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ABSTRACT 

Climate change due to CO2 build up in the atmosphere has been studied for many years. 

Carbon capture and storage (CCS) is a technology to reduce the atmospheric emissions of CO2 

produced from large point sources like power plants. The captured CO2 is deposited into the 

subsurface formation, such as deep saline aquifers, in the case of geologic sequestration of CO2. 

The earliest application of CO2 sequestration in subsurface formations was back to the early 

1970s in order to increase oil production. Environmental benefits of CO2 storage to reduce 

greenhouse gas emissions to the atmosphere have been considered since the 1980s and studied in 

detailed since the 1990s. In deep geologic formations, CO2 is trapped through a number of 

mechanisms including structural, capillary, dissolution, and mineral trapping to achieve secure 

and long-term storage which reduces the risk of leakage. The fundamental understanding of these 

mechanisms should be improved in order to develop strategies on the trapping in the target 

formation. Heterogeneity of the formation is another factor that plays a key role for the stable 

trapping at the injection and post-injection periods, and makes it challenging to understand the 

relative contribution of each mechanism to storage. The main goal of this study is to investigate 

the role of heterogeneity on the trapping of dissolved CO2 for the secure and long-term storage in 

the deep saline formations via well-controlled laboratory experiments and numerical modeling. 

The small and intermediate-scale laboratory experiments were performed using surrogate fluid 

combinations showing identical density characteristics with dissolved CO2 and brine under 

ambient pressure and temperature conditions. The more complex packing configurations and 

field-scale applications were simulated using the numerical model. The results of experimental 

and numerical modeling studies suggested that the contribution of convective mixing to the 

stable trapping of dissolved CO2 depends on the geometry, distribution, and hydraulic properties 
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of the geologic features in the formations. In multilayered systems, convective mixing and 

diffusion controlled trapping contribute to dissolution trapping; however the impact of each 

mechanisms depends on the permeability and thickness of the low-permeability layers. On the 

other hand, the intralayer heterogeneity present in low-permeability layers enhances mixing, and 

the long-term trapping in these layers depends on distribution of the materials. The 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 

CO2 in deep saline formations. 
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CHAPTER 1  

 INTRODUCTION  

 

 Carbon Capture and Storage 1.1.

Climate change due to CO2 build up in the atmosphere has been studied for many years 

(Nordbotten and Celia, 2011). Carbon capture and storage (CCS) has gained increasing 

importance in recent years to decrease carbon emissions in the atmosphere. The geologic 

sequestration of CO2 has been applied in deep subsurface formations to create stable conditions 

where CO2 becomes immobilized. The earliest application of CO2 sequestration in subsurface 

formations was back to the early 1970s in order to increase oil production (Benson and Cook, 

2005; Nordbotten and Celia, 2011). Environmental benefits of CO2 storage to reduce greenhouse 

gas emissions to the atmosphere have been considered since the 1980s and studied in detailed 

since the 1990s (Bachu et al., 1994; Benson and Cook, 2005; Gunter et al., 1993; Nordbotten and 

Celia, 2011).  

Fuel combustion and industrial wastes are the main sources of the atmospheric CO2 

emissions (Benson and Cook, 2005). CO2 captured at these sources is separated from the other 

gases and transported to the storage area (ocean and/or geologic formations) where it can be 

securely stored for a long time (Figure 1.1). In the ocean storage, CO2 can either be directly 

injected into the ocean or deposited on the seafloor. CO2 must be stored at the locations deeper 

than 3 km where CO2 is denser than sea water.   

At 73 atm pressure and 31.1ęC temperature, CO2 reaches to a critical point (Figure 1.2). 

For pressures and temperatures greater than the critical values, CO2 is at supercritical state 
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(scCO2) where it is denser than gaseous CO2 (Benson and Cook, 2005). In deep geologic 

formations, density of CO2 increases with depth due to decrease in volume under the effects of 

geothermal gradient from ground surface to greater depths (Figure 1.3). CO2 is supercritical at 

depths below 800 m. At supercritical state, CO2 is at more compressed form that allows for 

storage of the same amount of mass in a much smaller volume compared to gaseous CO2 as seen 

in Figure 1.3. 

 

Figure 1.1: Schematic diagram of CCS systems ï transport of CO2 and storage options (Metz et 

al., 2005). 

 

 

Figure 1.2: Phase diagram of CO2. 
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Figure 1.3: Variation of CO2 density with depth, assuming hydrostatic pressure and a geothermal 

gradient of 25°C/km from 15°C at the surface (Benson and Cook, 2005). 

 

There are three candidate formations for sequestration of CO2 in deep subsurface 

formations including depleted oil and gas reservoirs, unminable coal beds due to their greater 

depths, and saline aquifers (Figure 1.4) (Cook, 1999; Ennis-King and Paterson, 2003; Gallo et 

al., 2002; Qi et al., 2008; 2009; Stevens et al., 2001). These storage formations have to have 

several properties to provide a secure and successful trapping: (1) A seal rock is necessary to 

prevent vertical flow to the ground surface (Orr, 2009). Depleted oil and gas fields have caprocks 

to keep the oil and gas in the formation. However, saline formation and coal seams may not have 

a suitable seal for the storage of scCO2. (2) The storage formation has to be deep enough 

(>800m) to keep CO2 at supercritical state (Orr, 2009). (3) The formation has to have a large 

storage volume for sequestration of significant quantity of CO2. Deep saline formations have the 

largest capacity (~1000 - ~10000 Gt CO2) compared with depleted oil and gas fields (~675 - 

~900 Gt CO2) and unminable coal beds (~3 - ~200 Gt CO2) (Benson and Cook, 2005). (4) The 

formation has to be leak free. Areas with potential leak paths are not suitable. The large numbers 

of abandoned wells at the depleted oil and gas fields increases the leakage risk. In addition, fault 

and fracture zones are the potential leakage pathways (Gasda et al., 2004). (5) The permeability 
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of the formation should be large enough for the injection of CO2 at reasonable rates from the 

reasonable number of wells (Orr, 2009). Therefore, the deep saline formations with impervious 

caprock are one of the most suitable candidates due to their large potential storage volume, 

common occurrence, and storage security (Lu and Lichtner, 2007; Szulczewski et al., 2012).  

 

Figure 1.4: The candidate geologic formations for CO2 sequestration (Benson and Cook, 2005). 

 

The ongoing CO2 sequestration projects in all three formations can be seen in Figure 1.5. 

The Sleipner and In Salah are two of the ongoing CO2 sequestration projects applied in deep 

saline formations (Benson and Cook, 2005). The Sleipner Project is the first commercial-scale 

project operated by Statoil (Arts et al., 2004; Eiken et al., 2011; Torp and Gale, 2004). The 

geological storage of CO2 has been applied in the Utsira formation in the North Sea since 1996 

(Chadwick et al., 2009). The Utsira formation is composed of Tertiary aged sandstone and 

contains secondary thin shale layers affecting movement of injected scCO2 (Herrera et al., 2010; 

Nooner et al., 2007). The formation is located at 800 m below the seabed of the North Sea, and 
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the caprock is a flat thick shale (Korbol and Kaddour, 1995; Zweigel et al., 2004). Sandstone 

reservoir in the central Saharan region of Algeria is a gas reservoir and a good candidate for the 

storage of CO2 due to thick mudstone layer as an upper seal and its minimal structural 

uncertainty and risk. The In Salah Gas Project which is operated by Sonatrach, BP, and Statoil is 

the worldôs first large-scale CO2 storage project in a gas reservoir (Benson and Cook, 2005; 

Mathieson et al., 2011).  

 

Figure 1.5: Ongoing CO2 sequestration projects and their storage formations (Orr, 2009). 

 

 Motivation  and Goal of the Study 1.2.

CO2 sequestration has been applied to the numerous field sites (Figure 1.5). CO2 can be 

securely stored in the formation through several mechanisms including structural, capillary, 

dissolution, and mineral trapping. However, heterogeneity in the formation that plays a key role 

for the stable trapping at the injection and post-injection periods makes it challenging to 

understand the contribution of each mechanism to storage. The controlled field experiments 

cannot be conducted accurately due to poorly defined geology and boundary conditions of the 
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target formation. On the other hand, the laboratory experiments can be used to improve the 

fundamental understanding of the processes that are present at field conditions (Figure 1.6). The 

main goal of this dissertation is to investigate the role of heterogeneity on the trapping of 

dissolved CO2 for the secure and long-term storage in deep saline formations via well-controlled 

laboratory experiments and numerical modeling. 

 

Figure 1.6: Conceptual model showing the effects of heterogeneity on flow and storage of 

dissolved CO2. 

 

The motivation behind this study is to select surrogate fluid combinations that have 

identical density properties with dissolved CO2 and brine under ambient pressure and 

temperature conditions, to develop an experimental method in order to improve the fundamental 

understanding on the role of heterogeneity on trapping of dissolved CO2 at reservoir-scale, and to 

investigate the contribution of low-permeability layers on the flow and storage of dissolved CO2. 
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 Thesis Outline 1.3.

This dissertation is composed of nine chapters and one appendix. In Chapter 1, a general 

explanation of CO2 sequestration, description of the problem, and the motivation behind this 

study are presented. The literature review of the previous investigations, background on 

convective mixing and mass transfer processes, and hypotheses and corresponding research goals 

of this study are explained in Chapter 2. Experimental methods and procedures, and 

measurement methods are described in Chapter 3. The mathematical and numerical models are 

given in Chapter 4. From this study three peer-reviewed journal papers are expected to be 

published. These papers (see below) are 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 Chapter 9. The details on the image processing method are described in 

Appendix. 

¶ Paper I : Agartan, E., L. Trevisan, A. Cihan, J. Birkholzer, Q. Zhou, and T. H. 

Illangasekare (2015), Experimental Study on Effects of Geologic Heterogeneity in 

Enhancing Dissolution Trapping of Supercritical CO2, Water Resour. Res., doi: 

10.1002/2014WR015778 (published online).  

¶ Paper II: Agartan, E., A. Cihan, J. Birkholzer, Q. Zhou, and T.H. Illangasekare,  

(2015), Effects of Stratigraphy of Deep Layered Geologic Formations on Trapping of 

Dissolved CO2, Water Resour. Res., (in preparation). 

¶ Paper III : Agartan, E., A. Cihan, J. Birkholzer, Q. Zhou, and T. H. Illangasekare, 

(2015), Study of the Effects of Formation Heterogeneity in the Semi-Confining Shale 

Layers in Enhancing Mixing, Contributing to Dissolution Trapping of CO2, Water 

Resour. Res., (in preparation).  
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CHAPTER 2  

LITERATURE REVIEW AND BACKGROUND  

 

In this chapter, the previous investigations that are carried out on CO2 sequestration, mass 

transfer, density-driven flow, and back-diffusion are explained, and hypotheses formulated for 

this research and goals of the study are described.  

In the literature review and background section, first, major trapping mechanisms in deep 

saline formations are introduced. Then, the dissolution of capillary trapped scCO2 is explained, 

and the key studies in Non-Aqueous Phase Liquid (NAPL) dissolution literature are mentioned 

because there is a limited number of investigations in mass transfer of scCO2. The factors which 

influence the spreading of the dissolved CO2 in homogeneous and heterogeneous media and 

mixing processes are presented. Finally, the impacts of low permeability zones on persistence of 

diffused dissolved mass stored in these layers are mentioned by providing examples from NAPL 

literature because there has not been any study conducted on this subject in CO2 sequestration 

field. 

 CO2 Storage in Deep Saline Formations 2.1.

For CCS to be implemented as a technology to reduce CO2 emissions, the safe and 

successful storage of scCO2 in deep geologic formations is important. The four main 

mechanisms that immobilize the injected scCO2 in the target formation include structural and 

hydrodynamic, capillary, dissolution, and mineral trapping (Figure 2.1). The storage security 

increases from structural and hydrodynamic trapping to mineral trapping due to stable storage of 

CO2; however, the timing of processes increases in 2-3 orders of magnitude in years (Figure 2.2). 
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Figure 2.1: Trapping mechanisms (Suekane et al., 2006). 

 

 

Figure 2.2: Storage security (modified from Benson and Cook, 2005). 

 

2.1.1. Structural and Hydrodynamic Trapping  

When scCO2 is injected into deep saline formations, it starts to move under the effect of 

buoyancy forces because density of scCO2 is lighter than density of brine. When free phase 
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scCO2 reaches to the caprock, it is trapped under an impervious or low permeability caprock 

(structural/stratigraphical trapping), such as shale layer or salt beds (Figure 2.1). This is a 

physical trap (such as anticline and tilted fault block) to prevent the further upward movement of 

scCO2 (Figure 2.1).  

2.1.2. Capillary Trapping  

While free phase scCO2 is spreading, it is trapped in the pores by capillary forces. This 

process is called capillary trapping or residual trapping because the trapped scCO2 is at residual 

saturation. At residual saturation, blobs and ganglia of scCO2 snap off from the continuous phase 

and become immobile after imbibition of ambient brine. Residual saturation results from 

capillary forces, and 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 gradients (Mercer and Cohen, 1990). Any 

heterogeneity present in the formation also has an impact on the capillary trapping of scCO2 

(Chatzis et al., 1983).   

2.1.3. Dissolution Trapping 

Dissolution of capillary trapped scCO2 increases the storage security because after the 

dissolution, density of solution becomes greater than the density of formation brine (Figure 2.2) 

(Ennis-King and Paterson, 2003). The solubility of scCO2 in brine under several conditions were 

studied by Duan et al. (2006), Duan and Sun (2003) and Spycher et al. (2003). Duan et al. (2006) 

and Duan and Sun (2003) presented a solubility model for the calculation of the equilibrium 

concentrations of scCO2 in brine, which can be applicable to a wide range of temperatures (0 - 

260
o
C), pressures (0 - 200MPa), salinity (0 ï 4.5 M of salt), and a number of dissolved salts 
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(NaCl, KCl, Na2SO4, MgCl2, CaCl2, K2SO4 etc.). The data regression formula introduced by 

Spycher et al. (2003) can be used to calculate the solubility of water in CO2-rich phase for 12 ï 

110 
o
C range.  

The density of dissolved CO2 is 0.1-2% heavier than the density of formation brine 

(Figure 2.3) (Ennis-King and Paterson, 2003; Pruess and Zhang, 2008; Teng et al., 1997; 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 scCO2, and temperature and pressure of the medium (Andersen 

et al., 1992; Bachu and Adams, 2003; Garcia, 2001; Ohsumi et al., 1992). The denser solution on 

top of brine leads to the generation of gravitational instabilities in the system. The denser 

solution tends to sink into the deeper parts of the formation (Figure 2.1) by producing density-

driven fingers. This enhances convective mixing of dissolved CO2 in permeable homogeneous 

formations (Ennis-King and Paterson, 2003; Neufeld et al., 2010). In heterogeneous formations, 

the mixing mechanism depends on geology and hydraulic properties of the formation (Agartan et 

al., 2015a; Farajzadeh et al., 2011; Ranganathan et al., 2012).  

 

Figure 2.3: Aqueous phase density variation with dissolution of scCO2 (Garcia, 2001). 
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2.1.4. Mineral Trapping  

When dissolved CO2 reacts with the host rock, primary minerals dissolve, and secondary 

carbonate minerals form (Bachu 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 role in the CO2-rock 

interactions are (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 of the host rock which is a function of permeability and porosity of the host rock, the 

mineral specific surface area,  and the decomposition mechanism and rate (Zhang et al., 2012), 

(4) the mass fraction of reactive minerals in the host rock, and (5) the availability of water in 

permitting mineral decomposition and reaction of dissolved components with CO2. The reaction 

of dissolved CO2 with minerals can be rapid in the case of carbonate minerals, yet slow for 

silicate minerals (Bachu et al., 1994). The dissolution of minerals increases porosity of the 

carbonate aquifers more than the siliciclastic ones (Bacon et al., 2009; Xiao et al., 2009). On the 

other hand, more secondary mineral forms in the siliciclastic aquifers than the carbonate 

aquifers. Although porosity of the carbonate aquifers reaches the initial value after the 

precipitation, in the case of siliciclastic aquifers, the final porosity is smaller than the initial 

value. As a result, aquifers formed by siliciclastic rocks can be better candidates for mineral 

trapping compared to carbonate aquifers (Gunter et al., 2000). 

 Mass Transfer of scCO2 in Brine 2.2.

There is a limited number of studies on mass transfer of scCO2 into formation brine. 

MacMinn et al. (2011) numerically studied dissolution of scCO2 in homogeneous media, and 

identified three regimes (slow, fast and instantaneous saturations) depending on how quickly the 

brine that is beneath the plume becomes saturated with dissolved CO2. Farajzadeh et al. (2007) 
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investigated the mass transfer of CO2 into water and surfactant solutions using a 1-D column 

experiment. They found that density-driven convection enhances the mass transfer of CO2 into 

water at the early stages of the experiment. However, at later times, molecular diffusion became 

the dominant mass transfer mechanism. They reported that the addition of surfactant to water 

does not change the mass transfer rates. Gasda et al. (2011) studied the solubility trapping by 

using vertically averaged approaches with an upscaled representation of the dissolution-

convection process. They showed the effect of different modeling choices for large-scale 

geological systems. Li et al. (2013) numerically investigated the impacts of the shape of the van 

Genuchten- (S-shaped) and Brooks-Corey-type (convex) capillary-pressure models on 

dissolution of scCO2. They reported that the van Genuchten-type capillary-pressure model 

accelerates CO2 solubility trapping significantly compared with the Brooks-Corey-type model.  

In these studies, the effects of source zone entrapment architecture and the brine 

sweeping on the dissolution of scCO2 and the storage of dissolved CO2 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, the dissolution models were developed for the 

determination of the lumped mass transfer coefficient. In the next section, general background on 

mass transfer and the previous studies/models on mass transfer of NAPL in water are explained. 

2.2.1. General Background on Mass Transfer of NAPL in Water  

Many investigators have studied mass transfer of NAPL (Non-Aqueous Phase Liquids) 

for contamination problems. Results of these studies showed that NAPL dissolution rates depend 

on (1) aqueous phase velocity, (2) rate-limited mass transfer between phases, (3) physical by-

passing of the phase around contaminated region (due to low relative permeability of aqueous 

phase), (4) mixing of compounds, and (5) the porous media characteristics (Powers et al., 1991; 
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1992). To improve the understanding of mass transfer processes, the formation heterogeneity and 

NAPL phase distribution at the pore scale should be known (Miller et al., 1990).  

When groundwater flow velocity is slow relative to mass transfer rates between phases, 

the dissolution can be assumed to occur under equilibrium conditions. The local equilibrium 

assumption (LEA) assumes that concentration of water leaving a region of residual NAPL has a 

dissolved concentration of an organic phase at the solubility level (Saba, 1999). LEA produces a 

constant rate of NAPL removal until it completely disappears (Szlag, 1997). However, in reality, 

the removal rate has an asymptotical decrease to zero as the NAPL saturation is reduced due to 

non-uniform distribution of NAPL in heterogeneous aquifer, higher groundwater flow velocities, 

and lower NAPL saturations (Power et al., 1991; 1992). Thus, LEA always underestimates the 

cleanup time of NAPL as the rate of dissolution is over-predicted (Saba, 1999).  

The stagnant film theory is the conceptual model that describes mass transfer between 

two phases, where the NAPL phase to aqueous phase mass transfer occurs through a stagnant 

film adjacent to the interface. In the film, the concentration gradient has to be linear. Fickôs law 

is applied to determine the mass flux of NAPL to the aqueous phase (flux from film theory), J, in 

equation (1), where D is the diffusion coefficient in free liquid phase [L
2
/T], ŭ is the thickness of 

the assumed stagnant film [L], Cs is the solubility of NAPL in water [M/L
3
], C is the 

concentration of NAPL in the water phase [M/L
3
], and Ὧ is the mass transfer coefficient [L/T].  

( ) ( )s l s

dC D
J D C C k C C

dx d
=- =- - = -        (1) 

ŭ  cannot be measured, so a lumped mass transfer coefficient needs to be defined in the 

representative elementary volume (REV) scale (Pankow and Cherry, 1996). The flux in REV, ὐᶻ 

[M/L
3
T], is calculated using equation (2), where Kc is the lumped mass transfer coefficient. The 
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relation between pore-scale mass transfer coefficient, Ὧ, and the lumped mass transfer 

coefficient, ὑ [1/T], is given in equation (3), where ὃ  is the total NAPL-water surface area [L
2
] 

within the REV of volume ὠ [L
3
]. 

( )*

c sJ K C C= -            (2) 

n
c l

A
K k

V
=             (3) 

 The limitation of using this model is that the total interfacial contact area between NAPL 

and water, ὃ , in REV cannot be calculated, so the lumped mass transfer rate coefficient should 

be determined empirically. Phenomenological models known as Gilland-Sherwood models are 

used for the prediction of the mass transfer rate coefficients. 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 non-wetting phases, interfacial tension, 

gravitational acceleration, porosity, mean particle size, displacement pressure, residual water 

saturation, entrapped NAPL saturation, and diffusion coefficient. The dimensionless groups 

given in Table 2.1 provide a correlation between interphase mass transport and the Reynoldôs 

number, Peclet number, Schmidtôs number, and Sherwood number which specifically is a 

dimensionless form of the mass transfer coefficients. 

There are several Gilland-Sherwood correlations developed by different investigators, 

and each of them are valid under different conditions (Thibodeaux and Mackay, 2011) (Table 

2.2).  

Saba and Illangasekare (2000) showed that the correlations developed from one-

dimensional (1-D) experiments by Imhoff et al. (1993), Miller et al. (1990), and Powers et al. 



16 

 

(1992; 1994b) in Table 2.2 are not suitable for 2-D flow conditions, and thus they introduced a 

model for two-dimensional (2-D) systems (Table 2.2). Zhu and Sykes (2004) presented a 

pseudo-equilibrium approach to describe mass transfer using three simplistic screening models, 

which are simpler and easier to use than the complex correlation methods and applicable to field 

scale problems. Liu et al. (2014) carried out a theoretical and pore-scale simulation study to 

improve the understanding of mass transfer from DNAPL residuals and subsequent reactions at 

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

 

Table 2.1: Dimensionless groups of importance to NAPL entrapment and dissolution in porous 

media (after Saba, 1999). 

Reynoldôs Number ὙὩ
” Ὠ ή

‘
 

)ÎÅÒÔÉÁÌ &ÏÒÃÅÓ

6ÉÓÃÏÕÓ &ÏÒÃÅÓ
 

Schmidtôs Number Ὓὧ
‘

”Ὀ
 

6ÉÓÃÏÕÓ &ÏÒÃÅÓ

$ÉÆÆÕÓÉÖÅ &ÏÒÃÅÓ
 

Peclet Number ὖὩ ὙὩ  Ὓὧ 
!ÄÖÅÃÔÉÖÅ &ÏÒÃÅÓ

$ÉÆÆÕÓÉÖÅ &ÏÒÃÅÓ
 

Sherwood Number ὛὬ
Ὧ Ὠ

Ὀ
 

-ÁÓÓ 4ÒÁÎÓÐÏÒÔ

$ÉÆÆÕÓÉÖÅ &ÏÒÃÅÓ
 

Modified Sherwood 

Number 
ὛὬᴂ

ὑ Ὠ

Ὀ
 

-ÁÓÓ 4ÒÁÎÓÐÏÒÔ

$ÉÆÆÕÓÉÖÅ &ÏÒÃÅÓ
 

Saenton and Illangasekare (2007) successfully developed the upscaling method; however, 

it needs to be adapted to scCO2 dissolution. 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 coefficient (Thibodeaux and Mackay, 2011). They validated the 

method using the data from an intermediate scale tank experiment. This method allows for the 
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numerical simulations of mass transfer of NAPLs in heterogeneous source zones. The correlation 

for up-scaled mass transfer is given in equation (4), where ὛὬ is the up-scaled Sherwood number, 

„  is the variance of the ÌÎὑ field, Ўᾀ is the vertical dimensions of the simulation grid, ‗ is the 

vertical correlation length, and ὓ ȟ and ὓ ȟ
ᶻ  are the dimensionless second moment of the 

vertical saturation distribution. 

 

Table 2.2: Gilland-Sherwood type correlations for interphase mass transfer. 

System Correlation Range Reference 

1-D NAPL ὛὬ ρς ὙὩȢὛὧȢ 0.001<Re<0.1 
Miller et al. 

(1990) 

1-D NAPL ὛὬ υχȢχ ὙὩȢὨȢ ὟȢ  0.01<Re<1 
Powers et al. 

(1992) 

1-D NAPL ὛὬ στπ —ȢὙὩȢ Ὠ ὼϳ Ȣ  0.0012<Re<0.021 
Imhoff et al. 

(1994) 

1-D 

Naphthalene 

Spheres 
ὛὬ σφȢψ ὙὩȢ  0.001<Re<1 

Powers et al. 

(1994a) 

1-D NAPL ὛὬ τȢρσ ὙὩȢ Ȣ‏ ὟȢ — —ϳ  0.015<Re<0.23 
Power et al. 

(1994b) 

1-D NAPL 

Surfactant 
ὛὬ τȢχω ὙὩȢ—ȢὛὧȢ 0.0025<ɗn<0.045 

Imhoff et al. 

(1995) 

1-D NAPL ὛὬ ρρȢςς ὙὩȢ  0.1<Re<10 Szlag (1997) 

2-D NAPL 

Surfactant 

ὛὬ

πȢτχςχ ὙὩȢ ὛὧȢ
—

ρ —

Ȣ Ὠ

†ὒ

Ȣ

 
 Saba (1999) 

2-D NAPL ╢▐ Ȣ  ╡▄Ȣ ╢╬Ȣ
Ᵽ▪▀

Ⱳ╛

Ȣ

 0.0015<Re<0.01 

Saba and 

Illangasekare 

(2000) 

2-D NAPL ὛὬ σχȢρυ ὛȢὙὩȢ  0.018<Re<0.134 
Nambi and 

Powers (2003) 
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In CO2 sequestration literature, mass transfer from the complex source 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 investigate the mass transfer of scCO2. The major 

differences between NAPL and scCO2 mass 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 of CO2 sequestration challenge, the higher formation brine flow 

velocities are observed during the sweeping, which influences the saturation distribution and the 

dissolution rates of the capillary trapped scCO2 in homogeneous and heterogeneous porous 

media (Figure 2.4). The NAPL mass transfer models can be applicable to CO2 mass transfer.  

 

Figure 2.4: Conceptual model for the dissolution of scCO2 in formation brine. 

 

 Density-Driven Flow of Dissolved CO2 2.3.

After dissolution of scCO2, the denser solution triggers gravitational instabilities in the 

medium. This leads to the generation of density-driven convective fingering (Hassanzadeh et al., 

2005). In this section, convective mixing is explained in general. Then, its importance for CO2 

storage is mentioned for homogeneous and heterogeneous formations. 
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Density-driven convective flow occurs when the flow pattern is influenced by density 

differences in the fluid system. The density distribution is a function of time and space 

(Holzbecher, 1998). There are two types of convective movements including natural or free 

convection and forced convection. When convective movement occurs in a closed system having 

zero mean velocity and without any mass exchange with the outside, it is called natural or free 

convection. Forced convection occurs a result of external surface forces (Combarnous and 

Bories, 1975). Combination of free and forced convection is called mixed convection. Double-

diffusive fingering convection is another phenomenon that occurs in the fluid systems containing 

two components that influence local fluid density (Cooper et al., 1997). Double-diffusive 

convection has been studied in porous and fractured media. It is a significant process for the 

transport of fertilizers and solutes from the land surface and the migration of contaminants from 

landfills (Cooper et al., 1997). 

Large scale convection can be observed in the atmospheres, oceans, planetary, and earth 

mantle. Convection also occurs in aquifers, geothermal areas, and snow layers (Combarnous and 

Bories, 1975). According to Combarnous and Bories (1975), the homogenization of the whole 

fluid volume and a non-uniform in situ temperature distribution in hot and cold zones are the two 

main effects of convection in porous medium. Hot springs and high temperature geothermal 

areas lead to the formation of thermal convection. On the other hand, convective movement in 

snow occurs when the gradient of unstable air density becomes large enough. This convective 

movement also contributes to mass transfer of water through vaporization and condensation 

(Combarnous and Bories, 1975; Nield and Bejan, 2006). In addition, convection has been shown 

to arise after a tsunami like event due to infiltration of brackish seawater into the fresh water 

aquifers (Illangasekare et al., 2006; Vithanage et al., 2012), contaminant transport (Schincariol et 
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al., 1994, 1997) and heat convection in the saturated porous media, and flow of dissolved CO2 in 

brine in the deep saline formations (Ennis-King and Paterson, 2003). Convection is also 

observed in unsaturated and fractured zones (Glass, 1993).  

According to Holzbecher (1998), convection studies began with Benard in 1900. Benard 

worked experimentally on the steady state convection, studied the onset of convection for the 

box heated from the bottom, and observed rectangular and hexagonal shapes of the convection 

cells from the side and top, respectively (Holzbecher, 1998). Rayleigh (1916) improved Benardôs 

studies for convection in clear fluids and determined the critical conditions (Rayleigh Number, 

Ra) for the onset of convection. Horton and Rogers (1945) and Lapwood (1948) are the pioneers 

of thermally driven convection studies in porous media. They used the method developed by 

Rayleigh (1916) for clear fluids and formulated the dimensionless Rayleigh number seen in 

equation (5) associated with density-driven convective flow (Horton and Rogers, 1945; 

Lapwood, 1948). If Ra is greater than the critical value (Rac = 4ˊ
2
 = ~40), then mixing is 

dominated by convection (Horton and Rogers, 1945; Lapwood, 1948). If not, diffusive mixing is 

observed. In equation (5), k is the permeability [m
2
], ȹɟ is the density difference between the 

fluids [kg/m
3
], g is the gravitational acceleration [m/s

2
], H is the thickness of the layer [m], D is 

the diffusion coefficient [m
2
/s], µ is the viscosity of the background fluid [Pa.s], and Ø is the 

porosity of the medium [-].   

k gH
Ra

D

r

mf

D
=            (5) 

Elder (1967) studied the convective mixing in a box shaped vertical model for laminar 

fluid flow caused by a vertical temperature gradient. Voss and Souza (1987) modified the Elder 

problem into a variable density groundwater problem such that the fluid density is a function of 
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salt concentration. Due to diffusion of salt into fresh water, the density of water increases at the 

top boundary and it creates convective mixing driven by gravitational instabilities (Hassanzadeh 

et al., 2005). The Elder problem is a benchmark for the density-driven flow problems. 

The density-driven convection of dissolved CO2 in homogeneous media was examined in 

detail using theoretical, numerical, and analytical based approaches (Ennis-King and Paterson, 

2003, 2005, 2007; Farajzadeh et al., 2007, 2011; 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 limited (Backhaus et al., 

2011; Ennis-King and Paterson, 2003; Neufeld et al., 2010; Suekane et al., 2012). In several of 

these experimental investigations (Backhaus et al., 2011; Ennis-King and Paterson, 2003; 

Neufeld et al., 2010), surrogate fluids of scCO2 and formation brine that have similar density 

characteristics with scCO2-formation brine were used under ambient pressure and temperature 

conditions because it is difficult to create high pressures in the laboratory conditions that exist in 

the deep geologic formations (Suekane et al., 2006).  The past experimental studies mainly 

focused on the effects of fluid and formation parameters, the mass transfer rate, the onset of 

convective mixing, and the instabilities. The results of these investigations and the extrapolation 

of understanding of analogous processes in thermal convection show that convection is the 

dominant mixing mechanism in permeable homogeneous porous media. The onset of convection 

strongly depends on the porosity, permeability, and thickness of the medium, aspect ratio, and 

fluid properties, such as density difference between two fluids, salt concentration of brine and 

mass fraction of dissolved CO2 in brine. Studies on thermal convection in homogeneous media 

indicate that boundary conditions, aquifer slope, groundwater flow, and degree of heterogeneity 

are the other factors affecting the onset of convection (Beck, 1972; 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 Kuznetsov (2007), and Simmons et al. (2010) for thermal convection, and 

theoretically and numerically by Prasad and Simmons (2003), Schincariol et al. (1994; 1997) and 

Simmons et al. (2001) for contaminant transport. Schincariol and Schwartz (1990) carried out 

experimental studies in layered and lenticular formations to determine the effects of salt 

concentrations and groundwater flow rates on density-driven flow characteristics to address 

problems in flow systems. For layered systems, they found that even small permeability contrasts 

between layers led to a dense plume to accumulate along the bedding interphases. Numerical 

studies, carried out by McKibbin and OôSullivan (1980) and McKibbin and Tyvand (1982) 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 

studies on the effect of heterogeneity on convective mixing and effective trapping of dissolved 

CO2. Farajzadeh et al. (2008) experimentally investigated the importance of convection on mass 

transfer of gas CO2 for dual-layer systems. They also numerically studied the dual layered 

system with a low permeable layer on top of the high permeable one and vice versa. They found 

that for both of the layered cases, the flow is dominated by natural convection, and the reduction 

in vertical permeability reduces the effects of convective mixing. Kneafsey and Pruess (2010) 

determined the dependence of size and location of fingers on permeability variations. Using 

numerical simulations, Green and Ennis-King (2010) explored how the presence of 

discontinuous shale lenses accelerates the convection process and showed that the average 

breakthrough time of CO2 decreases with increasing length of shale lenses. Farajzadeh et al. 
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(2011) 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 scCO2 in brine and 

onset of convection. They quantify the degree of heterogeneity and continuity by means of 

statistical parameters. They reported three different spreading regimes depending on the degree 

of heterogeneity: fingering, dispersion and channeling.  

The existing studies mostly focus on the factors affecting the onset of convection in the 

homogeneous and heterogeneous media, and how mixing processes are influenced by the 

heterogeneity. However, in the purpose of CO2 sequestration, which is to store scCO2 in deep 

geologic formation securely for a long time,  the contribution of mixings processes to stable 

trapping of dissolved CO2 in the homogeneous and heterogeneous formations should be studied 

in detail. 

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

Role of low-permeability zones on mixing and storage in multilayered systems has been 

investigated for the applications in subsurface contamination and mixing of fresh and salt water 

(e.g. Chapman and Parker, 2005; Schincariol and Schwartz, 1994; Vithanage et al., 2012). When 

dissolved fluid reaches to the transition of medium/high-permeability and low-permeability 

zones, the dissolved fluid starts to pool and thus spreads laterally 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., 2015a; Schincariol and Schwartz,1990). 

The concentration gradient which drives diffusion between these zones (Fickôs Law for one-

dimensional diffusion in equation (1)) is higher in the beginning but it decreases with time due to 

dilution (lateral spreading) and diffusion into low-permeability layer. Thus, concentration of 
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low-permeability layer becomes greater than the concentration of the medium/high-permeability 

layer, where back diffusion starts. Back diffusion is the solute mass transfer from the lower 

permeability zones back to the higher permeability zones due to the reversal of the concentration 

gradient. This has been mostly addressed in the subsurface contaminant transport and tsunami 

studies because the solute diffusing into low-permeability layers behaves like a continuous 

source of contamination due to slow diffusion rates (e.g. Chapman and Parker, 2005; Chapman 

et al., 2012; Parker et al., 2004; Wilking et al., 2012). The remediation of it might be very 

challenging.  

Parker et al. (2008) emphasized the storage capacity of these low-permeability layers. 

They showed through 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. Tsunami-like events also cause gravitational 

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 salt water through diffusion, which influences the 

timescales of aquifer contamination and corresponding remediation processes (Illangasekare et 

al., 2006). Salt 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 carried 

out to determine the flushing time of salt water from the fresh water aquifers after a tsunami 

event (Vithanage et al., 2012). 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 on the time of recovery, and the 
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continuous low permeability layer increased the total flush-out time by 40% due to slow flow of 

salt water in that layer (Vithanage et al., 2012). This emphasizes the storage capacity of the low 

permeability layers.  

As applied to CO2 sequestration, the convection in dual-layer systems with a low 

permeable layer on top of a high permeable layer and vice versa was studied using numerical 

models (Farajzadeh et al., 2008). The 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. However, the influence of intralayer heterogeneity preset in low-

permeability zones on flow and storage of dissolved fluid (Figure 2.5) has not been addressed in 

detail in any of the fields. 

 

Figure 2.5: Conceptual model for the spreading of dissolved CO2 in (a) homogeneous and (b-d) 

layered porous media, (c) the generation of convective fingering in lower aquifer, and (d) the 

back-diffusion from low permeability layer. 
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 Testing Hypotheses 2.5.

The following hypotheses have been formulated to drive this research: 

Hypothesis 1: The contribution of convective mixing to the stable trapping of dissolved 

CO2 depends on the geometry, distribution, and hydraulic properties of the geologic features in 

the formations (Figure 1.6). 

Hypothesis 2: Convective mixing and diffusion controlled trapping are two processes 

that contribute to the dissolution trapping in multilayered formations with low-permeability 

zones. The relative contribution of each process depends on permeability and thickness of these 

zones (Figure 2.5a-b).   

Hypothesis 3: Multilayered systems with heterogeneous low-permeability zones 

introduce convective mixing and diffusion controlled trapping as in the first two cases. In 

addition to that, these intralayer confinements produce leakage mechanisms and this also 

contributes to mixing (Figure 2.5a-d).  

 Research Goals and Specific Objectives 2.6.

The objectives and scope of this project have been developed in order to fill the 

knowledge gaps mentioned on the dissolution trapping of CO2 in deep geologic formations in the 

previous section. In the experimental analyses, the small and large test systems referred to as 

ñsmall-scale and intermediate-scaleò have been used to perform well-controlled laboratory 

experiments to improve the understanding of the important transport mechanisms. Both small-

scale and intermediate-scale experiments were modeled to relate bench-scale phenomena and 

field-scale applications.    

Objectives of the papers are: 
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a. Paper I: To investigate the role of mixing on the trapping of dissolved CO2 using 

homogeneous and heterogeneous porous media laboratory experiments under ambient 

pressure and temperature conditions (in press). 

b. Paper II: To evaluate the validity of the experimental findings in Paper I for the field-scale 

settings using numerical modeling focusing on the influence of different permeabilities and 

thicknesses of low-permeability layers on flow and trapping of dissolved CO2 (in 

preparation). 

c. Paper III: To investigate the effects of intralayer heterogeneity present in low-permeability 

layers on mixing and trapping of dissolved CO2 using an intermediate-scale experiment and 

simulate the influences of different spatial distributions of low-permeability materials on 

mixing and total storage (in preparation).  
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CHAPTER 3  

EXPERIMENTAL METHODS AND PROCEDURES  

 

 Introduction  3.1.

The materials, measurement methods, and setup of the experiments are described in this 

chapter. First, the materials including sands and fluids are explained. Then, the image processing, 

ion chromatography, gas chromatography, and x-ray attenuation methods are introduced. Finally, 

the small and large tank experimental setup are described for density-driven flow and mass 

transfer studies. 

3.1.1. Sands 

The test sands, gathered from UNIMIN and Wedron Corporations, were used in a set of 

small and large tank experiments. Two types of sands were used in the experiments as Granusil 

and Accusands. Grains of Granusil (#20/30, #50w, and #110) have an angular shape and well-

sorted, whereas Accusands (#12/20, #30/40, #40/50, and #50/70) has well-rounded and poorly-

sorted grains. The properties of the sands including porosity, hydraulic conductivity, and mean 

grain size (d50) are listed in Table 3.1. Silt and clay were also used in some of the experiments to 

create confined conditions.  

3.1.2. Fluids 

Laboratory investigations of CO2 fluid behavior at post-injection period are challenging 

due to difficulties in recreating the high pressures and temperatures that exist in the deep 

geological formations (Suekane et al., 2006; 2009). Laboratory studies on dissolved CO2 flow 
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can be conducted under ambient pressure and temperature conditions using surrogate fluids 

having similar density characteristics as dissolved CO2 and brine under reservoir conditions 

(Cinar et al., 2007; Wang et al, 2010). In this experimental study, four different surrogate fluid 

combinations listed in Table 3.2 were used. For the small tank density-driven flow experiments, 

two different fluid combinations were tested in a sandy medium (Figure 3.6) that include (a) 

methanol/ethylene glycol mixture (MEG) in water (Neufeld et al., 2010) and (b) water in 

propylene glycol (PG) (Backhaus et al., 2011). The comparison of the densities of the candidate 

fluid combinations, and scCO2 and formation brine before and after dissolution are given in 

Table 3.2 and Figure 3.1, respectively. For both of the fluid pairs, 10% red food dye by volume 

was added into scCO2 representative 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 presented in Paper I in chapter 5.5.1.  

 

Table 3.1: The physical characteristics of the sands used (Sakaki et al., 2007). 

Sand No. Sand Type Porosity [-] Hydraulic Conductivity [cm/s]  d50 [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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Table 3.2: Density ratios of scCO2-formation brine and tested fluid combinations. 

Experiments Fluid Combinations Fluids 
Density 

(g/cm
3
) 

Solubility 

(g/kg) 

- 

Supercritical CO2 in 

Formation Brine 

(Nordbotten et al., 2005) 

scCO2 
0.2660-

0.7330 
~55.34 

Brine 
0.9450-

1.2300 

(a) Small Tank 

Density-driven Flow 

Methanol/Ethylene 

Glycol (MEG) in Water 

(Neufeld et al., 2010) 

MEG + Food 

Dye 
0.9670 

Miscible 

Water 0.9970 

(b) Small Tank 

Density-driven Flow 

Water in Propylene 

Glycol 

(Backhaus et al., 2011) 

Water + Food 

Dye 
0.9970 

Miscible 
Propylene 

Glycol 
1.0340 

(c) Large Tank 

Density-driven Flow 

/Diffusion 

NaBr Solution in Water 

NaBr 

Solution 
1.007.6 ~943.2 

(20ęC) 
Water 0.9970 

(d) Small Tank 

Mass Transfer 
Hexanol in Water 

Hexanol + 

Sudan IV 
0.8140 ~5.9 

(20ęC) 
Water 0.997 

For the large tank density-driven flow experiments, a different fluid combination ((c) in 

Table 3.2) was used to do more quantitative analyses. For this study, scCO2 was assumed to be 

dissolved in the formation brine. To represent dissolved CO2, known concentration aqueous 

NaBr solution was prepared. The concentration of NaBr was determined to provide the same 

density difference with dissolved CO2 and brine at the solubility limit which is 10.6 kg/m
3
 under 

reservoir pressure (~9 MPa) and temperature (~36ęC) conditions (Figure 3.1). As in previous 

experimental study, 10% red food dye by volume was added into the NaBr solution. The denser 

food dyed NaBr solution was injected into the source zone to mimic the onset of density-driven 

fingering and flow of dissolved CO2. Details of the fluid selection study are explained in Paper 

III in chapter 7.3.1.2.  
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Figure 3.1: Variation of density of formation brine, PG solutions and water solutions with mass 

fraction of CO2, water and MEG, respectively. 

 

 Hexanol and water fluid combination ((d) in Table 3.2) was used in the small tank mass 

transfer experiments. Hexanol was for scCO2, and water was for formation brine. Hexanol is 

lighter than water like scCO2 and brine. The solubility limit of hexanol in water allowed to 

mimic dissolution of less dense scCO2 in brine in laboratory pressure and temperature 

conditions. To observe dissolution of hexanol in water in the porous medium visually, Sudan IV 

powder was added. To determine the depletion of hexanol saturations with dissolution, 10% 

iodoheptane by weight was added into Sudan IV dyed hexanol to separate hexanol attenuation 

from water using x-ray attenuation method.  
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 Measurement Methods  3.2.

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

gas chromatography, and x-ray attenuation method are explained in the next section.  

3.2.1. Image Processing Method 

In the small tank density-driven flow experiments, propylene glycol (PG) and water were 

used as surrogates of brine and scCO2, respectively. In order to determine the dissolved water 

concentrations inside the tank, different methods were tested including gas chromatography, 

mass spectrometry, refraction index etc. However, none of these methods was able to measure 

dissolved water concentrations due to specific chemical properties of propylene glycol and low 

concentrations of water. Therefore, an image processing method was developed for the 

determination of concentration distribution inside the tank from the periodically taking digital 

images. The image processing method was carried out for the five sands (#50w, #50/70, #40/50. 

#30/40, and #12/20) that were used in the homogeneous and heterogeneous media small tank 

density-driven flow experiments. The sands were packed in a layered system for variable 

background concentrations of dissolved water in propylene glycol as seen in Figure 3.2.  

(a) (b) (c)   

(d)  (e)  

Figure 3.2: Five different sands having (a) 47.98 kg/m
3
, (b) 23.99 kg/m

3
, (c) 4.798 kg/m

3
, (d) 

2.399 kg/m
3
, and (e) 0.4798 kg/m

3
 dissolved water concentrations. 
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The digital images taken for each concentration were analyzed based on RGB (Red-

Green-Blue) 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 concentration as seen in Figure 3.3 was formulized for 

each sand. By using the developed equation, the concentration distribution inside the tank for 

each experiment were determined. Details of the image processing methods is given in Appendix 

A. 

 

Figure 3.3: Concentration vs Green intensity graph for the sands. 

 

3.2.2. Ion Chromatography 

Ion chromatography (IC) is a type of liquid chromatography that quantifies concentrations 

of ions by using an ion exchange resin to separate different ions present within a sample. 

Chromatography is a separation technique where a sample containing various chemical 

compounds is injected instantaneously into a column, and the different compounds travel 

through the column at different rates based on their chemical properties. The Dionex DX-600 IC 

system in the Center for Experimental Study of Subsurface Environmental Processes (CESEP) 

laboratory has the capability of analyzing for both anions and cations, but is currently set up only 
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for anion analysis. In IC method, each anion that shows up at different times has a unique bell 

shaped curve (Figure 3.4). This method was used in the large tank density-driven flow 

experiments in order to determine the Br
-
 concentrations (Figure 3.4) for calculation of the NaBr 

concentrations of the unknown samples taken from the tank. In this method, the retention time of 

Br
-
 is ~6.8 minute, and the detection limit of Br

-
 is 0.1 mg/l. 

 

Figure 3.4: IC response for one of the standards: vertical axis represents conductivity in ɛS, 

while horizontal axis represents retention time in seconds. 

 

In order to calculate the unknown concentrations accurately, it is necessary to draw 

calibration graph using standards. Standards are the samples with known concentrations (Table 

3.3). When either height or area of the curve of the standards are correlated with their 

corresponding known concentrations, the relation between response (height/area) and the 

concentration is developed to calculate concentrations of the unknown samples. 

In Table 3.3, the retention time, height, and area of the known concentration standards are 

listed. There is a linear relationship between height/area and corresponding NaBr concentration 

as seen in Figure 3.5a and Figure 3.5b. However, the accuracy of the height measurements 
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decreases at higher concentrations (Figure 3.5a) because the curve might be trimmed 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 the Br
-
 curve and the NaBr concentration is 

seen in Figure 3.5b for the listed standards in Table 3.3. The concentrations of the samples taken 

from the large were calculated using this relationship.  

 

Table 3.3: IC response for the known concentration NaBr standards. 

NaBr 

Concentration [g/l] 

Retention 

Time [min]  

Height 

[µS] 

Area 

[µS×min] 

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 

 

 

Figure 3.5: IC calibration curve to calculate NaBr concentrations of unknown samples using (a) 

height and (b) area of the Br
-
 curve. 
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3.2.3. Gas Chromatography 

Gas chromatography (GC) equipped with flame ionized detector (FID) was used in the 

small tank mass transfer experiments to determine the dissolved hexanol concentrations in water. 

GC is one of the common methods used in analytical chemistry in order to separate and analyze 

compounds by vaporizing the samples without decomposition. For these analyses, FID was used 

because it is sensitive to wide range of organic compounds, concentrations, and hydrocarbons. 

Selection of carrier gases plays an important role for the detectors, and for different detectors, 

different carrier gases are needed. For GC with FID, ultra high purity helium, ultra high purity 

nitrogen, hydrogen, and zero air gases were used. As in IC method, each component produces a 

specific spectral peak at different times. The 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 x-ray attenuation method was used to determine the spatial and temporal distribution 

of hexanol saturations trapped in the source zone in the small tank mass transfer experiments. 

The x-ray attenuation method is based on Beer-Lambertôs law that describes the change in 

energy intensity for a beam of mono-energetic photons traveling through a material with linear 

attenuation coefficient Ŭ and thickness x : 

0

xI I e a-=             (6)  

 where I is the intensity of photons transmitted across the material, and I0 is the photon 

flux in the absence of a material or incident beam intensity (Trevisan, 2015). Volumetric 

fractions of any of the phases (hexanol) inside the tank are measured moving x-ray source and 
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photon detector simultaneously along the scanning grid. The interpolation of the data gives the 

distribution of the scanned phases (hexanol) in the tank.  

The hexanol saturations in the source zone were determined by following these steps:  

(1) The empty tank (I0) and tank filled with wetting phase (water) (I) were scanned in a 

row to obtain path length which is width of the tank.  

(2) The tank filled with wetting phase (I0) and wet-packed tank with the sands (I) were  

scanned to determine path length of the void spaces which is porosity of the sand. Interpolation 

of this data gives the porosity map of the sand inside the tank.  

(3) The wet-packed tank (I0) and porous medium with trapped hexanol (I) were scanned 

as a last step to calculate the path length of the hexanol which is hexanol saturation. Data was 

interpolated for determination of the saturation distributions in the source zone.  

 Small and Intermediate-Scale Tank Experiments 3.3.

From small-scale studies to field-scale applications, dimensionality of the flow 

characteristics changes as well as the complexity of the systems. The small and large test systems 

referred to as ñsmall-scale and intermediate-scaleò were used in this study to reproduce the deep 

geologic formations located at least 800 meters depth under ambient temperature and pressure 

conditions. Small-scale represents centimeter scale experiments, and intermediate-scale is for 1-

10 meter scale studies. The size of the test tank was chosen to best achieve the goal of each 

experiment.  

These controlled laboratory-scale experiments were performed under the selected 

boundary conditions, initial conditions, and permeability distributions (heterogeneity). This 

provided better understanding on the observed processes. This experimental study allowed us to 
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investigate the fundamentals of the field-scale processes/mechanisms in a smaller spatial-scale 

and in a shorter time-scale. For example, the onset of convective mixing can occur in 10 to 100 

years at post-injection period in the formation. However, the intermediate-scale large tank 

experiment to examine the similar process under controlled boundary and initial conditions can 

last for couple of months.  

Three experimental studies were performed to investigate density-driven flow in 

homogeneous and heterogeneous porous media and mass transfer of CO2 in formation brine. 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 were carried out to evaluate the effects of 

magnitude of homogeneous permeability and formation heterogeneity on density-driven flow 

and trapping. The key findings from the small-scale tank experiments were tested in the large 

tank for more complex packing configurations under background hydraulic gradient. The 

intermediate-scale experiments provided longer and deeper flow field that improved the 

understanding of the relationship between governing forces and plume migration and trapping.    

3.3.1.1. Small Tank Experiments  

The 2-D test tank was made of plexiglas and aluminum with 27.94 cm × 15.24 cm × 2.54 

cm (L×H×W) internal dimensions (Figure 3.6). The size of the tank allowed for the examination 

of different formation heterogeneities in shorter time periods. The plexiglas side of the tank 

allowed for the visual observation of the processes by periodically taking digital images (Figure 

3.7). The sampling ports drilled at the back of the tank (Figure 3.7) were used for the injection of 

dyed scCO2 representative fluid into the source zone (Figure 3.6).  
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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 domain where the sands were 

chosen depending on the goal of the experiment, the source zone (#12/20 sand) to mimic initial 

distribution of capillary trapped scCO2, the impervious caprock and bedrock (#110 sand) to 

create hydraulic barrier, and the two head reservoirs (gravel) to set the boundary conditions 

(Figure 3.6). Properties of the sands used to pack the each zone are listed in Table 3.1 in chapter 

3.1.1.  

 

Figure 3.6: 2-D homogeneous small tank experiment setup (units are in cm). 

 

 

Figure 3.7: The small tank showing the sampling ports at the back. 
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In all of the experiments, the tank was wet-packed with the surrogate brine (PG). In these 

experiments, no-flow boundary conditions were applied to left, right, and bottom boundaries. 

The upper boundary was at hydrostatic pressure. The source, surrogate scCO2, was assumed to 

be trapped in the source zone, and it was at residual saturation. In the small tank, three 

homogenous and four heterogeneous media density-driven flow experiments were performed 

using the same source injection/extraction scheme. Details of the experimental setup, the source 

injection scheme, the homogeneous and heterogeneous media experiments, and the findings are 

explained in Paper I in chapter 5. 

3.3.1.2. Large Tank Experiments 

Moving from small-scale to intermediate-scale allowed for the observation of (1) the 

plume migration and trapping in a longer and deeper flow field which is necessary for the 

density-driven flow studies, (2) the effects of multilayered formations with low-permeability 

zones on flow and transport processes compared to homogeneous formations, and (3) the 

influences of the slow background hydraulic gradient on flow and storage of the dissolved fluid. 

The intermediate-scale experiments were performed in the plexiglas tank with 243.84 cm x 

121.92 cm x 7.7 cm (L x H x W) internal dimensions as seen in Figure 3.8. Two homogeneous 

(Figure 3.8) and one heterogeneous (Figure 3.9) media experiments were carried out. The 

heterogeneous large tank experiments were designed to examine the effects of intralayer 

heterogeneity present in low-permeability zones on mixing and trapping of dissolved fluid with 

respect to homogeneous formations.  

The plexiglas material of the tank allowed for taking the periodical digital images from 

both front and back sides of the tank. This provided us to observe the effects of 7.7 cm thickness 

of the tank on density-driven fingering process because it was wide enough for the generation of 
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3-D fingers. At the back side of the tank, 448 sampling ports were drilled which allowed for 

sampling during the experiment to measure concentration variations. The sampling grid can be 

seen in Figure 3.10. As explained in the ñFluidsò chapter (3.2.2.), NaBr solution and water were 

used in these experiments. To create similar gravitational instabilities, NaBr solution was 

prepared to provide the same density difference (10.60 kg/m
3
) with CO2 and formation brine at 

equilibrium concentrations under reservoir pressure and temperature conditions. The NaBr 

solution was dyed 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 Ion 

Chromatography to determine the concentration distribution of NaBr. There were two 

homogenous 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, and the findings are 

explained in Paper III in chapter 7.  

 

Figure 3.8: Homogeneous large tank experimental setup (units are in cm). 
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Figure 3.9: Heterogeneous large tank experiment setup (units are in cm). 

 

 

Figure 3.10: Homogeneous large tank experimental setup showing the sampling grid. 
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3.3.2. Mass Transfers Experiments 

The third experimental research is a preliminary study for the mass transfer of CO2. It 

was performed to test the suitability of the surrogate fluid combination and the applicability of 

the analyses methods. Two mass transfer experiments were conducted to test (1) the surrogate 

fluid combination and the GC method to analyze dissolved concentrations, and (2) the efficiency 

of the x-ray attenuation method to determine saturation distribution inside the source zone. The 

mass transfer experiments were carried out in the same 2-D tank with 27.94 cm × 15.24 cm × 

2.54 cm (L×H×W) internal dimensions (Figure 3.6) that was used in the small tank density-

driven flow experiments.  

As mentioned in ñ3.1.2. Fluidsò chapter, these experiments were carried out by using a 

different fluid mixture (Sudan IV dyed hexanol as supercritical CO2 and water as brine). To 

increase the contact area between two fluids (hexanol and water), the vertical source zone was 

preferred as seen in Figure 3.11. In this experiment, a confined aquifer was simulated by packing 

upper and lower bounds of the tank with lower permeability #110 sand. The main domain was 

packed with #40/50 sand, and the source zone was composed of #12/20 sand. There was no 

background flow applied to the tank. To reach at residual saturation in the source zone, the same 

injection/extraction cycle was applied with the small tank density-driven flow experiments.  

In the second experiment, 0.2 ml/min background flow rate was applied to the tank, and 

the source zone with 7.62 cm × 2.54 cm × 2.54 cm (L×H×W) dimensions was located in the 

middle of the tank  (Figure 3.12). The gravel packs were placed to left and right of the tank as 

constant head boundaries. The source zone and main domain were packed with #30 and #70 

sands, respectively (Table 3.1). 10% iodoheptane (by weight) was added to Sudan IV dyed 

hexanol as a dopant to distinguish hexanol attenuations from water. The residual saturations were 
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achieved in the source zone by applying the same injection/extraction cycle with the previous 

small tank experiments. Details of the experimental setups, the source injection schemes, the 

experiments, and the results are explained in chapter 8. 

 

Figure 3.11: Soil packing configuration of small cell experiment with new test fluid mixture. 

 

 

Figure 3.12: Small tank packing configuration for mass transfer experiments. 
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CHAPTER 4  

THEORY AND  MODEL ING 

 

 Introduction  4.1.

In this chapter, the development of the numerical model is explained. The main goal of 

numerical modeling study is to evaluate the capability of the developed model to capture the 

processes and mechanisms observed in the experimental and also to test the experimental 

findings for more complex conditions, which cannot be tested due to limitations in the 

experimental configurations, and field-scale phenomena. For this study, 2-D vertical cross-

sectional numerical models were developed to simulate the density-driven small and large tank 

experiments and the field-scale applications. 

A finite volume method (FVM) based, single-phase, two-component, and density and 

viscosity-dependent flow and transport model was employed by Dr. Abdullah Cihan at Lawrence 

Berkeley National Laboratory (LBNL) for this study. The FVM is a special finite difference 

(FDM) formulation (Versteeg and Malalasekera, 1995), and it is a method for representing and 

evaluating partial differential equations in the form of algebraic equations (LeVeque, 2002). 

Similar to finite difference (FDM) and finite element (FEM) methods, the domain is discretized. 

Each node is surrounded by a control volume. The control volume integration distinguishes the 

FVM from all other computational fluid dynamics techniques. In the FVM, volume integrals in a 

partial differential equation that contain a divergence term are converted to surface integrals 

using the divergence theorem. Here are several advantages of the method: (1) The FVM provides 

local conservation of a fluid property for each control volume, and also global conservation for 
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the entire domain (Versteeg and Malalasekera, 1995). (2) This property decreases the mass 

balance errors compared to the FDM and FEM. (3) The FVM is also momentum and energy 

conservative method. (4) The basic control volume does not limit the cell shape. (5) According 

to Holzbecher (1998), the FVM converges much better compared to the FDM and FEM for 

density-driven flow problems. On the other hand, the FVM might causes false diffusion when the 

simple numerics are used. 

Besides the benefits of the FVM, one of the main advantages of this model is the 

flexibility . This model allows us to do any necessary changes, which makes it easier to deal with 

compared to multi-variable existing codes. It is also very straightforward as opposed to other 

software. In the last three years, the several different versions of this software has been improved 

to capture the significant flow and transport mechanisms observed in the experiments better.  

 Development of Numerical Model 4.2.

A single-phase, two-component, and density and viscosity-dependent flow and transport 

model was employed as a research tool to better understand the contribution of diffusive and 

convective mixing processes on trapping of dissolved CO2. This model uses a non-linear fully 

coupled solution method. The developed numerical model is based on a continuity equation (7), 

an Advection-Diffusion Equation (ADE) (8), and Darcyôs Law (9) (Bear, 1972). Resulting non-

linear coupled two partial differential equations (7-8) are discretized by the Finite Volume 

Method (FVM) and solved by Newton-Raphson (NR) method in a FORTRAN program. At each 

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

Minimum Residual (GMRES) algorithm. 
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Continuity equation without the source term [Bear, 1972] is shown in equation (7), where 

ɟ is the density of the solution [kg/m
3
], u is the Darcy flux [m/s], and ø is the porosity [-]. u is a 

vector in 2D and 3D. ADE (Bear, 1972) for the transport of dissolved CO2 in brine is given in 

equation (8), where w is the mass fraction of the solute [kg/m
3
],  and D is the diffusion 

coefficient [m
2
/s]. In equation (9), Darcyôs Law (Bear, 1972) is given, where k is the 

permeability of the medium [m
2
], g is the gravitational acceleration [m/s

2
], P is the pressure [Pa], 

and µ is the viscosity of the solution [Pa.s]. In the small tank density-driven flow experiments, 

Agartan et al. (2015a) used propylene glycol (PG) for brine and red food dyed water for scCO2, 

where density and viscosity of the solution only depend on the mass fraction of solute (water) as 

given in equations (10) and (11), respectively.  

3 285.935 217.62 88.425 1034.1w w wr= - + +         (10) 

( )24.4968 10 exp 3.8613wm -= ³ -         (11)  

 Verification with the Elder Problem (1967) 4.3.

The numerical code was verified with the 1-D analytical solution of the ADE without 

density and viscosity-dependence to check the validity of the computational algorithms. In 

addition, the Elder problem (Elder, 1967) was solved and compared with an existing numerical 

results to verify the ability of the model to simulate a fluid flow driven by density differences 

only (i.e. viscosity is fixed.).  
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Elder (1967) examined the convective flow experimentally and numerically. Due to 

limitations in the Hele-Shaw cell experiments, Elder (1967) studied thermally driven convection 

in a closed rectangular box shaped vertical model. The flow in the box was initiated by a vertical 

temperature gradient. In the numerical study, Elder (1967) 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 steps (Hassanzadeh et al., 2005; 

Simpson and Clement, 2003; Voss and Souza, 1987). Voss and Souza (1987) modified 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 (using analogy between Fourierôs law for conduction and 

Fickôs law for diffusion). We solved the Elder problem in terms of salt mass concentration for a 

saltwater intrusion problem in a homogeneous porous medium initially saturated with fresh 

water. A 300 m long source of saltwater with a salt mass fraction of ñ1ò was placed to the  

middle of the top as a fixed concentration boundary condition (Figure 4.1). Zero mass fraction of 

the salt was applied to the entire base. At each upper corner, a pressure value was specified as ñ1 

atmò, and the initial pressure distribution was hydrostatic. All other sides were set as no flow and 

no mass flux boundary conditions (Simpson and Clement, 2003). Simulation parameters for the 

Elder problem are given in Table 4.1. In the simulations, 160 lateral and 80 vertical grid cells 

were used, and maximum time step was 1 month.  
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Figure 4.1: Initial and boundary conditions of the Elder problem. 

 

Table 4.1: Simulation parameters for the Elder problem (Voss and Souza, 1987). 

Parameter Value 

Permeability, k [m
2
] 4.845×10

-13
 

Porosity, ø [-] 0.10 

Diffusion Coefficient, D [m
2
/s] 3.565×10

-6
 

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 to move towards the bottom of the porous medium by  

convective flow formed in the system. The 1-, 2-, 4-, 10-, 15-, and 20-year results of Elder 

(1967) and the present model are compared in terms of salt mass fraction distribution. The results 

for 0.2 and 0.6 ratios of salt mass fraction (w) inside the box to the maximum salt mass fraction   

( 1 1w = ) applied from the top boundary are given in Figure 4.2. The timing of the processes and 

the initiation, evolution, and final spreading of the convective fingers match reasonably well with 

the Elderôs results. These results (Figure 4.2) verify the numerical solution methodology used in 

the model. 
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Figure 4.2: Comparison of the results of Elder (1967) (Black lines for 0.2 and 0.6 0w w ) and the 

present code (Blue lines for 0.2 0w w  and green lines for 0.6 0w w ). 

 

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

small tank density-driven flow experiments are explained in Paper II in chapter 6. 

 Modeling Mass Transfer of CO2 4.4.

A single-phase, two-component, and density and viscosity-dependent flow and transport 

model was employed as a research tool to study density-driven flow. One of the rate limited 

mass transfer models was adapted to the scCO2 dissolution and incorporated into the model to 

simulate dissolution and transport processes together. Similar to previous model, this model uses 

a non-linear fully coupled solution method. This model assumes that the scCO2 is trapped in the 

source, and it is immobile. Thus, it does not include multiphase flow; however, it is able to 

simulate the relation between wetting phase relative permeability (krw) and saturations (Sw) 

(equation (16)). The developed numerical model is based on a continuity equation (12), an 

Advection-Diffusion Equation with a source term (ADE) (13), Darcyôs Law (14), and first-order 
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mass transfer equation for CO2/NAPL to the aqueous phase (15) (Bear, 1972). Resulting non-

linear coupled two partial differential equations (12-13-15) are discretized by the Finite Volume 

Method (FVM) and solved by Newton-Raphson (NR) method in a FORTRAN program. At each 

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

Minimum Residual (GMRES) algorithm. 
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where, ɟw is the density of the solution [kg/m
3
], uw is the Darcy flux for the wetting phase 

[m/s], krw is the relative permeability of the wetting phase  [-], krw0 is the wetting phase relative 

permeability at maximum wetting phase saturation [-], Pw is the wetting phase pressure [Pa], µw 

is the viscosity of the solution [Pa.s], ɟn is the density of non-wetting phase, Kc is the lumped 

mass transfer rate coefficient [s
-1

], Cn is the concentration of the solution [kg/m
3
], Ceq is the 

equilibrium concentration [kg/m
3
], krwo is the permeability of the porous medium [m

2
], Sw is the 

wetting phase saturation [-], and Sn is the non-wetting phase saturation [-]. 

In this study, one of the phenomenological models known as Gilland-Sherwood models 

for NAPL mass transfer was integrated in the model (equation (18)).  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 non-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 in Table 2.1 in chapter 2.2.1 provide a correlation between interphase mass transport and 

the Reynoldôs number (Re), Peclet number (Pe), Schmidtôs number (Sc), and Sherwood number 

(Sh) that specifically is a dimensionless form of the mass transfer coefficients. Among the 

Gilland-Sherwood correlations listed in Table 2.2 in chapter 2.2.1, Saba and Illangasekare (2000) 

showed that the correlations developed from 1-D experiments by Imhoff et al. (1993), Miller et 

al. (1990), and Powers et al. (1992; 1994b) are not suitable for 2-D flow conditions, and thus 

they introduced a model for 2-D systems (equation (18)). 
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where, Shô is the modified Sherwood number, d50 is the mean grain diameter [m], ɗn is 

the volumetric non-wetting phase content [-], Ű is the tortuosity [-], and L is the dissolution length 

[m]. The 2-D NAPL mass transfer model was incorporated into the model, and to test the 

accuracy of the numerics, the preliminary verification study was performed.  

4.4.1. Preliminary Verification of the Model with the NAPL Mass Transfer Study 

Saba and Illangasekare (2000) carried out an experimental study in a tank with 2.2 m × 

1.1 m × 5.08 cm (L × H × 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 source with 10.16 cm × 5.08 cm × 5.08 cm  
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(L × H × W) dimensions as seen in Figure 4.3. The LNAPL saturation in the source zone was 

measured to be 0.22. 

 

Figure 4.3: Schematic diagram of the experimental facility (Saba and Illangasekare, 2000). 

 

Saba and Illangasekare (2000) studied the natural dissolution behavior under different 

groundwater velocities and entrapment source lengths. We tested our model with two velocities 

(0.36 m/d and 2.17 m/d) that they applied in the experiment. They investigated that the relation 

between finger length and the flow velocity in 2-D flow 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 capture the major processes observed 

experimentally including the fingering of the aqueous phase and the relation between dissolved 

concentrations and flow velocities as seen in Figure 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 accurately. For CO2 mass transfer, this Gilland-Sherwood model 
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needs to be modified/verified with the experimental studies and upscaled for the field-scale 

simulations. The discussions on the results are presented in chapter 8.6. 

 

Figure 4.4: Comparison of our results with Saba and Illangasekare (2000) for 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 2 

Reproduced with permission from Water Resources Research Journal. Copyright 2015. 
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 Abstract 5.1.

1
Dissolution trapping is one of the primary mechanisms that enhance the storage security 

of scCO2 in saline geologic formations. scCO2, when dissolved in formation brine, produces an 

aqueous solution that is denser than formation brine, which leads to convective mixing driven by 

gravitational instabilities. Convective mixing can enhance the dissolution of CO2 and thus it can 

contribute to stable trapping of dissolved CO2. However, 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 is to investigate the effects of geologic heterogeneity on mixing and 

stable trapping of dissolved CO2. Homogeneous and heterogeneous media experiments were 

conducted in a two-dimensional test tank with various packing configurations using surrogates 

for scCO2 (water) and brine (propylene glycol) under ambient pressure and temperature 

conditions. The results show that the density-driven flow in heterogeneous formations may not 
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always cause significant convective mixing especially in layered systems containing low 

permeability zones. In homogeneous formations, density-driven fingering enhances both storage 

in the deeper parts of the formation and contact between the host rock and dissolved CO2 for the 

potential mineralization. On the other hand, for layered systems, dissolved CO2 becomes 

immobilized in low permeability zones with low diffusion rates, which reduces the risk of 

leakage through any fault or fracture. Both cases contribute to the permanence of the dissolved 

plume in the formation. 

 Introduction  5.2.

The density-driven convection of dissolved CO2 in homogeneous porous media was 

examined in detail using theoretical and analytical approaches (Ennis-King and Paterson, 2005, 

2007; Farajzadeh et al., 2007; 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). In contrast, experimental studies are rather limited (Backhaus et al., 2011; Ennis-King and 

Paterson, 2003; Neufeld et al., 2010). Except for Neufeld et al. (2010) who performed 

experiments in 2-D porous media using glass beads, the experiments were carried out either in 

Hele-Shaw cells or in one-dimensional (1-D) columns using either gaseous CO2 and water 

(Aggelopoulos and Tsakiroglou, 2012; Farajzadeh et al., 2008; Kneafsey and Pruess, 2010) or 

surrogate fluids for scCO2 and formation brine under ambient pressure and temperature 

conditions (Backhaus et al., 2011; Ennis-King and Paterson, 2003; Neufeld et al., 2010). The 

experimental studies mainly focused 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 heat convection 

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 difference between two fluids, salt 

concentration of brine and mass fraction of dissolved CO2 in formation brine. Studies on heat 

convection in homogeneous porous media indicate that boundary conditions, aquifer slope, 

groundwater flow and degree of heterogeneity are 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 al., 2013).  

Effects of heterogeneity on mixing were studied theoretically by Nield and Simmons 

(2007), Nield and Kuznetsov (2007) and Simmons et al. (2010) in heat convection, and Prasad 

and Simmons (2003), Schincariol et al. (1994, 1997) and Simmons et al. (2001) in subsurface 

contaminant transport. Schincariol and Schwartz (1990) carried out experimental studies in 

layered and lenticular formations to determine the effects of salt concentrations and groundwater 

flow rates on density-driven flow characteristics to address the problems in flow systems. For 

layered systems, they found that even small permeability contrasts between layers led to a dense 

plume that accumulates along the bedding interphases. Numerical studies, carried out by 

McKibbin and OôSullivan (1980) and McKibbin and Tyvand (1982) on periodic 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 the top 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 CO2. Farajzadeh et 

al. (2008) experimentally investigated the importance of convection on mass transfer of gaseous 



58 

 

CO2 for dual-layer systems. Kneafsey and Pruess (2010) determined the dependence of size and 

location of fingers on permeability variations. Using numerical simulations, Green and Ennis-

King (2010) explored how the presence of discontinuous shale lenses accelerates the convection 

process, and showed that the average breakthrough time of CO2 at the formation bottom 

decreases with increasing length of shale lenses. Farajzadeh et al. (2011) 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 scCO2 in brine and onset of convection, 

and introduced three different spreading regimes: fingering, dispersion and channeling which are 

important regimes for stable trapping of dissolved CO2.   

As discussed above, most aspects of convective mixing have been investigated either in 

CO2 sequestration or other density-driven flow literature. However, the effects of heterogeneity 

on the mixing and the stable trapping of dissolved CO2 have not been adequately addressed. 

Stable trapping of dissolved CO2 is the secure and long term storage of dissolved CO2 in deep 

saline formations. It is important to reduce the risk of leakage. The permanence of dissolved CO2 

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 of dissolved CO2 using homogeneous 

and heterogeneous porous media laboratory experiments. The research is based on an 

investigation using surrogate test fluids in a two dimensional (2-D) test tank with various 

packing configurations under ambient pressure and temperature 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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 Materials and Experimental Methods 5.3.

The experiments have been performed in a 2-D test tank using surrogate scCO2 and 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, the well-characterized test sands and the surrogate fluid combination of 

scCO2 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 (fine) #50/70 (very fine), and #110 (very 

fine). The physical characteristics of the sands including porosity, hydraulic conductivity, and 

mean grain size are presented in Table 3.1 in chapter 3.1.1.  

5.3.1.2. Selection of the Surrogate Fluid Combination 

A laboratory study of scCO2 behavior 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 relatively large test systems, such as the 

one we are using. Hence, this study was conducted using surrogate fluids having similar density 

characteristics to those of dissolved CO2-formation brine under sequestration conditions (Cinar 

et al., 2009; Wang et al., 2010). In this study, two possible surrogate fluid pairs, 

methanol/ethylene glycol mixture (MEG) in water (Neufeld et al., 2010) and water in propylene 

glycol (PG) (Backhaus et al., 2011), were tested with the selected test sands. The comparison of 
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the densities of the candidate fluid combinations, and scCO2 and formation brine before and after 

dissolution are given in Table 3.2 and Figure 3.1, respectively. 

Neufeld et al. (2010) used a food dyed mixture consisting of 37% methanol and 63% 

ethylene glycol (MEG) by weight as surrogate scCO2, and observed the spreading of dissolved 

MEG in water. Backhaus et al. (2011) performed experiments with water dyed with food dye and 

PG as surrogates of scCO2 and formation brine, respectively. For both of the fluid pairs, the 

density of resultant fluid after dissolution was greater than the density of the surrogate brine 

(Figure 3.1). A series of porous media tests was carried out using these fluid pairs by following 

the experimental methodology explained in the next section. In these tests, the soil packing 

configuration given in Figure 3.6 was used, and the main domain was packed with #30/40 sand. 

Based on the test results in section 5.5.1., PG-water fluid pair was chosen to be used in the 

homogeneous and heterogeneous porous media small tank experiments. 

5.3.2. Experimental Setup 

The 2-D test tank was made of Plexiglas and aluminum with 27.94 cm × 15.24 cm × 2.54 

cm (L×H×W) internal dimensions (Figure 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 the 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 (Table 3.1).  

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 scCO2 trapped by capillary forces. Sands in the main mixing domain varied 

depending on the goal of the experiment.  

In each experiment, the tank was wet-packed with the surrogate brine (PG). All sides of 

the tank were closed representing no-flow boundary conditions. In these experiments, it was 

assumed that the trapped surrogate scCO2 in the source zone was at residual saturation. The 

surrogate scCO2 was 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. The injected 

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 scCO2 in the surrogate 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 scCO2 and brine, respectively. 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 

analyzed and by using the results of the tests, the relationship between dissolved water 

concentration and color intensity was developed. The distribution of dissolved water density 

inside the tank was also determined using equation (10) in chapter 4.2. However, due to 

oscillations in the light intensity during each experiment, an error was found in the calculated 
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values. The detailed analysis of the digital images showed that the oscillation of light intensities 

is not periodical, which causes ±0.12 kg/m
3
 error 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 and z directions. First spatial moment is for the center of mass, and 

second spatial moment is related to the spreading from the center of mass (Freyberg, 1986). 

 The Small Tank Experiments 5.4.

After the selection of surrogate fluid combination, the homogeneous and heterogeneous 

porous media small tank experiments were performed under ambient pressure and temperature 

conditions.  

5.4.1. Homogeneous Packing 

Three homogeneous porous media experiments (Figure 3.6) were performed to determine 

the influence of magnitude of homogeneous permeability on convective mixing and eventual 

trapping of dissolved CO2. In the first experiment, the main domain was packed with #30/40 

sand having medium permeability (Table 3.1). The behavior of fingers in less permeable sands, 

#40/50 and #50/70, was analyzed in the following experiments (Table 3.1). The observations 

were made for 7 days in order to examine the effects of different permeabilities in 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 carried 
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out for simple (Figure 5.1a) and complex layering (Figure 5.1b) to investigate the effects of a 

texture transition on finger generation, mixing and trapping. In the first experiment, #50/70 sand 

was overlaid by #40/50 sand with a low angle (7.5
o
) inclination as shown in Figure 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, medium, and fine sands in the order of #50w, 

#20/30, #40/50, and #30/40 (Figure 5.1b). 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. 

 

Figure 5.1: Packing configuration of heterogeneous media experiments (a) 1, (b) 2, (c) 3 and (d) 

4 (units are in 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 trapping (Figure 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 zone. In the 3
rd

 heterogeneous experiment, it was 

packed with medium permeability sand (Figure 5.1c), whereas low permeability sand was used 

in the 4
th
 heterogeneous experiment (Figure 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.  

 Results 5.5.

The results of the selection of surrogate fluid 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 given in Figure 5.2 demonstrate that density-driven 

convective mixing is observed in both of the fluid pairs (Figure 5.2a and Figure 5.2b). The dyed 

dissolved surrogate CO2 was outlined to compare the variations in the spreading with time. Each 

spreading contour represents the particular time given on Figure 5.2a and Figure 5.2b. The 

outmost contour is for the 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 experiments 

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 density-driven fingers and mixing processes (Figure 4a). 

However, the dissolution of water in PG, the initiation of the density-driven 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 

experiments. 

 

Figure 5.2: 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 glycerol family, is a colorless, nearly odorless and clear 

viscous liquid. The density and viscosity of pure PG and PG solutions depend on temperature. 

Under ambient pressure (atmospheric) and temperature conditions (~22
o
C), the density and 

viscosity of the PG solutions change linearly with water concentration for lower mass fractions 

of water. The relationships given in equations (10) and (11) in chapter 4.2 are for the density and 

viscosity as a function of water mass concentration, respectively.  The general density 

characteristics of PG solutions and CO2 solutions are similar (Figure 3.1); however, the viscosity 

variations of these solutions are slightly different. The viscosity of the PG solutions decreases 
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with increasing water fraction (equation (11) in chapter 4.2), which speed up the vertical motion 

of the dissolved water at higher concentrations. On the other hand, the viscosity of brine is 

assumed to be independent of the CO2 concentration (Phillips et al., 1981).  

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 experiments for #30/40, #40/50, and #50/70 sands are 

given in Figure 5.3, Figure 5.4, and Figure 5.5, respectively. The calculated Ra values for these 

experiments in Table 5.1, which are greater than the critical value (~40), support the 

experimental observation of generation of density-driven convective finger development in all 

the experiments.  

 

Table 5.1: Ra values for homogenous experiments. 

Sands Permeability [m
2
] Ra [-] 

#30/40 1.08 x 10
-10

 647 

#40/50 5.30 x 10
-11

 309 

#50/70 3.66 x 10
-11

 196 

The Ra values were calculated for these experiments using equation (1) where D is 8x10
-

11
 m

2
/s, µPG is 5.5 x 10

-2
 Pa.s and H is 0.1016 m. ȹɟ (8.594 kg/m

3
) was calculated for the final 

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 sank in 
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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 was assumed to be uniform. 

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

PG with dissolved water was determined for the calculation of ȹɟ.  

 

Figure 5.3: Results of 1st homogeneous medium experiment for #30/40 sand. 

 

 

Figure 5.4: Results of 2nd homogeneous medium experiment for #40/50 sand. 

 

The propagation of the longest finger (Figure 5.6a) versus time graph of these 

experiments was plotted 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 first (Figure 5.6b) and second (Figure 5.6c) 

spatial moments in z-direction versus time graphs were generated using the data from image 

processing analysis to compare the experimental results quantitatively. The bottom of the 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 density-driven convective fingers move to the deeper 

parts of the formation, the location of center of mass decreases in vertical direction (Figure 5.6b). 

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

permeability sand experiments. 

 

Figure 5.5: Results of 3rd homogeneous medium experiment for #50/70 sand. 

 

5.5.2.2. Results of Heterogeneous Media Experiments 

For the 1
st
 heterogeneity experiment with the inclined lithological interface, the density-

driven convective fingers generated into medium permeability #40/50 sand reached to the 

boundary between medium and low (#50/70) sands, where the fingers merged (Figure 5.7). This 

slowed down the vertical spreading, but enhanced the lateral spreading as can be seen the area 

occupied by the dissolved plume graph in Figure 5.6d. 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.  

 

Figure 5.6: (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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Figure 5.7: Results of heterogeneous medium experiment 1. 

 

The result of 2
nd

 heterogeneous medium experiment with alternating layers of high, 

medium, and low permeability sands is given in Figure 5.8. In addition to the finger propagation 

(Figure 5.6a) and area occupied by dissolved water (Figure 5.6d) graphs, the variations in first 

(z-direction in Figure 5.6b) and second (x and z directions in Figure 5.6c) 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 to the boundary 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 rates (Figure 5.6a, Figure 5.6b, 

and Figure 5.6c). Fingers merged, and dissolved water spread in lateral direction along the 

boundary (Figure 5.8) as can be seen in the increasing second spatial moment in x-direction with 

time in Figure 5.6c. This increases the diffusion area along the sand transition. The results also 

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

The results of 3
rd

 and 4
th
 heterogeneous media experiments with rectangular blocks are 

presented in Figure 5.9 and Figure 5.10, respectively. In the presence of rectangular blocks of 

low, medium and high permeability sands, the density-driven convective fingers were formed in 
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the high permeability layer under the source zone (Figure 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 is a result of 

the permeability distribution of the rectangular blocks. The propagation of the longest finger 

(Figure 5.6a) and the area occupied by dissolved water (Figure 5.6d) graphs showed the effect of 

this distribution on the results. In Figure 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 3
rd

 heterogeneous media experiment, and the results of first and 

second spatial moments are given in Figure 5.6b and Figure 5.6c.  

 

Figure 5.8: Results of heterogeneous medium experiment 2. 

 

 

Figure 5.9: Results of heterogeneous medium experiment 3. 
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Figure 5.10: Results of heterogeneous medium experiment 4. 

 

 Discussions of the Results 5.6.

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 permeability of the medium. 

From higher (#30/40) to lower permeability sands (#50/70), the onset time of convection and 

trapping of dissolved CO2 increase (Figure 5.3, Figure 5.4, and Figure 5.5). The deeper center of 

mass (Figure 5.6b), and greater spreading in z-direction (Figure 5.6c) 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 decreases (Figure 5.3, Figure 5.4, and Figure 5.5), the finger length 

increases (Figure 5.6a), the center of mass moves to the deeper parts (Figure 5.6b), and the 

vertical spreading from center of mass enhances (Figure 5.6c). These indicators also point out the 

faster mass depletion from the source zone for higher 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 faster vertical motion 

observed in the higher permeability formations enhance the stable (secure and long term) storage 

of dissolved CO2 in deeper parts of the formation, which reduces the risk of leakage. This 

vertical spreading also contributes to the potential for mineralization due to increase in contact 

area between dissolved CO2 and the host rock.  

The lower permeability layer (#50/70) in the 1
st
 heterogeneous experiment with 

inclination slowed down the mass depletion rates, and the vertical flow of the dissolved water. In 

order to evaluate the effects of additional inclined low permeability layer on the results, this 

experiment was compared with the 2
nd

 homogeneous experiment. The same sand (#40/50) was 

used to packed the 2
nd

 homogeneous experiment and the upper layer 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 days in the 1
st
 heterogeneous experiment. Moreover, the visual 

observations indicates that the density-driven convective flow observed in the 2
nd

 homogeneous 

experiment was replaced with more diffusive transport by the addition of #50/70 sand in the 

medium, which led 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 dissolved fluid.  

In the presence of multi-layer heterogeneity (Figure 5.8), it was observed that the density-

driven convective mixing was replaced by diffusive mixing in low permeability layers. These 

experimental results confirm 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 between layers. The results 

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 low- to high-permeability medium), the fingers were immediately 

generated in the high-permeability zone, and density-driven convective mixing became the 

dominant mechanism (Figure 5.8).  

The propagation of the longest finger versus time graph clearly showed 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. The first (Figure 5.6b) and 

second (Figure 5.6c) 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 the spreading and storage, the result of the 2
nd

 heterogeneous experiment 

was compared with the 1
st
 homogeneous medium experiment because in both cases, the same 

sand (#30/40) was used to pack the layer under the source zone. In 2
nd

 heterogeneous 

experiment, the 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 in Figure 5.6a and Figure 5.6b, and also limit the vertical spreading due to low 

diffusion rates into #50w low permeability sand layer (Figure 5.6c). The center of mass in the 1
st
 

homogeneous experiment spread around 0.075 m depth after 1 week; however, in the 2
nd

 

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

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

spreading due to the accumulation of dissolved 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 dissolved 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 CO2 can be trapped in low permeability layers through immobilization. This is a secure 

and long term storage of dissolved CO2. The loading capacity of these layers depends on their 

hydraulic and geometric properties.  

In the presence of rectangular blocks with different permeabilities, density-driven 

convective fingers were controlled by higher permeability connected pathways. The hydraulic 

boundaries in the system significantly modified the spreading characteristics. Farajzadeh et al. 

(2011) called this process channeling. Although finger 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 in the results of the small tank experiments with rectangular blocks 

heterogeneity (Figure 5.9 and Figure 5.10). Green and Ennis-King (2010) numerically observed 

a similar behavior 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 vertical and horizontal 

permeability. In both of the cases, the higher permeability connected pathways controlled 

convective mixing.  

Figure 5.9 and Figure 5.10 show an obvious difference 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 the 4
th
 heterogeneous experiment (Figure 5.10). 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. The accumulation of the dissolved water mass on top 

of the low permeability block in the 4
th
 heterogeneous experiment increased the concentration 

and density gradients, which speed up the vertical motion of the plume under the effect of 

gravitational forces (Figure 5.10). However, in the 3
rd

 experiment, the fingers spread through the 

medium permeability upper block (Figure 5.9), which diluted the dissolved water concentration 

and decreased the density gradients. The spreading in the 4
th
 experiment was faster than the 3

rd
 

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 observed in the 3
rd

 and 4
th
 heterogeneous 

experiments influence the stable trapping. More dissolved plume got in touch with host rock in a 

short time in the 4
th
 experiment compared to 3

rd
 experiment as seen in Figure 5.6d. In the 4

th
 

heterogeneous experiment, 23 cm
2
 spreading area was observed at 6.5 days; however, the same 

area reached at 15
th
 day in the 3

rd
 heterogeneous experiment. The potential mineralization in the 

4
th
 heterogeneous porous media experiment is expected to occur in a shorter time compared to 

the 3
rd

 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 comparison of the 3
rd

 heterogeneous experiment with the 2
nd

 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 the 3
rd

 heterogeneous experiment reached to the higher 

permeability sand block (#30/40), the vertical spreading enhanced. In the center of mass versus 

time graph in Figure 5.6b, the effects of #30/40 sand on spreading is more clear. Instead of 

higher permeability #30/40 sand, the lower permeability #50/70 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 that were 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 for CO2. For example, the 

gravel packs 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 might be slower, whereas 

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 medium as observed 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 density of solution will not be significantly reduced during the flow. This 

might contribute to convective flow. For example, in the 2
nd

 heterogeneous medium experiment 

with alternating layers of fine, medium, and coarse sands, the continuous water source might 

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 CO2 

 

 Abstract 6.1.

2
Secure and successful trapping of CO2 in deep formations can reduce leakage risk. 

Agartan et al. (2015a) showed through a set of controlled experiments that relatively lower 

permeability layers with respect to an average formation permeability enhance trapping where 

dissolved CO2 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 method-based, single-phase, two-component, and density and viscosity-dependent flow 

and transport model. The experimental data (Agartan et al., 2015a) was used to test the ability of 

the model to capture the observed processes. A numerical model containing geological features 

conceptually similar to the Utsira formation (Sleipner field) was used to investigate the role of 

permeability and thickness of shale layers on trapping at field-scale. This formation provided a 

reasonably good test setting as it has similar features with shale layers interbedded in-between 

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. Thicker and lower permeability shale layers are able to 

store significant amounts of dissolved CO2 for a long time. However, when the heterogeneity is 

defined by thinner and higher permeability layers, convective mixing was found to be dominant 

as in homogeneous formations. 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. 

 Introduction  6.2.

Geologic sequestration of carbon dioxide is considered as an important strategy to lower 

atmospheric loading of CO2 gas and thus slowing down global warming and climate change 

(Benson and Cook, 2005). The purpose of CO2 sequestration is to create stable trapping 

conditions where CO2 becomes immobilized. Many factors control the stable trapping in CO2 

sequestration (Bachu, 2008; Bradshaw et al., 2007; De Silva and Ranjith, 2012), which include 

the specific fluid properties in the deep geologic formations, the geochemical properties of the 

subsurface material, and the spatial variability of geological properties of the formation (van der 

Meer, 1993). Dissolution entrapment as one of the primary trapping mechanisms increases the 

storage security because after the dissolution of CO2, density of solute becomes heavier than 

density of brine. This eliminates the buoyancy forces that moves supercritical CO2 (scCO2) 

upwards (Benson and Cook, 2005). For the dissolution trapping in relatively permeable 

homogeneous formations where convection is the dominant transport 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 mineralization (Agartan et al., 2015a). On the other hand, the 

relatively lower permeability zones present in multilayered systems slow down the vertical 

spreading of dissolved CO2, and the slow diffusion rates into and within these zones allow for 

the storage of dissolved fluid for a long period of time (Agartan et al., 2015a).  

Role of permeability 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 water (e.g. Chapman and Parker, 2005; McKibbin and OôSullivan, 1980; 
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Schincariol and Schwartz, 1994; Vithanage et al., 2012). Studies of heat convection in 

multilayered systems showed that an increasing number of layers drove the system to behave like 

an anisotropic homogeneous porous medium (McKibbin and OôSullivan, 1980; McKibbin and 

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 permeability affected the flow of salt water 

(Schincariol and Schwartz; 1990). This 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 permeability 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 a continuous 

source of contamination due to slow diffusion rates (e.g. Chapman and Parker, 2005; Chapman 

et al., 2012; Parker et al., 2004; Wilking et al., 2012). Parker et al. (2008) showed through 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. Tsunami-like events also cause gravitational 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 salt water through diffusion, which influences the timescales of aquifer 

contamination and corresponding remediation processes (Illangasekare et al., 2006). Salt 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 carried out to determine the 
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flushing time of salt water from the fresh water aquifers after a tsunami event (Vithanage et al., 

2012). 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 on the time of recovery, and the continuous low 

permeability layer increased the total flush-out time by 40% due to slow flow of salt water in that 

layer (Vithanage et al., 2012). This emphasizes the storage capacity of the low permeability 

layers.  

As applied to CO2 sequestration, the significant storage capacity of low permeability 

layers in the formation might contribute to the long term storage of dissolved CO2. Although the 

dissolution trapping of CO2 in homogeneous formations has been studied in detail using 

analytical, experimental, and theoretical approach (Backhaus et al., 2011; Ennis-King 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 Zhang, 2008; Riaz et al., 2006), it has not been 

adequately addressed for multilayered systems having low permeability zones. The convection in 

dual-layer systems with a low permeable layer on top of a high permeable layer and vice versa 

was studied using numerical models (Farajzadeh et al., 2008). The 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 CO2 in a layered medium were investigated further using a set 

of small tank experiments conducted under the identical initial and boundary conditions (Agartan 

et al., 2015a). The experimental results showed that diffusive flow was the dominant mixing 
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mechanism in low permeability layers due to slow diffusion rates where dissolved CO2 can be 

stored through immobilization. This eventually enhanced stable trapping of dissolved CO2. 

However, the experimental and numerical findings 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 dissolved dense fluid 

(Hassanzadeh et al., 2007). This process is called convective shutdown (Hewitt et al., 2013; 

Hewitt et al., 2014). Convective shutdown might also have important influences in multilayered 

formations with low permeability zones. Nevertheless, its effects on flow and stable trapping of 

dissolved CO2 in 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 focusing on the influence of 

different permeabilities and thicknesses of low permeability layers on trapping of dissolved CO2. 

A Darcy-law based numerical model simulating miscible flow of a binary fluid mixture was 

developed and tested.  The model was verified with existing numerical solutions. The effects of 

porosity and permeability perturbations, and numerical grid resolution on density-dependent 

finger formations and model results were investigated.  Then, the small tank experiments 

presented in Agartan et al. (2015a) 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 variations of relatively 

low permeability zones on trapping of dissolved CO2 in multilayered formations was 

investigated  at a field-scale setting. The Utsira formation in the Sleipner field having similar 
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layered geological structure with the laboratory experiments  (Agartan et al., 2015a) was 

simulated using the developed numerical model. 

 Numerical Modeling 6.3.

The development and verification of the FVM-based, single-phase, two-component, and 

density and viscosity dependent flow and transport model is explained in chapter 4. 

 Model Comparison with the Small Tank Experiments in Agartan et al. (2015a) 6.4.

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 processes in the 

experiments. 

6.4.1. Sensitivity of the Numerical Model Parameters 

During the experiments conducted by Agartan et al. (2015a), the miscible fluid (red food 

dyed water as scCO2) non-uniformly distributed in the source zone immediately after the 

injection-extraction period (lasting about ~15 seconds) (Figure 6.1). This non-uniform 

distribution might have occurred due to injection methodology, pore-scale heterogeneities, and 

other possible small scale heterogeneities formed during 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 convective 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 

have influences 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 



84 

 

solution space (Pau et al., 2010). The sensitivity of the model parameters was examined by using 

the similar approach with Pau et al. (2009, 2010). 

 

Figure 6.1: The distribution of the source in the source zone after injection-extraction period for 

(a) #30/40, (b) #40/50 and (c) #50/70 homogeneous, and (d) 2nd (multilayered system) and (e) 

3rd (rectangular blocks) heterogeneous small tank experiments (Agartan et al., 2015a). 

 

Pau et al. (2009; 2010) investigated the influences of simulation parameters, such as grid 

resolution, porosity and permeability perturbations, solver tolerances, and domain size, on the 

solution using the block-structured adaptive mesh refinement method. They assumed a 2-

dimensional (2-D) isothermal and homogeneous domain with a layer of CO2-saturated brine at 

the brine/CO2 gas interface, which allows using a variable-density, single-phase, and 

incompressible model to treat the dissolution-diffusion-convection processes. The focus of their 

study is the dependence of the stabilized mass flux and the onset time of convection 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 porosity fluctuations 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 carried out for the 

surrogate fluid combination (PG and water) used by Agartan et al. (2015a) in the small tank 

experiments (Figure 6.2). The initial mass fraction of water in the 0.508 cm thick source zone 

was assumed to be 0.194 (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 in Table 6.1..  

 

Figure 6.2: Initial and boundary conditions of the numerical model (not to scale). 

 

The 1, 2, 5, 10, and 25% porosity and/or permeability perturbations were applied to 

trigger the fingers (Figure 6.3). The total water mass remained in the source zone were 

determined 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 in Figure 6.3 showed that 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 porosity fluctuation 

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

 

Table 6.1: Fluid and formation properties. 

Parameter Value 

Density of PG, ɦPG [kg/m
3
] 1034.6 

Viscosity of PG, µPG [Pa.s] 0.055 

Density of water, ɦw [kg/m
3
] 1000 

Viscosity of water, µw [Pa.s] 0.001 

Permeability, k [m
2
] 1.079×10

-10
 

Effective diffusion coefficient, Deff [m
2
/s] 8.0×10

-11
 

Porosity, ø [-] 0.325 

Mass fraction of water, w [-] 0.194 

Density increase due to water dissolution, Dɟ [kg/m
3
] 9.1 

Gravitational acceleration, g [m/s
2
] 9.81 

 

 

Figure 6.3: The effects of porosity (ø) and permeability (k) fluctuations to the onset of 

convection. 
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According to Riaz et al. (2006), for convective mixing studies, the grid resolution should 

be smaller than the critical wavelength (ɚc) of the convective finger to capture the initiation of 

convection accurately. The critical wavelength of this system was determined using equation 

(12), where ȹɟ is the density difference between the solution and the brine representative fluid 

(PG) [kg/m
3
].  

2

0.07
c

D

k g

pm
l

r
=

D
            (19) 

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

critical wavelength. In 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 al. (2009; 2010), after reducing the grid size by half, the porosity fluctuation 

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

grid sizes and corresponding porosity fluctuations are listed in Table 6.2.  

 

Table 6.2: Grid sizes and porosity fluctuations. 

Grid Size [cm] Porosity Fluctuation [%]  

0.5080 0.25 

0.2450 0.50 

0.1270 1.00 

0.0847 1.50 

0.0635 2.00 

0.0508 2.50 

0.0423 3.00 
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The results are summarized in the graph in Figure 6.4. 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 perturbations. Therefore, 

the results of the present study are consistent with the Pau et al.ôs (2009; 2010) findings. 

 

Figure 6.4: The effects of grid resolution to the onset of convection. 

 

6.4.2. Numerical Simulations of the Small Tank Experiments 

The small tank experiments presented under homogeneous and heterogeneous packing 

configurations by Agartan et al. (2015a) were simulated to test the ability of the model for 
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representing the flow and transport processes observed and recorded in the experiments. The 

experiments (Agartan et al., 2015a) were carried out using a small tank with 27.94 cm × 15.24 

cm × 2.54 cm (length × height × width) dimensions. The simulations were performed for the 

surrogate fluid combinations of propylene glycol (PG) (brine) and water (scCO2) which were 

used in the experiments (Agartan 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 caprock and bedrock, and the gravel 

columns to control the flow across the tank (see Figure 3.6 in chapter 3.3.1.1). The permeability 

and porosity of the sands for tightly packed condition were determined in the prior experimental 

studies by Sakaki and Illangasekare (2007), Schroth et al. (1996), Smits et al. (2010), Wietsma et 

al. (2009), and Zhang et al. (2008). The permeability field in the tank could be different from the 

previously measured values due to imperfection of the 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 well with the experimental results. The range of permeabilities 

and porosities are listed in Table 6.3.  

No flow and no flux boundary conditions for pressure and water concentration were 

assigned to left, right, and bottom 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 mentioned in ñSensitivity Analyses of the Numerical 

Modeling Parametersò section of the paper, in the experiments, the distribution of the source in 

the source zone after the injection, the small scale heterogeneities at the coarse/fine sand 

interfaces, and the imperfections of packing cause formation of non-uniform 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 assumed to be injected into each grid in 15 seconds, which 

was the total time of the injection-extraction 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 added to 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 domain. The grid size increased 

to the sides of the tank.  

 

Table 6.3: Properties of the sands. 

Sand Permeability (×10
-10

) [m
2
] Porosity [-] 

#12/20 3.830
a
 - 5.230

b
 0.318

a
 

#20/30 2.340
a
 - 2.780

b
 0.320

a
 

#30/40 1.080
a
 - 1.520

c
 0.325

a
 

#40/50 0.530
a
 - 0.736

c
 0.334

a
 

#50/70 0.311
a
 - 0.346

e
 0.372 

#50w 0.170
d
 - 0.258

d
 0.301

d
 

a
Smits et al. (2010), 

b
Wietsma et al. (2009), 

c
Schroth et al. (1996), 

d
Sakaki and Illangasekare (2007), 

e
Zhang et al. 

(2008). 

An effective diffusion coefficient of 8×10
-11

 m
2
/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 

experiments (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 regimes observed during the experiments. For 

homogeneous formations, the initiation and evolution of the density-driven convective fingers at 

variable permeabilities is important to simulate. In addition, the spreading characteristics of the 

dissolved mass at the 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 spreading characteristics of #30/40 sand 

homogeneous medium experiment (Agartan et al., 2015a) and numerical model is given in 

Figure 6.5. The accurate simulation of the homogeneous and layered media processes is very 

crucial 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 in Figure 6.5a, Figure 6.5b, and Figure 6.5c, respectively. The results at 7 days (Figure 

6.5b and Figure 6.5 d) match 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. 

Figure 6.6 shows the comparison between the experimental and numerical model results 

in the layered heterogeneity case. In this experiment, Agartan et al. (2015a) 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 the spreading characteristics at the sand transitions including 

merging of fingers (Figure 6.6a and Figure 6.6d), lateral spreading (Figure 6.6a and Figure 6.6d), 

diffusion into the low permeability layer (Figure 6.6a, Figure 6.6b, Figure 6.6d, and Figure 6.6e), 

and reformation of the fingers in the high or medium permeability sand layers (Figure 6.6b, 
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Figure 6.6c, Figure 6.6e, and Figure 6.6f) were simulated reasonably as well as the initiation of 

the fingers and the total timing of the processes. 

  

Dissolved 

Water 

Concentration 

[kg/m
3
] 

 

(a) (c) 

  

(b) (d) 

Figure 6.5: Experimental (a, b) (from Agartan et al., 2015a) and simulation (c, d) results of 

#30/40 sand homogeneous case: (a, c) 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 results in Figure 6.7a showed that 

the evolution of the fingers at 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 in 

Figure 6.7d.  
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Dissolved 

Water 

Concentration 

[kg/m
3
] 

 

(a) (d) 

  

(b) (e) 

  

(c) (f) 

Figure 6.6: (a) Experimental (a. b, c) (from Agartan et al., 2015a) 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 et al. (2015a). 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 Table 4 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 and 
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second spatial moments with time was determined for each experiment (Figure 6.7b, Figure 6.7c, 

Figure 6.7e, and Figure 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 the mass (Freyberg, 

1986).  

For the homogeneous formations, the first and second moments in z-direction 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 accurately (Figure 6.7b and Figure 

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 code can capture the generation of density-driven convective fingers, the effects of 

permeability on spreading in homogeneous experiments. 

The changes in the center of mass in z-direction and the spreading in x and z directions 

with time for layered and block heterogeneous cases provide a good match between experimental 

and numerical results for the processes observed at the transition of the different permeability 

sands in layered-heterogeneous media experiments (Figure 6.7a and Figure 6.7f). The physics of 

density-driven flow in a layered medium were captured reasonably by the developed model 

(Figure 6.7d, Figure 6.7e, and Figure 6.7f). 

 Numerical Models for the Utsira Formation in Norway 6.5.

The Utsira formation located in the Sleipner field in the North Sea was studied in order to 

analyze the effects of permeabilities and thicknesses of low permeability layers on the trapping 

of dissolved CO2 at field-scale systems. The Utsira formation is composed of Miocene-Pliocene 

aged sandstone having 200-300 m thickness (Chadwick et al., 2004; Zweigel et al., 2004; Arts et 

al., 2008). Porosity and permeability of the Utsira sandstone are 30-40% and 1×10
-12

 m
2
 to 3×10

-
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12
 m

2
, respectively (Arts et al., 2008; Herrera et al., 2010; Zweigel et al., 2004). The Utsira 

sandstone is evident as approximately 30 m thick composite layers (Zweigel et al., 2004). 

Seismic survey results by Hermanrud et al. (2009), Torp and Gale (2004), and Zweigel et al. 

(2004) showed that the composite sandstone layers are separated by nine 1-3 m thick discrete 

intra-reservoir shale layers. The thicker shale layer, which is 5-7 m, separates the uppermost leaf 

of the sandstone from the main reservoir beneath (Arts et al., 2008). There is an uncertainty on 

the geometries, distributions, and hydraulic properties of the shale layers. Herrera et al. (2010) 

modeled the shale layers with around 6×10
-17

 m
2
 permeability. Johnson et al. (2004) used two 

different permeabilities for the shale layers as 3×10
-15

 m
2
 and 3×10

-18
 m

2
, and added 5% 

porosity.  

6.5.1. Development of Numerical Model for the Utsira Formation 

Several scenarios were developed for a simplified geology 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 m (Figure 6.8). The length of the domain was assumed to be 400 

m.  

The domain was composed of 10 discrete composite sandstone-shale layers. Each 

composite layer was 30 m thick and included a sandstone layer and an underlying shale  layer. 

The sandstone and shale layers were assumed to be horizontally continuous. The permeability 

and porosity of the sandstone layers were specified as 2×10
-12

 m
2
 and 35%, respectively (Herrera 

et al., 2010; Torp and Gale, 2004). The porosity of the shale layers was 5% (Johnson et al., 

2004). The diffusion coefficient was 2.06×10
-9

 m
2
/s from Lindeberg and Bergmo (2003). Five 

distinct permeabilities and thicknesses were assigned to the shale layers (Table 6.4). 
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            (a)           (b) 

  
        (c)          (d) 

  
         (e)          (f) 

Figure 6.7: Comparison of the experimental (Agartan et al., 2015a) and modeling results for 

homogeneous (a, c, e) and heterogeneous experiments (multilayered system and rectangular 

blocks heterogeneity) (b, d, f): Propagation of the tip of the longest finger for (a) homogeneous 

and (b) heterogeneous cases, first moments in z-direction for (c) homogeneous and (d) 

heterogeneous cases, and seconds moments in x- and z-directions for (e) homogeneous and (f) 

heterogeneous cases. 
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Figure 6.8: The Utsira formation scenarios for the determination of the effects of shale layer 

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

 

Table 6.4: Permeabilities and thicknesses of shale layers. 

Parameters Values 

Permeability, k [m
2
] 3×10

-18
, 6×10

-17
, 3×10

-15
, 1×10

-14
, and 3×10

-14
 

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 sandstone-shale layers. The 

thickness of the lower shale layers were kept as 1 m. The permeability of these zones ranged 

from 3×10
-18

 m
2
 to

 
3×10

-14
 m

2
 (Table 5). For the sensitivity of shale thickness, the permeability 
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of the shale layers was specified as 3x10
-15 

m
2
. The thickness of the uppermost shale layer varied 

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 CO2 and brine. Density and viscosity of the fluids and 

solubility of CO2 in brine were determined based on the pressure and temperature conditions in 

the Utsira formation. For all simulations, 12 m thick dissolved CO2 at solubility was assumed to 

be trapped under the caprock (i.e., the top boundary) (Lindeberg et al., 1999). Mineralization was 

neglected in all of the simulations. 

6.5.1.1. Density, Viscosity, and Solubility Calculations of Formation Brine and scCO2 

The temperature at the top of the Utsira formation is 36.2 °C (Nooner et al., 2007). The 

pressure at the shale caprock and the Utsira formation is 87.5-90 bars and 80-110 bars, 

respectively (Johnson et al., 2004). Density, viscosity, and compressibility of the brine were 

calculated as 1018.53 kg/m
3
, 0.73×10

-3
 Pa.s and 0.41×10

-9
 1/Pa, respectively, using the salinity 

of the brine (3.05% by weight (Grimstad et al., 2009)) and pressure (90 bars) and temperature 

(36.2 °C) of the formation under the caprock. The solubility of scCO2 in brine was determined to 

be 1.2575 mole/kg using the equation of state developed by Duan and Sun (2003) and Duan et al. 

(2006) under the specified pressure, temperature, and salinity conditions. The viscosity of the 

formation brine was assumed to be independent of the CO2 concentration based on the study 

carried out by Philips et al. (1981). The density of the dissolved CO2 was calculated using 

equation (20) reported in Duan et al. (2006), where 
2COr  is the partial density of dissolved CO2 

[kg/m
3
], 

2COMW  is the molecular weight of CO2 [44.01 g/mole], Vf is the molar volume of 

dissolved CO2 [cm
3
/g.mole] in equation (21), and T is the temperature [

o
C]. The density of 

aqueous phase with dissolved CO2 is a linear function of CO2 mass fraction as given in equation 
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(22), where, ɟ is the density of the solution [kg/m
3
], br is the density of brine [1018.53 kg/m

3
], 

and w is the mass fraction of CO2 in the aqueous phase [-].  

2

2

310
CO

CO

MW

Vf
r =            (20) 

2 4 2 7 337.51 9.585 10 8.740 10 5.044 10V T T Tf

- - -= - ³ + ³ - ³     (21) 
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b CO

w w

r r r

-
= +            (22) 

 Results of the Utsira Formation Scenarios 6.6.

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

storage of dissolved CO2 were analyzed as a function of time. 

6.6.1. Influence of Shale Layer Permeability 

Five scenarios of distinct shale layer permeabilities shown in Table 6.4 were simulated 

using the model configuration given in Figure 6.8. The simulations were continued for 1000 

years. The 1000-year results in Figure 6.9, the mass remained in the source zone results in Figure 

6.10a, and the first and second moment results in Figure 6.10c and Figure 6.10e, respectively, 

emphasized the significance of permeability variations on flow and storage of dissolved CO2. 

Following the release of the source form the source zone as an initial condition, the onset 

of convection was observed at around 1
st
 year (Figure 6.10a). Convection created a rapid 

decrease in CO2 mass stored in the source zone (Figure 6.10a). Dissolved CO2 reached to the 

uppermost shale layer at 10
th
 year for all cases. The shale layer blocked the vertical flow of dense 

fluid as independent from its permeability due to significant reduction in advection/convection in 

the shale layer, leaving only slow diffusion (Figure 6.10a, Figure 6.10c, and Figure 6.10e). 
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(a) (b) 

  
(c) (d) 

 

Dissolved CO2 

Concentration 

[kg/m
3
] 

 
(e) 

Figure 6.9: 1000 year simulation results for determination of the effects of shale layer 

permeability on convective mixing and dissolution trapping of dissolved CO2: (a) 3×10
-14

 m
2
, (b) 

1×10
-14

 m
2
, (c) 3×10

-15
 m

2
, (d) 6×10

-17
 m

2
, and (e) 3×10

-18
 m

2
. 

 

At 1000
th
 year, while the accumulated dissolved CO2 was still diffusing into the 

uppermost shale layer in the case of the lower permeabilities (6×10
-17

 m
2
 and 3×10

-18
 m

2
) (Figure 

6.9d and Figure 6.9e, respectively), a considerable amount of the dissolved mass reached the 

bottom of the formation for the highest permeability case (3×10
-14

 m
2
) (Figure 6.9a). The 

convective mixing was also observed in deeper sandstone layers for higher shale layer 
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permeabilities as seen in Figure 6.9a, Figure 6.9b, and Figure 6.9c. The onset time of convection 

in the deeper sandstone layers depends on the vertical permeability of the shale layers. For higher 

shale permeabilities, convection in 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 thicknesses 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 CO2 after 1000 years for the scenarios are shown in 

Figure 6.11. The thickness of the uppermost shale layer has a considerable impact on the mixing, 

spreading, and trapping of dissolved CO2 throughout the domain.  

The onset of convection occurred at around 1
st
 year as explained in previous chapter. The 

decrease in CO2 mass in first 10-year was a result of convection observed in the upper sandstone 

layer (Figure 6.10b). The flow of dissolved CO2 was slowed down by the uppermost shale layer 

at 10
th
 year where convective shutdown was observed for a certain period of time depending on 

the thickness of the shale layer (Figure 6.10d and Figure 6.10f). The time to initiate convection 

in the deeper sandstone layers depends on the thickness of the shale layer due to slow diffusion 

rates. The thicker shale layers (Figure 6.11d and Figure 6.11e) leads to the storage of dissolved 

mass in the upper sandstone layer and the uppermost shale layer for a long time compared to the 

thinner cases (Figure 6.11a, Figure 6.11b, and Figure 6.11c) due to slow transport of dissolved 

CO2 in shale layers. Nevertheless, the thinner shale layers do not retard the vertical movement of 

dissolved CO2 for a long time which speeds up its spreading to the deeper parts of the domain 
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(Figure 6.10 and Figure 6.11a, Figure 6.11b, and Figure 6.11c). Therefore, the system behaves 

similar to a convective mixing dominant homogeneous formation (Figure 6.10 and Figure 6.11). 

  
        (a)          (b) 

  
        (c)          (d) 

   
         (e)          (f) 

Figure 6.10: Variation of the total mass remained in the 12 m thick source zone for (a) 

permeability and (b) thickness analyses; first moments in z-direction for (c) permeability and (d) 

thickness analyses; second moments in z-direction for (e) permeability, and (f) thickness 

analyses. 
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(e) 

Figure 6.11: 1000 year simulation for determination of the effects of shale layer thickness on 

convective mixing and dissolution trapping of dissolved CO2: (a) 1 m, (b) 2 m, (c) 3 m, (d) 6 m, 

and (e) 10 m. 

 

 Discussions of Results 6.7.

The multilayered heterogeneity in the geologic formations affects the vertical movement 

and storage of dissolved CO2. The 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 



104 

 

effectively lock dissolved mass (Agartan et al., 2015a). 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 dissolved CO2 more than their thickness as seen in 

Figure 6.10.  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 moment results in Figure 6.10 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 flux and equalizes the dissolved CO2 concentrations in the 

sandstone layers due to slow diffusion rates into and within the shale layers. This contributes to 

the storage of dissolved CO2 in these layers for a long time. At the transition of the high/medium 

and low 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 deeper sandstone 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 CO2 and the host rock increases for potential mineralization, which  is referred as 

the most secure way to store scCO2 in deep geologic formations (Benson and Cook, 2005). 
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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 2 

 

 Abstract 7.1.

3
Heterogeneity of the formation where supercritical CO2 is trapped, plays a key role on 

mixing and trapping of dissolved CO2. In a previous study, it was demonstrated that in the 

presence of heterogeneity, both convective 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 (e.g. shale) in the formation (Agartan et al., 2015b). In this study, we investigated 

how heterogeneity within the semi-confining low-permeability layers contributes to mixing 

through brine leakage and trapping through diffusion. In the long-term, dissolved mass 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 knowledge, an intermediate-

scale laboratory experiment was designed to investigate the contribution of these three processes 

(convective mixing, diffusion controlled trapping, and back diffusion) to long-term storage of 

dissolved CO2 in multilayered formations with heterogeneous low-permeability layers. This 

experiment was performed using a surrogate fluid combination to represent dissolved CO2 and 

brine under ambient pressure and temperature conditions. The results show that the connectivity 

of higher permeability material within the semi-confining low-permeability layers produces 

                                                 
3
 Chapter 7 includes the material from paper III. 
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leakage pathways between upper and lower aquifers, and thus contributes to enhanced mixing. 

This experimental finding was tested numerically for different distributions of the same low-

permeability materials having similar volume ratios with the experimentally studied scenario.   

 Introduction  7.2.

Role of vertical heterogeneity on mixing and storage has been studied for the applications 

in CO2 storage, subsurface contaminant transport, and mixing of fresh and salt water. In CO2 

sequestration, the influences of permeability 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 CO2 dissolution rates and onset of convection, and identified different flow 

regimes (fingering, dispersion, and channeling). When the heterogeneity is created with the 

randomly distributed rectangular blocks having different permeabilities, convective mixing 

occurs through the high-permeability connected pathways, and lower permeability blocks 

enhance the convection  (Agartan et al., 2015a). Role of discontinuous shale lenses on 

convection was numerically investigated by Green and Ennis-King (2010). They reported that 

the presence of shale lenses enhances convective mixing, and the breakthrough time of the 

dissolved CO2 at the bottom of the formation depends on the length of the shale lenses. Elenius 

and Gasda (2013) numerically investigated the effects of longer horizontal 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 continuous low-permeability zones, dissolved mass that reaches the 

layer transition between permeable and low-permeability layers starts to accumulate due to slow 

diffusion rates. This leads to lateral spreading of the dense mixture along the layer transition 



107 

 

which increases the available area for dissolved mass to diffuse and enhances stored mass in the 

low-permeability zones (Agartan et al., 2015a; Schincariol and Schwartz, 1990). At the initial 

times, higher rates of diffusion is observed. However, the concentration gradients decrease with 

time due to dilution (lateral spreading) and diffusion.  

These low-permeability zones are able to store considerable amount of mass, and thus 

contributing to dissolution trapping. Parker et al. (2008) showed through a numerical modeling 

study that a single thin clay bed with 0.2 m thickness can store a significant amount of dissolved 

TCE mass for several years. When dissolved mass concentrations in the low-permeability zones 

become greater than the permeable layer after a certain period of time, the concentration gradient 

is reversed, and back diffusion starts. Therefore, the back diffusing mass behaves like a 

continuous source of contamination (Chapman and Parker, 2005; Chapman et al., 2012; Parker et 

al., 2004; Wilking et al., 2012). In tsunami-like events, the low-permeability zones that can store 

salt water through diffusion influence the timescales of aquifer contamination and corresponding 

recovery (Illangasekare et al., 2006). Experimental and numerical studies were carried out by 

Vithanage et al. (2012) in order to determine the flushing time of salt water from the fresh water 

aquifers after a tsunami event. In intermediate-scale tank experiments, a 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 short period of time. The results 

indicated that this type of heterogeneity played a key role on the time of recovery. The 

continuous low permeability layer increased the total flush-out time of salt water by 40% 

(Vithanage et al., 2012).  

As applied to CO2 sequestration, the convection in dual-layer systems with a low 

permeable layer on top of a high permeable layer and vice versa was studied using numerical 
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models by Farajzadeh et al. (2008). Their 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. Agartan et al. (2005a; 2005b) showed through a set of laboratory 

experiments and field-scale simulations that convective mixing and diffusion controlled trapping 

are the two important mechanisms that contribute to the dissolution trapping in multilayered 

systems with low-permeability zones such as shales. However, the relative contribution of each 

mechanism strongly depends on the permeability and thickness of the low-permeability layer 

(Agartan et al., 2015b). The higher permeability and thinner low-permeability layers behave 

more like a convective mixing dominant homogeneous formation. However, the presence of 

lower permeability and thicker layers lead to the occurrence of convective shutdown due to slow 

diffusion rates. This decreases the convective flux and equalizes the dissolved fluid 

concentrations in the high-permeability layer (Agartan et al., 2015b). The low-permeability 

layers (e.g. shale) is not always homogeneous (Best and Katsube, 1993). Davey (2012) divided 

shale heterogeneity into two categories as composition and texture variations, and stated that any 

changes in clay volume, kerogen volume, and mineralogy affect the rock properties as well as 

the laminations, other sedimentary structures, and natural fractures. Neuzil (1986; 1994) showed 

that the permeability of these layers ranges from 10
-17 

to 10
-23 

m
2
. In addition, the presence of any 

faults, fractures, and fissures changes their permeabilities (Best and Katsube, 1993). After 

developing a fundamental understanding on the mixing and storage of dissolved mass in the 

multilayered systems with homogeneous low-permeability layers, the potential outcomes of the 

simple heterogeneity present in these layers were considered for the mixing and storage of 

dissolved CO2. Based on the existing knowledge, we investigated how these three processes 

(convective mixing, diffusion controlled trapping, and back diffusion) contribute to the long-
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term storage of the dissolved CO2 in the formations with heterogeneous low-permeability layers 

through intermediate-scale laboratory experiments and numerical modeling.  

 Materials 7.3.

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

experiments are described in the next section. 

7.3.1. Surrogate Fluid Combination 

Laboratory investigations on CO2 behavior at injection and post-injection periods are 

challenging due to difficulties in recreating the high pressures and temperatures that exist in the 

deep geological formations (Suekane et al., 2006; 2009). Experimental studies on dissolved CO2 

flow can be conducted under ambient pressure and temperature conditions using surrogate fluids 

having similar fluid properties with dissolved CO2 and brine under reservoir pressure and 

temperature conditions (Cinar et al., 2007; Wang et al, 2010). In this study, scCO2 was assumed 

to be trapped under the caprock and dissolved in the formation brine under equilibrium 

conditions. The surrogate fluid combination needed to show the similar density properties with 

denser dissolved CO2 and brine under the laboratory pressure and temperature conditions to 

mimic mixing and trapping processes accurately.  

Large tank experiments were carried out using NaBr solution as dissolved CO2 and water 

as brine (Table 3.2). Among the other salts, NaBr was preferred because Br
-
 is not a common 

anion in water with respect to F
-
, Cl

-
, NO3

-
, SO4

-2
, and PO4

-3
. This led to the accurate 

measurement of Br
-
 concentrations using the ion chromatography method. The known 

concentration NaBr solution (15.38 g/l) was prepared to achieve the identical density difference 

(10.60 kg/m
3
) with dissolved CO2 and brine at equilibrium concentration under reservoir 
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pressure (~9 MPa) and temperature (~36ęC) conditions. In addition, 10% red food dye (by 

volume) that was added into the NaBr solution enabled the visual tracking of the plume. The 

viscosity of the solution is independent from the NaBr concentration as the same with the 

viscosity of brine with dissolved CO2 (Phillips et al., 1981). 

7.3.2. Selection of the Test Sands 

In order to examine the flow behavior of the new surrogate fluid combination in porous 

media, the small experiments were performed. Five sands (#70, #50, #30, #40/50, and #50/70  in 

Table 3.1) with different permeabilities were tested under the same boundary conditions, initial 

conditions, and source injection scheme. In all of the experiments, the source zone was packed 

with #12/20 sand, and the food dyed NaBr solution having 15.38 kg/m
3
 concentration was 

injected into the source zone using porous tubing. Advantages of the porous tubing are described 

in chapter 7.4.1. The results of the sand selection experiments are explained in chapter 7.5.1.  

 Experimental Methods 7.4.

Two homogeneous and one heterogeneous media experiments were carried out in a 

plexiglas tank with 243.84 cm x 121.92 cm x 7.7 cm (L x H x W) internal dimensions (Figure 

3.8) under ambient temperature and pressure conditions. These intermediate-scale tank 

experiments allowed for the observation of (1) the plume migration and trapping in a longer and 

deeper flow field which is necessary for the density-driven flow studies, (2) the effects of 

multilayered formations with heterogeneous low-permeability zones on flow and transport 

processes with respect to 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 for taking periodical digital images from both 

front and back walls of the tank. This provided us to observe the effects of 7.7 cm thickness of 

the tank on density-driven fingering process. At the back wall of the tank, 448 sampling ports 

drilled with 7 cm distance apart (Figure 3.10) were used to take aqueous samples during the 

experiments to measure concentration variations in IC.  

In these experiments, the model domain was composed of three zones: the main mixing 

domain, the source zone, and the two head reservoirs to set the boundary conditions. Each of 

these zones was packed with test sands with known permeabilities and porosities (Table 3.1). 

The source zone and two vertical head reservoirs were packed with #8 sand. The sand of the 

main domain was selected as #40/50 based on the results of the small tank experiments. The 

source zone with 53.34 cm × 7.62 cm × 7.7 cm (L × H × W) dimensions was placed on top of the 

main mixing domain to simulate the flow of dissolved CO2 that was trapped by capillary forces 

under the caprock. In heterogeneous experiment, the low-permeability layer composed of silt and 

#110 sand was inserted in the middle of the main mixing domain. In each experiment, the tank 

was wet-packed with the surrogate brine (water).  

7.4.1. Source Creation 

The rectangular source was created using porous tubes that allowed for the even 

distribution of the source. The two 50 cm long porous tubes were placed in the middle of the 

7.62 cm thick source zone in order to mimic the spreading of dissolved CO2 trapped under the 

caprock. The source injection was achieved in two stages. In the first stage, 560 ml food dyed 

NaBr solution having 15.38 g/l concentration was injected into the source zone with 10 ml/min 

flow rate using a Harvard Apparatus syringe pump in order to fill the source zone in a shorter 

time frame without forcing the generation of density-driven fingers. Then, the additional 620 ml 
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NaBr solution was injected with 1 ml/min flow rate to keep the source zone full without applying 

excessive pressure to trigger the fingers. 

7.4.2. Setup of Homogeneous Large Tank Experiment 

Two homogeneous experiments were conducted with the goal of investigating the effects 

of pore-scale heterogeneity and packing imperfections on density-driven flow and also creating a 

base case scenario to be comparable with the heterogeneous packing experiment. The 

experiments (Figure 3.8) were performed under the same boundary conditions, initial conditions, 

and source injection scheme. All sides of the tank were closed representing no-flow boundary 

conditions. After the first experiment, the NaBr solution was completely flushed away from the 

tank, and the second experiment was conducted using the same sand packing. The dissolved fluid 

was tracked for 4 days through the aqueous samples and the digital images taken from both front 

and back walls of the tank. The details of this experiment can be found in Vargas-Johnson Thesis 

(2014). 

7.4.3. Setup of Heterogeneous Large Tank Experiment 

The heterogeneous porous medium experiment was designed to investigate the 

contribution of convective mixing, diffusion controlled trapping, and back diffusion to the long-

term storage of dissolved CO2 in multilayered systems with heterogeneous low-permeability 

layers having vertical connectivity. A continuous 9.525 cm thick low-permeability layer was 

placed in the middle of the main mixing domain packed with #40/50 sand (Figure 3.9 in chapter 

3.3.1.2) with respect to the homogeneous experiments. According to Neuzil (1994), the 

permeability of clays and shales varies by orders of magnitude depending on the particle 

deposition environment and the presence of fault, fracture or fissure (Shi, 2005). In this 
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experiment, silt and #110 sand were used to pack the low-permeability layer. These materials 

provided few orders of magnitude variation in the permeability. The heterogeneity in the low-

permeability layer was created to achieve vertical connectivity between two aquifers. The 

relative volumetric proportions of silt (in blue color) and #110 sand (in red color) were one-to-

one (1:1). These low-permeability materials were distributed in a 2-D vertical rectangular array 

of 128 (x) by 5 (z) cells with 1.905 cm × 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 the behavior of dissolved mass in relatively higher permeability connected pathways 

present in low-permeability layers, the source long horizontal (50 cm) and medium vertical (3.81 

cm) correlation lengths were chosen. The realization that honored the target material ratios (50% 

sand and 50% silt) and showed an adequate #110 sand connectivity in z-direction was selected 

(Figure 7.1) to be studied in the large tank experiment.  

Besides, the geometry and the sands of the vertical two head reservoirs and the source 

zone were same with the homogeneous experiments. The same source injection scheme was 

applied with the homogeneous media experiments. The background hydraulic gradient (i = 

0.0008, analogues value to Gulf Coast from Hubbert, 1953) was applied to both of the aquifers 

(1
st
 period) unlike the homogeneous cases where there was no background water flow. After 8 

days, the background water flow was stopped in order to understand the role of vertical #110 

sand connectivity under the static conditions (2
nd

 period). The second background water flow 

(i=0.004, analogues value to Great Plains from Hubbert, 1953) was event initiated on 19
th
 day 

(3
rd

 period). At this time, the higher hydraulic gradient was applied to flush away the mass in the 

aquifer in order to estimate the percentage of stored mass in the low-permeability materials.  
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Figure 7.1: Heterogeneous large tank experimental setup showing low-permeability zone 

packing. Red and blue colors represent #110 sand and silt, respectively (units are in cm). 

 

 

Figure 7.2: Comparison of histogram of the selected realization with the target material ratios. 
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 Experimental Results 7.5.

The results of the small tank sand selection experiments and the large tank density-driven 

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 study was to select the most suitable 

sand that allowed to improve the fundamental understanding on the convection dominant 

processes i.e., onset of fingering and spreading of the fingers at intermediate-scale.  

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 sands (Figure 7.3c, Figure 7.3d, and Figure 7.3e) was diffusive. The 

fingers generated after the release of the source got merged with time. The graph in Figure 7.4 

shows that especially for #50 and #70 sand experiments, the migration of the dissolved mass was 

very slow. On the other hand, the faster spreading was observed in #30 sand experiment (Figure 

7.3a). The fingers reached to the bottom of the tank less than four hours (Figure 7.4).  

In #40/50 sand, the number of developed fingers and the spreading of the fingers in a 

porous medium with time were reasonable enough 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 effects of pore-scale heterogeneity and packing imperfections on density-driven 
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flow. The digital images periodically taken from the front wall of the tank shown in Figure 7.5 

compares the evolution of the fingers in both of the experiments. After the release of the source, 

heterogeneity at the sand transition and pore-scale heterogeneity triggered the density-driven 

fingers in an hour. The fingers reached to the bottom of the tank in two days and started to pool. 

The pooling stopped the convective flux and led merging of the fingers. Thus, the dissolved mass 

concentrations started to get homogenized in the tank.  

 

 

 

Figure 7.3: Results of the small tank sand selection experiments: (a) #30, (b) #40/50, (c) #50/70, 

(d) #50, and (e) #70. 
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Figure 7.4: Finger tip location versus time graph. 

 

Figure 7.6 highlights the differences in spreading observed on the front and back walls at 

37
th
 hour for both of the experiments. This was a result of 3-D nature of the fingers that cannot 

be fully characterized through visual observations from the walls. This tank has enough thickness 

(7.7 cm) for the 3-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 were analyzed 

in detail in the heterogeneous experiment section during the comparison of the results from the 

two types of experiments.  

The pore-scale heterogeneities and packing imperfections resulted in different spreading 

patterns of the dissolved mass in these experiments (shown in Figure 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 the z-direction in Figure 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 the x-direction, the spreading from the center of mass is 

similar for both of the experiments (Figure 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 

(Figure 7.7b). 

 

Figure 7.5: Spreading of density-driven fingers from the front wall for experiment 1 and 2 at (a) 

4 hours, (b) 12 hours, (c) 24 hours, (d) 60, and (e) 96 hours after the source release. 
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Figure 7.6: Comparison of spreading in front and back walls of the tank at 37 hours after 

injection: Experiment #1 (a) front wall and (b) back wall, and Experiment #2 (c) front wall and 

(d) back wall. 

 

7.5.3. Results of Heterogeneous 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 the goal of investigating the role of 
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the vertical connectivity present in the low-permeability layer on mixing and long-term storage 

of dissolved CO2 in multilayered systems. Unlike in the homogeneous experiments, a very slow 

background hydraulic gradient was maintained to best capture field-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 background water flow and source injection, (2) no background water flow, and (3) 

relatively higher background water flow. 

 

Figure 7.7: Comparison of the moments of the homogeneous and heterogeneous experiment: (a) 

center of mass in z-direction, (b) center of mass in x-direction, and (c) spreading from center of 

mass in x-direction. 
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The results of the first 4 days were compared with the homogeneous experiments to 

analyze the effects of the low-permeability layer on spreading of the dissolved mass. The onset 

time of the density-driven fingers and the spreading in x-direction (second moment) were similar 

to the homogeneous cases at the initial times (Figure 7.7c). In 12 hours, the dissolved mass 

reached the low-permeability layer and started to pool (Figure 7.10). The fingers got merged at 

the high and low-permeability layer transition. This low-permeability layer limited the vertical 

flow whereas enhanced the lateral spreading (seen in Figure 7.7a and Figure 7.7c). Due to slow 

diffusion rates into the low-permeability layer, the center of mass in z-direction did not move 

much until the onset of convection in the lower layer. In addition, the fresh water leakage into 

the upper aquifer contributed to the lateral spreading (Figure 7.7c).  

The same type of density-driven fingers was observed as in the homogeneous media 

experiments. The distribution of dissolved mass at 12 and 24 hours (Figure 7.8a and Figure 7.8b, 

respectively) was analyzed to identify these fingers at three locations. In the first location, no 

fingers were observed through the front and back walls of the tank (Figure 7.8a). However, the 

fluid samples taken from the middle of the tank showed variations in NaBr concentrations with 

depth as seen in Figure 7.9a. This was a consequence of the finger not visible through the tank 

walls. In the second location in Figure 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 seen on the back 

wall. The concentrations measured in the middle of the tank identified the finger that spread from 

the front wall through the middle of the tank (Figure 7.9a). The third location showed one large 

finger that covered the total thickness of the tank. On the front and back walls, some portion of 

the finger was observed, and the higher NaBr concentrations measured in the middle of the tank 

(Figure 7.9a) indicated its size. The results at 24 hours (Figure 7.8b and Figure 7.9b) illustrated 
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the merging and pooling of these fingers. The dissolved mass concentrations at locations closer 

to the source zone decreased due to depletion of the mass, and the higher concentrations were 

observed either in the middle or bottom of the tank.  

 

Figure 7.8: Three different fingering observed in the tank. The digital images taken from front 

and back walls of the tank showing the spreading at (a) 12
th
 hour and (b) 24

th
 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 the upper one. Under the selected boundary conditions, the fresh water 

leakage limited the diffusion of dissolved mass into the low-permeability layer at some locations 

(Figure 7.10) and prevented the flow of dissolved mass through connected 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 particles might 

contribute to the leakage through confining layers. In addition, the injection of CO2 at higher 

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 sandstone (Neuzil, 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 (Capuano, 1993).  

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 zones. On the other 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 seen in Figure 7.11, and eventually convective 

mixing in the second aquifer was observed on 12
th
 day (Figure 7.11). 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 upper aquifer with 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 between dissolved mass and the host rock for potential mineralization, 

and (3) the storage of dissolved mass in the deeper parts of the formation.  

   

 

Figure 7.9: The cross-section from the side wall showing three types of fingering observed in the 

tank at the location specified in Figure 7.8 at 12
th
 hour (a), and merging of the fingers at the same 

locations at 24
th
 hour (b). 
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Figure 7.10: Evolution of the density-driven fingers in the heterogeneous experiment. 

 

The background hydraulic gradients was started again on 19
th
 day in order to flush the 

mass in the aquifers and estimate the amount stored mass in the silt zones. The higher flow 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 gradient between 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 in Figure 7.13b. 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 the second 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 in Figure 7.13a and Figure 7.13c, respectively. The NaBr concentrations in 

the upper aquifer created a tailing as a result of the back diffusion from the silt zones. The two 

early peaks in Figure 7.13c belong to the two fingers generated in this layer. The concentration 

increase observed after 24
th
 day in Figure 7.13c 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 35
th
 day, the amount of dissolved mass stored in the low-permeability 

layer was calculated as 12.50% (Figure 7.14). 

 

Figure 7.11: Spreading of dissolved under the static conditions and the onset of convection in the 

lower aquifer from front and back walls. 
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In this experimental study, the effects of the vertical higher permeability connected 

pathways in the low-permeability layer on mixing and trapping of the dissolved CO2 were 

investigated. The results of the experiment showed that the heterogeneity of shale layers is very 

important while investigating the behavior of dissolved CO2 in the storage formation. The 

vertical connected pathways changed the flow characteristics of dissolved plume. The cross-flow 

occurred between the aquifers enhanced mixing by introducing two mechanisms as (1) 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 conditions which led to the 

onset of convection in the lower aquifer. These pathways contributed to the storage of dissolved 

mass both in the deeper aquifers by generating convective fingering and in the silt zones due to 

increasing diffusion area. However, in the long-term, these connected pathways enhanced the 

back diffusion from the silt zones due to increase in concentration gradient along the #110 sand 

and silt contact. These results have significant implications for understanding the role of shale 

heterogeneity on flow and long-term storage of the dissolved CO2. However, this finding was 

limited to one experiment. Based on this conceptualization of enhanced mixing due to 

connectivity, a numerical modeling study was carried out to investigate the mixing and storage 

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.  

 Numerical Modeling 7.6.

A single-phase, two-component, and density and viscosity-dependent flow and transport 

model (Agartan et al., 2015b) was used as a research tool to better understand the role of the 

heterogeneous low-permeability layers on mixing and long-term trapping of dissolved mass for 

the different distributions of silt and #110 sand. 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.  

 

Figure 7.12: The second background flow initiated on19
th
 day. Flushing of the mass in the 

aquifers from front and back walls. 
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Figure 7.13: Breakthrough curves and flow rate graphs of (a, b) upper aquifer and (c, d) lower 

aquifer. 

 

 

Figure 7.14: 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 model for representing the experimentally observed and recorded 

flow and transport processes was tested in order to simulate the selected scenarios accurately. 

The simulations were performed using the surrogate fluid combination (NaBr solution and water) 

at the large tank scale with 243.84 cm x 121.92 cm x 7.7 cm (L x H x W) internal dimensions 

under the same flow and transport conditions with the experiment. In the experiment, the 

synthetic porous medium composed of four main zones including the main mixing domain 

(#40/50), the source zone (#8), the low-permeability layer, and the vertical columns to control 

boundary conditions (#8) (see Figure 3.9 in chapter 3.3.1.2). The low-permeability layer was 

packed with #110 sand and silt. The physical characteristics of the sands used to pack the tank 

are listed in Table 3.1 in chapter 3.1.1. An average permeability and porosity were assigned to 

silt material as 10
-16

 m
2
 and 35% (Freeze and Cherry, 1979), respectively. The permeability field 

in the tank could be different from the previously measured values due to imperfections in the 

packing.  

The constant head boundary conditions were assigned to the left and right vertical 

boundaries to simulate background hydraulic gradient (i=0.0008, analogues 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 source creation 

accurately. The 560 ml of source fluid was injected with 10 ml/min flow rate, and then in the 

second period the 620 ml source was injected at 1ml/min rate. A 10% porosity fluctuation was 

added into the materials to trigger the fingers and represent imperfections in the packing. A 

diffusion coefficient of 1.6×10
-10

 m
2
/s was used (Oostrom et al., 1992). An adaptive time 

stepping was used in the numerical model with a maximum time step of 1 hour. The simulations 
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were carried out considering three periods as was simulated in the experiment: (1) the first 

background flow and source injection for 8 days, (2) the static conditions for 11 days, and (3) the 

second background flow (i=0.004, analogues value to Great Plains from Hubbert, 1953) (16 

days). Total time of the experiment and model was 35 days. 

7.6.2. Simulation Results of the Heterogeneous Large Tank Experiment  

The results of the heterogeneous medium experiment and the simulation were compared 

for each period in Figure 7.15. The model accurately captured the movement of the center of 

mass in x and z directions with time (Figure 7.16a and Figure 7.16b, respectively), the onset of 

fingering and the migration of density-driven fingers (Figure 7.16), the final distribution of the 

mass in the tank (Figure 7.15a), and the spreading of the mass under static conditions (Figure 

7.16a and Figure 7.16b). However, only one of the fingers generated in the lower aquifer was 

simulated (Figure 7.15b). The reason of this can be the amount of dissolved mass accumulated 

on each side of the fresh water leakage (Figure 7.15a), and this depends on the location of the 

fingers generated from the source zone. The model simulated larger fingers at the edges of the 

source zone, whereas most of the fingers were generated in the middle of the source zone in the 

experiment. The higher concentration mass accumulated under the source zone generated the 

second finger in the lower aquifer in the experiment. When 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 the differences in the mass depletion 

curves of the experiment and the model at initial times. The oscillations in the flow rates of the 

upper aquifer observed in the experiments cannot fully characterized in the numerical model. 

After the second background flow, the majority of the mass was trapped in the silt zones located 

in left, middle, and right sides of the low-permeability layer in the experiment. The model 
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captured the locations of the trapped mass (Figure 7.15). However, the model calculated the 

trapped mass as 10.43% whereas the results of the experiment reported as 12.50% (see Figure 

7.17). The relative error between the experiment and simulation is calculated as 16%.  The more 

mass was flushed away in the model as opposed to the experiment. The initial flow rates and the 

flow rates in the upper aquifer in the tank with respect the model can be reasons of this 

difference.  

 

Figure 7.15: Comparison of the experimental and modeling results at the end of each period. (a) 

End of the first background flow, 8
th
 day, (b) the static conditions, 19

th
 day, and (c) the second 

background flow, 35
th
 day (units are in m). 
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Figure 7.16: Comparison of results of experiment and modeling in the aspect of center of mass in 

(a) z and (b) x directions. 

 

 

Figure 7.17: Comparison of the experimental and simulation results for the percentage of mass 

remained in the tank versus time. 
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7.6.3. Tested Scenarios 

As mentioned before, the heterogeneity of the low-permeability layers varies depending 

on the fracture and/or the distribution of the particles. Based on this knowledge, the different 

randomly distributed fields of silt and #110 sand having the same one-to-one material ratio were 

simulated under the similar flow and transport conditions with the heterogeneous experiment. 

The realizations in Figure 7.18 were created using the same 2-D vertical rectangular array and 

the same SIS algorithm in SGeMS with the realization used to pack the low-permeability layer in 

the heterogeneous experiment. The correlation lengths and silt and #110 sand volume ratios of 

the selected cases are presented in Table 7.1 and Figure 7.18, respectively.  

 

Table 7.1: Correlation lengths and distribution of the different realizations. Red color is for #110 

sand, and blue color is for silt. 

No. 

Correlation 

Length (x) 

[m] 

Correlation 

Length (z) 

[m] 

Distribution 

1 0.5 0.03810  

2 0.5 0.03810  

3 0.1 0.03810  

4 0.1 0.07620  

5 1.0 0.01905  

These realizations were selected to analyze the mixing and trapping of dissolved mass 

under variable vertical and horizontal #110 sand connectivity. The first realization in Table 7.1 is 

showing the packing of the low-permeability layer in the heterogeneous experiment. The second 

realization had the same correlation lengths with the first one (Table 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 to analyze 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 

connectivity 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.  

 

Figure 7.18: Probability of each material block for each case compared with the target histogram. 

 

 Modeling Results 7.7.

The contributions of convective mixing, diffusion controlled trapping, and back diffusion 

to the mixing and long-term trapping of dissolved mass were investigated for different 

distributions of low-permeability materials with the same volume ratios, and the results were 

compared with the pure silt  case. In all of the realizations including pure silt packing, the 

density-driven fingers were generated after the release of the source and the fingers got merged 

at the sand and low-permeability 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 and #110 sand. 

The results after each period (8
th
 day, 19

th
 day, and 35

th
 day) for each realization and silt are 

presented.  

The vertical connectivity in the low-permeability layer enhanced the leakage of the fresh 

water into the upper aquifer from the lower aquifer as observed in the heterogeneous experiment. 

The more connectivity of #110 sand in the realizations #3 and #4 caused more fresh water 

leakage (Figure 7.19d and Figure 7.20a). The limited vertical connectivity in the realizations #2 

and #5 prevented the leakage of significant amounts of the fresh water and showed more 

diffusive spreading into the low-permeability layer (Figure 7.19a and Figure 7.20d, respectively). 

In the pure silt packing case, the similar spreading behavior was observed with the realizations 

#2 and #5 (Figure 7.21a). 

Under the static conditions, the fresh water leakage from the lower aquifer stopped in 

realizations #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 low-permeability layer 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 tank in Figure 7.19e and Figure 7.20b, respectively. On the 

other hand, no fingers were generated in the lower aquifer in the realizations #2 (Figure 7.19b) 

and #5 (Figure 7.20e), and silt packing (Figure 7.21b) due to limited vertical connectivity 

between the aquifers. The mass continued to diffuse into the low-permeability 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 permeability #110 sand.  
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Figure 7.19: The results of realization #2 (a, b, c) and #3 (d, e, f) at the end of each period: (a, d) 

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

The background water flow with higher rate as opposed to the 1
st
 period was initiated on 

19
th
 day. The flow created pressure gradient between two aquifers as observed in the 1

st
 period, 

and the leakage of fresh water into the upper aquifer started in the realizations #3 and #4. The 

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 from silt to sand. 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, 






































































