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Abstract 

The storage of carbon dioxide (CO2) in geological formations has attracted increasing 

attention because it represents one of the most promising solutions for reducing 

greenhouse gas emissions. CO2 dissolves into saline formations or oil, creating a 

gravitationally unstable layer due to density increase and leads to convective mixing that 

promotes stable long-term storage or improves oil recovery. 

In this work, the three-dimensional fingering structure of gravitationally unstable 

convective flows in a porous medium was investigated using a micro-focused X-ray 

computer tomography (CT). A miscible fluid pair with nonlinear density properties (a 

sodium chloride solution and a mixture of methanol and ethylene glycol doped with 

sodium iodide) was used to model the density increase from mixing upon CO2 injection 

into the reservoir. A series of laboratory experiments with different combinations of 

Rayleigh number and Péclet number have been carried out in a porous medium. 

In density-driven natural convection, slight fluctuations that appeared at the interface 

grew into large “fingers,” which interacted and merged with the neighboring fingers. The 

fingers extended vertically downward without changing their locations, forming a 

columnar structure. The finger-extension velocity increased in line with the Rayleigh 

number. The three-dimensional images captured the local concentration of fingers in the 

course of convective mixing. It is found that the decrease in finger-number density was 

not only related to the Rayleigh number but was also affected by transverse dispersion 

between the downward- and upward-flow regions. Transverse dispersion caused 

broadening of the fingers and reduction in the finger-number density because of the 

interaction and merging of fingers. The mass transfer rate was related to Rayleigh number 

following the power law relationship. Additionally, the layered heterogeneous structure 

hinders the development of natural convection. 

During the displacement process, with increasing Péclet number, the density difference 

between the downward-moving fingers and upward-moving surroundings increased, 

resulting in increases of the finger extension velocity and the velocity of the upward flow. 

Furthermore, the mixing near the interface became stronger. Over time, the mixing length 

and relative volume of the fingers increased. The growth of the mixing length of the 

fingers was proportional to time with a smaller slope at early times and switched to a 

larger slope growth at later times. A rapid increase of the relative volume of fingers was 

observed with increasing Péclet number. In the fingers, the local NaI concentration 
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decreased linearly and the initial interface traveled downward as a result of the enhanced 

interaction of the fingers during the injection process. The enhanced dispersion with 

increasing Péclet number affected the broadening of the fingers and reduced the finger 

number density. 

In CO2 geological storage applications, the transverse dispersion influences the long-

term-dissolution process of CO2 injected into aquifers. The investigation of the effect of 

the injection process on the fingering structure provides insights into the mixing 

mechanism and recovery performance of CO2 injection into oil reservoirs. 
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Nomenclature 

U  Darcy velocity, U = Δρgk /μ (m/s) 

U*  Dimensionless Darcy velocity 

P  Pressure (Pa) 

P*  Dimensionless pressure 

z


   A unit vector pointing in the direction of gravity 

C  NaI concentration (kg/m3) 

C*  Dimensionless concentration 

Cw  Average concentration of NaI (kg/m3) 

Ra  Rayleigh number, Ra = (ΔρgkH)/(φμDm) 

Rac  Critical Rayleigh number 

k  Permeability (m2) 

φ  Porosity 

ρ  Density (kg/m3) 

µ  Viscosity of NaCl solution (mPa·s) 

∆ρ  Typical density difference between two miscible fluids (g/cm3) 

∆ρ’  Initial density difference between MEG-NaI and NaCl solutions (g/cm3) 

g  Gravitational acceleration (m2/s) 

H  Height of porous media (m) 

h0  Deformation of the interface (m) 

Dm  Diffusivity of iodide ions (m2/s) 

dp  Average particle diameter (µm) 

v  Finger extension velocity (m/s) 

vD  Velocity of downward-moving fingers, vD = v (m/s) 

vU  Velocity of upward-moving plumes (m/s) 

vm  Velocity of horizontal flows (m/s) 

v0  Injection speed (m/s) 

c  Coefficient 

N  Finger number density (/cm2) 

Nm  Maximum Finger number density (/cm2) 

z  Distance from the initial interface (mm) 

z’  Distance of the travelling interface (mm), z’ = (v0/φ)t 

zf  Position of the maximum finger-number density (mm) 

t  Time (s) 

t*  Dimensionless time, t* = tU/H 
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c0  Coefficient 

r  Radius of the finger (mm) 

R  Radius of the packed bed (mm) 

DT  Transverse dispersion coefficient (m2/s) 

V  Control volume 

S  The end surface area of the control volume (m2), S = πrf
2 

S’  The side area of the control volume, (m2), S’ = 2πrf 
 

rf  The radius of the control volume (mm) 

Pe  Péclet number, Pe = (v0dp)/(φDm) 

Pe*  Péclet number, Pe* = (vdp)/(φDm) 

α  Decay coefficient (s-1) 

F  Mass flux (mg/s·m2) 

Sh  Sherwood number, Sh = F/(φ∆cDm/H) 

∆c  Concentration difference of iodide between MEG-NaI mixture and NaCl 

solution (∆c = 110 kg/m3) 

λc  Critical wavelength (m) 

cf  NaI concentration in downward fingers (kg/m3) 

cs  Solubility of CO2 in brine (kg/m3) 

AD  Area of fingers (m2) 

AU  Area of NaCl flows (m2) 

𝛿�m  Thickness of the mixing layer (mm) 

Pi  Perimeter of the fingers (mm) 

n  Number of fingers 

lm  Mixing length (mm) 

V  Relative volume of fingers (%) 

𝜎�  Growth rate of relative volume of fingers (/s) 
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Chapter 1: Introduction 

Carbon dioxide (CO2) Capture and Storage (CCS) is defined as a systematic process that 

integrates three stages: CO2 capture, transport and geologic storage. It has been proposed 

as one of the key technologies for dealing with the adverse effects of climate change. CCS 

offers a tangible means to deal with large volumes of CO2 emissions securely and cost-

effectively. 

International Energy Agency (IEA) has report that CCS is estimated to contribute 14% of 

total emissions reductions through 2050 needed to progress from the 6 degree scenario to 

the 2 degree scenario (IEA, 2014). The Intergovernmental Panel on Climate Change 

(IPCC) considers that CCS will provide 15 % to 55 % of the cumulative mitigation effort 

up to 2100 (IPCC, 2005). CCS is also an important part of the lowest-cost greenhouse gas 

mitigation portfolio. The overall cost to achieve a 50 % reduction in CO2 emissions by 

2050 will increase by 70 % without CCS (IEA, 2009). 

CO2 Geological storage is a key part in the whole CCS process because of the large 

capacity of CO2 storage, which make a significant contribution to emissions reduction. 

1.1 General information of geological storage of CO2 

The challenge of CO2 geological storage projects is to separate CO2 at a low cost and 

continuously isolate safely and securely over the long term. To geologically store CO2, it 

is injected into the pore space of rocks deep in the Earth’s subsurface, at depths typically 

greater than 1000 metres. The density of CO2 will increase with injection depth until at 

about 800 m or greater, the injected CO2 will be in a dense supercritical state. Supercritical 

CO2 takes up much less space than gases, as shown in Fig. 1-1. Its volume would be 

dramatically reduced from 100 m3 at the surface to only 0.27 m3 at 2500 m depth. This is 

one of the factors that makes the geological storage of large quantities of CO2 attractive. 

After CO2 is injected into a reservoir, supercritical CO2 of density 600–700 kg/m3 (lighter 

than ambient groundwater) will rise because of buoyancy until it encounters an 

impermeable rock and is structurally trapped beneath it (Arts et al., 2008). The potential 

risk of CO2 leakage because of buoyancy could degrade the quality of groundwater, 

damage some mineral resources, and have lethal effects on plants and subsoil animals. 

Therefore, the safety of CO2 geological storage is of prime importance in dealing with 

carbon sequestration on a large scale. 



 
 

2 

 

Fig. 1-1. CO2-density and volume as a function of depth 

Image Source: CO2CRC 

 

1.1.1 Modes of CO2 storage formation 

Geological storage of CO2 can be undertaken in a variety of geological settings in 

sedimentary basins, including depleted oil and gas fields, deep saline formations and deep 

unmineable coal seams (Fig. 1-2). 

Depleted reservoirs provide one of the most readily available storage solutions. In some 

cases, the injected CO2 could give rise to a greater oil or natural gas production. This 

practice is known as Enhanced Oil Recovery (EOR) or Enhanced Gas Recovery (EGR). 

CO2 has been used for EOR for decades, with an increase in oil recovery by 7 % - 23 % 

of the original oil in place. In other cases, the CO2 may be injected into the pores of rocks 

where the oil or gas has been already produced, which is eventually retained within the 

reservoir. 

Deep saline formation offers promising storage opportunities due to their wider regional 

coverage and potential proximity to CO2 capture sites. Injected CO2 adds to fluid already 

trapped in the pore spaces, then dissolves in the saline water, and extends downward by 

convection because of the density increase. Deep saline formations contain most of the 

global geologic storage capacity and are available for the long-term and safe CO2 

geological storage. 
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Deep unmineable coal seams are also possible sites. Injected CO2 is to a large extent 

adsorbed to the coal matrix, preferentially replacing methane molecules. This type 

production is called Enhanced Coal Bed Methane. However, the chemical reactions and 

physical processes could occur during CO2 injection into coal seams, and their impact on 

the integrity of the coal seams, which are not well understood. 

 

Fig. 1-2. Different kinds of geological formations suitable for geological storage of CO2 

Image Source: IPCC special report on carbon dioxide capture and storage (2005) 

 

1.1.2 Trapping mechanism 

There are four kinds of trapping mechanism (Huppert & Neufeld, 2014) that retained the 

injected CO2 in reservoir, namely (a) structural or stratigraphic trapping, (b) capillary 

trapping (Bandara et al., 2011; Chaudhary et al., 2013; Jiang & Tsuji, 2016;Iglauer, 2011; 

Li et al., 2014; Pentland et al. 2011; Suekane at al., 2008; Taku Ide et al., 2007), (c) 

solubility trapping (Gilfillan et al., 2009; Iglauer, 2011; Erik Lindeberg & Wessel-Berg, 

1997; E Lindeberg & Begmo, 2003; Riaz & Cinar, 2014) and (d) mineral trapping (Gaus, 

2010; Klein et al., 2013; Xu et al., 2017) (Fig. 1-3). As time goes on, the physical process 

of residual CO2 trapping decrease and the geochemical process of solubility trapping and 

mineral trapping increase (Fig. 1-4). 
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Fig. 1-3. Trapping mechanism 

Source: Emami-Meybodi,et al., 2015 

 

 

Fig. 1-4. Storage security depends on the combination of physical and geochemical trapping. 

Image Source: IPCC special report on carbon dioxide capture and storage (2005) 

(a) (b) 

(c) 
(d) 
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Structural and stratigraphic trapping is shown in Fig. 1-3 (a). When CO2 is injected into 

a reservoir, it displaces saline formation water and fills the rock’s pore spaces. Then, 

supercritical CO2 migrates buoyantly upwards, because it is less dense than the water. 

This movement is stopped when the CO2 encounters a rock layer with a low permeability. 

The cap rock acts as a vertical barrier, preventing the CO2 from rising any farther, and 

leading to its accumulation directly beneath. In Fig. 1-3 (b), Capillary trapping occurs 

when the pore spaces in the reservoir are so narrow that the CO2 can no longer move 

upwards, trapped as a separate phase by capillary force, despite the difference in density 

with the surrounding water. In the longer time, CO2 is dissolves in the formation water 

and then migrate with the groundwater, a process commonly called solubility trapping 

occurs, as shown in Fig. 1-3 (c). A consequence of dissolution is that the water with 

dissolved CO2 is heavier than the CO2-free water, and it trends move downwards to the 

bottom of the reservoir. Mineral trapping [Fig, 1-3 (d)] is the most permanent and safe 

form of geological storage. Dissolved CO2 can react with the minerals comprising the 

storage formation. Some fraction may be converted to stable carbonate minerals. Mineral 

trapping is believed to be comparatively slow, potentially taking a thousand years or 

longer. 

1.1.3 Global geological storage of CO2 

The engineered injection of CO2 into subsurface geological formations was first 

undertaken for EOR projects in Texas, USA, in the early 1970s. Geological storage of 

anthropogenic CO2 as a greenhouse gas mitigation option was first proposed in the 1970s, 

but little research was done until the early 1990s. In 1996, the world’s first large-scale 

storage project was initiated by Statoil and its partners at the Sleipner Gas Field in the 

North Sea. 5 million tonnes of CO2 from the Sleipner gas field has been injected into the 

Utsira formation in the North Sea and eventually 25 million tonnes will be injected before 

the gas production has ceased (Lindeberg & Begmo, 2003). From 1990s, in a little over a 

decade, geological storage of CO2 has grown from a concept of limited interest to one 

that is quite widely regarded as a potentially important mitigation option (Fig. 1-5) (IPCC, 

2005). The Global CCS Institute reported that there were 74 large-scale integrated 

projects around world on 2011, including eight projects in operation and six projects 

under construction, with a total CO2 storage capacity over 33 million tonnes injected per 

year (Global CCS Institute, 2011). IEA proposed the target of cumulative CO2 storage of 

around 145 Gt CO2 from 2010 to 2050, to meet the target of reducing greenhouse gas 
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emissions by 50 % by 2050. This requires more than 3400 CO2 geological storage projects 

by 2050 (IEA, 2009). 

 

Fig. 1-5. Location of sites where activities relevant to CO2 storage are planned or under way 

Image Source: IPCC special report on carbon dioxide capture and storage (2005) 

 

1.2 CO2 dissolved into deep saline formation 

Dissolution of CO2 into brine formations considerably improves the security of the 

storage, since CO2 dissolved in brine is no longer buoyant. 

After CO2 is injected into a reservoir, the supercritical CO2 will move upwards because 

of buoyancy, then accumulate under an impermeable rock. (Fig. 1-6 a). During the 

migration, some fraction of CO2 is disconnected from a CO2 plume and is trapped in 

porous rock by capillary force. Then, CO2 dissolves into brine (Fig. 1-6 b), but the 

thickness of CO2-saturated brine layer is limited in thin distance because the diffusion of 

CO2 molecules in brine is very slow. With the dissolution of CO2 into the brine, the 

density of the brine will increase. Since CO2-saturated brine is 1%–2% denser than 

groundwater (Yang & Gu, 2006), depending on CO2 concentration, instability is induced 

between the two miscible fluids of CO2-saturated brine and CO2-free brine because of the 

differences in density. The density increase induces a convective flow in which heavier 

CO2-saturated brine sinks downward while light CO2-free brine floats upward in the form 
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of downward convective fingers (Fig. 1-6 c), which accelerates CO2 dissolution and 

provides a more secure mechanism of CO2 storage. Density-driven natural convection 

governs the rate of CO2 mass transfer into the brine, leading to a huge impact on the deep 

carbon cycle that governs the long-term fate of CO2 in geological storage. 

Recently, the density-driven natural convection in porous media has been intensively 

investigations with implications for CO2 geological sequestration to access the transition 

to solubility trapping. In North Sea reservoir conditions, the Rayleigh number is very 

large, Ra ~ 103–104 (Erik Lindeberg & Wessel-Berg, 1997; Neufeld et al., 2010; Xu et al. 

2006). The onset of natural convection and the mass transport of dissolved CO2 molecules 

significantly impact the long-term behaviour of CO2 injected into geological formations. 

To this end, the convection process has been investigated by numerical simulations 

(Chevalier et al. 2015; Ennis-King & Paterson, 2005; Ghesmat et al., 2011; Hidalgo & 

Carrera, 2009; Xie, at al., 2011). Recently, rapid improvement in computer performance 

has facilitated three-dimensional numerical simulations at high Rayleigh numbers as well 

as with the flat finger structure (Pau et al., 2010) and the strong scaling of the wavenumber 

(Hewitt et al., 2013), which are particular to three-dimensional natural convection. Pau et 

al. (2010) revealed the differences between two- and three-dimensional fingering 

structures when CO2 was dissolved into saline formation.  

On the other hand, experimental research has also been conducted by utilizing two-

dimensional porous media (Cooper et al., 2014; MacMinn at al., 2012;Touvet at al., 2011). 

including Hele–Shaw cells (Ehyaei & Kiger, 2014; Faisal et al., 2015; Faisal et al., 2013; 

Slim et al., 2013), because of the opaque property of porous materials, but not magnetic 

resonance imaging (MRI) (Johannsen et al., 2006). To model the density-driven natural 

convection, the nonlinear density profile of a mixture of miscible fluids, of which the 

details are to be mentioned in chapter 2, is utilized in two-dimensional experimental 

studies (Backhaus et al., 2011; Huppert et al., 1986; Neufeld et al., 2010). Neufeld et al. 

(2010) reproduced the convective behavior of CO2-enriched brine by applying a fluid 

system comprising solutions of methanol and ethylene-glycol (MEG) mixed with water. 

Two-dimensional laboratory experiments at a relatively high Rayleigh number and high-

resolution numeral simulations at lower Rayleigh number have been conducted. 

Nakanishi et al. (2016) presented Rayleigh–Taylor convection in three dimensions, 

demonstrating that the onset time and mass transfer rate are related to the Rayleigh 

number as well as mechanical dispersion. 
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Fig. 1-6. Schematic illustration of the process of CO2 dissolved into deep saline formation 

 

1.3 CO2 in Enhanced Oil Recovery 

 

Fig. 1-7. Schematic illustration of the process of CO2 injection into oil reservoir 

Source: Global CCS Institute 

 

Crude oil is extracted by creating pressure gradients within the reservoir that causes the 

oil to flow through the interconnected porous network to production wells. The 

production period of the most oil field can be divided into three different stages, including 

primary, secondary and tertiary recovery. During the primary recovery, only 10-25 % of 

the reservoir original oil is produced by the natural pressure of the reservoir. 

In secondary stage, in most oil field, the pressure gradients are maintained by injecting 

another fluid (usually water and termed “water flooding”) into reservoir through injection 

wells when the reservoir pressure could not drive more oil towards production wells. 
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Typically, the secondary water flooding methods yield oil recovery of respectively 

additional 30% of the reservoir, leaving more than 50% of original oil in place remaining 

unrecovered (Pope, 2011), which also gives the tertiary recovery methods huge potential. 

Crude oil which is not produced by primary or secondary production can be produced by 

enhanced oil recovery (EOR) methods, such as miscible or partially miscible gas flooding, 

thermal stimulation, surfactant flooding or polymer flooding. 

The use of gas injection, particularly of CO2, is considered as one of the most promising 

and attractive methods for improving oil recovery (Alam, et al., 2014; Bayat et al., 2016; 

Gong & Gu, 2015; Ju et al., 2013; Lei et al., 2016; Olea, 2015; Zheng et al., 2013). The 

properties of CO2 and the global concern over the greenhouse gas effect on global 

warming makes CO2 as an appropriate injection agent for improving oil recovery, which 

provides benefits from the view of CO2 storage (Hussen et al., 2012; Jensen et al., 2013; 

Karimnezhad et al., 2014). Fig.1-7 is a conceptual image of the CO2 injection processes 

for enhanced oil recovery. 

When CO2 is injected into a reservoir, it reaches a supercritical state at depths higher than 

800 m (IEA, 2008). For temperatures greater than 31.1 °C and pressures greater than 7.38 

MPa, CO2 is in a supercritical state (Bachu, 2003). At the depth of 3000 m, for the 

temperature of 85 °C and the pressure of 31.6 MPa, the density and viscosity of 

supercritical CO2 are approximately 733 kg/m3 and 0.06 mPa·s, respectively, both of 

which vary with pressure and temperature (Nordbotten et al., 2005). The criteria for 

screening reservoirs to verify CO2-EOR suitability is that the oil density and viscosity 

should be less than 825 to 892 kg/m3 and less than 2 to 15 mPa·s, respectively (Gozalpour 

at al., 2005), for the conditions of temperatures lower than 90 °C, pressures greater than 

103 MPa, and depths in a range from 700 to 3000 m. Thus, the density of CO2 is estimated 

to be less than the density of oil, having a variation ranging from 92 to 159 kg/m3. 

Viscosity contrasts, expressed as the ratio of CO2 viscosity to that of oil, range from 0.004 

to 0.03. Downward (Shahraeeni et al., 2015; Li & Firoozabadi, 2009) displacement of oil 

by CO2 results in potentially high oil production, since CO2 displacement is unstable due 

to viscosity contrast, but is stabilized in vertical injection due to gravity. When a low 

viscousity fluid displaces a high viscousity fluid, viscous fingering could occur. Therefore, 

this condition (viscosity ratio < 1) is referred to as an “unstable” condition. Conversely, 

viscous fingering may not occur under a “stable” condition (viscosity ratio > 1). 

Additionally, when the Darcy velocity of the interface is higher than the critical velocity 

(Chuoke et al., 1959; Saffman et al., 1958), i.e., the displacement front is stable. When 

the Darcy velocity of the displacement front is lower than the critical velocity, the induced 
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fingers on the interface grow with increased buoyancy because the density of CO2 was 

lower than that of oil. The supercritical state will allow the CO2 to come in contact with 

the oil, keeping the pressure above the minimum miscibility pressure which is in a range 

from 11.1 to 26.8 MPa varying with temperature (Bon et al., 2006; Bon & Sarma, 2005; 

Zhang et al., 2015), to improve the displacement of the fluid from the injection well to 

the direction of the production well (Lashkarbolooki et al., 2016; Rao et al., 2004). 

The effect of CO2 dissolution on oil viscosity has been investigated in many previous 

studies (Hoteit, 2009; Jadhawar & Sarma, 2010; Rao et al., 2004; Wo et al., 2008). The 

dissolution of CO2 in oil increases the density of the CO2–oil mixture and affects the flow 

path of CO2 and recovery performance. Bangia et al. (1993) presented an early 

breakthrough and high CO2 production in a vertical-gravity-stable CO2 flood. 

Immediately after injection, the interface between the CO2 and oil was stable because 

CO2 is less dense than oil. However, when CO2 was mixed with the oil, under certain 

conditions, the density of CO2-oil mixture increased. Lansangan and Smith (1993) 

performed experiments and measured the viscosity and density in CO2/west Texas oil 

systems. They observed that a monotonic viscosity decrease and a density increase 

appeared with continued dilution of the oil with CO2. Grigg (1995) measured the density 

of a west Texas oil system during the injection of high-pressure CO2 and observed a 2% 

increase in the oil density after CO2 injection before the injected CO2 reached its 

saturation point in oil. Ahmed et al. (2012) performed a simulation in a slim tube for CO2 

injection in a two-dimensional vertical cross-section with density increase by dissolution. 

The results indicated that the density increase had a significant effect on the CO2 flow 

path and recovery performance. Without the density effect, there was no fingering. With 

an appropriate density effect, CO2 injection from the top resulted in unstable gravity 

drainage, affecting the breakthrough time and recovery. Shahraeeni et al. (2015) 

performed two- and three-dimensional numerical simulations of CO2 injection from the 

top into the oil phase with density difference. They reported that the fluid system was 

unstable and observed the formation of gravitational fingers during the injection process.  

As mentioned above, after CO2 injection into oil reservoir, CO2 and oil could be miscible 

under certain temperature and pressure conditions. CO2 dissolution into oil reduces the 

viscosity of oil, which contributes to oil production. On the other hand, it also leads to an 

increase in density of CO2 and oil mixture, resulting in gravitational fingering, which has 

a negative effect on breakthrough time and oil recovery. In vertical CO2 displacement, 

the gravity fingers typically can sink further down to a certain depth due to density 

increase, which would make production uneconomic. However, details about the 
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formation and development of gravity fingers, which results from the density effect 

during the injection process, have not been discussed. Besides, the mixing mechanism 

between CO2 dissolved denser oil and CO2-free light oil is not clear yet. 

 

1.4 Research objectives 

The main questions in gravitationally unstable convection are: 

1. How fast high-density fingers extend downward? 

2. What about the mass transfer during natural convection process? 

3. What is the mixing mechanism in the process of convection? 

4. How does the heterogeneity of the porous media influence the process of the finger 

extension? 

5. How does the injection speed influence the development of the gravitational fingers 

during the vertical displacement? 

 

To answer these questions, a new experimental analogue fluid model that allows three-

dimensional imaging of the development of gravitational unstable convection flows in a 

porous medium through micro-focused X-ray computed tomography (CT) is presented 

here. 

In chapter 2, the design of the laboratory experiments was presented. A mixture of 

miscible fluids, methanol and ethylene-glycol (MEG) doped with sodium iodide (MEG-

NaI) and a sodium chloride (NaCl) solution, exhibits a nonlinear density profile, such that 

the density of intermediate mixtures of these fluids is higher than either pure fluid. Herein, 

these fluid pairs were used to model the process of the density increase when CO2 dissolve 

into the aquifer or oil reservoir. 

In chapter 3, the process of CO2 dissolution in deep saline formation had been modelled 

using the mixtures of MEG-NaI and NaCl solutions. The three-dimensional structure of 

extending fingers associated with density-driven natural convection was observed. Three-

dimensional CT images provided the local concentration in fingers, which was critical for 

discussing the effect of Taylor dispersion on the structure of the fingers. The key 

questions of the finger-extension velocity, the mass transfer rate, and, the effect of 

transverse dispersion on the finger structure, give insight into understanding the mixing 

mechanism and evaluating the long-term fate of the injected CO2 in deep saline aquifers. 
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The homogeneous pore structure has been assumed to simplify the model. However, in 

reservoir, stratigraphic structure has a heterogeneity, which is composed of alternating 

layers, such as sandstone and shale, reflecting an isotropic property in the horizontal 

direction and different permeability in the vertical direction. In chapter 4, density-driven 

natural convection also was conducted in a porous medium with layered structure. The 

influence of heterogeneity on the fingering structure and finger velocity during the 

convection process was discussed. 

In chapter 5, the miscible fluid pair with nonlinear density property, mentioned in chapter 

2, was used to model the density increase due to CO2 dissolution in oil. The development 

of three-dimensional gravitational fingering in a packed bed during the injection process 

was observed. The characteristics of fingering associated with an increase in density by 

mixing in gravitationally stabilized displacements were presented quantitatively. The 

local concentration distribution in fingers for each unit of time during the injection 

process was estimated based on CT images, which is critical to discuss the mixing 

mechanism and the effect of Péclet number on fingering behavior. The key measures of 

gravitation fingering during the injection process — the finger extension velocity, finger 

number density, mixing length of fingers, and relative volume of fingers — were 

compared at different Péclet numbers by changing the permeability of the porous media 

and the injection speed. The investigation of the effect of the injection process on the 

fingering structure provides insights into the mixing mechanism and recovery 

performance of CO2 injection into oil reservoirs. 
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Chapter 2: Miscible fluids with nonlinear density property 

modelling density-driven convection 

Rayleigh-Bénard model (Cross & Hohenberg, 1993; Riaz et al., 2006; Hidalgo at al., 2012; 

Hewitt et al., 2012; Hewitt et al., 2014) and Rayleigh-Taylor model (Wooding, 1969; 

Sharp, 1984; Heller, 1966; Kolditz et al., 1998; Gopalakrishnan et al., 2017) are two 

models for describing the natural convection in a porous medium induced due to density 

difference which leads to the slight fluctuations appeared on the interface then grow into 

descending fingers. High concentration fingers extend vertical downward with interacting 

and merging with neighboring. In Rayleigh-Bénard convection, where a porous medium 

has a finite height, the boundary conditions (show in Fig. 2-1a) at the top boundary are 

the constant concentration (C = C0) and no flow through the boundary (u = 0), namely, 

the solid wall boundary condition. On the other hand, Rayleigh-Taylor convection (Fig. 

2-1b) is an ideal situation with respect to Rayleigh-Bénard convection. The Rayleigh-

Taylor instability is induced on the interface between dense fluid (CO2 saturated brine 

layer) on the top and light layers (no CO2 brine layer), and miscible unstable front forms 

and fluids convectively mix each other. It is assumed that the boundary where no fluid 

flow locates at the infinite far from the initial interface (u = 0, at z = ±∞). There is no 

constant interface in Rayleigh-Taylor system. 

 

Fig. 2-1. The schematic of different convective mixing patterns 

 

With respect to the these two extreme conditions, the density-driven natural convection, 

Fig.2-1 (c) depicts the CO2-brine system, where the dissolved CO2 is denser than the 

resident brine and forms an unstable diffusive boundary layer between CO2 and resident 

Note: This chapter has been published as: Wang Lei, Hyodo A., Sakai, S., Suekane, T., Three-

dimensional visualization of natural convection in porous media, Energy Procedia, Vol. 86 (2016), 

460-468. 
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brine, resulting in convective mixing due to density difference. There is a state interface 

between CO2 and brine established by dissolved CO2 where the boundary condition of no 

fluid flow is not imposed (ux ≠ 0) but the shear stress should be continuous across the 

boundary (τCO2 = τbrine). During the convective mixing process no flow through the 

interface. 

 

2.1 Design of the laboratory experiments 

Huppert et al. (1986) performed the laboratory experiments to model the convective 

mixing of air and hot ash in the pyroclastic flow, using the nonlinear property of the 

density between a mixture of MEG and water. Neufeld et al. (2010) utilized the mixture 

of MEG and water for a two-dimensional experimental study on density-driven natural 

convection. I propose to expand the experimental scheme into three-dimensions by 

doping the fluids with NaI and/or NaCl for visualization using an X-ray CT scanner. 

Because the salts (NaI and NaCl) are highly soluble in each phase, the density contrast 

and the X-ray attenuation contrast can be adjusted through their doping concentrations. 

After trial of several pairs of concentrations of NaI in MEG and NaCl in water, it is found 

that the concentrations shown in Fig. 2-2 are best for modeling the conditions at high 

Rayleigh numbers. 

The dimensionless equations expressing the Boussinesq-type flow and concentration 

fields are given by (Ouakad, 2013; Ruith & Meiburg, 2000) 

0 U ,      (2-1) 

)( zCPU
  ,     (2-1) 











C

Ra
CU

t

C 21
,    (2-3) 

Equation 2-1 is the incompressibility constraint, equation 2-2 is Darcy’s law, and equation 

2-3 is the convection-diffusion equation governing solute transport. In equation (2-1)-(2-

3), U is Darcy velocity, representing the ideal Darcy velocity driven by gravity force with 

an initial density difference between CO2-saturated water and CO2-free water, C is the 

concentration of the dissolved CO2, P is pressure with respect to hydrostatic datum, z


 is 

a unit vector pointing in the direction of gravity. In these equation, the superscript “*” 

indicates dimensionless variables. Darcy velocity (U), pressure (P), time (t), and height 

(h) are scaled by using the following appropriate dimensional reference quantities: 
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The Rayleigh number is defined as the strength of convection relative to the diffusion as 

mD

kgH
Ra




  ,                                                 (2-5) 

where H is the characteristic macroscopic length, in this study, the height of the packed 

bed is defined as the characteristic macroscopic length, which are constant throughout the 

experiments for each part. k is the permeability, g is the gravitational acceleration, Δρ is 

the density difference between the mixture (MEG-NaI and NaCl solutions) and NaCl 

solution, φ is the porosity, Dm is molecular diffusion coefficient, and μ is the viscosity of 

NaCl solution. The molecular diffusion coefficient of iodide ion in water depends on 

temperature as well as concentration (J. H. Wang & Kennedy, 1950). In this study, a 

constant value of 2 × 10-9 m2/s was used. The Rayleigh number is the single parameter 

characterizing the convective flow in a porous medium. 

2.1.1 Miscible fluid pair with nonlinear density property 

 

Fig. 2-2. The density profiles of a mixture of MEG-NaI and NaCl solutions for various NaCl 

concentrations of (a) 10, (b) 12, and (c) 13 wt%. The representative density difference (∆ρ) between 

MEG-NaI and NaCl solution is defined at NaCl concentrations of 30 wt%. 

 

Table 2-1. Properties of fluids. 

Fluid pair 
MEG-NaI density  

[g/cm3] 

NaCl density 

[g/cm3] 

NaCl 

viscosity 

µ, [mPa·s] 

Typical density 

difference 

∆ρ [g/cm3] 

A 1.064 1.067 1.065 0.025 

B 1.050 1.054 1.049 0.017 

C 1.065 1.074 1.113 0.014 
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The mixing of NaCl solution and MEG-NaI models CO2 dissolution into brine. Initially, 

MEG-NaI is less dense than the NaCl solution; however, with mixing, the density of the 

mixture increases and exceeds that of the NaCl solution, and the degree to which it 

exceeds that of NaCl solution depends on the fraction of MEG-NaI, as shown in Fig. 2-

2. The increase in density causes an unstable stratification that drives convective flow in 

the form of descending fingers. A representative density difference defined at 70 wt% of 

MEG-NaI, denoted with arrows in Fig. 2-2, is used to evaluate the Rayleigh number, since 

the weight percentage of MEG-NaI in the fingers formed at the interface rages from 64 

to 72 wt%. The details of the fluid pairs are shown in Table 2-1. 

2.1.2 Particle properties 

A packed bed of plastic beads was employed as a porous medium. Four average-diameter 

plastic beads were used, dp = 1410 μm (Ube Sand Engineering Co. Ltd., XH series), dp = 

975 μm, dp = 780 μm, and dp = 647 μm (a mixture of particles with average diameters of 

513 μm and 780 μm), to vary the permeability related to the Rayleigh number. The 

permeability of the packed bed was estimated by measuring the pressure drop for various 

flow rates in water flooding. The porosity was measured by determining the weight 

change before and after saturation with the NaCl solution. The properties of the porous 

medium are summarized in Table 2-2. 

Table 2-2. Properties of the porous medium. 

Average particle diameter 

dp (μm) 

Permeability 

k (m2) 

Porosity  

φ (-) 

647  

(400–625) and (530–1030) 
9.51 × 10−11 0.49 ± 0.021 

780 

 (530–1030) 
2.63 × 10−10 0.49 ± 0.025 

975 

 (760–1190) 
4.87 × 10−10 0.49 ± 0.014 

1410 

 (1140–1680) 
8.24 × 10−10 0.48 ± 0.018 

 

For all experiments in this study, the Rayleigh number was in a range of 1060 to 16000. 

For the geological projects of CO2 injection into deep saline formation, at Sleipner in 

North Sea, Rayleigh number is 12000 (Neufeld et al, 2010), which is a relative large value. 

However, at Alberta Basin in Canada, Rayleigh number is in a relative small range from 

0 to 1359 (Hassanzadeh et al., 2007). The critical Rayleigh number (Rac) is defined as 
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Rac = 4π2 ≈39. When Ra < Rac, only pure diffusion occurs without convective mixing. In 

this research, the range of the Rayleigh number covered the reservoir conditions of CO2 

injection project. 

For the experiments, on one hand, the Rayleigh number could be reduced by decrease the 

density different and permeability. However, the scale of packed bed limited the reduction 

of Rayleigh number. When Rayleigh number was less than 1000, only few finger occurred 

and extended downward slowly because of the effect of the cylindrical wall. On the other 

hand, when Rayleigh number was larger than 16000, the development of high-density 

fingers occurred too fast to investigate. The time of 70 s required for one CT scan had a 

significant effect on experimental results. The time for one CT scan limited the increase 

in Rayleigh number. 

2.2 Measurement and Image processing 

The experiments were conducted at room temperature and atmospheric pressure. The 

detailed experimental setup and procedures will be presented later for each chapter. 

A micro focused X-ray CT scanner (Comscantecho Co., ScanXmate-RB090SS) which 

allows pore-scale observation of phenomena in a porous medium is employed in this 

study. For each part of the experiments, the entire bed of packed beads was scanned with 

the X-ray CT scanner. The reconstructed images comprised 496 image slices of 496 × 

496 pixels with a resolution in a range of 171–201 µm/pixel. It takes approximately 70 s 

(10 frame/s) to scan 496 images of the entire packed bed from all directions by using a 

flat-panel detector. The scans were repeated at a certain time interval until the extended 

fingers reached the bottom of the packed bed. 

The images produced by an X-ray CT scanner are in gray-scale. The brightness of the 

reconstructed images is determined by the object’s attenuation of X-ray. Further, gray 

value is an indicator of brightness. Image processing was performed with the free 

software Image J to select the cylindrical area where the dynamics occurs. As depicted in 

Fig. 2-3(a), on the left are the reconstructed original images. NaI has a better attenuation 

than NaCl. Therefore, NaI in fingers looks brighter in the image and has a higher CT 

value. 

During reconstruction, noise removal, ring artifact reduction, and beam hardening 

reduction filters were applied to images. Further image enhancement involving Gaussian 

filters was performed to reduce the noise associated with impurities of particles and to 

smooth the gray-level images. Fig. 2-3(b) is an example of such a process. The CT values 
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were transformed into NaI concentrations using calibration curves (Fig. 2-4) that were 

obtained in preliminary experiments. Fig. 2-3(c) depicts the local concentration 

distribution in fingers, which illustrates higher CT values. 

                              

Fig. 2-3. (a) Original images having a resolution of 193 μm/pixel (horizontal image, left; vertical 

image, right), (b) the image after performing noise removal and applying Gaussian filter, (c) the CT 

value were transformed into NaI concentration. 

 

 

Fig. 2-4. Calibration curve 

(a) (b) (c) 

70 mm 

70 mm 
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Chapter 3: Three-dimensional fingering structure of 

density-driven natural convection 

In this chapter, three-dimensional visualizations of a density-driven natural convection 

process were performed using micro-focused X-ray CT technology. Nonlinear density 

profiles of MEG-NaI and NaCl solutions were utilized to model the convection process 

of CO2 dissolution in saline formation in a porous medium. The development of 

convective fingering, finger-extension velocity, finger-number density, mass transfer rate, 

and the effect of the transverse dispersion on finger structure were investigated. 

 3.1 Experimental setup and procedures 

In these experiments, NaCl solution was used to model the saline formation at the bottom, 

and the MEG-NaI solution was used to model less dense CO2 at the top. The experiments 

were conducted using the following procedures. First, the NaCl solution was pulled into 

the packed bed by using a vacuum chamber. Next, in order to reduce the disturbance on 

the initial interface, after removing the top part of the packed bed, the particles saturated 

with a MEG-NaI solution (30 mm in height) were put manually above the particles 

saturated with a NaCl solution (50 mm in height) (Fig. 3-1). Then, the whole packed bed 

was scanned by an X-ray CT scanner. 

The reconstructed images consist of 496 slice images of 496 × 496 pixels at a resolution 

of 193 μm/pixel in all directions. The scan was repeated every 120 s until natural 

convection was completed. The local concentration in the porous medium was obtained 

from three-dimensional CT images, which was defined as the NaI concentration in each 

location. 

 

Fig. 3-1. Packed bed of melamine resin particles. 

Note: This chapter has been published as: Wang Lei, Nakanishi Y., Hyodo A., Suekane, T., Three-

dimensional structure of natural convection in a porous medium: Effect of dispersion on finger 

structure, Int. J. Greenhouse Gas Control., Vol. 53 (2016), 274-283. 
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The details of three fluid pairs were mentioned before in Table 2-1. Nine experimental 

runs were conducted for the combination of three fluids pairs and three particle diameters 

in a Ra range between 2600 and 16000, as shown in Table 3-1. 

 

Table 3-1. Range of the Rayleigh number in experiments. 

Run # 

Average particle 

diameter 

dp, [μm] 

Fluid pair 

Rayleigh 

number 

Ra [−] 

1 A 

780 

A 5010 

1 B B 3360 

1 C C 2600 

2 A 

975 

A 9290 

2 B B 6220 

2 C C 4810 

3 A 

1410 

A 16037 

3 B B 10739 

3 C C 8315 

 

3.2 Development of convective fingers 

 

Fig. 3-2. Structure and development of fingers in the three-dimensional porous medium with 

permeability k = 4.87 × 10−10 m2 at a Rayleigh number of 6220. The blue indicates the iso-contour 

surface of MEG-NaI concentration of 24.8 kg/m3. The times shown on the bottom are all the starting 

time of each scan for different time step. 

 

The sequence of time-lapse images of convective fingers in three dimensions is given in 

Fig. 3-2. It shows the development of density-driven fingers in the transition from a 
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diffusion-dominated flow to a convection-dominated flow. Slight fluctuations at the 

interface between the MEG-NaI and NaCl solutions, shown in Fig. 3-2(a), developed into 

a dense concentration of fingers. These subsequently merged to form larger fingers, 

developing a complex convective flow. The fingers coalesced with neighboring fingers, 

growing in diameter, extending vertically downwards (Figs. 3-2b–d), and eventually 

reaching the bottom of the packed bed. The heavier mixture of the MEG-NaI and NaCl 

solutions moved downward in the fingers, while lighter fluid around the fingers moved 

upward. Numerical simulation results (Fu et al., 2013; Neufeld et al., 2010; Pau et al., 

2010) have shown that the upwardly moving fluid forces nascent fingers at the top 

interface to move horizontally and merge with an adjacent, extended finger that has a 

larger extension velocity. This accelerates the rate at which MEG-NaI is removed from 

the top boundary by the downward extension of the fingers. 

 

3.3 Finger-extension velocity 

 

Fig. 3-3. Finger-extension velocity versus the Rayleigh number. A least squares fitting is provided 

by v = cU (solid line) for c = 0.35 and r2 = 0.98. 

 

The finger-extension velocity (v) is the key factor in evaluating the intensity of convective 

mixing. Because the fingers extend directly downward, as seen in Fig. 3-2, the finger-

extension velocity can be estimated from the change in the position of the tip over a 

certain time interval. Fig. 3-3 plots the finger-extension velocity against the Rayleigh 

number. The velocity increased as the Rayleigh number increased. A characteristic 

velocity U was defined by 
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g
k

U 


  ,                    (3-1) 

representing the ideal Darcy velocity driven by gravitational force with an initial density 

difference of Δρ between the MEG-NaI and NaCl solutions. The finger-extension velocity 

was in good agreement with this characteristic velocity, with a correlation coefficient of 

0.35 (|r| = 0.99).  

 

3.4 Finger-number density 

In three-dimensional convection, the distance between fingers depends on the selection 

of neighboring fingers. This cannot be determined uniquely without taking into account 

the cell structure of the convection. To analyze the structure of the fingers quantitatively, 

therefore, the finger-number density was evaluated, which was defined as the 

concentration of fingers on a horizontal surface. This density was computed from 

horizontal cross-sectional images, as shown in the inset of Fig. 3-4. In the image 

processing procedure, high-concentration pixels with a radius below a certain value 

(specific to the particles) were assumed to be noise associated with the impurity of the 

packed particles, and were discarded. A Gaussian blur filter was then applied to the image. 

Finally, an MEG-NaI concentration 2% higher than its surroundings was identified as a 

finger using the Local Maxima command in the Image J analysis software. 

 

Fig. 3-4. Time evaluation of finger-number density at Ra = 3360 (Run # 1B) in a porous medium 

with an average particle diameter of 780 µm. The initial interface is located at a height of 0 mm (z = 

0 mm) at time 0 s. The time for the curves in different color are the starting time of the scan for 

different time steps. The inset shows the peak concentration detected as fingers in a horizontal cross-

sectional image. 
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Figure 3-4 illustrates the distribution of the finger-number density at different time steps 

with Ra = 3360 (Run # 1B). Here, the z-axis runs in the direction of gravitational 

acceleration and z = 0 mm is the initial interface between the MEG-NaI and NaCl 

solutions. The fluctuations arose from the impurity of the particles and the noise removal 

bias. In the early stage of convective finger formation, a maximum finger-number density 

of 1.3 /cm2 appeared at the interface (z = 0 mm). The nascent fingers occupied a relatively 

small region and produced a sharp peak as the finger-number density reached its 

maximum value. The fingers then began to extend downward while merging with 

neighboring fingers. This caused the maximum finger-number density to decrease, 

flattening the peak compared with comparable prior time steps. The finger-number 

density at the fixed position z = 0 mm decreased over time, as discussed below. At t = 

1200 s, a plateau extended across the range z = 0–15 mm, with vertical columnar fingers. 

 

Fig. 3-5. Distribution of fingers in a horizontal cross-section (z = 0) in a porous medium with 

permeability k = 2.63 × 10−10 m2 for (a) Ra = 5010 (Run # 1A); (b) Ra = 3360 (Run # 1B); and (c) 

Ra = 2600 (Run # 1C). N denotes the finger-number density for each time step. The inner diameter 

of the tube is 70 mm. 
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The distribution of fingers in the horizontal cross-section at the initial interface for 

different Rayleigh numbers and time steps is shown in Fig. 3-5. In this experiment, the 

Rayleigh number could be varied by changing the permeability or the density difference. 

When the permeability was fixed, the density difference was used to change the Rayleigh 

number. A comparison of the image series with a higher Rayleigh number [Fig. 3-5(a)] 

and the image series with a lower Rayleigh number [Fig. 3-5(c)] shows that the finger-

number density decreased as the Rayleigh number decreased, whereas the finger diameter 

increased. In the time interval from 240 to 720 s, the fingers remained at the same 

horizontal location and their structure was unchanged, while the finger-number density 

gradually decreased with respect to the vertical direction as adjacent fingers coalesced. 

Three-dimensional  numerical simulations by Fu et al. (2013) for free convection at Ra = 

6400, by Hewitt et al. (2014) for thermal convection at Ra = 4000, 8000, and 16000, and 

by Pau et al. (2010) for natural convection at Ra = 9184 all identified a flow region inside 

the boundary dominated by the growth and interaction of long, thin, sheet-like finger 

structures. The horizontal images from these studies are consistent with the three-

dimensional experimental results shown in Fig. 3-5. Shahraeeni et al. (2015) and Pau et 

al. (2010) performed numerical simulations in two- and three-dimensions, demonstrating 

significant differences between the two-dimensional  and three-dimensional  finger 

structures, while Shahraeeni et al. (2015) reported that the finger number at the early stage 

was similar in the two-dimensional  and three-dimensional  cases. In the longer term, the 

three-dimensional simulations produced thinner, straighter fingers that extended 

downward more quickly, taking on a pencil-like shape, whereas the two-dimensional 

fingers had a folded-sheet configuration. This is consistent with the finger structures 

found in the present study. 

Figure 3-6 shows the finger-number density at various time steps plotted against the 

dimensionless time t* defined by 

HtUt / ,                                                            (3-2)  

where t is a dimensional measurement time. Because the velocity of finger extension 

correlated with the characteristic velocity U at a coefficient of 0.35, as reported above, 

the fingers almost reached the bottom of the packed bed at t* = 2.9. The finger-number 

density was evaluated on horizontal cross-sections 2.5 mm [Fig. 3-6(a)], 5.0 mm [Fig. 3-

6(b)], and 8.0 mm [Fig. 3-6(c)] below the initial interface that the fingers reached 

simultaneously following the onset of convection. 



 
 

25 

 

Fig. 3-6. Relationship between finger-number density and dimensionless time for the porous 

medium at (a) dp = 780 µm, k = 2.63 × 10−10 m2; (b) dp = 975 µm, k = 4.87 × 10−10 m2; and (c) dp = 

1410 µm, k = 8.24 × 10−10 m2. The fluid pair or density difference is the same for the same legend of 

the same color. The finger number-density is evaluated in the horizontal cross-section (a) 2.5 mm, 

(b) 5.0 mm, and (c) 8.0 mm below the initial interface that all the fingers reach at the same time, 

following the onset of convective mixing. 

 

When the permeability was constant, the finger-number density increased in line with the 

Rayleigh number at all times. However, when the Rayleigh number was increased while 

the permeability was fixed at a constant density difference, the finger-number density 

decreased in the early stage of convection (t* < 1). Over a longer time scale (t* ˃ 2), the 
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finger-number density increased in line with an increase in the Rayleigh number. As 

discussed below, the increased finger-extension velocity at higher Rayleigh numbers and 

higher permeability increases dispersion between the descending fingers and ascending 

flows, steeply reducing the finger-number density at the early stages of convection. 

Note that Fig. 3-6(a) does not indicate an increase in the onset time with an increase in 

the Rayleigh number. Linear stability analysis (Ennis-King & Paterson, 2005) suggests 

that the onset time is related to the properties of the fluid system, given by the following 

relation: 

D
gk

ctonset

2

0 











 .                                                     (3) 

The magnitude of c0 covers wide range of values (Pau et al., 2010) in the literature. Linear 

stability analysis (Ennis-King & Paterson, 2005; Xu et al., 2006) has identified c0 values 

in the range 75–78. The onset time is produced by minimizing the wave numbers at the 

point at which infinitesimal disturbances form. Under the experimental conditions in this 

study, the onset time fell in the range 1–35.48 s (c0 = 75), which is shorter than the 60 s 

required to complete a CT scan, making it impractical to study the effect of onset time. 

 

3.5 Effect of dispersion on the fingering structure 

Dispersion reflects the superficial diffusion associated with the complicated structure of 

porous media. Far from the interface, convective fingers extend at a velocity reflecting 

the density difference between the NaI-enriched downward moving fingers and the 

upward flows of NaCl solution. The shear layer established between the counter flows 

may induce a Taylor dispersion of the concentration in the radial direction around the 

finger. Hidalgo and Carrera (2009) posited that this Taylor dispersion is a major factor in 

the reduction of the onset time. In two-dimensional  numerical simulations, the growth of 

transverse dispersion has been shown to strengthen the vertical spread of the solute, 

making the fingers balloon shaped and dispersive (Xie et al., 2011) and slow down 

convection (Chevalier et al., 2015; Xie et al., 2011). The dispersion induced by free 

convection flow at Ra = 500 and 1000 was demonstrated by Ghesmat et al. (2011), with 

dramatic changes in the finger pattern as dispersion became enhanced. The number of 

fingers increased and highly nonlinear interactions, including merging and slitting, were 

identified as dispersion strengthened. Numerical simulations by Xie et al. (2011) showed 
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that a reduction in transverse dispersion weakened the lateral dissipation, causing 

narrower fingers to be formed. 

In 2D porous media, Sahimi (2011) describes transverse dispersion (DT) as a function of 

Péclet number (Pe) in four regimes as follows: (1) Pe < 0.3, 
FD

D

m

T 1
 , defines the 

diffusion regime in which convection is so slow that molecular diffusion controls the 

mixing. F is formation factor and φ is the porosity of the porous medium; (2) 0.3 <Pe < 

5 defines the transition zone in which convection contributes to dispersion, but the 

diffusion still effects the dispersion strongly; (3) 5 <Pe < 300, 


Pe
FD

D

m

T 
1 , defines 

the power-law regime. Convection contributes dominantly, but the effect of diffusion 

cannot be neglected. The values of coefficient are α ≈ 0.01-0.05 and β ≈ 0.9; (4) 300 <Pe 

< 105, 
m

T

D

D ~ Pe, defines the purely convective regime. This type of dispersion is also 

called mechanical dispersion. Bijeljic and Blunt (2007) presented the network model 

results for transverse dispersion coefficients. They estimated DT by
dt

d
D T

T

2

2

1 
 , 

calculating the variance of the distance travelled by particles in time. 𝜎T is the variance of 

the solute position in transverse direction. 

However, in 3D experiments, it is necessary to define a new model to describe the relation 

between the transverse dispersion and Péclet number. 

In the present study, it was able to evaluate the dispersion coefficient from the three-

dimensional distribution of NaI concentration in the porous medium derived from the CT 

images (Fig. 3-7). To the best of my knowledge, no experimental estimation has been 

made of the dispersion coefficient for the shear flows established between the counter 

flows. Because the fingers extended straight downward, convective flow in the horizontal 

direction can be neglected. The direction of the descending fingers was defined as the z-

axis and the line perpendicular to this (transverse) as the r-axis, as shown at the bottom 

left of Fig. 3-7. 

The dispersion coefficient in the r-direction DT was evaluated using fine fingers with a 

relatively high extension velocity to reduce the influence of the merging and interaction 

of the adjacent fingers, as shown by the red box in Fig. 3-7(a). The average concentration 

over the area occupied by a single finger was estimated from the horizontal cross-

sectional image. The concentration distribution in the z-direction of a finger at different 

time steps is shown in Fig. 3-7(b). The concentration of NaI decreased along the finger, 
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whereas the gradient remained constant in the time range between 240 and 1200 s. As 

time progressed, the tip of the finger descended downward, while the initial interface 

moved upward. The finger-extension velocity v was estimated from the distance traveled 

by the tip of the finger, as shown in Fig. 3-7 and Table 3-2. Figure 3-7(d) shows the 

distribution of NaI concentration in the r-direction along the red bar crossing the center 

of the developing fingers in Fig. 3-7(c). The half-value width and gradient of the linear 

approximation of this profile were used to estimate the rf and the r-direction concentration 

gradient ∂C/∂r, respectively. 

 

Fig. 3-7. MEG-NaI concentration distribution in a finger of Ra = 3360. (a) and (c) are vertical and 

horizontal cross sectional images, respectively, while (b) and (d) show MEG-NaI concentration 

distribution in longitudinal direction and transverse direction, respectively. 

 

Mass conservation for a finger with a cylindrical shape is described by the balance of 

convection in the z-direction and dispersion in r-direction, as follows: 
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where V = Sδz is the control volume (CV), S = πrf
2 and S′ = 2πrf are the end surface area 

and the side area of the disk-shaped CV, respectively, and rf is the radius of the CV. The 
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first term on the left hand side denotes the change in mass with time in the CV, the second 

term denotes the net increase in mass by convection in the z-direction, and the right hand 

side denotes a decrease in mass crossing the cylindrical wall due to dispersion. Some 

fraction of the mass supplied through the top surface of the CV is lost by dispersion 

through the side-wall. 

Figure 3-7(b) shows that the concentration of NaI in the finger at a particular location was 

constant over time, for example at z = 4 mm in the time range between 0 and 1200 s and 

at z = 10 mm in the time range between 480 and 1200 s. With the assumption of a steady 

state (∂/∂t = 0), equation (3-4) can be put into the following form: 
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.                                                      (3-5) 

This allows the DT of the shear flow between the descending fingers and the ascending 

NaCl flow to be estimated. Figures 3-7(b) and 3-7(d) provide the z-direction 

concentration gradient ∂C/∂z = −2.43 kg/m4 and the r-direction concentration gradient 

∂C/∂r = −19.12 kg/m4, respectively. The transverse dispersion coefficients at all Ra 

values are shown in Fig. 3-8 and Table 3-2. The concentration gradient in the r-direction 

was 6–10 times (on average 8 times) higher than that in the z-direction. Both 

concentration gradients decreased slightly in line with Ra. 

Table 3-2. Gradients in the concentration were evaluated with the local NaI concentrations, as 

shown in Fig. 3-7. The finger extension velocity (v) was evaluated using the migration distance of 

the tip of the finger. The transverse dispersion coefficient DT and Péclet number Pe* were evaluated 

using equations (3-5) and (3-6), respectively. 

Ra [−] 
−∂C/∂z 

[kg/m4] 

−∂C/∂r 

[kg/m4] 
v [m/s] DT [m2/s] Pe* [−] 

2600 1.94 18.18 1.07 × 10−5 1.83 × 10−9 8.51 

3360 2.43 19.12 1.40 × 10−5 2.22 × 10−9 11.10 

5010 2.65 18.69 2.03 × 10−5 5.33 × 10−9 16.16 

4810 2.22 14.85 2.28 × 10−5 4.72 × 10−9 22.68 

6220 2.28 14.38 3.05 × 10−5 6.30 × 10−9 30.34 

9290 1.67 15.16 4.04 × 10−5 7.79 × 10−9 40.19 

8315 1.63 15.41 3.99 × 10−5 6.82 × 10−9 57.41 

10739 1.51 11.35 4.82 × 10−5 1.09 × 10−8 69.34 

16037 1.35 11.90 6.29 × 10−5 1.36 × 10−8 90.50 
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DT is usually estimated in a uniform flow of forced convection, so that it is correlated 

with the Péclet number (Pe), as shown in Fig. 3-8. Pe is defined in equation (3-6) as the 

ratio between the time required for the fluid to traverse a characteristic length by diffusion 

and the time needed to traverse the same length by advection: 

Ra
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d
c

D

vd
Pe P

m
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*
,                                                 (3-6) 

where v/φ is the interstitial velocity, derived from the finger-extension velocity. As Ra 

increased from 2000 to 16000, the Péclet number increased from 8.51 to 90.5 because the 

finger-extension velocity v is proportional to Ra (Fig. 3-3). The transverse dispersion 

coefficient increased with Pe*, indicating a higher dispersion in the r-direction and a 

reduced NaI concentration gradient in the r-direction at higher Ra values. This is because 

transverse dispersion between the downward high-concentration fingers and the upward 

NaCl flows dampens the finger shape as the Ra increases. Figure 3-8 shows that the effect 

of the dispersion is non-negligible at high Rayleigh numbers. The plot of the estimated 

transverse dispersion coefficients (DT/Dm) against the Péclet number shown in Fig. 3-8 

suggests the following relationship between DT and the Péclet number: 

76.0*211.0 Pe
D

D

m

T  , 90.02 r  .                                        (3-7) 

 

Fig. 3-8. Comparison of previous research results (Bijeljic & Blunt, 2007) (the solid lines) and 

Sahimi (2011) (round dots) and experimental results (red triangle) of the transverse dispersion 

coefficient (DT/Dm) versus the Péclet number. 
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This suggests that the transverse dispersion is enhanced by an increase in the strength of 

density-driven natural convection. Our experimental results, evaluated in the shear layer, 

were in good agreement qualitatively with the DT previously reported in uniform flows 

(Bijeljic & Blunt, 2007; Sahimi, 2011). In a uniform flow, the dispersion obeys a power-

law dispersion, with both convection and diffusion contributing to the dispersion. In the 

present study, the finger structure was both related to the Rayleigh number and affected 

by transverse dispersion. The transverse dispersion between the downward and upward 

flow regions led to the interaction and merging of the adjacent fingers. This strongly 

affected the decay of the finger-number density.  

From the profiles of the finger-number density shown in Fig. 3-6, we assumed the 

following exponential decay of finger-number density with time:  

N
dt

dN
 ,                                                           (3-8) 

where the decay coefficient α (α = -𝜕(lnN)/𝜕t) was evaluated by fitting the plot of ln N 

against t. The α has units of s−1 in equation (3-8) under appropriate dimensional 

consideration; thus, α = cDT/H2 was assumed, where c is a dimensionless coefficient, 

which can be estimated by fitting the plot in Fig. 3-9. As shown in Fig. 3-9, the decrease 

in the rate of finger-number density (α) increased linearly with the transverse dispersion 

coefficient. The finger-number density is in an exponential relationship with the 

transverse dispersion coefficient: 

)74.369exp(
2

t
H

D
N T , 90.02 r  .                                         (3-9) 

 

Fig. 3-9. Effect of transverse dispersion on the decay in finger number density. α is defined as the 

rate of the decrease in finger-number density. 
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In the course of convective mixing, high concentration fingers interact and merge with 

neighboring fingers (Fig. 3-2). The dispersion between the upward and downward flows 

causes an increase in finger diameter and prompts the coalescence of fingers, decreasing 

the finger-number density. The enhanced transverse dispersion at higher convection 

speeds increases the rate of decay of the finger-number density. 

Nakanishi et al. (2016) performed the density-driven natural convection associated with 

Rayleigh-Taylor instabilities in three-dimensional porous media and presented that, for 

similar Ra, increased transverse dispersion enhances the broadening of the finger 

diameters and increases the coalescence of the fingers. Moreover, with transverse 

dispersion, the fingertips reach the bottom of the packed bed faster compared to cases 

without transverse dispersion. According to their experimental results, when Pe < 10, the 

effect of the transverse dispersion on fingering behaviors was negligible. The finger 

extension velocity, mass transfer rate and onset time scales with Ra with a characteristic 

length of H which is the height of the porous media. When Pe > 10, transverse dispersion 

affects the finger structures significantly. The fingering behavior is not only related to Ra 

with H as the characteristic length, but also affected by Pe with dp as the characteristic 

length, which is consistent with the results in present study. 

In addition, Heller (1966) demonstrated that the amplification factor decreased with 

Rayleigh number with the thickness of interface as characteristic length by a Linear 

Stability Analysis (LSA) for porous media. Using LSA, Graf et al. (2002) showed that 

the amplification factor (the maximum eigenvalue) for a Hele-Shaw cell decreased with 

increasing interface thickness. Wang et al. (2018) performed some experiments in 

Rayleigh-Taylor convection between NaI brine and water to investigate the effects of the 

thickness of the interface (𝛿) on the onset time. The results illustrated that the increasing 

the interface thickness delayed the onset of convection, while the finger extension 

velocity remained the same. Therefore, the onset time of natural convection is related to 

Ra with a characteristic length of the interface thickness. 

 

3.6 Mass flux 

To calculate mass transfer, a cylindrical control volume was added to the porous medium 

below the plane of the initial interface. Based on the local concentration of NaI, the mass 

of NaI in the control volume was evaluated at each time step. From the change in the 

mass, the mass flux F was estimated for each Rayleigh number. When the fingers reached 

the bottom surface of the porous medium, the maximum mass flux was observed for 
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porous media with permeability values k = 2.63 × 10-10 and 4.87 × 10−10 m2. After this 

point, the intensity of the convention slowed. In the case of the porous medium with a 

permeability of k = 8.24 × 10−10 m2, the mass flux showed no clear peak until the interface 

between the MEG-NaI and NaCl solutions collapsed. For reference, the mass flux can be 

estimated using the time taken for the fingers to reach the bottom surface of the porous 

medium. The dimensionless flux, i.e., the Sherwood number, is defined as a ratio of the 

mass transfer rate enhanced by convection to the mass transfer rate enhanced by diffusion: 

HcD

F
Sh

m /



,                                                           (3-10) 

where ∆c is the concentration difference of iodide between the MEG-NaI mixture and 

NaCl solution at representative density levels (Fig. 2-1). We used a constant value of ∆c 

= 110 kg/m3 for simplicity. 

 

Fig. 3-10. Relationship between the Rayleigh number and the Sherwood number. Experimental 

measurements for porous media of permeability k = 2.63 × 10−10, 4.87 × 10−10, and 8.24 × 10−10 m2 

are shown by black, blue, and orange solid circles, respectively. The black dashed line denotes the 

power-law relationship [Eq. (3-11)]. Correlations proposed by Neufeld et al. (2010), Hesse (2008), 

and Backhaus et al. (2011) are also plotted. 

 

As shown in Fig. 3-10, the dimensionless flux obtained in the porous media with 

permeability values k = 2.63 × 10-10 and 4.87 × 10−10 m2 was correlated with the Rayleigh 

number by a power-law relationship: 

93.013.0 RaSh  , 90.02 r .                                                (3-11) 
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However, the mass flux at a permeability of k = 8.24 × 10−10 m2, which was used as a 

reference, deviated from the straight line [Eq. (3-11)] because the mass flux showed no 

clear peak until the interface between the MEG-NaI and NaCl solutions collapsed, as 

noted above. Moreover, enlargement of the permeability resulted in a decrease in the 

critical wavelength 𝜆c = 96.23 φμD/ k∆ρg (Xu et al., 2006). At a high permeability of k = 

8.24 × 10−10 m2, the critical wavelength was estimated to be lower than the average 

particle diameter, suggesting that the onset of convective mixing may differ from that 

observed at low permeability. 

The mass flux through the fingers into the lower cylindrical region is given by 

cfvDAD/(AD+AU), where AD and AU represent the area of the fingers and the NaCl flows, 

respectively, and cf is the NaI concentration in downward fingers with velocity vD (vD = 

v) in the mixing layer. From the horizontal cross-sectional CT images, binarized into a 

visualization of the fingers and NaCl flows, the area of the descending fingers AD and the 

area of upward NaCl solution flows AU can be estimated. At the early stage, cf = ∆c, the 

ratios of AD/(AD+AU) were similar at all Ra values, in the range 0.33–0.38. Therefore, the 

increase in finger-extension velocity was attributed to an increase in mass flux. Since, as 

shown in Fig. 3-3, the finger-extension velocity increased in line with Ra, there is a 

power-law relationship between the dimensionless flux and Ra, as shown in Fig. 3-10. 

Based on two-dimensional  laboratory experiments and high-resolution numerical 

simulations, Neufeld et al. (2010) proposed that the dimensionless flux is related to the 

Rayleigh number by a power-law relationship with power of 4/5. Hesse (2008) and Pau 

et al. (2010) performed numerical analyses of two-dimensional  and three-dimensional  

natural convection and suggested that the mass flux is given by F = 0.017 kC0∆ρg/μ. 

Backhaus et al. (2011), on the basis of two-dimensional  experiments in Hele-Shaw cells 

using propylene glycol and water, suggested that the mass flux is proportional to the 

Rayleigh number by a power of 0.76. As shown in Fig. 3-10, the dimensionless flux (Sh) 

in the present experiments was higher than those previously reported (Backhaus et al., 

2011; Hesse, 2008; Neufeld et al., 2010), but the gradient of the power law fitting the 

dashed line was in line with previous results.  

Experimental studies using model fluids with a nonlinear density profile (Backhaus et al., 

2011), including the present study, suggest that the dimensionless flux is strongly affected 

by the value of the concentration difference ∆c and the molecular diffusion coefficient, 

which depends on the concentration. Most of the difference in the reported dimensionless 

fluxes may be attributed to the inaccurate evaluation of these parameters. In addition, 



 
 

35 

Hewitt et al. (2014) showed from Hele-Shaw cell experiments and numerical simulations 

that interfacial deformation can dramatically enhance the convective flux. Pau et al. 

(2010) also showed that the mass flux in three-dimensions is 25% higher than in a 

comparable two-dimensional  simulation. Hidalgo et al. (2012) reported that the mixing 

rate exhibits a strong dependence on the shape of the density-concentration curve. In the 

case of numerical simulations of density-driven convection, because of the boundary 

condition 0U


, c = cs at the top boundary z = 0, where cs is the solubility of CO2 in brine 

and the concentration difference ∆c is constant, the boundary layer where the mass 

transport is limited by molecular diffusion is established on it. 

 

3.7 Summary 

A novel experimental scheme of three-dimensional imaging of density-driven natural 

convection in a porous medium was presented in this chapter. Several fluid pairs were 

used in the experiments to change the Rayleigh number over the range 2600–16000. The 

characteristics of fingering and the effect of the transverse dispersion on finger structure 

were investigated. 

Slight fluctuations that appeared on the interface grew into large fingers, which interacted 

and merged with neighboring fingers. The fingers extended vertically downward without 

changing their locations, forming a columnar structure. The finger-extension velocity 

increased in line with the Rayleigh number and correlated with the characteristic velocity 

at a coefficient of 0.35. The transverse dispersion coefficient was estimated from the local 

concentration in the fingers provided by the three-dimensional images. The experimental 

results demonstrated that transverse dispersion was enhanced as the strength of density-

driven natural convection increased. The decrease in figure-number density was related 

to the Rayleigh number and also affected by transverse dispersion. The finger-number 

density was in an exponential relationship with the transverse dispersion coefficient. The 

strength of transverse dispersion between the downward and upward flow regions 

significantly affected the decay of the finger-number density because of the interaction 

and merging of fingers.  

The dimensionless mass flux, i.e., the Sherwood number, correlated with the Rayleigh 

number in a power-law relationship. The Sherwood number obtained by the model in this 

study was higher than that from two-dimensional experiments and high-resolution 

numerical simulations of density-driven natural convection, but the gradient of the power 

law fitting was consistent with previous results. 
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The findings, based on three-dimensional experiments in a porous medium, provide new 

insights, elucidating the behavior of CO2 migration. They may contribute to the large-

scale implementation of CO2 storage and the evaluation of long-term security. 
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Chapter 4: Effect of layered heterogeneity on fingering 

structure 

4.1 Experimental setup and procedures 

In this chapter, density-driven natural convection between miscible fluids with a 

nonlinear density property in porous medium with homogeneous and heterogeneous 

layered structure was visualized. The plastic resin particle with different average diameter 

had been packed stratified as a heterogeneous porous medium. Plastic beads were packed 

in an acrylic resin tube with an inner diameter of 70 mm and height of 75 mm. To 

eliminate sorting of the particles on a tube wall resulting in a high porosity and 

permeability layer, fine particles with an average diameter of 215 μm (180−250 μm) were 

packed around the wall with a thickness of approximately 3 mm. Two difference sized 

particles were packed as layer 1 and layer 2 respectively, with a height of 22.5 mm for 

each layer. Then the two layers were saturated with NaCl solution by using a vacuum 

chamber. The particles, with the same size as layer 1, saturated with MEG-NaI were 

placed manually as layer 0 with a height of 30 mm on top of layer 1, as shown in Fig. 4-

1. 

 

Fig. 4-1. Schematics of packed bed of particles 

 

We used three average-diameter plastic beads, dp = 975 μm, dp = 780 μm, and dp = 647 

μm, to vary the permeability related to the Rayleigh number. The details of the layer 

structure are shown in Table 4-1. A certain weight of particles were packed in each layer 

Note: This chapter has been published as: Wang Lei, Nakanishi Y., Hyodo A., Suekane, T., Three-

dimensional finger structure of natural convection in homogeneous and heterogeneous porous 

medium, Energy Procedia, Vol. 114 (2017), 5048-5057.  
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for maintaining the same porosity and permeability in different experiments. Fluid pair A 

and B (the details in Table 2-1) were utilized for modeling the density-driven natural 

convection. The properties of the porous medium are summarized in Table 4-2. 

During the convective mixing process, the entire packed beads’ bed was scanned with the 

X-ray CT scanner. The reconstructed images consist of 496 image slices with a resolution 

of 496×496 pixels and 201 µm/pixel in all directions. Until the natural convection is 

completed, the scanning repeated every 75 s. 

Table 4-1. Layer structure. 

 
Particle diameter, dp 

[μm] 

 Layer 1 Layer 2 

Homogeneous 

structure 

975 975 

780 780 

647 647 

Heterogeneous 

structure 

975 647 

780 647 

647 975 

647 780 

 

Table 4-2. Properties of the porous medium. 

Average particle 

diameter 

dp [μm] 

Permeability 

k [m2] 

Porosity 

φ [-] 

Fluid 

pair 

Rayleigh number 

Ra [-] 

647 9.51 × 10−11 0.49 
A 1810 

B 1210 

780 2.63 × 10−10 0.49 
A 5010 

B 3360 

975 4.87 × 10−10 0.49 
A 9290 

B 6220 

 

4.2 Changing of fingering structure at different permeability layers 

The development of fingers due to density difference in three-dimension is shown in Fig. 

4-2. At the early stages, Fig. 4-2 (a) 75 s and (b) 150 s, slight fluctuations appear at the 

initial interface between MEG-NaI and NaCl solutions. With the growth of wavelength, 
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dense concentration fingers form and extend vertically downward and eventually reach 

the bottom of the packed bed at 1725 s for the layered structure in Fig 4-2 (a) and 2175 s 

for the layered structure in Fig 2 (b). During the convective mixing process, the same as 

the homogeneous porous medium, mentioned in chapter 2, fingers coalesce and merge 

with the adjacent fingers, growing in diameter, also shielding hinders the growth of short 

fingers, which are caught up in shielding fingers. When fingers pass through the interface 

between layer 1 and layer 2, in Fig. 4-2 (a), the particle diameter of layer 2 is smaller than 

that of layer 1, and the permeability becomes lower, the finger diameter increases. On the 

other hand, in Fig. 4-2 (b), the particle diameter of layer 2 is larger than that of layer 1, 

when fingers pass through the interface with an increasing permeability, the finger 

diameter decreases. After that, these fingers extend downward, the finger-extension 

velocity, the number of finger and the concentration in fingers change as well, the details 

are to be mentioned later. 

 

Fig. 4-2. Development of three-dimensional finger structure in the porous medium with the layered 

structure. (a) The particle diameter is dp = 975 μm and 647 μm and the Rayleigh number is Ra = 

9290 and 1810 for the layer 1 and the layer 2, respectively. (b) The particle diameter is dp = 647 μm 

and 975 μm and the Rayleigh number is Ra = 1810 and 9290 for the layer 1 and the layer 2, 

respectively. Blue indicates the iso-contour surface at the concentration of 16.6 kg/m3 of MEG-NaI 

solution. The red dashed line shows the interface between layer 1 and layer 2. 
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4.3 Finger-extension velocity 

The finger-extension velocity can be estimated from the distance of proceeding finger 

tips over a certain time interval. During the process of natural convection, each finger 

may have different extension velocity, here, we choose a finger extending more quickly 

as the sample to estimate the finger-extension velocity. Fig. 4-3 plots the finger-extension 

velocity against the time both in homogeneous structure and heterogeneous layered 

structure. Note that Fig 3 does not show the finger-extension velocity at t ˂ 75 s. Linear 

stability analysis (Ennis-King & Paterson, 2005; Xu et al., 2006) suggest that the onset 

time is related to the properties of fluid system. Under experimental conditions in present 

study, the onset time is in a range of 2.9-75.3 s, which is shorter than the time required to 

manually place the particles on layer 0 (about 70 s) and to complete a CT scan. So it is 

impractical to study the effect of onset time and we define the time at the starting of the 

first CT scan as t = 0 s. 

 

Fig. 4-3. Comparison of finger-extension velocity for each time steps in homogeneous and 

heterogeneous porous medium. (a) Homogeneous structure (layer 1, 975 µm; layer 2, 975µm) and 

heterogeneous layered structure (layer 1, 975 µm; layer 2, 647µm). (b) Homogeneous structure 

(layer 1, 647 µm; layer 2, 647 µm) and heterogeneous layered structure (layer 1, 647 µm; layer 2, 

975µm). 

 

In Fig. 4-3, the layered structure has no significant influence on the finger-extension 

velocity in layer 1. The finger-extension velocity has the same gradient for homogeneous 

structure and heterogeneous layered structure, increasing with time. When the finger 

passes through the interface and extends into layer 2 with a decreasing particle diameter, 

the finger-extension velocity decreases with time, then reaches to a fixed value of 

1.08×10-5 m/s, as shown in Fig. 4-3(a). On the other hand, as seen in Fig. 4-3(b), when 

the finger extends into layer 2 with an increasing particle diameter, the finger-extension 

velocity increases because of the increase in permeability, then decreases gradually to the 
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value of 1.61×10-5 m/s, which is smaller than that of in homogeneous structure (the red 

points in Fig. 4-3a). The increasing of finger-extension velocity in layer 2 enhances the 

dispersion between downward convective fingers and upward flows. Therefore, the 

concentration in fingers is reduced due to the dispersion, making the finger-extension 

velocity decreases gradually with time. 

4.4 The characteristics of fingers in heterogeneous layered structure  

 

Fig. 4-4. Change in the properties of fingers passing the interface of layered structure. Distribution 

of NaI concentration in vertical cross-section and horizontal cross-section 2 mm above and below 

the interface for (a) homogeneous structure (Layer 1, 647 μm; Layer 2, 647 μm) and for (b) 

increasing particle diameter (Layer 1, 647 μm; Layer 2, 975 μm). (c) Distribution of NaI 

concentration along the axis of a representative finger passing the interface with an increasing 

particle diameter. 
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Fig. 4-4 shows distribution of NaI concentration in fingers passing through the interface 

of the layered structure with an increasing of particle diameter. Here z-axis runs in the 

direction of gravitational acceleration and z = 0 mm is the interface between layer 1 and 

layer 2. In the case of homogeneous structure (Fig. 4-4a), the fingers remain horizontal 

location and the diameter of fingers are almost the same at 2 mm above and below the 

interface. The NaI concentration in a finger remains the same as well as shown in Fig. 4-

4(c). On the other hand, in the case of heterogeneous layered structure with an increasing 

permeability, when fingers pass through the interface, the horizontal location of fingers 

and the number of the finger are unchanged (Fig. 4-4b), while NaI concentration in a 

finger decrease as well as the diameter of fingers reduces (Fig. 4-4c and 4-4b). 

With the assumption of a steady state, mass conservation for a finger is described as

.constAvc ff  , where cf is the NaI concentration in downward fingers with velocity vf , 

A is the cross sectional area of fingers. When fingers pass through the interface with an 

increase in particle diameter, the permeability increases and finger-extension velocity 

increases, the increasing velocity of fingers enhances the dispersion between downward 

fingers and upward flow regions. In addition, regarding the mass conservation, when 

finger-extension velocity increases, the cross sectional area of fingers decreases. 

Meanwhile, for the same time interval, the side area along the z-direction increases 

compared with the changing of cross-sectional area of fingers. Much more fraction of the 

mass supplied by the downward convection in fingers is lost through the side area by 

dispersion. The dilution of concentration crossing the side area is enhanced. Therefore, 

the NaI concentration in fingers decreases when fingers pass through the interface to a 

higher permeability layer. 

Fig. 4-5 shows the influence of layered structure with a decreasing of particle diameter 

on the characteristics of convective fingers. When fingers extend from layer 1 with 

particle diameter of 975 µm to layer 2 with particle diameter of 647 µm, namely with a 

decreasing permeability, the distribution of NaI concentration for different time steps has 

been shown in Fig. 4-5(a). The horizontal cross-sectional images on top of Fig. 4-5(a) 

show the finger structure at the interface (z = 0 mm) and suggest that after finger tips 

passing through the interface, the diameter of fingers increases with time. According to 

the mass conservation mentioned before, when fingers pass through the interface with a 

decreasing permeability, finger-extension velocity decreases while the concentration in 

fingers cannot increase at the moment, leading to an increase in cross sectional area of 

fingers. For the same time interval, the changing of side area along the z-direction is less 
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than the increasing of cross-sectional area of fingers. In addition, since the finger 

extension velocity decreases after extending into layer 2, the gradient of the velocity 

between downward fingers and upward flows decreases. Therefore, the weakened 

dispersion in shear flow has a limited influence on NaI concentration. The NaI 

concentration distribution is similar to homogeneous structure, remaining around 35 

kg/m3, as shown in Fig. 4-5(b). 

 

Fig. 4-5. Effect of the interface of the layered structure of a porous medium with a decreasing 

permeability along a finger extension direction on NaI concentration in fingers. (a) Evolution of 

distribution of the NaI concentration in a horizontal cross-section at the interface and a vertical 

cross-section (Layer 1, 975 μm; Layer 2, 647 μm). (b) Distribution of NaI concentration along the 

axis of a representative finger. 
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4.5 Summary 

In reservoir, stratigraphic structure has a heterogeneity, which is composed of alternating 

layers, reflecting an isotropic property in the horizontal direction and different 

permeability in the vertical direction. In this study, the plastic resin particle with different 

average diameter has been packed stratified as a heterogeneous porous medium. Density-

driven natural convection between miscible fluids with a nonlinear density property in 

porous medium with homogeneous and heterogeneous layered structure is visualized 

three-dimensionally by means of a micro-focused X-ray CT scanner. Three-dimensional 

finger structure and local NaI concentration in fingers can be obtained on the basis of CT 

images. 

In the heterogeneous layered structure, when convective fingers pass through the interface 

to a higher permeability layer, the finger-extension velocity increases and the diameter of 

fingers decreases. The enhanced dispersion between downward fingers and upward flow 

regions leads to a decreasing of concentration in fingers. On the other hand, when fingers 

pass through the interface to a lower permeability layer, the finger-extension velocity 

decreases. The weakened dispersion has a limited influence on the distribution of 

concentration in fingers, thus, the concentration in fingers remains and the diameter of 

the fingers increases. These results suggest that the concentration in the finger changes 

nonlinearly against the permeability. 

The layered heterogeneous structure hinders the development of natural convection. In 

the heterogeneous layered structure, as finger passing through the high permeability layer, 

finger-extension velocity is reduced by a dilution of finger concentration. Therefore, the 

development of natural convection in the layered heterogeneous structure becomes slower 

than that in the homogeneous structure. 
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Chapter 5: Gravitational fingering due to density increase 

by mixing at a vertical displacing 

The density increase from CO2 dissolution in oil creates an unstable high-density layer 

and leads to gravitational fingers, which may have a significant effect on the mixing and 

flow path. Although the viscosity ratio in CO2 injection scenario is unstable, and the 

viscos fingering could occur when injection rate is higher than critical velocity, I focus 

on the effect of density increase on fingering structure in this work. Therefore, in these 

experiments, during the injection process, the viscosity ratio is stable, and the 

displacement front is always stable with respect to injection speed, having no effect of 

viscous fingering. In this chapter, the gravitational fingering during injection was 

modelled by a miscible fluid pair with nonlinear density property, and the properties of 

the fingering resulting from the density increase by mixing in porous media using three-

dimensional X-ray CT was investigated. The key measures of gravitational fingering 

during the injection process — the finger extension velocity, finger number density, 

mixing length of fingers, and relative volume of fingers — were compared at different 

Péclet numbers by changing the permeability of the porous media and the injection speed. 

5.1 Experimental method 

The experiments were conducted using the following procedures. First, as a porous 

medium, plastic beads were packed in an acrylic resin tube with an inner diameter of 70 

mm and height of 55 mm (Fig. 5-1). To eliminate sorting of the particles on a tube wall 

resulting in a high porosity and permeability layer, fine particles with an average diameter 

of 215 μm (180−250 μm) were packed around the wall with a thickness of approximately 

1.5 mm. The packed beads were saturated with NaCl solution in a vacuum chamber. Next, 

after removing the top sleeve of the bed of packed beads, MEG–NaI saturated particles 

were manually placed on top of the tube, 15 mm above the particles saturated with the 

NaCl solution. Then, the sleeve was replaced again while inserting a distributor. A plastic 

filter plate was placed at the exit of the packed bed to facilitate uniform drainage. Then, 

MEG–NaI solution was injected into the packed bed vertically downward with respect to 

the gravitational acceleration at three different constant injection speeds using a syringe 

pump (KD Scientific, KDS100), and the entire packed bed was scanned by the X-ray CT 

scanner for a specific time interval. For each experiment, the Péclet number Pe = (v0dp/φD) 

Note: This chapter has been published as: Wang Lei, Cai S., Suekane, T., Gravitational fingering 

due to density increase by mixing at a vertical displacing front in porous media, Energy and Fuels, 

Vol. 32(1), (2017), 658-669.  
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was varied from 0.71 to 3.59 (Table 5-1), where v0 is the injection speed and D is the 

molecular diffusion coefficient of NaI. 

 

Table 5-1. Range of Péclet number in experiments. 

Run # 

Average particle 

diameter 

dp [μm] 

Injection speed v0 

[m/s] 

Péclet number 

Pe [-] 

Rayleigh number 

Ra [-] 

1 A 

647 

1.08 × 10−6 0.71 

1059 1 B 1.81 × 10−6 1.19 

1 C 3.61 × 10−6 2.38 

2 A 

780 

1.08 × 10−6 0.86 

2940 2 B 1.81 × 10−6 1.44 

2 C 3.61 × 10−6 2.87 

3 A 

975 

1.08 × 10−6 1.07 

5442 3 B 1.81 × 10−6 1.80 

3 C 3.61 × 10−6 3.59 

 

 

Fig. 5-1. Packed bed of melamine resin particles. 

 

In these experiments, the reconstructed images comprised 496 image slices of 496 × 496 

pixels with a resolution of 171 µm/pixel. It takes approximately 70 s to scan 496 images 

of the entire packed bed from all directions, and takes 60 s to turn back to its original 
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position for next scan, considering the packed bed was connected with the injection tube. 

During the injection process, the scans were repeated every 150 s until the extended 

fingers reached the bottom of the packed bed. 

A number of other studies have been performed based on the assumption that when the 

injected CO2 is lighter than the oil, the CO2 injection is a stable gravity drainage process 

(Bangia et al., 1993; Cardenas et al., 1984; Moore, 1986; Palmer, Nute et al., 1984). To 

clarify the effect of density increase on the fingering structure during the injection process, 

the injection experiment using a fluid pair without density increase was performed, 

namely, the fluid mixture did not exhibit an increase in density upon mixing. The density 

effect describes that the density increase from CO2 dissolution in oil creates an unstable 

high-density layer and leads to gravitational fingers, which may have a significant effect 

on the mixing and flow path of injected CO2. 

Table 5-2. Fluid properties. 

Fluid pair 
Density 

[g/cm3] 

Viscosity 

µ [mPa·s] 

Viscosity 

ratio [-] 

Initial density 

difference 

∆ρ [g/cm3] 

B 

MEG–NaI solution 

(displacing fluid) 
1.050 3.193 

3.044 0.004 
NaCl solution 

(displaced fluid) 
1.054 1.049 

D 

Glycerine solution 

(displacing fluid) 
1.073 2.698 

3.076 0.005 
NaI + NaCl solution 

(displaced fluid) 
1.078 0.877 

 

In this experiment, 31 wt. % glycerine solution and 1 wt. % of NaCl was added into 10 

wt. % NaI solution (NaI+NaCl) to match the viscosity ratio and initial density difference 

of fluid pair D with that of fluid pair B, as shown in Table 5-2. Lighter glycerine solution 

was injected into a packed bed saturated with heavier NaI + NaCl solution under the same 

experimental conditions as fluid pair B. Without the density effect, there was no fingering 

(Fig. 5-2). The blue part at the top represents the particles that are saturated with 31 wt. % 

glycerine solution, while the green-yellow part at the bottom represents the particles that 

are saturated with 10 wt. % NaI solution doped with 1 wt. % NaCl. Fig. 5-2 illutrates the 

time evolution of the interface variation, when a lighter glycerine solution is injected into 

a packed bed saturated with heavier NaI + NaCl solution. During the injection process, 

no occurrence of fingering. Further, the interface moves downward in a piston-like 
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displacement manner without displaying any instability, which indicates that the injection 

process has no significant effect on the formation of fingers. However, the density 

increase from CO2 dissolution in oil may have a significant effect on the mixing and flow 

path (Ahmed et al., 2012; Farajzadeh, n.d.; Firrozabadi & Cheng, 2010; Shahraeeni et al., 

2015). In this chapter, the density increase effect during the injection process was 

examined using a fluid pair (MEG–NaI and NaCl solution) with a nonlinear density 

property. 

 

 

Fig. 5-2. Visualization of interface variation during the injection process without any increase in 

density at Péclet number of 3.59. The blue part represents the particles that are saturated with 31 

wt. % glycerine solution, and the green-yellow part represents the particles that are saturated with 10 

wt. % NaI solution doped with 1 wt. % NaCl. 

 

5.2 Three-dimensional finger structure during injection process 

Fig. 5-3 shows the different stages of the development of the fingering structure during 

the injection process in the packed bed that developed upon mixing the MEG–NaI 

solution in the NaCl solution. At the early stage immediately after injection, when the 

MEG–NaI solution started to mix with the NaCl solution, a thin mixing layer formed, 

became larger over time, and was destabilized in a few seconds, yielding nascent denser 

fingers sinking from the initial interface (left images in Fig. 5-3). Over time, the fingers 

grew and extended in the main flow direction with some nonlinear effects, such as 

merging between neighboring fingers. The diameters of these fingers increased with time 

via diffusion and coalesced with each other. At times after injection of 1800 s (Fig. 5-3a 

and 5-3b) and 1200 s (Fig. 5-3c), the tip of the most advanced finger reached the end of 

the packed bed. 

From Fig. 5-3, it is clear that the extension and morphology of fingers differ for different 

Péclet numbers. The intensity of mixing of the displacement front affects the fingering. 
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Although the structure of the fingers was roughly the same for each Péclet number 

condition, the fingers extended much faster for higher Péclet numbers (Fig. 5-3c). In the 

higher Péclet number case, the fingers were thicker at the later stage and rapidly 

connected with neighboring fingers directly below the interface because of the enhanced 

mixing. 

 

Fig. 5-3. Visualization of three-dimensional fingers at different time steps as a function of Péclet 

number: (a) Run # 3A, Pe = 1.07; (b) Run # 3B, Pe = 1.80; and (c) Run # 3C, Pe = 3.59. The blue 

color represents the iso-contour surface of an MEG–NaI concentration of 8.44 kg/m3. The time 

shown at the bottom of each image is the starting time of each scan for different time steps. 

 

5.3 Finger-extension velocity 

The finger extension velocity (v) was estimated as a function of the distance of the finger 

front migration obtained from sequential CT images. Fig. 5-4 plots the finger extension 

velocity for all the experiments against Péclet number. With increasing Péclet number, 

the finger extension velocity increased. The finger extension velocity scales with Péclet 

number as , 76.02 r . For higher Péclet numbers, the mixing near the 

interface was enhanced, leading to an increase of the density difference between the heavy 

71.05108.1 Pev 
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fingers and surrounding water. The details of this investigation are described in section 

5.4. 

 

Fig. 5-4. Finger extension velocity as a function of Péclet number. 

 

5.4 Distribution of NaI concentration in fingers 

 

Fig. 5-5. Comparison of fingering structure and NaI concentration distribution in fingers at t = 1350 

s for (a) Run # 2A, Pe = 0.86; (b) Run # 2B, Pe = 1.44; and (c) Run # 2C, Pe = 2.87. The bottom 

images show the fingering structures at z = 11 mm in horizontal cross-sectional images. 
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z = 0 is defined as the initial interface and the direction of gravitational acceleration is 

defined as the direction of the z-axis. Fig. 5-5 shows the distribution of the local 

concentration and fingering structure for different Péclet numbers at t = 1350 s for a 

vertical cross-section (top) and horizontal cross-section at 11 mm below the initial 

interface (z = 11 mm) (bottom). The red line represents the initial interface at z = 0 mm. 

For higher Péclet number, the finger penetration depth was larger at the same time. The 

local concentration in the fingers was relatively high because of enhanced mixing at 

higher injection speed. As observed in the bottom images in Fig. 5-5, at a low Péclet 

number of Pe = 0.86, fine fingers were scattered with a lower concentration. With 

increasing Péclet number, the fingers spread out and merged with neighboring fingers, 

resulting in a larger finger diameter; the local concentration at the center of the finger also 

increased. 

 

Fig. 5-6. NaI concentration distribution in an advanced finger: (a) Run # 3A, Pe = 1.07; (b) Run # 

3B, Pe = 1.80; and (c) Run # 3C, Pe = 3.59. 

 

Figure 5-6 shows the distribution of the NaI concentration along an advanced finger for 

different time steps. The interface is defined as the position, where NaI concentration in 

the finger begins to exhibit a sharp decline. The root of finger is defined as the turning 
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point at which the gradient of the distribution of NaI concentration is modified from a 

sharp decrease to a gradual one. The tip of the finger is defined as the furthest position 

where the finger extended along z axis. The NaI concentration decreased along the finger 

for different Péclet numbers; however, the gradient of the decrease became larger with 

increasing Péclet number. With increasing time, the tip of the finger descended downward 

and the initial interface moved downward. These changes became more significant at 

higher Péclet numbers. 

Beam hardening can be reduced during the processing of the scanned data and image 

reconstruction, as mentioned in section 2. However, as depicted in Fig. 5-5, spurious 

concentration gradients occurred in the domain of displacing fluids above the interface, 

because of the beam hardening effect. Such an effect causes the edges of an object to be 

brighter than the center, even if the object consists of uniform material throughout. An X-

ray beam contains polychromatic beams having a range of energy spectrum. When 

passing through an object, an X-ray beam is hardened since the low energy photons tend 

to be absorbed, which leaves only the high energy ones. Therefore, when an X-ray beam 

passes through a dense part, the low energy component of the X-ray spectrum is more 

easily attenuated or even completely adsorbed than its counterpart. In the reconstruction 

process, if a uniform attenuation is assumed for all the energy components of the X-ray 

spectrum, the edges of an object is reconstructed to be brighter than the center, resulting 

in a gradient in brightness in a radial direction (e.g. Fig. 5-7a). 

 

Fig. 5-7. (a) Horizontal cross-sectional image of packed bed with an average particle diameter of 

975 µm saturated with 100 % MEG-NaI (15 wt. % NaI). (b) CT value distribution in r-direction 

along the red line in Fig. 9a. The black and blue lines present the cases of 15 and 4.2 wt. % of NaI 

concentrations, respectively. The green circle (a) and lines (b) denote the inner boundary of a fine 

particle layer. 
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The displacing fluid contains 15 wt. % of NaI, while the highest NaI concentration in the 

displaced fluid in the finger was observed to be 40 kg/m3 (4.2 wt. % of NaI), as depicted 

in Figs. 5-5 and 5-6 among all experimental conditions. To estimate the beam hardening 

effect, the packed bed that was entirely saturated with 15 and 4.2 wt. % of NaI was 

scanned using an X-ray CT scanner having the same scanning parameters as depicted in 

Fig. 5-7. These concentrations of NaI are the most severe conditions, where the beam 

hardening effect is likely to occur for displacing and displaced liquids, respectively. Fig. 

5-7a presents a horizontal cross-sectional image of the packed bed saturated using MEG–

NaI, having a NaI concentration of 15 wt. %. The beam hardening effect induced the 

spurious concentration gradients in a radial direction. Fig. 5-7b depicts the CT value 

distribution in the R-direction, which is defined by the red line in Fig. 5-7a, for the NaI 

concentration of 15 wt. % and 4.2 wt. %. CT values range from 16300 to 18200 arbitrary 

units without a radial gradient, when the packed bed was saturated with 4.2 wt. % of NaI 

(blue line). The fluctuations in CT values originate from the particle impurities. In the 

displaced fluid region, the evaluation of local concentration of NaI with the CT value is 

justified because the beam hardening effect is negligible. Conversely, the beam hardening 

effect is not negligible in the region of the displacing fluid. The variation in the CT value 

is approximately 14000 arbitrary units from center to edge. 

As mentioned above, in Fig. 5-6, the beam hardening effect affected only on the 

concentration distribution of the displacing fluids that were above the interface, while no 

effect on the concentration distribution of the fingers was observed. 

Figure 5-8a compares the NaI concentration distributions in an advanced finger for 

different Péclet numbers at t = 1500 s. The concentrations in the root of the fingers for Pe 

= 1.07, 1.80, and 3.59 were approximately (green) 20, (red) 30, and (blue) 40 kg/m3. The 

concentration of fingers above the interface as well as the concentration in the root of 

fingers increased with increasing Péclet number. The ratio of the concentration of the 

finger-root to that of the interface was estimated to be 0.25, 0.32, and 0.36 for Pe = 1.07, 

1.80, and 3.59, respectively. Corresponding to the results in Fig. 5-8, based on the 

calibration curve (Fig. 2-3), the density difference of the root of fingers were estimated, 

as shown in Fig. 5-8b. The density differences between the finger and surrounding NaCl 

solution at the root of the fingers were 0.003, 0.007, and 0.02 g/cm3, increasing with 

increasing Péclet number because of the change of the injection speed. This result is 

consistent with the previous observation in Fig. 5-5 and provides evidence of an increased 

finger extension velocity with increasing Péclet number as a result of the large density 

difference between the fingers and surroundings.  
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Fig. 5-8. (a) Comparison of NaI concentration distribution in an advanced finger for different Péclet 

numbers. (b) Nonlinear density profile of the mixture of MEG–NaI and NaCl solutions. 

 

A characteristic velocity U is defined as , representing the ideal Darcy 

velocity driven by gravity force with an initial density difference of ∆ρ between the 

MEG–NaI and NaCl solutions. There are two factors affecting the finger extension 

velocity, the permeability and density difference. The finger extension velocity increases 

with increasing Péclet number by increasing the permeability. For the case of a higher 

Péclet number by increasing the injection speed while keeping the permeability constant, 

the mixing near the interface is enhanced and high-concentration fingers form because of 

the density increase. These heavier fingers extend downward due to gravitational force, 

whereas the surrounding lighter NaCl solution floats upward. With increasing Péclet 

number, the density difference between the fingers and surroundings becomes larger, 

resulting in an increase of the finger extension velocity. In turn, the velocity of upward 

flow increases. As a result, the mixing near the interface become stronger. 

The interface moves downward and travels by the distance z’ = (v0/φ)t for piston-like 

displacement without instability. The position of the traveling interface can be estimated 

based on the slice-averaged concentration of NaI (Fig. 5-9a), and the results are plotted 

as a function of time for different Péclet numbers in Fig. 5-9b. We define the position of 

the traveling interface z’ for each time step as the position at which the average 

concentration cw is equal to 0.5c0 (c0 is the initial average concentration of the MEG–NaI 

solution). In Fig. 5-9b, the position of the traveling interface linearly increases with time 

associated with a coefficient (a) of 0.88, 0.85, and 0.85 for different Péclet numbers, 

which are almost the same. Without an increase in density during injection, there is no 

fingering. The interface should travel downward related to (v0/φ)t with a coefficient of 1. 

g
k

U 
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However, the formation of fingering due to the density increase by mixing impedes the 

traveling of the interface, resulting in a ˂1. As discussed above, because of the enhanced 

mixing between downward-moving fingers and upward-moving surroundings by 

injection, the interface traveling for higher Péclet number is much faster and finally 

reaches a value twice or three times larger than that at lower Péclet number. 

 

Fig. 5-9. (a) Slice-averaged concentration of NaI for different time steps at Pe = 1.80. (b) Effect of 

injection speed on the interface traveling vs. time. 

 

 

5.5 Mixing layer 

Neufeld et al. (2010) described dynamic regimes using numerical and two-dimensional 

experimental results. In this three-dimensional experimental study, the gravitational 

unstable convective flow can be divided into three regions: the downward-moving fingers, 

the upward-moving NaCl solution flow, and the mixing layer which is located below the 

MEG–NaI layer (the schematic of the flow regions are shown in Appendix Fig. A4). The 

upward-moving NaCl solution flowing with velocity vU transforms the flow direction into 

downward-moving fingers having velocity vD (vD = v) in the mixing layer with a thickness 

of δm. Numerical simulation studies have depicted that nascent fingers are formed at the 

interface between MEG–NaI and NaCl solutions (Fu et al., 2013; Neufeld et al., 2010; 

Pau et al., 2010). Besides, the flow along the interface sweeps and merges the nascent 

fingers into descending ones. 

To evaluate the thickness of the mixing layer roughly, I consider mass balance among the 

descending fingers, ascending NaCl solution flows, and the mixing layer:  
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where AD and AU is the area of fingers and NaCl solution flows, respectively; vm is the 

horizontal flow velocity in the mixing region, which is defined as the velocity when the 

flow sweeps along the interface and passes through the mixing layer horizontally; Pi is 

the perimeter of the fingers; and n is the number of fingers. The sum ΣPi corresponds to 

the total length of the fingers and NaCl solution flows. The first term on the left-hand side 

denotes the mass flux of the downward fluids, the middle term denotes the mass flux of 

the upward fluids, and the right-hand side denotes the mass flux of the horizontal 

movement in mixing layer. From the horizontal cross-sectional CT images, which are 

binarized into a visualization of the fingers and NaCl solution flows, the perimeter of each 

finger, Pi, the area of descending fingers, AD, and the area of upward NaCl solution flows, 

AU, can be estimated. Assuming Um
vv  , the thickness of the mixed layer, δm, can also be 

evaluated. 

The thickness of the mixing layer δm was evaluated as 4.33, 3.91, and 4.20 mm for Péclet 

numbers of 1.07, 1.80, and 3.59, respectively. The estimated mixing-layer thickness is 

thin compared to the distance between the fingers (Fig. 5-5). 

The mixing between the MEG-NaI and NaCl solutions is enhanced at the stagnation point, 

where upward moving fluid collides with the MEG-NaI layer, and in the shear layer, 

where the horizontal flow of NaCl solution drags the MEG-NaI layer down. As depicted 

in Fig. 5-5, the interface between the MEG-NaI and NaCl layers is deformed with the 

development of convection. The balance between the momentum force of the upward 

moving flows and gravitational force is expressed as 

0

2

2

1
ghvU       ,                                                    (5-2) 

where ρ is the density of the NaCl solution,   is the initial density difference between 

the MEG-NaI and NaCl solutions, and h is the deformation of the interface. The lifting 

up of the interface by the pushing action of the upward flow of the NaCl solution is 

estimated as h0 = 2.56 × 10−9, 2.27 × 10−9 and 7.94 × 10−9 m for Péclet numbers of 1.07, 

1.80, and 3.59, respectively, which is much lower than the particle diameter of the packed 

bed. This result suggests that the shape change of the interface is not attributable to the 

balance of forces, but rather to the localized mixing between MEG–NaI and NaCl 

solutions. The nonuniform distribution in mixing induces the interface deformation. Even 

if the interface shifts upward locally, it is observed to be several magnitudes smaller than 

the downward travelling distance of the interface. (Fig.5-9b). 
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5.6 Finger-number density 

The finger number density is defined as the concentration of fingers on a horizontal image. 

The individual finger was computed from horizontal cross-sectional images. After 

applying noise removal and Gaussian filters, a local maximum in MEG-NaI concentration, 

which is 2% higher than the surroundings, is detected as a finger by the Local Maxima 

command in the image analysis software, Image J. The details of the method for detecting 

fingers are presented in section 3.4 and Appendix 2. The temporal evolution of the finger 

number density for each position along the z-axis is shown in Fig. 5-10. Immediately after 

injection, the maximum finger number density appeared near the initial interface. The 

fine fingers accumulated in a relatively small region and produced a sharp peak. Over 

time, the maximum finger number density decreased as the fingers extended downward 

while merging with neighboring fingers. The enhanced coalescence between fingers led 

to the range of the peak of the curve becoming flatter compared with that of comparable 

prior time steps. 

 

Fig. 5-10. Finger number density as a function of position along the z-axis for various time steps at 

Pe = 1.80 (Run # 3B). 

 

The maximum finger number densities as a function of time for different Péclet numbers 

are summarized in Fig. 5-11a. The maximum finger number density decreased with time 

during the injection process for different Péclet numbers. With increasing Péclet number, 

the decay of the finger number density increased. Therefore, injection at a higher speed 

may result in an improvement in the transverse dispersion, which governs the progression 

of merging between fingers. Details of this occurrence will be discussed later. 
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Fig. 5-11. Temporal evolution of (a) maximum finger number density Nm and (b) position of 

maximum finger number density zf in a porous medium with average particle diameter of 975 µm. 

Each color represents a different injection speed. 

 

We observed from Fig. 5-11b that with the development of fingers, the position of the 

maximum of finger number density (zf) shifted downward along the z-axis for different 

Péclet numbers and significantly increased with time under higher injection speed. For 

higher injection speed, the downward movement of fingers was very pronounced with a 

faster extension velocity, which is consistent with the result in Fig. 5-4. The fastest 

progression was observed for the highest Péclet number, most likely because of the 

increase in the density difference between the fingers and surroundings by vertical 

displacement and enhanced lateral movement, leading to merging with nearest neighbors. 

From Fig. 5-10 and Fig. 5-11, it is apparent that the finger number density monotonically 

decreases with time at the experimental scale. For a larger scale under reservoir conditions, 

after CO2 injection into an oil reservoir, gravitational fingers extend downward and 

expand laterally. With the progress of time and vertical extension, the finger number 

density decreases and the finger diameter increases. Fingers spread to a larger field and 

finally reach an equilibrium state where no density difference appears between the fingers 

and surroundings and no flow occurs. 

 

5.7 Mixing length 

Thomas et al.(2016) investigated the effect of chemical reactions on the mixing length of 

fingers generated by the dissolution of CO2 in water and in various alkaline solutions in 

a Hele–Shaw cell. They reported that the mixing length increases with time and has a 

larger value in CsOH solutions. Manickam and Homsy (1994) discussed the growth of 
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the mixing length of viscous fingering in miscible displacement flows in two-dimensional 

porous media. They defined forward and reverse mixing lengths to characterize the 

growth of the mixing zone in the direction of fluid penetration and in the reverse direction 

and reported that both the forward and reverse mixing lengths grew linearly with time. In 

this study, the mixing length was computed as the length of the most advanced finger 

growing from the interface. First, the position of the interface between the MEG–NaI and 

NaCl solutions was defined on the image for each experiment at t = 0 s, as indicated by 

the red horizontal line in Fig. 5-6. Then, the position of the tip of the longest fingers was 

computed from the concentration distribution in the finger by finding the position at 

which the concentration was smaller than 0.2 kg/m3. For each time, the mixing length lm 

was computed as the distance between this position and that of the initial interface. 

 

Fig. 5-12. Change of mixing length for different Péclet numbers as a function of time. 

 

A log–log plot of the temporal evolution of lm for different Péclet numbers is presented 

in Fig. 5-12. Upon dissolution of MEG–NaI in the NaCl solution, a thin denser layer 

developed below the interface, and slight fluctuations appeared and grew into downward-

moving fingers. The formation of fingers sinking from the interface accelerated the 

penetration of mixed MEG–NaI with the NaCl solution, and lm then increased faster until 
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the end of the experiment. The mixing length of fingers for higher Péclet number was 

larger than that for lower Péclet number at a given time. For the higher Péclet number 

case, the fingers developed faster than that in the other cases. For example, in Fig. 5-12a, 

the fastest evolution was observed for Pe = 3.59, where the final mixing length of the 

fingers was up to 17 mm larger than that for Pe = 1.07 at t = 1350 s. As observed in Fig. 

5-12, there was a turning point of each curve for different Péclet numbers. The change of 

the mixing length was characterized by a lower slope at early times and a higher slope at 

later times. 

Ghesmat et al. (2011) conducted two-dimensional numerical simulations of CO2 

dissolution in brine. They distinguished three different zones for mixing length variation 

for Ra = 500 and 1000. The mixing length changed with a smaller slope associated with 

t0.5 in zone 1, and faster growth appeared in zone 2. Then, the mixing length changes 

became quicker, corresponding to strong convection. Farajzadeh et al. (2007) performed 

experiments and numerical simulations to investigate the mass transfer of density-driven 

natural convection. The results indicated that the progress of the tip position of the most 

advanced finger changed from square-root to linear behavior. Riaz et al. (2006) performed 

numerical simulations to analyze the long-term evolution of the finger density using linear 

stability theory. They reported that the front of the fastest finger initially moved 

proportional to t0.5 and then switched to linear growth for large times at Ra = 500. 

Wooding (1969) investigated the growth of fingers at an unstable free interface with 

Rayleigh–Taylor instability in a Hele–Shaw cell and suggested that fingers grow 

approximately as a function of t2 at early time, followed by growth proportional to t. Bacri 

et al. (1991) treated the growth of viscous fingers using an acoustic technique and profile 

analysis. They noted that a crossover occurred between a diffusive regime with t0.5 growth 

and a convective regime with t growth. 

Based on previous studies, it was assumed that the mixing length was proportional to time 

with coefficients of m and n as n
m mtl  . The coefficients m and n at all Péclet numbers are 

listed in Table 5-3. At early times, on average, 13.045.0  tlm , 98.02 r  and at later times, 

16.074.0  tlm , 98.02 r . Immediately after injection, the fingers formed because of the 

density increase by mixing and then started to extend downward. Therefore, the mixing 

length changed with a smaller slope in the early stage. With the progress of injection, the 

enhanced mixing near the interface was strong enough at longer times to result in a larger 

finger extension velocity and a larger velocity of upward-moving flows. These large 

velocities resulted in the nonlinear interaction of fingers, faster growth of the fingers, and 
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faster growth of the mixing length. However, in these three-dimensional experiments, the 

transverse dispersion had a significant effect on the fingering during the injection process. 

The fingers not only extended downward but also expanded along the radial direction of 

the fingers, which was perpendicular to the gravitational direction. The mixing length 

grew proportional to t0.74 at later times, which is smaller than the t growth of previous 

studies. 

Table 5-3. Slopes in Fig. 5-12. 

Particle diameter 

dp [µm] 

Péclet number 

Pe [-] 

Slope 1 Slope 2 

m n m n 

647 

0.71 0.49 0.49 0.05 0.81 

1.19 1.10 0.45 0.05 0.90 

2.38 1.18 0.46 0.09 0.86 

780 

0.86 1.35 0.40 0.12 0.78 

1.44 0.82 0.55 0.28 0.72 

2.87 1.18 0.50 0.30 0.72 

975 

1.07 3.03 0.32 0.32 0.68 

1.80 1.80 0.43 0.54 0.60 

3.59 2.45 0.41 0.86 0.60 

 

5.8 Evolution of the relative volume V of the mixing fingers 

Kneafsey and Pruess (2010) and Thomas et al. (2015) computed the relative area of 

convective fingers in two-dimensional CO2 convective dissolution. In the present study, 

the relative volume was defined as the ratio of the finger volume to the total cylindrical 

volume under the initial interface, which can be interpreted as an approximate measure 

of CO2 mixing. A larger relative volume indicates a larger amount of CO2 mixing with 

oil. For this measure, the CT images were binarized to black and white images by 

applying a certain threshold value, such that the fingers appeared black on a white 

background. The area of the fingers A(z) was calculated for each slice. Along the z-axis, 

the entire packed bed consisted of 496 slices. The black volume was calculated as 

, where z ranged from 0 to 55 mm; A(z) was equal to 0 for the white 

background and 1 for the black fingers. 

The time evolution of the relative volume for different Péclet numbers is plotted in Fig. 

5-13. The relative volume increased linearly with time for different Péclet numbers and 

increased with increasing Péclet number by increasing the injection speed. The distance 
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of the finger extension and interaction between fingers contributed to the increase of the 

relative volume of the fingers. With time, the fingers extended downward while spreading 

laterally because of the mixing between the downward-moving fingers and upward-

moving flows. 

 

Fig. 5-13. Time evolution of relative volume V of mixing fingers in porous media with particle 

diameter of 975 µm. Each curve represents different injection speeds: Run # 3A (green), Run # 3B 

(blue), and Run # 3C (red). 

 

The gradient of each curve was defined as the growth rate. The growth rate of the relative 

volume for higher Péclet number was larger than that for lower Péclet number. During 

the early stage of the injection, the relative volume of fingers was almost the same for the 

different Péclet numbers. As the mixing progressed, the evolution of the relative volume 

at higher Péclet number was much faster and reached a value twice as large as that for the 

lower Péclet number case in the later stage when the advanced fingers reached the bottom 

of the packed bed. The significant difference in the gradient for different Péclet numbers 

is most likely due to the dispersion, which was more pronounced under high Péclet 

number conditions. These observations agree well with the results presented in Fig. 5-3, 

where more fingers merged with nearest neighbors with a rapid extension velocity for 

gravitational downward flow. 

Based on the results in Fig. 5-13, the growth rate (σ) could be estimated from the gradient 

of each curve. For all the experiments, the growth rate is plotted against the Péclet number 

in Fig. 5-14. The growth rate of the relative volume of the fingers is associated with the 

Péclet number following a power law relationship, , 88.02 r , 
94.001.0 PeV 
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suggesting that the growth rate of the relative volume increases rapidly with increasing 

Péclet number. On one hand, with increasing Péclet number, the mixing near the initial 

interface becomes stronger, resulting in a larger finger extension velocity and velocity of 

upward-moving flows; therefore, the growth of the mixing length of fingers is faster. On 

the other hand, during the injection process, the fingers dominantly extend downward 

while coalescing with neighboring fingers. The enhanced interaction of fingers may have 

a significant effect on fingering development, which governs the merging of fingers with 

neighboring fingers, leading to increasing finger diameter. Therefore, for higher Péclet 

number, the area that the fingers occupy is enlarged, and the relative volume exhibits a 

rapid increase. 

 

Fig. 5-14. Relationship between growth rate and Péclet number 

 

5.9 Dispersion 

As discussed above, the enhanced dispersion during the injection process affects the 

broadening of the fingers and reduces the finger number density. In this chapter, the 

transverse dispersion coefficient (DT) in the shear flow between the downward-moving 

fingers and upward-moving NaCl solution was estimated from the concentration gradient 

of the fingers for each injection speed and permeability based on the method of mass 

conservation for a finger presented in Wang et al. (2016) and Nakanishi et al. (2016). 

Here, a new Péclet number (Pe∗) was defines as Pe∗ = (vdp/φD), where v is the finger 

extension velocity. In these experiments, Pe∗ ranges from 7.1 to 40.8. The results for all 

the experiments are plotted against Pe∗ as blue dots in Fig. 5-15. The results in this part, 
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evaluated in the shear flow during the injection process, showed good agreement with DT 

previously presented in uniform flow (Bijeljic & Blunt, 2007; Sahimi, 2011) as well as 

shear flow in three-dimensional porous media (mentioned in section 3.5) (Wang et al., 

2016). In these experiments, the finger extension was accelerated by the increased density 

difference from injection. The fingering structure is related to both downward extension 

and transverse dispersion. 

 

Fig. 5-15. Relationship between transverse dispersion and Pe*. The black circles denote the 

experimental results for uniform flow (Sahimi, 2001), the lines are the results from pore-scale 

modeling (Bijeljic and Blunt, 2007), and the red triangles are 3D experimental results for shear flow 

(Wang et al., 2016). 

 

From Fig. 5-15, it is clear that the transverse dispersion coefficient increases with 

increasing Pe ∗ . The transverse dispersion coefficient is related to Pe ∗  as

, 90.02 r . The more pronounced transverse dispersion at higher 

Pe∗ enhances the merging of gravitational fingers and increases the decay of the finger 

number density. This phenomenon also explains the rapid increase of the relative volume 

of fingers at higher Péclet numbers. 

 

5.10 Summary  

The three-dimensional characteristics of fingering resulting from an increase in density 

during injection were investigated using X-ray CT. A fluid pair of MEG–NaI and NaCl 

solutions with nonlinear density property was used to model the density increase from 

97.0
13.0  PeDD mT
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mixing upon CO2 injection into an oil reservoir. Three particles with different average 

diameters and three injection speeds were used to vary the Péclet number in a range of 

0.71–3.59. The effect of the Péclet number on the characteristics of gravitational fingering 

were investigated. 

Immediately after injection, the density of the injected MEG–NaI solution was less than 

that of the NaCl solution. The density increase from the mixing resulted in unstable 

gravity drainage. During the injection process, the mixing near the interface was enhanced 

and fine fingers appeared at the interface and then grew into large fingers, which 

interacted and merged with neighboring fingers and extended vertically downward. With 

increasing of Péclet number, a larger density difference between the downward-moving 

fingers and upward-moving surroundings was observed at the root of the fingers, resulting 

in an increase of the finger extension velocity and velocity of upward flow. Furthermore, 

the mixing near the interface became stronger. In the fingers, the local NaI concentration 

decreased linearly and the initial interface traveled downward because of the enhanced 

dispersion resulting from the increase in the injection speed. Over time, the mixing length 

of the fingers and the relative volume of the fingers increased. The growth of the mixing 

length of the fingers was proportional to time with a smaller slope at early times and 

switched to a larger slope growth at later times. A rapid increase of the relative volume 

of the fingers occurred at higher Péclet number. The enhanced dispersion with increasing 

injection speed affected the broadening of the fingers and reduced the finger number 

density. 

The findings based on three-dimensional displacement experiments describe the 

characteristics of gravitational fingering resulting from the density increase during the 

injection process. The experimental results indicate that the density increase from mixing 

of CO2 and oil has a crucial effect on fingering development and recovery performance. 
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Chapter 6: Conclusions and outlook 

6.1 Conclusions 

The three-dimensional fingering structure of gravitationally unstable convective flows in 

a porous medium was investigated using a micro-focused X-ray CT scanner. In this work, 

the focus was to study the characteristics of density-driven mixing and fingering patterns 

relevant to CO2 dissolution in aquifer and CO2 enhanced oil recovery, and to quantify the 

effect of Rayleigh number and Péclet number on the fingering behaviors. 

Experimentally, a novel miscible fluid pair of MEG–NaI and NaCl solutions with 

nonlinear density property was presented to model the density increase from mixing upon 

CO2 injection into the deep saline formation or oil reservoir. MEG-NaI solution is less 

dense than the NaCl solution, however, with mixing, the density of the mixture increases 

and exceeds that of the NaCl solution, and the degree to which it exceeds that of NaCl 

solution depends on the fraction of MEG-NaI. In this manner, three fluid pairs were 

suitable for the three-dimensional observation of gravitational unstable convection in 

porous medium using X-ray CT. Four different plastic particles with the average diameter 

in a range of 647 µm to 1410 µm were packed in a cylinder with a diameter of 70 mm as 

a porous media for varying the permeability and porosity related to Rayleigh number and 

Péclet number. 

In this study, three parts of experiments were performed. According to the results of each 

part, conclusions can be drawn as following: 

For the part the density-driven natural convection between MEG-NaI and NaCl solutions, 

nine experimental runs were conducted for the combination of three fluids pairs and three 

particle diameters in a Rayleigh number range between 2600 and 16000. The 

characteristics of fingering and the effect of the transverse dispersion on finger structure 

were investigated. 

With the dissolution of MEG-NaI solution into NaCl solution, the density of the mixture 

increased, leading to a gravitational unstable layer at the initial interface. Slight 

fluctuations that appeared on the interface grew into large fingers, which interacted and 

merged with neighboring fingers. The fingers extended vertically downward without 

changing their locations, forming a columnar structure. The finger-extension velocity 

increased in line with the Rayleigh number and correlated with the characteristic velocity 

at a coefficient of 0.35.  
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The three-dimensional images provided the local concentration of NaI in fingers for each 

unit time, therefore, the transverse dispersion coefficient can be estimated. The 

experimental results demonstrated that transverse dispersion was enhanced as the strength 

of density-driven natural convection increased. The decrease in figure-number density 

was related to the Rayleigh number and also affected by transverse dispersion. For all 

Rayleigh number cases, the finger-number density decreased with time and was in an 

exponential relationship with the transverse dispersion coefficient. The strength of 

transverse dispersion between the downward and upward flow regions significantly 

affected the decay of the finger-number density because of the interaction and merging 

of fingers. The dimensionless mass flux, i.e., the Sherwood number, correlated with the 

Rayleigh number in a power-law relationship. 

For the part the density-driven natural convection in a layered heterogeneous porous 

medium, the plastic particle with three different average diameter has been packed 

stratified as a heterogeneous porous medium. Two fluid pairs were used to perform the 

density-driven natural convection. The effect of the heterogeneity on fingering structure, 

finger-extension velocity and the concentration distribution in fingers were discussed. 

In the heterogeneous layered structure, when convective fingers pass through the interface 

to a higher permeability layer, the finger-extension velocity increases and the diameter of 

fingers decreases. The enhanced dispersion between downward fingers and upward flow 

regions leads to a decreasing of concentration in fingers. On the other hand, when fingers 

pass through the interface to a lower permeability layer, the finger-extension velocity 

decreases. The weakened dispersion has a limited influence on the distribution of 

concentration in fingers, thus, the concentration in fingers remains the same and the 

diameter of the fingers increases. These results suggest that the concentration in the finger 

changes nonlinearly against the permeability. 

The layered heterogeneous structure hinders the development of natural convection. In 

the heterogeneous layered structure, as finger passing through the high permeability layer, 

finger-extension velocity is reduced by a dilution of finger concentration. Therefore, the 

development of natural convection in the layered heterogeneous structure becomes slower 

than that in the homogeneous structure. 

For the part of gravitational fingering due to density increase by mixing during injection 

process, the fluid pair B was used to model the density increase from mixing upon CO2 

injection into an oil reservoir. Three particles with different average diameters and three 
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injection speeds were used to vary the Péclet number in a range of 0.71–3.59. The effect 

of the Péclet number on the characteristics of gravitational fingering were investigated. 

As the injection progresses, the density increase from the mixing resulted in unstable 

gravity drainage. During the injection process, the mixing near the interface was enhanced 

and fine fingers appeared at the interface and then grew into large fingers, which 

interacted and merged with neighboring fingers and extended vertically downward. With 

increasing Péclet number, a larger density difference between the downward-moving 

fingers and upward-moving surroundings was observed at the root of the fingers, resulting 

in an increase of the finger extension velocity and velocity of upward flow. Furthermore, 

the mixing near the interface became stronger. 

In the fingers, the local NaI concentration decreased linearly and the initial interface 

travelled downward because of the enhanced dispersion resulting from the increase in the 

injection speed. Over time, the mixing length of the fingers and the relative volume of the 

fingers increased. The growth of the mixing length of the fingers was proportional to time 

with a smaller slope at early times and switched to a larger slope growth at later times. A 

rapid increase of the relative volume of the fingers occurred at higher Péclet number. The 

enhanced dispersion with increasing injection speed affected the broadening of the fingers 

and reduced the finger number density. 

The findings based on three-dimensional experiments describe the characteristics of 

gravitational fingering resulting from the density increase. The results of natural 

convection provide new insights, elucidating the extension velocity of CO2 fingers and 

the amount of CO2 migration after injection into deep saline formation, which may 

contribute to the large-scale implementation of CO2 storage and the evaluation of long-

term security.The experimental results of the displacement indicate that the density 

increase from mixing of CO2 and oil has a crucial effect on fingering development and 

recovery performance. 

6.2 Outlook 

The findings attained in this work on laboratory experiments can be take into account for 

estimation of the time of natural convection in reservoir and the amount of CO2 dissolved 

in deep saline aquifers, which contribute to the larger-scale implementation of CO2 

storage and evaluation of long-term security. It also provides the basic data for defining 

a budget of the CO2 injection project. 
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In terms of CO2 sequestration, after injection, CO2 will move upward because of the 

buoyancy. During the upward-moving process, CO2 can be trapped at the relative small 

pore spaces as a separated phase by capillary force, which is called capillary trapping. 

However, the details about how the capillary trapping occurs, what is the effect of trapped 

CO2 bubbles on upward-moving CO2, and how does the capillary trapping interact with 

solubility trapping, are still not clear and need to do further study. 

In this work, although the effect of heterogeneity of the porous media on fingering 

behaviors was presented, it was limited in simplify model and only focused on fingering 

structure, finger extension velocity, and concentration distribution in fingers. A 

comprehensive research is required for presenting the characteristics of CO2 fingers in 

heterogeneous reservoir during convective mixing process.  

After CO2 injection process is stopped, it is very important to confirm and detect that if 

the CO2 has been stored safely without any potential risk of leakage. The monitoring of 

stored CO2 is crucial to estimate the long-term security of CO2 geological storage. Since 

the migration of injected CO2 is very slow and might be continued for several hundred 

years, how long the monitoring should be performed necessarily, how much it will cost 

and who will pay for it, become the major problems before performing the stored CO2 

monitoring. To this end, it is necessary to carry out some preliminary studies to make 

clear the implementation period and the cost. 

Monitoring can occur near surface wellbores to see if injected CO2 coming up from below, 

and also occur in the subsurface by using a seismic method. In reservoir, the groundwater 

flows depending on the movement of dissolved CO2, therefore, streaming potential 

phenomena occurs. In terms of the seismic method, the monitoring of stored CO2 can be 

achieved by measuring the potential difference at the surface or seabed. However, it is 

costly and inaccurate. In order to perform the monitoring in a low cost and high accuracy 

way, some numerical simulation works performed in measuring streaming potential by 

setting a measurement equipment in the injection well could be the further step in the 

future. Therefore, the CO2 saturation, the velocity field of the ground water and the 

distribution of streaming current can be obtained by measuring the streaming current. 

Then, the CO2 flowing behaviors in reservoir can be figured out.  

 

https://cn.bing.com/dict/search?q=implementation&FORM=BDVSP6&mkt=zh-cn
https://cn.bing.com/dict/search?q=period&FORM=BDVSP6&mkt=zh-cn
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Appendix 

1. Experimental setup 

Figure A1. Experimental setup 

 

Experiment apparatus are connected as shown in Fig. A1. The experiments are performed 

under the statics mode of the CT scanner, that is, the porous medium under observation 

rotates for 360 ° during scanning, while the x-ray source and detector are still. High 

positional reproducibility in the three-dimensional images could be achieved. 

 

2. Finger number density 

 

Figure A2. Sequences in process to detect a finger in horizontal cross-sectional images. From (a) 

original CT image, after removing noise, (b) a Gaussian blur filter is applied, and (c) the peak of 

concentration is then detected as fingers, denoted with the cross symbols. 

 

The finger-number density was computed from horizontal cross-sectional images by the 

following procedure: first, high-concentration pixels with a radius lower than a certain 

value (dependent on the specific particles) are removed from the images as noise 

Porous media 

under test 

X-ray resource 

   X-ray 

detector 
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associated with the impurity of the packed particles (Fig. A2a). Then, a Gaussian blur 

filter is applied to the images (Fig. A2b). Finally, a local maximum in MEG-NaI 

concentration, which is 2% higher than the surroundings, is detected as a finger (Fig. A2c) 

by the Local Maxima command in the image analysis software, Image J. 

 

3. Mass transfer rate 

Figure A3. The change in mass of NaI per unit area for the porous medium of (a) dp = 780 µm, k = 

2.63 × 10−10 m2; (b) dp = 975 µm, k = 4.87 × 10−10 m2; and (c) dp = 1410 µm, k = 8.24 × 10−10 m2. 
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To estimate the mass transfer rate, a cylindrical region is created in the porous medium 

as a control volume where the NaCl solution initially locates. Based on the local 

concentration of NaI, the mass of NaI in the bottom cylindrical regions has been evaluated 

for each time step as shown in Fig. A3. Over time, the observable increase in mass tends 

to be large and constant. From the change in the mass, the mass flux F is estimated for 

each Rayleigh number. The maximum mass flux is observed for the porous medium with 

permeability k = 2.63 × 10−10 m2 (Fig. A3a) and k = 4.87 × 10-10 m2 (Fig. A3b) when the 

fingers reach the bottom surface of the porous medium, because after that point the 

intensity of the convection is slowed down. In the case of the porous medium with 

permeability k = 8.24 × 10−10 m2 (Fig. A3c), the mass flux does not show a clear peak 

until the interface between MEG-NaI and NaCl solutions collapses. Therefore, for 

reference, the mass flux is estimated using the time the fingers reach the bottom surface 

of the porous medium. 

 

4. The schematic of the flow regions of gravitational unstable convective flows 

 

 

Figure A4. (a) Sketch of three regions of the gravitational unstable convective flow: the descending 

fingers, ascending NaCl solution flow, and the mixing layer that lies below the MEG-NaI layer. (b) 

Horizontal cross-sectional image binarized into a visualization of fingers (black) and NaCl (white) 

(Pe =1.80, Run # 3B). 

 


