005a; 2005b) showed through a set of laboratory
experimentand fieldscalesimulationsthat convective mixing and diffusion controlled trapping

are the two important mechanisrisat contribute to the dissolution trapping in multilayered
systems with lowpermeability zonesuch as shaleslowever, he relative cotribution of each
mechanism strongly depends on the permeability and thickness of th@etoweability layer
(Agartan et al. 2015b). The higher permeability and thinner lgwermeability layers behave

more like a convective mixing dominant homogeneous &bion. However, the presence of
lower permeability and thicker layers lead to the occurrence of convective shutdevim slow
diffusion rates. Thisdecreases the convective flux and equalizes the dissolved fluid
concentrations in the higbermeabity layer (Agartan et al., 2@b). The lowpermeability

layers (e.g. shale) is not always homogeneous (Best and Katsube, D&#3).(2012) divided

shale heterogeneity intao categories as composition and texture variations, and stated that any
changes in chavolume, kerogen volume, and mineralogy affect the rock properties as well as
the laminations, other sedimentary structures, and natural fradileesil (1986; 1994) showed

that the permeability of these layers ranges frof’ i10%*m?. In addition the presence of any
faults, fractures, and fissures changes their permeabi(lBest and Katsube, 1993After
developing a fundamental understanding on the mixing and storage of dissolved mass in the
multilayered systems with homogeneous Jpgrmeabity layers, the potential outcomes of the
simple heterogeneity present in these layers were considered for the mixing and storage of
dissolved CQ. Based onthe existing knowledge, we investigated how these three processes

(convective mixing, diffusion cdrolled trapping, and back diffusion) contribute to the long
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term storage of the dissolv&D; in the formations wittheterogeneou®w-permeabilitylayers

through intermediatscale laboratory experimerdad numerical modeling
7.3. Materials

The new surroge fluid combination and selection of sands to be used in the large tank

experiments are described in the nesttion
7.3.1. Surrogate Fluid Combination

Laboratory investigationsnoCO, behavior atinjection andpostinjection period are
challenging due to ditulties in recreating the high pressures and temperatures that exist in the
deep geological formations (Suekane et al., 2006; 2@¢erimentaktudies on dissolved GO
flow can be conducted under ambient pressure and temperature conditions usgegestiurils
having similarfluid propertieswith dissolved CQ and brine under reservopressure and
temperatureonditions (Cinar et al., 2007; Wang et al, 2010)his study, scC@was assumed
to be trapped under the caprock amissolved in the fornmt#on brine under equilibrium
conditions The surrogate fluid combination needed to shbe gimilardensitypropertieswith
denser dissolved CQand brine undethe laboratorypressure and temperatucenditions to

mimic mixing and trapping processes acaaty.

Large tank experiments were carried out udWadsr solutionas dissolved C&and water
as brine(Table 3.2). Among the other dis, NaBr was preferred becauB€ is not a common
anion in water with respect t6, CI, NOy, SQ7? and PQ,>. This led to the accurate
measurement of Brconcemrations using theion chromatographymethod The known
concentratiorNaBr solution(15.38 g/l)was prepared tachievethe identicaldensity difference

(10.60 kg/m) with dissolved CO, and brine at equilibrium concentratiorunder reservoir
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pressure(~9 MPa)and temperaturé~36¢C) conditions In addition, 10% red food dye (by
volume) that wasadded into the NaBr solution enabled the visual tracking oplinee. The
viscosity of the solution is independent from the NaBncentration athe same withthe

viscosity of brine wittdissolved CQ (Phillips et al., 1981).
7.3.2. Selection of the Test Sands

In order toexaminethe flow behaviorof the new surrogate fluid combination in porous
media, the small experiments were perforntéde sandg#70, #50, #30, #40/5@nd #50/70in
Table 3.1) with different permeabilitiesvere tested under the same boundary conditions, initial
conditions, and source injection schermeall of the experiments, the source zone was packed
with #12/20 sand, and the food dy&hBr soluion having 15.38 kg/mi concentrationwas
injected into the source zone using porous tubing. Advantages of the porous tuliegcaiteed

in chapter 7.4.1The results of the sand selection experitaare explained in chapter .5
7.4. Experimental Methods

Two homogeneous andne heterogeneous media experiments were carriedinoat
plexiglas tank with 243.84 cm x 121.92 cm x 7.7 cm (L x H x W) internal dimensioggré
3.8) under ambient temperature and pressure conditidiiese intermediatescale tank
experimentsllowed for the observation of (1) the plume migration and trapping in a longer and
deeper flow field which is necessary for the dendiiyen flow studies, (2) the effects of
multilayered formations withheterogeneailow-permeability zones on flow and transport
processeswith respectto homogeneous formations, and (3) the influences of the slow

background hydraulic gradient on flow and storage of the dissolved fluid.
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The plexiglas material of the tank allowed foritekperiodical digital imags from both
front and back wadl of the tank. This provided us to observe the effects of 7.7 cm thickness of
the tank on densitgriven fingering processAt the backwall of the tank, 448 sampling ports
drilled with 7 cm distarce apart(Figure 3.10) were used to takeaqueoussamplesduring the

experimend to measure concentration variationsC.

In these experimentshe model domain was composed of three zotmesmain mixing
domain the source zone, and the two head reservoirs to set the boundary condBadn®f
these zones was packed with test sands with known permealaihtieporositiegTable 3.1).
The source zone and two verticada reservoirs were packed with #8 safde sand of the
main domain waselected a#40/50based on the results of the small tank experimdriie
source zone with 53.34 cm7.62 cmx 7.7 cm (Lx H x W) dimensions was placed on top of the
main mixing domain to simulate the flow of dissolved G@hat was trapped by capillary forces
under the caprockn heterogeneous experimeritetiow-permeability layer composed of sahd
#110sand was inserted in the middle of the main mixing domaieach experimenthe tank

was wetpacked with the surrogate bringegtel).

7.4.1. SourceCreation

The rectangular source was created using porous tubes that allowed for the even
distribution of the sourcelhe two 50 cm long porous tubes were placed in the middle of the
7.62 cm thick source zone in order toimic the spreading of dissolved G@apped under the
caprock. he source injection was achieved in two stages. In the first sk&femlfood dyed
NaBr solution having 15.38 g/l concentration was injected into the saoreewith10 ml/min
flow rate using a Harvard Apparatus syringe pumprder to fill the source zone in a shorter

time frame without forcing the generation of densitiven fingers Then, the additional2® ml
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NaBr solutionwas injected with 1 ml/min éw rateto keep the source zone full without applying

excessive pressute trigger the fingers

7.4.2. Setup ofHomogeneoud.arge Tank Experiment

Two homogeneous experiments were conducted Wélydal ofinvestigatingthe effects
of porescale heterogeneity drpacking imperfections on densityiven flow andalso creatinga
base case scenario to be comparable with the heterogepecksig experiment. The
experimentsKigure3.8) were performedinder the same boundary conditions,i@itonditions,
and source injection schemgll sides of the tank were closed representingflaow boundary
conditions.After the first experiment, the NaBr solution was completely flushed away from the
tank andthe second experiment was conducted uirgsamesandpacking.Thedissolved fluid
was tracked for 4 daytbroughthe aqueousampésandthedigital imagestakenfrom both front
and back wall®f the tank The details of this experiment can be found in Vatia®sson Thesis

(2014).

7.4.3. Setup ofHeterogeneoud.arge Tank Experiment

The heterogeneougporous medium experiment was designed to investigate the
contribution of convective mixing, diffusion controlled trapping, and back diffusion to the long
term storage of dissolved GGn multilayered systms with heterogeneous lowermeability
layers having vertical connectivityA continuous 9.525 cm thick lepermeability layer was
placedin the middle of the main mixing domain packed with #40/50 skigiife 3.9 in chapter
3.3.12) with respect tothe homogeneous experimentéccording to Neuzil (1994), he
permeability of clays and shales varies by orders of magnitude depending @articke

deposition environmentand the presence of fault, fracture or fissure (Shi, 200b)this
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experiment, silt and #110 sand were used to pack thepdéomeability layer. These materials
provided few orders of magnitude variation in the permeability. The heterogeneity lowthe
permeability layer wasreated to achieve vertical connectivitgtlveen two aquifers. The
relative volumetric proportions of silt (in blue color) and #110 sand (in red color) wet®-0ne
one(1:1). These lowpermeability materials were distributed in @2vertical rectangular array

of 128 (x) by 5 (z) cells with 1.908m x 1.905 cm dimensions. Sequential Indicator Simulator
(SIS) algorithm from the geostatistical library GSLIB (Deutsch and Journel, 1998) was used to
generate 10 realizations in Stanford Geostatistical Modeling Software (SGeMS). In order to
investigate tb behavior of dissolved mass in relatively higher permeability connected pathways
present in lowpermeability layers, the source long horizontal (50 cm) and medium vertical (3.81
cm) correlation lengths were chosen. The realization that honored thematgel ratios (50%

sand and 50% silt) and showad adequate #110 sand connectivity hdizection was selected

(Figure7.1) to be studied in the large tank experiment.

Besides, lte geometry and the sands$ the vertical two had reservoirs and the source
zone were same with the homogeneous experimé&hts.same source injection scheme was
applied with the homogeneous media experimente background hydraulic gradient (i =
0.0008, analogues value to Gulf Coast from Hubbe&3)9as applied to both of the aquifers
(1* period) unlike the homogeneous caseBere there was no background water floviter 8
days, the background water flow was stopped in order to understandle of vertical #110
sand connectivity under the staconditions(2™ period) The second background water flow
(i=0.004, analogues value to Great Plains from Hubbert, 1888pventinitiated on 18 day
(3 period) At this time, he higher hydraulic gradient was applied to flush away the mass in the

aquifer in order to estimate the percentage of stored mass in #pefaveability materials.
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7.5. Experimental Results

The results of themall tank sand selection experiments andl#nge tank densitgriven

flow experiments are presented in the following chapter.

7.5.1. Small Tank Experiments for Sand Selection

Five sands having different permeabilities were tested in the small tank using the new
surrogate fluid combination. The goal of this experimental stuay/to select the mosuitable
sand that allowed to improve the fundamental understanding on the convection dominant

processes i.e., onset of fingering and spreading of the fingertemediatescale

From higher permeability #30 sand to lower permeability #70 sand, the transport
characteristics of the injected NaBr solution were changed. The spreading of the dissolved mass
in #50/70, #50, and #70 sandsdure 7.3c, Figure 7.3d, andFigure 7.3e) was diffusive. The
fingers generatedfter the release of the sourget merged with time. The graph kgure7.4
shows that especially fol58 and #70 sand experiments, the migration of the dissolvedwaass
very slow. On the other hand, the faster spreading was observed in #30 sand expEiguent (

7.3a). The fingers reached to the bottom of the tank less thamdous Figure7.4).

In #40/50 sand, the number of developed fingers and the spreading of the fingers in a
porous medium with time were reasonabl®ugh for observation of the significant processes
(Figure 7.3b and Figure 7.4). Thus, #40/50 sand was selected to be used in the large tank

experiments.

7.5.2. Results of Homogeneous Experiments

The two homogeneous experiments were conducted using the same sand packing to

investigate the féects of porescale heterogeneity and packing imperfections on dedsitgn
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flow. The digital images periodically taken from the front wall of the tank shownguare 7.5
compares the evolutioof the fingers in both of the gxerimentsAfter the release of the source,
heterogeneity at the sand transition and {smade heterogeneity triggered the denditiyen

fingers in an hour. The fingers reached to the bottom of the tank in two days and started to pool.
The pooling stoppthe convective flux and led merging of the fingers. Thus, the dissolved mass

concentrations started to get homogenized in the tank.

= Smin
——— 30 min
— 2hr
- 6hr
12 hr

(b)

- 1hr
——— 6hr
—— 12hr

- 18hr

1day
2 days

(d)

— 12hr
-~ 1lday
3.5 days
5 days

(e)

Figure7.3: Results of the small tankrsé selection experiment&) #30, (b) #8/50, (c) #5070,

(d) #60, and (e) #0.
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Figure7.4: Finger tip location versus time graph.

Figure7.6 highlights the differences in spreading olveeron the front and back walls at
37" hour for both of the experiments. This was a result-Bf Bature of the fingers that cannot
be fully characterized through visual observations from the walls. This tank has enough thickness
(7.7 cm) for the D fingers to develop without moving towards the walls to be visible through
the plexiglas. This phenomenon was not observed in the small tank experiments due to relatively
small thickness of the tank (2.54 cm). The types of fingers generated in this tank algredn
in detail in the heterogeneous experiment section during the comparison of the results from the

two types of experiments.

The porescale heterogeneities and packing imperfections resulted in different spreading
patterns of the dissolved mass inglexperimentgshown inFigure 7.5 and Figure 7.6). The
aqueous samples taken during these experiments were analyzed to determine the spatial moments

of the plume. The analysis of center of mass in Hoérection inFigure 7.7a shows that the
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migration of dissolved mass in the second experiment was faster than the first experiment under
the same source injection scheme. In tkdir&ction, the spreading from the center of mass i
similar for both of the experiments$-igure 7.7c); however, the dissolved mass in the first
experiment moved towards the right side of the tank while the second one moved through the left

(Figure7.7b).

Figure7.5: Spreading of densitgriven fingers from the frontwall for experiment 1 and 2 &)

4 hours (b) 12 hours (c) 24 hours(d) 60, and (e) 96ours aftethe sourceelease
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Figure7.6: Comparisorof spreading in front and back walté the tank aB7 hours after
injectiort Experiment #1 (a)rdnt walland (b) lack wall and Experiment #2 (c) front wall and

(d) back wall.

7.5.3. Results of Heterogeneaosi Experiment

The fractures and/or the deposition environment of the particles present in clay and shale
layers cause heterogeneity (Neuzil, 1994), which has a considerable influence on the flow

dynamics (Shi, 2005). This experiment was conducted with daeajf investigatinghe role of
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the vertical connectivity present in the lp&rmeability layer on mixing anildng-term storage

of dissolved CQ@in multilayered systemdJnlike in the homogeneous experiments, a very slow
background hydraulic gradient wasaintained to bestapture feld-scale phenomena with
reasonable accuracy. The source was created using the same injection scheme as of the
homogeneous experiments. This experiment was completed in three periods that include: (1) the
initial slow backgroud water flow and source injection, (2) no background water flow, and (3)

relatively higher background water flow.
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The results ofthe first 4 days were compared with the homogeneous experin@nts
analyze the effects of the lepermeability layer orspreading of the dissolved ma3$e onset
time of the densitgriven fingersand te spreading in-irection(second momentyeresimilar
to the homogeneous casas the initial times(Figure 7.7¢). In 12 hours, the dissolved s®m
reached the lovpermeability layer and started to pobigure7.10). The fingers got merged at
the high and lowpermeability layer transitionThis low-permeability layedimited the vertical
flow whereas enhanced the latespleading feen inFigure7.7a andFigure7.7c). Due to slow
diffusion rates into the loypermeability layer, the center of mass Hdieection did not move
muchuntil the onset of convection in thewer layer. In addition, the fresh water leakage into

the upper aquifer contributed to the lateral spreadtgu(e?.7c).

The same type of densitriven fingers vas observedas inthe homogeneous media
experimers. The distributio of dissolved mass at 12 and 24 hotigre 7.8a andFigure7.8Db,
respectively) vas analyzed to identify these fingeas threelocations. In the first locatiomo
fingerswere observedhroughthe front and back walls of the tarfkigure 7.8a). However, the
fluid samples taken from the middle of the tank showegations inNaBr concentrations with
depthas seen irFigure 7.9a. Thiswas aconsequere of thefinger not visible through the tank
walls. In the second location iRigure 7.8a, the red color was observed on the front wall as a
proof of the concentrations higher than zero, whereas no color variation was seerbackthe
wall. The concentratigmeasured the middle of the tank identified the finger that spread from
the front wall through the middle of the ta(fkigure7.9a). The third location showed one large
finger that covered thetal thickness of the tank. On the front apackwalls, some portion of
the finger was observed, atite higher NaBrconcentrations measured in the middle of the tank

(Figure 7.9a) indicatedits size.The resits at24 hours(Figure7.8b andFigure 7.9b) illustrated
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the merging and pooling of these fingers. The dissolved mass concentetiooationsclose
to the source zone decreased due to depletion of the mass, and thebdngleatrations were

observed either in the middle or bottom of the tank.

Back Wall Front Wall

Figure7.8: Three different fingering observed in the tank. The digital images taken from front

and back walls of the tarshowing he spreading at (a) hour and (b) 2% hour.
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The same constant head boundary conditions were applied to both aquifers. However, the
slightly higher pressures (1 mm difference) measured in the lower aquifer contributed to leakage
of fresh water into theipper one. Under the selected boundary conditions, the fresh water
leakage limited the diffusion of dissolved mass into the p@nmeability layer at some locations
(Figure 7.10) and prevented the flow of dissolved mass througinected pathways of #110
sand into the lower aquifer. This mechanism that was introduced as reversed convection

contributed to the mixing of dissolved mass with fresh water.

In the storage formation, the fractures and/or the distribution of the panctgts
contribute to the leakage through confining layers. In addition, the injection gaCRigher
pressures might trigger the leakage of brine. For some of the formations, the water/brine flow
created through shales is comparable to that in the saed@tieuzil, 1986). For example, in the
Frio formation of the Texas Gulf Coast basin, the calculated permeability of the shale fractures
are similar with that of the Frio sandstones so that these shale provided flow comparable to the

sandstones (Capuan®aB).

The fresh water leakage observed in this experiment limited the vertical spreading of the
dissolved mass through vertical connected pathways of #110 sand whereas it enhanced the lateral
spreading, and contributed to the diffusion into silt zonesti@nother hand, under the static
conditions, the denser mass flowed along the connected #110 sand pathways into the lower
aquifer by replacing with the fresh water as seerffrigure 7.11, and eventually convective
mixing in the gcond aquifer was observed orfh]d’ay Figure7.11). The higher permeability
connected pathways of #110 sand contributed to the fingering at two locations in the lower
aquifer. The replacement of dissolved mass in the uppereaqith fresh water in the lower

aquifer triggered the third convective mixing mechanism in the upper layer. These processes
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enhanced (1) the diffusion area between dissolved mass and silt zones for the storage in silt
zones, (2) the contact area betwemssalved mass and the host rock for potential mineralization,

and (3) the storage of dissolved mass in the deeper parts of the formation.
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Figure7.9: The crosssection from the side wall showing thitigpes of fingering observed in the
tank at the location specified Figure7.8 at 12" hour (a), and merging of the fingers at the same

locations at 24 hour (b).
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- “mE

Figure7.10: Evolution of the densitgriven fingers in the heterogeneous experiment.

The background hydraulic gradients was started again Brddg in order to flush the
mass in the aquifers and estimate the amount stored mass in the silt zonegh&h#dw rate
was applied to flush away the mass in a shorter time. Following the initiation of the flow, fresh
water in the lower aquifer began to leak into the upper aquifer. This fresh water flow through
#110 sand reversed the concentration gradietwden the silt zones and #110 sand, and led to
the back diffusion of more mass from the higher concentration silt zones. In this experiment, due
to clogging of the outlet valves in the upper aquifer, the flow rates gradually declined with time
as seen irigure7.13b. The increased the pressures in the upper aquifer forced fluid to leak into
the lower aquifer through the connected pathways of #110 sand. The flow rate of the lower
aquifer increased due to this leakage. During #eisd background water flow period, the

aqueous outflow samples collected from the upper and lower aquifers were used to plot
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breakthrough curves iRigure7.13a andFigure 7.13c, respectively. The NaBmoacentrations in

the upper aquifer created a tailing as a result of the back diffusion from the silt zones. The two
early peaks irFigure7.13c belong to the two fingers generated in this layer. The concentration
increase observeafter 24" day in Figure7.13c was a result of the mass leaked from the upper
aquifer. The tailing of the breakthrough curve was caused by the back diffusion from the silt
zones. By the end of the B8lay, the amount of dissolstemass stored in the lepermeability

layer was calculated as 12.50%dure7.14).

Figure7.11: Spreading of dissobd under the static conditions ahe bnset of convection ihe

lower aquiferfrom front and back walls
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In this experimental study, the effects of the verticmher permeabilityconnected
pathwaysin the lowpermeability layer on mixing and trappirgf the dissolved C®were
investigated Theresults of the expenent showed thahe heterogeneity of shale layers is very
important while investigating the behavior of dissolved,G© the storage formation. iE
vertical connecte@athways changed the flow characteristics of dissolved plliheecrosslow
occurredbetween theaquifersenhanced mixing by introducirtggo mechanisms g4) the fresh
water leakage from the lower aquifer which created reversed convection in the upper aquifer and
(2) replacement of the denser mass with the fresh water under static eenditichled to the
onset of convection in the lower aquiféhese pathways contributedttee storage of dissolved
mass bothn the deeperaquifersby generating convective fingeriragdin thesilt zonesdue to
increagng diffusion area However, in thdongterm these connected pathwagshanced the
back diffusion from the silt zones due to increase in concentration gratbewgtthe #110 sand
and silt contactThese results have significant implications for understanding the role of shale
heterogen¢y on flow and longterm storage of the dissolved @®owever, this finding was
limited to one experimentBased on this conceptualization of enhanced mixing due to
connectivity, anumerical modeling study was carried outirtgestigatethe mixing and stage
of dissolved mass in different distributions of silt and #110 sand with the same material ratios in

volume, and the results were compared with the pure silt packing.
7.6. Numerical Modeling

A singlephase, twecomponentanddensity and viscositgependenflow and transport
model (Agartan et al., 2015b) was used as a researchtadoétter understanthe role of the
heterogeneous lowermeability layers on mixing and lowgrm trapping of dissolved mass for

the different distributions of silt and #11(nska First, the heterogeneous medium experiment was
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simulated, and then the selected five realizations were studied. The details of the model

development are explained in chapter 4.2.

Figure7.12: The secod background flow initiated onitday. Flushing of the mass in the

aquifers from front and back walls.
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Figure7.13: Breakthrough curves and flow rate graphs of (a, b) upper aquifer and (c, d) lower
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Figure7.14: Mass remained in the tank with time.
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7.6.1. Numerical Simulations of the Heterogeneous Large Tank Experiment

The capability of the modelfor representing thexperimentallyobserved and recded
flow and transport processess testedn order to simulate the selected scenarios accurately.
The simulations were performed using sherogatdiuid combination(NaBr solution and water)
at the large tank scale wi2®3.84 cm x 121.92 cm x 7.7 cfb x H x W) internal dimensions
under the same flow and transport conditions with the experintenthe experiment, the
synthetic porous medium composed of four main zones including the main mixing domain
(#40/50) the source zong#8), the lowpermeabity layer, and the vertical columns to control
boundary conditiong#8) (seeFigure 3.9 in chapter 3.3.1)2 The lowpermeability layemwas
packed with#110 sand and silt. The physical characteristics of the sands used to ptkkthe
are listed inTable 3.1 in chapter 3.1.1An average permeability and porosity were assigned to
silt material as 18° m? and35% (Freeze and Cherry, 1979kspectively The permeability field
in the tank could be differeritom the previously measured values due to imperfections in the

packing.

The constant head boundary conditowere assigned to the left and right vertical
boundaries to simulate background hydraulic gradient (i=0,08@&ogues value to Gulf Coast
from Hubbert, 1953 The time dependent flux boundary condition was assigned to the 50 cm
long 1 cm thick zone in the middle of the source zone in order to capture the s@aten
accurately. The 560 mdf sourcefluid was injected with 10 ml/min flow rateand then in the
secondperiodthe 620 ml source wasjectedat 1ml/min rate. A 10% porosity fluctuation was
added into the materials to trigger the fingers and represent imperfections in the pAcking.
diffusion coefficient of1.6x10'° m%s was usedOostrom et al., 1992)An adaptive time

stepping was used in the numerical model withaximum time step of 1 hour. The simulations
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were carried outonsideringthree periodsas was simulatedn the experiment(1) the first
background flow and source icjeon for 8 days, (2) the static conditions for 11 days, and (3) the
second background floi=0.004 analogues value to Great Plains from Hubbert, 1958

days). Total tne of the experiment and models3b days.

7.6.2. Simulation Results of the Heterogeneoulsarge Tank Experiment

The results othe heterogeneous mediuaxperiment andhe simulationwere compared
for each period irFigure 7.15. The model accurately captured the movement of the center of
mass in x and z directions Wwitime {igure7.16a andFigure7.16b, respectively), the onset of
fingering and the migration of densitlyiven fingers Figure 7.16), the final distribution of the
mass in theank (igure 7.15a), and the spreading of the mass under static conditi®gsré
7.16a andFigure 7.16b). However, only one of the fingers generated in the lower aquifer was
simulated Figure7.15b). The reason of this can be the amount of dissolved mass accumulated
on each side of the fresh water leakélggure 7.15a), and this depends on the location of the
fingers generateftom the source zone. The model simulated larger fingers at the edges of the
source zonewhereas most of the fingers were generated in the middle of the source toae
experiment. The higher concentration massumulated under the source zajemeréed the
second finger in the lower aquifer in the experim@&iihen the second background flow started,
the experiment needed some time to reach the steady state. However, in the model, the steady
state flow was simulated simultaneously. This caused tHeralifces in the mass depletion
curves of the experiment and the model at initial timfiée oscillations in the flow rates of the
upper aquifer observed in the experiments cannot fully characterized in the numerical model.
After the second background flowhe majority of the mass was trappedhe silt zonedocated

in left, middle, and right sides of the lgwermeability layerin the experimentThe model
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captured thdocations of thetrappedmass(Figure 7.15). However, the moel calculated the
trapped mass ad0.43%6 whereas the results the experiment reported a2.90% (seeFigure
7.17). The relative error between the experiment and simulation is calculal&asrhe more
mass was flushed awaytine model as opposed to the experim&he initial flow ratesand the
flow rates in the upper aquifen the tank with respect the model can be ressainthis

difference.

0 0.5 1 15 2

Figure7.15. Comparison of thexperimental and modeling results at the end of each period. (a)
End of the first background flow™&lay, (b) the static conditions, “l@ay, and (c) the second

background flow, 38 day (units are in m)
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7.6.3. Tested Scenarios

As mentioned before, the heterogeneity of the-pmsmeability layers variedepending
on thefracture and/or the distribution of the particles. Based on this knowledge, the different
rancbmly distributed fields of silt and #110 sand having the samedaore material ratio were
simulated ader the similar flow and transport conditiowgh the heterogeneous experiment.
The realizationsn Figure 7.18 were createdisingthe same -D vertical rectangular array and
the sameSIS algorithmin SGeMSwith the realization used to pack tlosv-permeability layer in
the heterogeneous experimefithe correlation lengths and siéind#110 sand volume ratios of

theselected cses ar@resentedn Table7.1 andFigure7.18, respectively

Table7.1: Correlation lengtk and distributiorof the different realization&edcoloris for #110

sand, and blueoloris for silt.

Corre[fCorre
No|JLengt|Lengt Di stribution
[ m] [ m]
1 0.5| 0. 0
2 0. 5] 0. 0C ¢
3 0.1 0. 0 4
4 [ 0. 1] 0762 I
5 1. 0 | 0.100 N —

These realizations were selected to analyze the mixidgirapping of dissolved mass
under variable vertical and horizontal #110 sand connectivity. The first realizafi@abli@7.1 is
showing the packing of the lepermeability layer in the heterogeneous experiment. The second
realization had the same correlation lengths with the first diadlé 7.1) but there were less

#110 sand connectivity in vertical direction. In the third and fourth realizations, the more vertical
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connectivity was present in order tomadyze the effects of enhanced vertical #110 sand

connectivity and diffusion area of silt on mixing and storage. The last one had longer horizontal
that doubles the source zone length and smaller vertical correlation lengths, and limited vertical
connectity between the two aquifers. These realizations were selected to investigate the
behavior of the dissolved mass under different conditions, and the results of these simulations

were compared with the pure silt case.

100

m Silt
W #110Sand

Probability of Material Blocks [%]

1 2 3 4 5 6  Target

Realizations Histogram

Figure7.18: Probability of each material block for each case compared with the target histogram.

7.7. Modeling Results

The contributios of convective mixing, diffusion controlled trapping, and back diffusion
to the mixing and longterm trapping © dissolved masswere investigated for different
distributions of lowpermeability material with the samevolume ratios, and the results were
compared with the pureilts case.In all of the realizations including pure silt packing, the
densitydriven fingers were generated after the release of the source and the fingers got merged

at the sand and loywermeability layer transition. The spreading of the dissolved mass after
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merging of the fingers showed variability depending on the distribution of silt Ab@d #and.
The results after each period"(8ay, 19" day, and 3% day) for each realization and silt are

presented.

Thevertical connectivity in the lowpermeability layer enhandehe leakage of the fresh
water into the upper aquifétom the lower agifer as observed in the heterogeneous experiment
The more connectivity of #110 sand tine realizations #3 and #4 caused more fresh water
leakage Figure7.19d andFigure7.20a). The limited vertical amectivity inthe realizations #2
and #5 prevented the leakage of significant amounts of the fresh water and showed more
diffusive spreading ito the lowpermeability layerkigure7.19a andFigure7.20d, respectively).
In the pure silt packing casthe similar spreading behavior was observed with the realizations

#2 and #5Figure7.21a).

Under the static conditions, the fresh water leakage from the lower aquifer stopped in
realzations #3 and #4. The higher permeability connected pathways enhanced the generation of
the fingers in the lower aquifers and the diffusion area between dissolved mass and the silt zones.
During the movement of the dissolved mass into-p@smeability lger and the lower aquifer,
the fresh water replaced with it. For the realizations #3 and #4, the fresh water flow was mainly
seen on the left and right ends of the tankigure7.19e andFigure7.20b, respectively. On the
other hand, no fingers were generated in the lower aquifer in the realizatioRg#2 7.19%)
and #5 Figure 7.20e), and silt packingHigure 7.21b) due tolimited vertical connectivity
between the aquifers. The mass continued to diffuse into thepdoweability layer. In
realizations #2 and #5, the movement of the mass was faster with respect to silt packing due to

the presence of relatively higher permiégb#110 sand.
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Figure7.19: The results of redation #2 (a, b, ¢) and #8, e, f) at the end of each period: (a, d)

8th day, (b, e) 19th day, and (c, f) 35th day, respectively.

The background watelofv with higher rate as opposed to tiepkriod was initiated on
19" day. The flow created pressure gradient between two aquifers as observedipéehied,
and the leakage of fresh water into the upper aquifer started in the realizations #3 &ind #4.
dissolved mass in the domain was flushed away to estimate the storage in the silt zones. The
leakage mechanisms in the realizations #3 and #4 declined the concentrations in the #110 sand
zones, and this increased the concentration gradient frono sdnd. The irregularities in the
flow rates of the upper aquifer due to experimental limitations contributed to the leakage of more

fresh water. As a result, more mass was flushed away in these realizations. On the other hand,
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