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Abstract 6 

The density-driven convection coupled with chemical reaction is the preferred mechanism for permanently storing 7 

CO2 in saline aquifers. This study uses a 2D visual Hele-Shaw cell to evaluate and visualize the density-driven 8 

convection formed due to gravitational instabilities. The primary goal of the experiments is to understand the various 9 

mechanisms for the mass transfer of gaseous CO2 into brine with different initial ionic concentrations and flow 10 

permeability. Moreover, the impact of CO2 injection locations, reservoir dipping angle, and permeability heterogeneity 11 

is also investigated. We observed that the presence of salts resulted in earlier onset of convection and a larger 12 

convective finger wavelength than the case with no dissolved salts. Additionally, a higher lateral mixing between CO2 13 

fingers is observed when dipping is involved. The CO2 dissolution, indicated by the area of the pH-depressed region, 14 

depends on the type and concentration of the ions present in the brine and is observed to be 0.38-0.77 times compared 15 

to when no salt is present. Although convective flow is slowed in the presence of salts, the diffusive flux is enhanced, 16 

as observed from both qualitative and quantitative results. Moreover, the reduced formation permeability, introduced 17 

by using a flow barrier, resulted in numerous regions not being swept by the dissolved CO2, indicating an inefficient 18 

dissolution. We also investigated the effect of discrete high-conductivity fractures within the flow barriers, which 19 

showed an uneven vertical sweep and enhanced flow channeling. Lastly, the parameters regarding CO2 leakage risk 20 

during storage are identified and discussed.  21 
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1. Introduction 24 

The atmospheric concentration of carbon dioxide (CO2) in May 2021 was recorded as 419.5 parts per million (ppm), 25 

which is approximately 50% higher than at the beginning of the industrial revolution [1]. The growing concerns about 26 

CO2 emissions have led to investigations of possible carbon capture and storage (CCS) methods. CO2 geological 27 

storage in depleted oil reservoirs or saline aquifers is a preferred CCS 28 

method to capture emissions from large point sources [2]. CO2 29 

geological storage has four primary CO2 trapping mechanisms: 30 

structural, residual, dissolution, and mineral trapping, as shown in 31 

Fig. 1 [3]. Capillary or residual trapping rate is the highest at the 32 

beginning of the CO2 storage period; however, dissolution trapping 33 

becomes more dominant throughout time (Fig. 1). Dissolution 34 

trapping captures almost two-thirds of CO2 injected in the storage 35 

volume [4–6]. Even though molecular diffusion of CO2 in brine is 36 

slow, the rate of dissolution trapping is accelerated by other mechanisms, including density-driven convection or 37 

Rayleigh-Taylor instability, dispersion, and advection [7,8]. Several factors can affect the convective-dissolution 38 

phenomenon for different geological sites and, therefore, need to be considered for accurate CO2 storage prediction. 39 

For example, density-driven convection is reduced for geological storages with lower vertical permeability, resulting 40 

in advection becoming the dominant force with increased transverse mixing [4,9]. Nevertheless, the effect of density-41 

driven convection in CO2 geological storage is significant, as it prevents CO2 leakage by sinking CO2 rather than rising 42 

to shallower formations [4]. Various studies have identified and extensively studied different aspects of the transport 43 

mechanisms during the density-driven convection or Rayleigh-Taylor instability, including diffusion period, 44 

convective period, and constant flux [10–15]. 45 

 Hele-Shaw cell, a simple structure usually formed by a narrow gap between two transparent flat plates, has 46 

been used in multiple experimental setups to visualize and mimic the Rayleigh-Taylor instability or Rayleigh 47 

convection (RC) formed during CO2 storage in different geological structures [16–19]. Kneafsey and Pruess [20] 48 

conducted laboratory visualization studies and quantitative CO2 absorption tests in transparent Hele-Shaw cells to 49 

investigate the dissolution-induced density-driven convection phenomenon. The quantitative measurements showed 50 

that the density-driven convection initiated faster than predicted. Backhaus et al. [21] studied the density-driven 51 

 
Figure 1. Fraction of CO2 sequestered by residual 
trapping (blue), dissolution (orange), and 
mineralization (gray) (Modified from Khanal 
and Shahriar [3]). Dissolution is the primary 
storage mechanism especially with the passage 
of time. 
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convection for a lighter fluid (water) placed over a heavier fluid (propylene glycol). The initial instability and quasi-52 

steady-state were explained by analyzing the convective time and velocity scales, finger width, and mass transport 53 

rate. The test was conducted at standard atmospheric conditions with a Rayleigh number (Ra) of 6000-90,000 [21]. 54 

Meanwhile, a smaller Ra range (100 < Ra < 1700) was adopted in the works of Slim et al. [22]. Potassium 55 

permanganate (KMnO4) in water was used as an analog for CO2 in brine at atmospheric conditions, describing the 56 

dissolution-driven convective behavior from the first contact up to 65% average saturation.  57 

Developing scaling relationships, correlations, and models can provide important insight into the convection 58 

dissolution properties of CO2 for different geological storage [2,23–26]. Motjaba et al. [23] developed two scaling 59 

relationships, one between Rayleigh and Sherwood numbers and the other between Rayleigh numbers and CO2 60 

convective flux for under 3.45 MPa and 182 < Ra <20860. Robust scaling relations between compensated flux and 61 

transition times between successive regimes in the system for different salt types (NaCl and CaCl2) were examined by 62 

Mahmoodpour et al. [27]. The results showed that different salt types affect both the short and long-term dynamics of 63 

convective dissolution. Faisal et al. [24] obtained correlations between the Rayleigh number and the mass of total 64 

dissolved CO2. Other useful scaling laws, including the onset of the convection, and wavelength of the initial 65 

convective instabilities, were also identified and discussed [5,28,29].  66 

Different visualization techniques, including the Schlieren method, particle image velocimetry (PIV), laser-67 

induced fluorescence (LIF), and interferometry method, have been adopted to observe the formation and growth of 68 

convective finger structures in Rayleigh convection [2,4,30,31]. Zhang et al. [2] presented a vortex model of CO2 69 

adsorption into the water to characterize the interfacial mass transfer coefficient for the continuous convective period. 70 

The study adopted particle image velocimetry (PIV) and laser-induced fluorescence (LIF) to calculate the Hele-Shaw 71 

cell's solute concentration distribution and instantaneous liquid velocity. Moreover, another recent work by Zhang et 72 

al. [32] used a different experimental setup using the UV-induced fluorescence method to investigate gas-liquid 73 

interphase mass transfer in a Hele-Shaw cell.  74 

Mahmoodpour et al. [27] provided critical insight into visualizing the dissolution-driven convection at high-75 

pressure conditions (up to 535.3 psi). They devised a novel Hele-Shaw apparatus withstanding high pressure and 76 

presented CO2 dissolution-driven convective behavior in a confined brine-saturated porous medium. Tang et al. [4] 77 

designed a Hele-Shaw cell rated to 70 MPa and Ra of 346 to investigate the convection parameters, including critical 78 
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onset time of convection, dissolution rate, and gravitational instabilities. This study used the micro-schlieren technique 79 

to conduct the visual inspection. Pressure-volume-temperature (PVT) testing was conducted at 293.15 to 423.15 K 80 

and pressure ranging from 14 to 24 MPa. 81 

The chemical composition of the CO2 storage site also significantly affects the reactive transport of dissolved 82 

CO2, as observed in the works of Thomas et al. [33]. Their work investigated the dissolution of CO2 into an aqueous 83 

solution of bases MOH, where M+
 is an alkali metal cation. For bases MOH , the convection is enhanced for the 84 

counter-ion M+ sequence of Li+ < Na+ < K+ < Cs+
 . The experimental investigation revealed that the base concentration 85 

in solution strongly impacts the nonlinear finger instability, where higher concentration leads to faster instability and 86 

shorter time for onset of convection. Furthermore, despite M+
 ions not actively participating in the geochemical 87 

reactions during the dissolution process, the nature of different M+
 ions varies in the instability development. Loodts 88 

et al. [34] observed the effect of pressure, temperature, and NaCl concentration on CO2 dissolution properties. Their 89 

study suggested that increasing CO2 pressure or reducing temperature or salt concentration leads to higher convective 90 

instability. However, temperature has a minimal effect on CO2 dissolution properties, so controlling the temperature 91 

is not essential for the reproducibility of experimental studies [34]. Thomas et al. investigated the effect of salinity by 92 

the dissolution of gaseous CO2 in pure water, Antarctic water, and 0.5-5 M NaCl dissolved in water [35]. The results 93 

showed that higher salt concentration delays the formation of instabilities, resulting in delayed onset of convection. 94 

Moreover, increased convection pattern wavelength and decreased fingers' velocity and the growth rate increased the 95 

salt concentration. Kim and Kim [36] derived and solved linear stability equations for the effect of chemical reactions 96 

in an initially quiescent vertical Hele-Shaw cell. Their nonlinear numerical simulation showed that chemical reactions 97 

enhance the diffusive flux; however, by retarding the onset of buoyancy-driven convective motion, convective flux is 98 

weakened.  99 

Formation dip angle is another key factor of consideration for safely storing CO2 on subsurface geological 100 

sites, as it significantly impacts spatial migration distribution during CO2 dissolution [37–39]. For larger dip angles, 101 

the supercritical CO2 phase could change to a gas phase during upward migration in the reservoir up-dip direction, 102 

where the reservoir formation temperature and hydrostatic pressure are lower [38]. As a result, reservoirs with higher 103 

dip angles have more chance of CO2 leakage during geological storage. Jang et al. [37] simulated the effect of dip 104 

angle and salinity of CO2 storage. For formation dip angles of 0°, 5°, and 10°, the migrated CO2 distances were 60%, 105 
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73.3%, and 86.7%, respectively, compared to a 15° dip angle in the 200th year of CO2 migration. Therefore, with a 106 

larger formation dip angle, there is a higher possibility of spatial CO2 migration. They concluded that reservoirs with 107 

higher dip angles and salinity have low CO2 geological storage safety. Wang et al. [38] observed similar effects of 108 

formation dip, where the total CO2 storage amount is inversely proportional to the formation dip angle. The impact of 109 

dip angle is more prominent in storage reservoirs with higher porosity and permeability [38]. As Jing et al. [35] 110 

observed, higher salinity and high dip angle are not conducive to CO2 geological storage. However, the effect of 111 

salinity is more significant than that of dip angle on the CO2 liquid phase mass fraction.  112 

During the injection of CO2 in deep saline aquifers, the natural fractures present in the formation may 113 

propagate, or new fractures may be induced in the reservoir. The fracture networks in a hydrocarbon reservoir play a 114 

vital role in fluid transport from the pores to the wellbore as they are significantly more conductive than the matrix 115 

[40–43]. The same principle is applicable during the CO2 sequestration operation, which makes it difficult to predict 116 

the movement of plumes during the injection of CO2 in fractured porous media. The highly permeable conductive 117 

fracture networks can act as a pathway for fluid movement, potentially allowing CO2 migration to neighboring aquifers 118 

or the surface through the cap rock [44,45]. Bond et al. [44] demonstrated improved CO2 migration prediction by 119 

incorporating structural geological fractures in the model. Knowing the spatial distribution of fractures, their 120 

orientation, conductivity, and overall contribution to the effective permeability are desirable for geological sites whose 121 

permeability is controlled mainly by faults and fractures [45].  122 

Despite the considerable investigative analyses on CO2 dissolution-driven convection using the Hele-Shaw 123 

cell, some areas need further investigation. To the best of our knowledge, very few studies have considered the 124 

combined effect of dipping angle and varying salinity on CO2 dissolution flow behavior. Since both the dipping angle 125 

and use of salts inhibit CO2 dissolution, their combined effect needs to be further investigated. Moreover, the effect of 126 

varying CO2 injection points needs further insight into quantitative analysis to make informed decisions about 127 

choosing optimal injection points. Additionally, despite the considerable theoretical model and experimental 128 

investigation on the effect of salinity in CO2 dissolution, most of the work considers NaCl and ignores the presence 129 

of other salts. And to the best of our knowledge, the effect of fractures in heterogeneous media is yet to be presented. 130 

This experimental study critically investigates the effect of these factors to address this knowledge gap. Furthermore, 131 

this study discusses how the findings of this work can be translated into improving storage efficiency by providing 132 
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key insight into CO2 convection dynamics. This study primarily investigates the effect of varying several parameters 133 

on the CO2 mass transfer mechanisms in atmospheric conditions. However, since the actual reservoir conditions are 134 

at higher pressure and temperature, we provide a brief preliminary evaluation of the effect of high pressure and 135 

temperature in the discussions section and leave a more detailed investigation for future studies. Regardless, the 136 

fundamental qualitative investigation considered in this study still translates to actual reservoir conditions with similar 137 

non-dimensional numbers and thus can be accurately scaled without any loss of generality.   138 

The remainder of the paper is organized as follows. Section 2 provides the experimental setup, and Section 139 

3 presents the methods, image processing sequence, and a brief overview of the experiments considered. Sections 4 140 

and 5 present the qualitative visualization of CO2 dissolution in homogeneous media without and with salt, 141 

respectively. Section 6 considers the qualitative visualization of CO2 dissolution in heterogeneous media. 142 

Additionally, the effect of fractures on CO2 dissolution is also discussed. Section 7 provides our results in terms of 143 

quantitative data. Lastly, Section 8 is devoted to the discussion, and Section 9 presents the main conclusions of this 144 

study.  145 

2. Experimental Set-up 146 

Experiments on atmospheric conditions (1.01 bar and 22° C) are performed in a Hele-Shaw cell composed of two 147 

transparent 0.5 in (12.9 mm) thick plexiglass separated by precision silicone shims with a thickness of 1 mm along 148 

the sidewalls. Although glass can have better thickness tolerance than plexiglass, this study considers plexiglass due 149 

to higher transparency, allowing enhanced clarity. The front plexiglass panel was drilled at the bottom of the cell and 150 

was fitted with a ball valve with a diameter of 0.25 in (6.35 mm). The internal cell dimensions were a length and 151 

height of 259 mm and 284 mm, respectively. The height (H) of the water column is 243 mm, as shown in Fig. 2a. 152 

This port was used to fill and drain the reactor of the experimental fluid.  153 
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porous media [24,46]. However, additional porous material will introduce mechanical dispersion, in addition to 192 

convection, due to the flow path tortuosity and will require more in-depth analysis.[50].  193 

For the heterogeneous cases, porosity, permeability, and corresponding Rayleigh number are calculated and 194 

presented in Section 3.2. We obtain a value of Ra = 41782 for the homogeneous base cases conducted in this study. It 195 

should be noted that the Rayleigh number will decrease slightly with an increase in salinity, as observed by Thomas 196 

et al. [35]. In their experiment, for salinities of 1M and 2M NaCl, the Rayleigh number decreased by 0.77% and 1.5%, 197 

respectively, compared to the Rayleigh number of the water system. We expect salinity to cause a similar decreasing 198 

pattern in Rayleigh number for cases with dissolved salts. The values for calculating the Rayleigh number were 199 

adopted from Faisal et al. [24], who used a bromocresol green pH indicator at a room temperature of 22 °C, similar to 200 

our experiments. As other theoretical studies and experimental investigations observed, for Ra ≥ 4π2, natural 201 

convection is the predominant flow [24,51]. All the experiments in this study meet that criterion for prevailing 202 

convective flow. 203 

3. Experimental Procedure and Image Processing 204 

The parameters considered for image analysis are the number of fingers formed, average finger length (mm), average 205 

wavelength (mm), area of pH depressed region (mm2), and standard deviation of finger length (mm). Finger length is 206 

calculated as the vertical distance from the interface to the tip of the finger. In contrast, the average wavelength is the 207 

interface length divided by the number of fingers.  208 

We followed the same image processing sequence adopted in the work of Kneafsey et al. [52]. Using ImageJ 209 

FIJI, we subtracted the initial condition (no CO2) applied from all the images, resulting in images with less background 210 

noise in RGB format. Next, the RGB images were split into three color channels: red, green, and blue. The blue color 211 

channel containing mostly noise was discarded, while the two other channels were added, as shown in Fig. 4. Lastly, 212 

we inverted the grayscale lookup table changing dark to light, making the CO2-dissolved pH-depressed regions darker. 213 

Additional image processing and noise removal were performed on some images for better clarity.   214 
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Additionally, we also introduce a slight dipping (≤ 1°) to mimic a dipping aquifer by raising the right side of 251 

the Hele-Shaw cell slightly higher than the left. When dipping is involved, the modified Ra is represented as shown 252 

in Eq. 3  [52]: 253 

Ra =
∆𝜌𝑔𝑠𝑖𝑛𝛳𝑘𝐻

𝜇𝜑 𝐷𝐶𝑂2

(3) 258 

𝑊ℎ𝑒𝑟𝑒, 𝑠𝑖𝑛𝛳 is the parameter dictating the effect of gravity due to the dipping introduced. Thus, for a dipping angle 254 

of 1°, our corresponding Ra is 41775. It should be noted that, as we increase the dipping angle, the corresponding Ra 255 

can reduce significantly. For example, Kneafsey et al. [52] reduced their Ra value by a factor of 2 by orienting the cell 256 

30º from the horizontal level.  257 

Although Cases A and B consider homogeneity throughout the cell, CO2 geological storage sites are 259 

heterogeneous. Barriers like calcite and shale layer are common forms of heterogeneity that can significantly dictate 260 

the density-driven natural convection mechanism [10]. Moreover, different configurations and geometries of the 261 

heterogeneities result in various convective flow directions and movements. Although several studies have introduced 262 

different heterogeneous patterns in the system [10,63,64] to observe and quantify the CO2 dissolution-driven 263 

convection pattern, the effect of different salts in these heterogeneous systems is yet to be investigated. Therefore, in 264 

Case C, we add heterogeneities in the Hele-Shaw system by introducing regions with lower permeability values and 265 

observing the convection pattern change for solutions containing different salts. Moreover, despite the recognized 266 

importance of heterogeneous layers, the impact of fractures present in these heterogeneous formations has not been 267 

studied extensively [40,41]. Therefore, we created narrow spacing inside heterogeneous formations for Case D to 268 

mimic the convective flow through fractured regions. The CO2 flow rate in all the experiments in Case B, C, and D 269 

is kept constant at a minimal flow rate of 0.59 L/min to prevent any disturbance at the water interface on top of the 270 

cell. 271 

Table 1. The experiments considered in this study and the investigated parameters 272 

Effect of Parameters 

Observed 
Solution Used 

CO2 

Injection 

Point 

Case 

Number 

Dipping 

Applied 

Heteroge

neous 

CO2 injection point and  Control Fluid (CF)a Side A1 No No 
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Effect of salinity CF Middle A2 No No 

1 mole CaCl2 dissolved in CF Middle A3 No No 

Dipping effect and presence 

of salt types with varying 

concentration 

 

1 mole CaCl2 dissolved in CF Side B1 Yes No 

2 mole CaCl2 dissolved in CF Side B2 Yes No 

1 mole MgCl2 dissolved in CF Side B3 Yes No 

2 mole MgCl2 dissolved in CF Side B4 Yes No 

Effect of Heterogeneity CF Side C1 No Yes 

1 mole CaCl2 dissolved in CF Side C2 No Yes 

1 mole MgCl2 dissolved in CF Side C3 No Yes 

1 mole NaCl dissolved in CF Side C4 No Yes 

Effect of Fracture CF Side D1 No Yes 

aControl Fluid (CF) is prepared by mixing deionized 1 L of de-aired water with 0.0114% w/v BCG. 273 

4. Qualitative Visualization for Homogeneous Case with No Salinity 274 

4.1. CO2 introduced to the side of the cell (Case – A1) 275 
 276 

We introduce the gaseous CO2 from the leftmost injection port for this case. The development of convection-277 

driven fingering patterns is similar to what has been observed in previous studies [20,22,35,65]. CO2 dissolution via 278 

diffusion was the only applicable mechanism at the initial stage of the visualization test, which we call the CO2 279 

induction phase. During the induction phase, there is a uniform change in pH near the gas-water interface, indicating 280 

the diffusion of CO2, where the gaseous CO2 dissolves in water to form aqueous CO2 and forms equilibrium with 281 

carbonic acid, undergoing the following reactions [61]:   282 

𝐶𝑂2(𝑔) → 𝐶𝑂2(𝑎𝑞) (4) 283 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂
 𝐾1 

⇄ 𝐻+ + 𝐻𝐶𝑂3
− (5) 284 

𝐻𝐶𝑂3
−

 𝐾2 
⇄ 𝐻+ + 𝐶𝑂3

−− (6) 285 

𝐻2𝑂
 𝐾3 

⇄ 𝐻+ + 𝑂𝐻− (7) 286 











To cite: M.F. Shahriar, A. Khanal, Fundamental investigation of reactive-convective transport: Implications for long-term carbon 
dioxide (CO2) sequestration, Int. J. Greenh. Gas Control. 127 (2023) 103916. https://doi.org/10.1016/j.ijggc.2023.103916. 

18 
 

be around 135 seconds (Case A1 and A2). However, the convection initiates earlier in the presence of a salt (CaCl2). 360 

This result agrees with Jiang et al. [66], who observed the onset time to be 130 s for pure water, 100 s for 0.25 wt.% 361 

saline water, and 20 s for 1.00 wt.% saline water. Several other studies reported the onset of convection as the time 362 

when the mass flux deviates from pure diffusion [11,20,22]. Using stability analysis theory, the minimum theoretical 363 

onset time of convection, provided by Lindeberg and Wessel-Berg [67], is represented in Eq. 8. 364 

𝑡𝑐 = 𝑐1 (
𝜇𝜑√𝐷𝐶𝑂2

∆𝜌𝑔𝑘
)

2

(8) 365 

For Ra>>40, the horizontal wavelength which most easily causes instability is presented in Eq. 9. 366 

𝜆𝑐 = 𝑐2 (
𝜇𝜑𝜋𝐷𝐶𝑂2

∆𝜌𝑔𝑘
) (9) 367 

Different studies have reported the values of c1 and c2 differently. Based on numerical stability analysis, the minimum 368 

theoretical value is reported as c1 = 48.7 and c2 = 96.23 [67]. Using Ra values ranging from 40 to 370 and at 4 MPa, 369 

Kneafsey and Pruess experimentally evaluated c1 of 48 to 177 [20]. On the other hand, Pau et al. [28] reported a much 370 

higher range of  c1 from 1796 to 3670. Similarly, Pruess and Zhang et al. [68] reported a c1 value of 1155.6 and 371 

1411.5  in their study. In our study, the c1 value was obtained to be 5770. Furthermore, the value of c2 ranged from 372 

195 to 290. Notably, the critical wavelength and onset of convection predicted by linear stability analysis are usually 373 

smaller than the experimental value. The discrepancy can be attributed to the fact that the very onset of fingers is 374 

differently defined, and the fingers may not be detectable before they are visually observable in experimental studies 375 

[11]  376 

5. Qualitative Visualization for Homogeneous Case with Varying Salinity 377 

5.1. 1 mole CaCl2 dissolved in Control Fluid – CO2 introduced to the middle of the cell (Case A3) 378 

The presence of salt stabilizes the convective dissolution of CO2, as predicted in the theoretical work by Loodts et al. 379 

[34] and also shown experimentally in Thomas et al. [35]. By adding salt or increasing salt concentration, the solubility 380 

of CO2 decreases, consequently reducing the density gradient between the fresh solution and the CO2 mixed solution. 381 

Moreover, the system is also stabilized by the increasing viscosity of the solution caused by higher concentrations of 382 

salt [34,69]. Since the formation and development of convection-driven flow depends on density-driven gravitational 383 

instabilities, the convection process is slowed down in a stable system [34,35,52]. This is also evident from our 384 

visualization tests, as seen in Fig. 8, and our quantitative measurements (Section 7). 385 
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Figure 12. CO2 introduced to the side of the cell at 0.59 L/min (2 mole MgCl2 dissolved in CF- 1 mm aperture, vertically oriented flat glass, 455 

Case B4) (a) 9 minutes (b) 15 minutes (c) 24 minutes (d) 36 minutes (e) 58 minutes (f) 85 minutes (g) 118 minutes (h) 456 

154 minutes 457 

6. Qualitative Visualization for Effect of Permeability Heterogeneity (Case C and D) 458 

All the storage sites have some form of vertical and horizontal permeability heterogeneities introduced by calcite 459 

layers or shales, which play a major role in dictating fluid flow [10,64]. Different convective-flow patterns (gravity 460 

fingering, channeling, or dispersion) can be observed based on the heterogeneity medium. Depending on the 461 

heterogeneity parameters, the average CO2 mass flux at the top boundary can reach different constant values after 462 

decreasing at the initial stage and then increasing, as shown by Ranganathan et al. [72].  463 

In this section, we investigate the effect of heterogeneities on convective behavior by setting up multiple 0.05 464 

mm thick graphite strips (99.5% graphite flexible sheet) inside the Hele-Shaw cell, thus reducing the aperture to 0.05 465 

mm for these regions. The length and height of these graphite strips are 50 mm and 12.7 mm, respectively. 466 

Furthermore, to prevent any airborne hydrocarbon contamination, the cell was cleaned thoroughly using distilled 467 

water, and the graphite strips were replaced with new ones prior to conducting the experiments. The graphite strips 468 

were selected for ease of removal and adhesion to the cell walls. Although silicone shims were used for setting up the 469 

Hele-Shaw, they merely act as a boundary and do not affect the flow properties inside the cell. Therefore, the surface 470 

properties (e.g., wettability, interfacial tension, etc.) remain the same for all the experiments where the effect of 471 

heterogeneity is evaluated. We have highlighted the graphite strips in the figures to visualize them better. The 472 

permeability for the region with graphite strip was 2.083 × 10-8 m2, which was calculated by assuming that the 473 

subsection behaves like an independent miniature Hele-Shaw cell with an aperture size of 0.05 mm by using Eq. 1. 474 

Additionally, to determine the effective permeability of the Hele-Shaw cell, we consider the permeability of both the 475 

regions with and without the graphite strips and calculate the weighted average based on the area. The updated porosity 476 

is calculated as the ratio of available volume inside the Hele-Shaw to the total volume and is found to be 0.948. The 477 

effective permeability for the medium with heterogeneities is calculated as 7.68 × 10-8
 m2, with a corresponding 478 

Rayleigh number of 40663, which is lower than the permeability and Ra number obtained for our homogeneous cases 479 

by 7.72% and 2.68%, respectively. Although the permeability calculated using this method may not strictly represent 480 

the actual permeability due to the associated boundary effects, the overall trend remains valid. 481 
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7.1. Effect of injection point and presence of salt 548 

The image analysis for Case A1-A3 (Fig. 19 a and b) reveals average finger length having a similar trend, which 549 

denotes that the average finger length formation is independent of the injection point. Moreover, the number of fingers 550 

formed remains similar, regardless of the CO2 injection point. However, the standard deviation of finger length is 551 

higher when CO2 is injected into the left side of the cell. This is because the fingers underneath the CO2 injection point 552 

quickly grew in size while the area on the right side observed less CO2 dissolution, causing a higher imbalance in 553 

finger size.  554 

  
(a) (b) 

 
(c) 

  555 

Figure 19. Number of fingers formed, wavelength, and finger length parameters for (a) Case A1 - CO2 introduced to the side of the cell and 556 

(b) Case A2 - CO2 introduced to the center of the cell (c) Case A3- 1 mole CaCl2 dissolved in CF - CO2 introduced to the center of the cell  557 

The effect of salinity on finger evolution can be observed in Fig. 19 (c). The effect of convection is attenuated 558 

due to the presence of CaCl2, resulting in less finger interaction than in the control fluid. This is evident by the reduced 559 

number of fingers formed. Similar effects of salt were observed in other studies [34–36]. A higher standard deviation 560 
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of finger length is also observed due to the significant difference in finger size between the active zone (area under 561 

the CO2 injection point) and the inactive zones (area at the side of the Hele-Shaw cells).  562 

7.2. Effect of different salts with varying concentrations 563 

To illustrate the effect of the presence of different salts with varying concentrations, the pH-depressed region for Case 564 

B1-B4 is calculated and compared with the CO2
 dissolution in the CF. Fig. 20 shows the results normalized with 565 

respect to the pH-depressed area for the CF. CO2 is injected at the side of the Hele-Shaw cell for all the experiments, 566 

to control the effect of different injection points on the convective-dissolution pattern. It should be noted that a higher 567 

pH-depressed area refers to more CO2 dissolution. As seen in Fig. 20, higher concentration leads to slower CO2 568 

dissolution for the same salt type, which is in perfect agreement with other studies [34,35,52]. The CO2 dissolved area 569 

indicated by the pH-depressed region follows the order of CaCl2 2M solution < MgCl2 2M solution < CaCl2 1M 570 

solution < MgCl2 1M solution. At the beginning part of the experiment, all the salt types have almost similar 571 

dissolution areas. It can be due to the impact of minimal convection-driven flow at the beginning of the experiment. 572 

Therefore, it can be safe to assume that the effect of salinity is not significant throughout the induction phase and for 573 

a small period after the onset of convection. 574 

 575 

Figure 20. Area of the pH-depressed region (normalized) for different salts with varying concentration 576 

The downward progression of fingers (also referred to as 'mixing length' by Thomas et al. [35]) is another factor 577 

worthy of investigation as it relates to the depth of investigation during CO2 storage. To calculate the downward 578 

progression of the fingers, we consider the distance from the gas-water interface to the tip of the longest finger for any 579 

time, presented in Fig. 21 (a). The vertical depth of investigation is quite similar for the CF, CaCl2 1M, and MgCl2 1M 580 

solutions. However, at higher concentrations (CaCl2 2M solution and MgCl2 2M solution), we observe a significant 581 
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Figure 22. The velocity of vertical finger evolution for different cases 596 

Fig. 23 presents the image analysis result for the salts with different concentrations. We observe a slow increase in 597 

the mean finger length at the beginning of the experiment, and the number of fingers decreases as the neighboring 598 

fingers merge. However, after around 36 minutes, the nascent fingers with short finger lengths start to appear at the 599 

gas-water interface, which reduces the mean finger length. Moreover, the mature fingers start to merge, resulting in 600 

fewer dominant fingers, further decreasing the mean finger length, which is the weighted average of all the fingers. 601 

However, it should be noted that despite our observation of a reduction in the mean finger length, there is still vertical 602 

progression of fingers throughout the experiment, as evident in Fig. 21. This trend continues throughout the latter part 603 

of the experiment, as the larger finger merges and forms the oval shape formation, there is a noticeable decrease in 604 

the mean finger length, also causing a sharp increase in the standard deviation. Moreover, as the contributing factor 605 

in determining mean finger length is the vertical finger travel, the lateral mixing of fingers due to the dipping angle 606 

also causes a reduction in the mean finger length.  607 

The convective finger formation and dissolution rate depend significantly on the type and concentration of 608 

salt in the CF. Fig 23 (b) shows that the number of fingers formed is considerably slowed in case of a higher 609 

concentration of CaCl2. There is a sharp increase in the number of fingers formed between 52 and 58 minutes since 610 

the fingers on the right side became apparent in that period. This shows that the CO2 dissolution rate on the right side 611 

is significantly lower than on the left. Both the injection point and the presence of a dipping angle can cause this 612 

variance in dissolution rate. 613 

Fig. 23 shows that the number of fingers formed for MgCl2 is almost similar to that of CaCl2. In the latter 614 

half of the experiment, we observed the fingers in MgCl2 having a higher mean finger length, particularly due to the 615 

faster vertical travel of the finger on the left side of the cell. Moreover, since the finger formation in the right side of 616 

the cell is significantly slow in all the cases, we observe a higher standard deviation in the later part of the experiment 617 

for the MgCl2 experiments. Furthermore, the lower standard deviation of fingers in both the 2M solution cases can be 618 

attributed to the higher salinity and dipping angle preventing vertical travel and promoting lateral mixing of the fingers.  619 
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(a) (b) 

  
(c) (d) 

Figure 23. Number of fingers formed, wavelength and finger length parameters for (a) 1 mole CaCl2 dissolved in Control Fluid – CO2 620 

introduced to the side of the cell and (b) 2 mole CaCl2 dissolved in Control Fluid – CO2 introduced to the side of the cell (c) 1 mole MgCl2 621 

dissolved in Control Fluid – CO2 introduced to the side of the cell (d) 2 mole MgCl2 dissolved in Control Fluid – CO2 introduced to the side of 622 

the cell 623 

8. Discussion 624 

The structural morphology (formation dipping angle, pore-networks), geological properties (rock porosity, 625 

permeability, presence of fractures or barriers, etc.), and the accurate geochemical composition of the storage site play 626 

a significant role in transporting and storing CO2 in the brine in dissolved form. Therefore, a fundamental 627 

understanding of these parameters and their role in convective CO2 transport is essential to optimize the existing CO2 628 

storage operations and select appropriate new CO2 storage sites. In addition, understanding the horizontal migration 629 

of supercritical CO2 plumes due to structural dipping and point of injection is essential to reduce the chance of CO2 630 

leakage from fractured caprocks. The empirical observations of the parameters made in our study are summarized and 631 
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presented in Table 3. This study critically evaluates these parameters to provide some important insights, which are 632 

discussed below: 633 

8.1. Effect of salt concentration and dipping angle on convective dissolution 634 

Our study showed that the presence of salts could significantly slow the convective flow, and the convective flow rate 635 

can depend on the salt type and its concentration. The CO2 dissolution pattern was also noticeably different in the 636 

presence of salt, moving in a piston-like-displacement manner. Although the convective flow is slowed down, we 637 

observed enhanced diffusive flux, the dominant mass-transfer method at the earlier stage of CO2 storage. Comparing 638 

the convective CO2 flow pattern without and with salts with different concentrations, we can conclude that lower 639 

salinity storage sites are more favorable for safe CO2 storage, despite benefits like faster dissolution and earlier onset 640 

time of convection.  641 

Table 3. Empirical observations on the parameters observed 642 

Parameters Observed Empirical Observations 

CO2 Injection Point 
• Injection point near boundary has different convective 

flow pattern than injection at the middle 

Salinity 

• Enhances the diffusive flux 

• Slows down the convective flow 

• Reduces CO2 dissolution rate with increasing salinity 

Dipping 

• Promotes lateral mixing compare to vertical finger 

travel 

• Reduces CO2 storage with increasing dipping angle 

(however, the effect is not as significant as salinity) 

Fractures 

• Promotes high spatial CO2 plume spreading 

• Highly fractured regions have a high risk of CO2 

leakage during storage  

Heterogeneity 
• Different convection flow patterns are possible based 

on heterogeneous patterns 
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• Uneven CO2 sweep with large unaffected regions 

 643 

Even though most of the experimental studies and simulations generalize geological storage sites to be horizontal, 644 

the majority of the sites have gradients as an effect of diagenesis and other geological phenomena. Although the effect 645 

of dip angle is less significant than that of salinity,  the presence of the formation dip can significantly impact the 646 

space migration of CO2 mixed fluid flow, as observed in our study. Due to the dominance of lateral mixing of CO2 647 

fingers over vertical travel, where dipping is involved, the depth of investigation is reduced for storage sites with a 648 

formation angle. A larger formation dip angle is not conducive to CO2 geological storage as it promotes spatial CO2 649 

migration, risking long-term CO2 storage. Further experimental studies on the effect of dipping angles on the depth of 650 

investigation can be done at a field-scale level for better theoretical benchmarking. 651 

8.2. Effect of flow barriers (boundary, heterogeneities, and fractures) on convective dissolution 652 

In our study, the injection point near the boundary had a considerably different convective flow pattern than the 653 

injection in the middle. From this visual investigation, we can infer that the vertical faults present at the storage site 654 

can cause a change in the convective flow pattern. Additionally, our characterization of convective flow for 655 

heterogeneities with fractures reveals how the CO2 plume can migrate/spread through the fractures. Since the fractured 656 

regions can be highly conductive and increase CO2 spatial spreading, fractures are not conducive to CO2 storage. In 657 

addition, the formation of preferential channels for CO2-acidified fluid flow is also observed. However, it should be 658 

noted that the channel growth and preferential fluid flow are more complex in storage sites and thus needs more 659 

attention. 660 

Furthermore, the convective-flow pattern and the effective permeability of the storage site can vary 661 

significantly based on the fracture patterns. Therefore, the fraction patterns used to derive correlations will only apply 662 

to reservoirs with a similar pattern,  showing the importance of considering all possible fracture network characteristics 663 

to critically estimate and model the complex fracture geometry for a particular storage site.  664 

 665 

 666 

 667 
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8.3. Effect of Higher Pressure and Temperature  668 

CO2 storage sites have higher pressure and temperature than atmospheric conditions, leading to several 669 

studies focusing on the effects of high pressure and high temperature (HPHT) on CO2 dissolution. Outeda et al. [16] 670 

investigated the impact of varied pressure (1.5-5 bar) on CO2 dissolution at a constant temperature of 25 ºC. Increasing 671 

pressure resulted in high CO2 mass influx to the aqueous phase, increasing mixing length. Furthermore, instabilities 672 

are noticed earlier at higher pressure. At the lowest pressure of 1.5 bar, the instabilities were observable at around 60 673 

s, whereas, for 5 bar, the instabilities could be seen as early as 10 s. However, factors like the wavelength of fingers 674 

or shape were independent of pressure change. Another CO2 dissolution study at HPHT condition (140-240 bar and 675 

20-150 ºC) by Tang et al. [4] showed that increasing pressure resulted in a higher Rayleigh number. Moreover, the 676 

study concluded that pressure has a larger influence on CO2 solubility than the diffusion coefficient at reservoir HPHT 677 

condition. 678 

Despite considerable CO2 dissolution visualization studies being performed, most do not consider a porous 679 

medium. Therefore Amarasinghe et al. [53] investigated CO2 dissolution in a porous media using 400-600 µm glass 680 

beads at 105 bar and 50 ºC. The results were compared to Vosper et al. [75], who used similar glass bead sizes but 681 

different atmospheric conditions (1 bar and room temperature). A comparison of the results revealed that the CO2 682 

transport rate is considerably higher at higher pressure and temperature (HPHT) conditions (reaching a depth of 40 683 

mm in 20 minutes) compared to atmospheric conditions (reaching 40 mm in 100 minutes). This higher transport rate 684 

is also attributed to CO2 being supercritical at the HPHT condition. Amarasinghe et al. [13] also investigated CO2 685 

transport in heterogeneous porous media by packing the Hele-Shaw cell with glass beads of different permeability at 686 

100 bar and 50 ºC. 687 

The effect of brine composition on CO2 dissolution at 34.5-36.9 bar and 50 °C was investigated in the works 688 

of Mahmoodpour et al. [62]. They observed a late onset time of convection and lower finger growth rate in solutions 689 

containing NaCl and CaCl2 at HPHT conditions, similar to our experimental observations at atmospheric conditions. 690 

Furthermore, a study by Jiang et al. [14] at 38 ºC and 90-110 bar reached similar findings, showing that CO2 solubility 691 

is higher at high pressure, leading to faster CO2 solution accumulation at the top interface. Furthermore, under 692 

supercritical pressure, the density difference of the CO2 solution is considerably higher, thus promoting finger 693 

formation and development. In contrast, salinity seemed to inhibit finger formation and migration.  694 
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The findings from the CO2 dissolution studies under HPHT conditions show that higher pressure and 695 

temperature are favorable for faster CO2 transport. However, since there is no significant change in finger morphology 696 

due to variation in pressure and temperature, it is safe to assume that the fundamental aspects of reactive-convective 697 

transport in atmospheric conditions found in this study will also hold in high-pressure and temperature conditions. 698 

Future studies will consider a more complicated interpretation involving quantitative analyses with the effect of 699 

different salt types and concentrations at high pressure and supercritical conditions. 700 

9. Conclusion 701 

This study provided a visual investigation into the effects of different parameters that dictates the CO2 geologic 702 

storage: injection point and pressure, presence of salts with varying concentration, and presence of heterogeneities 703 

and dipping angle using the Hele-Shaw cell. Moreover, quantitative results were provided, which can be used for 704 

theoretical modeling. Our results show favorable conditions for CO2 geological storage, including none or low 705 

reservoir dipping. Furthermore, the absence of salinity is preferable; however, since all geological storage aquifer 706 

fluids will have some dissolved salts, selections should be made based on reservoirs with the lowest salinity. We 707 

observed the qualitative onset time of convection at around 135 s with a corresponding finger wavelength of 3.56-5.3 708 

mm. In the presence of salt, the convection initiated at about 105 s with a corresponding finger wavelength of 6.33 709 

mm. This difference shows that the initial diffusion is higher in brine with high salt concentrations but does not 710 

translate to enhanced convection and dissolution. The CO2 dissolved area for different salts, indicated by the pH-711 

depressed region, are considerably smaller than when no salt is present, and it follows the order of CaCl2 2M solution 712 

< MgCl2 2M solution < CaCl2 1M solution < MgCl2 1M solution. A factor not considered in this study but worthy of 713 

further investigation is the synergistic effect of multiple salts in saline aquifers which can be studied by creating 714 

solutions with a chemical composition similar to the brine by mixing several salts. By identifying the critical factors 715 

controlling the convective mixing, this study also provides new insights into the possible line of future work on the 716 

transport mechanisms during dissolution-driven CO2 convective flow.  717 
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Table of Abbreviations  725 

2D Two Dimensional 

3D Three Dimensional 

BCG Bromocresol Green 

CaCl2 Calcium Chloride 

CCS Carbon Capture and Storage 

CF Control Fluid 

CO2 Carbon Dioxide 

HPHT High Pressure and High Temperature 

KMnO4 Potassium Permanganate 

LIF Laser-Induced Fluorescence 

NaCl Sodium Chloride 

PIV Particle Image Velocimetry 

PVT Pressure-Volume-Temperature 

Ra Rayleigh number 

RC Rayleigh convection 
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  726 

RGB Red-Green-Blue 

sCO2 Supercritical CO2 

UV Ultraviolet 
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