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promotes quick CO2 sinking rather than rising to shallower formations [9]. The positive effect of density-driven 55 
convection has led to various studies about characterizing the transport mechanisms and the effect of different 56 
parameters during density-driven convection or Rayleigh-Taylor instability [14–20]. 57 
 The Hele-Shaw cell, a simple apparatus built with a small aperture between two transparent flat plates, has 58 
been extensively used to visualize the Darcy flow, including the density-driven CO2 transport. Furthermore, by varying 59 
several parameters in the cell, such as aperture, porosity, and vertical or horizontal permeability, it is possible to mimic 60 
the transport mechanism similar to that of CO2 storage in different geological structures [21–26]. These experimental 61 
studies have adopted different visualization techniques to investigate the finger morphology during density-driven 62 
CO2 transport, such as the pH indicator-based method, Schlieren method, particle image velocimetry (PIV), laser-63 
induced fluorescence (LIF), and interferometry method  [9,20,27–29]. Furthermore, several studies have investigated 64 
scaling relationships to characterize the convective dissolution rate of CO2 in brine formations [29–33]. Motjaba et al. 65 
[30] developed a relationship between Sherwood and Rayleigh numbers and CO2 convective flux at different Rayleigh 66 
numbers under 3.45 MPa and 182 < Ra <20860. Mahmoodpour et al. [34] showed scaling relationships between 67 
compensated flux and transition times between successive regimes in the system for experimental fluid with different 68 
salt types (NaCl and CaCl2). Faisal et al. [31] obtained correlations between dissolved CO2 mass and different Rayleigh 69 
numbers. Different theoretical studies on the onset of convection and the initial convective instability wavelength were 70 
also discussed and identified [10,35,36]. Several studies also investigated CO2 dissolution at high pressure and high 71 
temperature (HPHT) conditions, mimicking the actual reservoirs. Outeda et al. [21] investigated how a change in 72 
pressure (1.5-5 bar) affects the CO2 dissolution phenomenon. All the experiments were conducted at a constant 73 
temperature of  25 ºC. Higher pressure was observed to increase CO2 mass influx to the aqueous phase, thus promoting 74 
faster CO2 storage. Furthermore, higher pressure also caused an early initiation of convective instability. At the lowest 75 
pressure of 1.5 bar, the instabilities were observable at around 60 s, whereas the instabilities could be seen as early as 76 
10 s for 5 bar. Mahmoodpour et al. [34] investigated the dissolution-driven convection at high-pressure conditions (up 77 
to 535.3 psi), while Tang et al. [9] observed the convection parameters, including critical onset time of convection, 78 
dissolution rate, and gravitational instabilities in a Hele-Shaw cell rated to 70 MPa and Ra of 346. The studies show 79 
that CO2 sequestration is preferable under HPHT conditions. It is also worth noting that no significant change in CO2 80 
finger morphology was reported due to pressure or temperature variation, thereby making it safe to assume that the 81 
fundamental qualitative findings in this study can be translated to HPHT conditions. 82 

Several studies have employed various methods to calculate the mass of dissolved CO2 in laboratory 83 
dissolution experiments. By calculating the changes in situ CO2 gas phase from the gas tank and the empty parts of 84 
the Hele-Shaw cell, Taheri et al.[37] measured the dissolved CO2 in each step. Faisal et al. [31] measured the total 85 
dissolved CO2 mass by analyzing the carbon content in the experimental fluid using a TOC-L analyzer. Mojtaba et al. 86 
[30] examined the CO2 dissolution rate by recording the pressure decay data during CO2 dissolution. Guo et al. [38] 87 
established an empirical linear correlation between the solute (methanol-ethylene-glycol) concentration and reflected 88 
light intensity, using which they calculated dissolved mass flux. A novel spectrophotometric method was developed 89 
in the works of Teng et al. [39,40]. The technique used the gray value of each experimental image and obtained the 90 
corresponding CO2 concentration using correlations between absorbance and concentration of attenuating species.  91 

Heterogeneity, a characteristic feature of natural porous media, can strongly influence the spatial permeability 92 
distribution, thus governing the dispersion behavior of the density-driven flow of CO2-rich fluid [41–44]. Subsurface 93 
heterogeneities can be of different scales and forms, including petrophysical heterogeneity (hydrofacies transition), 94 
biological heterogeneity (growth of biofilm), chemical heterogeneity (mineralogical change), and others [41,42]. 95 
Among these, petrophysical-based heterogeneities (e.g., variability in permeability and porosity) can significantly 96 
impact the CO2 flow morphology, thus necessitating prior knowledge of spatial heterogeneities' effect on CO2 97 
dissolution for selecting storage sites [45–47]. The reservoir heterogeneities may arise from structural heterogeneities 98 
due to the presence of faults, salt diapers or folds, and the presence of heterogeneous stratigraphic facies [48,49], and 99 
all the CO2 subsurface storage sites have some flow space heterogeneity at all geologic scales from pore [50] to 100 
reservoir scales [51,52]. Shahriar and Khanal [20] observed preferential finger movement and channeling effect by 101 
introducing heterogeneity in Hele-Shaw cells. Amarasinghe et al. [53] investigated CO2 dissolution using 400-600 µm 102 
glass beads in a porous media. Similar glass bead sizes were also adopted in the work of Vosper et al. [54] at different 103 
temperatures and pressures. Soltanian et al. [45] performed a high-resolution simulation to investigate CO2 dissolution 104 
trapping in heterogeneous formations, where facies spatial organization was observed affecting CO2 convective 105 
mixing dynamics. Wang et al. [55] reported the gas channeling effect, i.e., accelerated CO2 migration along high 106 
permeability regions in numerically modeled heterogeneous reservoirs. Furthermore, residual oil zones with a high 107 
degree of heterogeneity were concluded to have deteriorated CO2 sequestration efficiency. Despite the considerable 108 
investigative analyses on CO2 dissolution-driven convection in a heterogeneous medium using the Hele-Shaw cell, 109 
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most experimental studies, to our knowledge, focus on introducing heterogeneity by using strips or sand beads to 110 
create a non-uniform aperture, thus presenting simple heterogeneity, i.e., stacking varying permeability regions 111 
vertically or horizontally [14,17,20]. Although these experimental studies contribute to knowledge of flow nature in 112 
heterogeneous media, they present a layered heterogeneity approach and do not mimic the irregular permeability 113 
heterogeneity in actual reservoirs.  Thus, further experimental studies on CO2 dissolution in complex heterogeneous 114 
media are required [51,56]. Furthermore, although some numerical simulations have focused on the effect of spatial 115 
permeability variation, experimental studies are needed to gain physical knowledge to validate and improve the 116 
modeling works [45,55].  117 

This experimental study focuses on CO2 convection dynamics on complex heterogeneous media, thereby 118 
investigating preferential flow path, irregular finger movement, and other subsurface CO2-storage phenomena. 119 
Furthermore, based on the literature surveyed, only three studies have used the spectrophotometric method to quantify 120 
the mass of CO2 dissolved during the experiment [18,39,40]. Compared to using an organic carbon analyzer, which 121 
calculates the mass of CO2 dissolved only at the end of the experiment [31], the spectrophotometric method enables 122 
real-time quantitative characterization of CO2 dissolution without needing a complex experimental setup [40]. 123 
Previous studies calculated cumulative dissolved CO2 concentration with spectrophotometric analysis using gray 124 
values of the experimental images [18,39,40]. However, to expand existing knowledge on this method, this study uses 125 
a modified spectrophotometric method, using three different color channels- red, blue, and green values, and selects 126 
the color channel with the highest correlation with calculating dissolved CO2. The novelty of this work is to (1) 127 
experimentally investigate the CO2 transport under stochastically generated variable spatial heterogeneity conditions 128 
and (2) introduce a modification in the spectrophotometric method for quantitative characterization of CO2 dissolution. 129 
The remainder of the paper is organized as follows. Section 2 provides the governing equations and dimensionless 130 
parameters used in this study. Section 3 presents the experimental methods and image processing sequence. Section 131 
4 presents the theory of generating permeability maps and the procedure of setting up medium permeability 132 
heterogeneity. Section 5 reports the qualitative visualization of CO2 dissolution in heterogeneous media for different 133 
average permeability regions. Section 6 presents our findings regarding the quantitative characterization of CO2 134 
dissolution. Lastly, Section 7 presents the summary and main conclusion of this study. 135 

2. Governing Equations and Dimensionless Parameters 136 
2.1. Governing Equations 137 
The governing conservation equation explaining the density-driven CO2 transport in equilibrium conditions considers 138 
formation brine (existing in the aqueous (l) phase) and CO2 gas (existing in the gaseous (g) phase) overlaying on top 139 
of the brine and is formulated as [31]. 140 

𝜕𝜕
𝜕𝜕𝜕𝜕
�� �Φ𝜌𝜌𝛾𝛾𝑆𝑆𝛾𝛾𝜔𝜔𝛾𝛾𝑖𝑖 �
𝛾𝛾=𝑙𝑙,𝑔𝑔

� = − � ∇�𝜌𝜌𝛾𝛾𝑽𝑽𝛾𝛾𝜔𝜔𝛾𝛾𝑖𝑖 �
𝛾𝛾=𝑙𝑙,𝑔𝑔

− � ∇�J𝛾𝛾𝑖𝑖 � + ��𝑚𝑚𝑑𝑑𝑑𝑑𝜔𝜔𝛾𝛾𝑖𝑖 �
𝛾𝛾=𝑙𝑙,𝑔𝑔𝛾𝛾=𝑙𝑙,𝑔𝑔

(1) 141 

Where 𝛾𝛾 represents the gaseous or liquid phase, i represents CO2 or H2O, Φ is porosity, 𝜌𝜌 is density (kg/m3), S 142 
represents saturation, 𝜔𝜔 is the mass fraction, md represents the mass rate density. The governing equations dictating 143 
convective mixing consist of the convective diffusion equation for transporting dissolved CO2 and Darcy's law for 144 
fluid motion [57]. Furthermore, the Boussinesq assumption is considered in the conservation of mass, momentum, 145 
and species, stating that solute concentrations cause local density change without any expansion or contraction of the 146 
experimental fluid  [58]. 147 

  𝑽𝑽𝛾𝛾represents the advective fluxes (m/s), computed using Darcy's law for gaseous and liquid phases as 148 
expressed below [31,59]. 149 

𝑽𝑽𝛾𝛾 = −
𝑘𝑘𝑟𝑟𝛾𝛾𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎

2

𝜇𝜇𝛾𝛾 × 12
( ∇𝑃𝑃𝛾𝛾 + 𝜌𝜌𝛾𝛾𝑔𝑔𝒛𝒛) (2) 150 

Where davg is the average Hele-Shaw cell aperture, kr is relative permeability, P is pressure (Pa), g is gravitational 151 
acceleration (m/s2),  𝜇𝜇 (Pa s) is dynamic viscosity, and z is unit gravitation direction vector. The term (𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎

2/12) 152 
refers to the cell's intrinsic permeability (k). To account for spatial permeability variation due to aperture change, the 153 
average cell aperture (davg), calculated following the method of Detwiler et al. [60] and Faisal et al. [31], is used for 154 
intrinsic permeability calculation. By considering the molecular diffusion, diffusive fluxes J (kg/m3s) are calculated 155 
which can be expressed as 156 

J𝛾𝛾𝑖𝑖 = −Φ𝜌𝜌𝛾𝛾𝑆𝑆𝛾𝛾
𝑀𝑀𝑖𝑖

𝑀𝑀𝛾𝛾
�𝜏𝜏𝛾𝛾𝐷𝐷𝛾𝛾𝑖𝑖 �∇𝑋𝑋𝛾𝛾𝑖𝑖 (3) 157 
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Where M is molecular weight (kg/kmol), 𝜏𝜏 is tortuosity, 𝑋𝑋 is mole fraction, and D is diffusion coefficient 158 
(m2/s). Based on the Hele-Shaw cell analogy, uniform tortuosity is considered [31]. We suggest the report of White et 159 
al. [61] to readers interested in the detailed description of all the state equations. 160 
 161 
2.2. Dimensionless Parameters 162 

The CO2 convective dissolution in this study was evaluated using characteristic dimensionless parameters 163 
relevant to CO2 flow in deep saline aquifers. Rayleigh number (Ra), a dimensionless number characterizing the system 164 
by expressing the ratio of free convection to diffusion, can be represented, as shown in Eq. 4: 165 

Ra =
∆𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔
𝜇𝜇𝜇𝜇 𝐷𝐷𝐶𝐶𝐶𝐶2

(4) 173 

Where g is the acceleration due to gravity [m/s2], H is the water column height [m], and µ is the dynamic viscosity of 166 
water [ kg/m.s], 𝐷𝐷𝐶𝐶𝐶𝐶2  is the molecular diffusion coefficient of CO2 in water [m2 /s], k is the permeability of the medium 167 
[m2], ∆𝜌𝜌 is the increase in density due to CO2 dissolution [kg/m3], and 𝜑𝜑 is porosity. The fluid properties are collected 168 
from Faisal et al. [31], as the experiments are conducted at same atmospheric conditions. Based on theoretical studies, 169 
if the value of Ra is greater than a critical value equal to 4𝜋𝜋2, natural convection is preponderant [31,62]. The 170 
experiments considered in this study are designed to meet this criterion. The permeability of a Hele-Shaw cell, k,  with 171 
uniform cell aperture of b, can be obtained from the fundamental conservation laws as [63]:  172 

                                                                                                 𝑘𝑘 =  
𝑏𝑏2

12
                                                                                         (5)  174 

Three different Hele-Shaw cells (average aperture of 1.6, 0.6, and 0.26 mm) are used in this study, where the aperture 175 
is significantly smaller than the height of the water column (198 mm).  176 
  A crucial dimensionless ratio used for characterizing the flow configuration is anisotropy ratio (𝜖𝜖), expressed 177 
as [23]: 178 

                                                                                                 𝜖𝜖 =
𝑏𝑏

√12𝐻𝐻
                                                                                      (6)  179 

The combined action of the anisotropy ratio and Rayleigh number, formulated as 𝜖𝜖2𝑅𝑅𝑅𝑅, was developed to classify 180 
flow configurations into three types, where for (i) 𝜖𝜖2𝑅𝑅𝑅𝑅 → 0, the flow is two-dimensional and mathematically 181 
analogous to Darcy flow; (ii) 𝜖𝜖2𝑅𝑅𝑅𝑅 "0, the flow is still two-dimensional and is under the Hele-Shaw regime; however, 182 
gap-induced dispersion needs to be brought into consideration, and  (iii) 𝜖𝜖2𝑅𝑅𝑅𝑅 "1, the fluid flow is no longer 2D, and 183 
thus, the effects of the third dimension are non-negligible [23,64,65].  184 
Table 1. Hele-Shaw cell permeability distribution and calculated properties 185 

Cell 
Name 

Average 
Aperture, b 

[mm] 

Permeability 
Distribution Raa 𝜖𝜖2𝑅𝑅𝑅𝑅b k [m2]a 

Cell A 1.6 Irregular distribution 86816 0.4724 2.13 × 10−7 m2 

Cell B 0.6 

• Higher permeability 
at the sides (3 to 
5 × 10−8 m2  

• Lower permeability 
at the middle 
(2 to 3 × 10−8 m2) 

12279 0.0094 3 × 10−8 m2 

Cell C 0.26 Irregular distribution 2389 0.0003 5.63 × 10−9 m2 
aValues Calculated using Average Aperture; bWater column height, H, is 198 mm for all the cells 186 
 187 
As shown in Table 1, all the cells exhibit 2D fluid flow, and thus, the flow environment considered in this study is 188 
mathematically analogous to the Darcy flow in isotropic porous media [20,23]. However, the effect of gap-induced 189 
dispersion is not negligible in cell A and will be explained in detail in Section 4. 190 
 Sherwood number, Sh, is also used to characterize the mass flux in dimensionless form, expressed as the 191 
ratio of the convection mass flux to the diffusive flux [40], as shown in Eq. 7. 192 

Sh =
𝐹𝐹𝐶𝐶

𝜑𝜑∆𝑐𝑐 𝐷𝐷𝐶𝐶𝐶𝐶2/𝐻𝐻
(7) 193 



=  
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Light Source (LitEnergy 
A4 LED Copy Board Light 
Tracing Box) 

The light tracing box fitted with flicker-free LED lamps, powered by DC, with 
adjustable brightness levels, was used as the only light source. A maximum 
illuminance of 100 lux was selected as the incident light source for all the 
experiments considered in this study.  

Camera (Nikon D7000 with 
50 mm lens, maximum 
resolution: 4928 × 3264) 

The CO2 dissolution region experiences significant changes in shape during the 
initial experimental stage, i.e., until the qualitative onset time of convection 
[20,31,37,62]. To accurately capture the initial changes in the flow regime, images 
were collected at 1-second intervals for the first 15 minutes and at 5-second intervals 
for the remainder of the experiment.  

 215 
A small hole is created on the back of the isolated chamber to place the CO2 inlet pipe in the Hele-Shaw cell. Another 216 
hole is made in the front of the isolated chamber to capture images of convective dissolution in the flow cell with a 217 
Nikon D7000 digital camera with a 50 mm lens. The experiments are continued until the CO2-dissolved region reaches 218 
the bottom of the cell, or up to 2.5 hours, whichever is shorter.  219 
 220 
3.2. Image Capture and Enhancement Methodology 221 
By placing the Hele-Shaw cell inside the isolated chamber and using a uniform LED board as the only light source,  222 
background disturbance or external reflections are eliminated. Although the CO2 fingers are observable with the naked 223 
eye, it is challenging to notice the minute details of concentration change in the finger morphology with the raw 224 
images. Although previous studies applied image processing for better visualization, most techniques do not highlight 225 
the subtle CO2 concentration differences inside the cell based on color scale level [37,40,62]. Therefore, this study 226 
adopts a color scale-based image-processing technique to visualize the concentration difference inside the CO2-227 
dissolved region. 228 
Table 3. Image Processing sequence for the Hele-Shaw cells considered in this study 229 

C
el

l 
C

on
si

de
re

d 

Raw Image Blue Color Channel Final Image Additional Comments 

C
el

l A
 

   

No image adjustment 
is needed prior to 
splitting to the blue 
color channel 

C
el

l B
 

   

Image processing 
(contrast enhancement 
and color adjustment) 
is needed prior to 
splitting to the blue 
color channel 
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C
el

l C
 

   

Image processing 
(contrast enhancement 
and color adjustment) 
is needed prior to 
splitting to the blue 
color channel 

 230 
 The image processing is performed using ImageJ FIJI, where any background noise is discarded prior to splitting the 231 
images into three color channels. We observed the blue channel to capture the finger morphology accurately, compared 232 
to the red and green channels (refer to Section 5.2 for more details). Therefore, the blue channel is used, and a spectrum-233 
based lookup, based on a color scale of 0-255, is applied to the images, as shown in Table 3. As shown in Table 3, 234 
for cells B and C, with an average aperture of 0.6 mm and 0.26 mm, respectively, it is difficult to observe the color 235 
change in the raw images due to the lower volume of fluid occupying the cell region. Therefore, if needed, further 236 
image processing (contrast enhancement and color adjustment) is performed.  237 

Run 1 

 

Run 2 

 

 238 
Fig. 2.  Two visualization results for Cell A at 25 minutes showing good reproducibility in terms of  similar overall convective pattern 239 
 240 
Before conducting the experimental studies, repeatability is verified by visually comparing the finger patterns for two 241 
different runs in identical conditions, as presented in Fig. 2. As shown in Fig. 2, the two experiments exhibit similar 242 
finger morphology and vertical travel at the same timescale. Some minor dissimilarities are observed, which can be 243 
attributed to slight changes in the experimental setups as expected for experiments in Hele-Shaw cells in prior studies 244 
[20,31]. Nevertheless, similar CO2 transport patterns observed in the two runs ensure the repeatability of the 245 
experiments. 246 

4. Medium Heterogeneity in Hele-Shaw Cell 247 
4.1. Permeability Field  248 
Since permeability is proportional to the square of the cell aperture (Eqn. 8), a slight aperture variation will also 249 
correspond to different permeable regions, thereby affecting the flow behavior. The spatial distribution of flow cell 250 
aperture is measured by using the Beer-Lambert law [66], which relates the transmitted light intensity I through a 251 
light-absorbing solute as: 252 

                                                                            𝐼𝐼 = 𝐼𝐼𝑜𝑜𝑒𝑒−𝜇𝜇𝜇𝜇𝜇𝜇+𝜉𝜉                                                                                                (8)  253 



       ln =  ( ) =                                                                                  (9) 
                                                                     = ln ( / ) =                                                                          (10) and                       =  / = /                                                                        (11)
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(a)  (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  
Fig. 7. CO2 introduced to the middle of cell  A (a) Initial (no CO2) (b) 5 minutes (c) 10 minutes (d) 20 minutes (e) 25 minutes 354 
(f) 30 minutes (g) 40 minutes (h) 50 minutes.    355 
 356 

The fingers grow in width and depth with time, eventually merging into longer and thicker fingers. However, 357 
rather than a uniform vertical traverse throughout the Hele-Shaw cell, the finger growth rate differs for different cell 358 



 × 10  m
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(a)  (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  
 384 
Fig. 9. CO2 introduced to the middle of cell B  (0.6 mm average aperture, vertically oriented flat glass) (a) Initial (no CO2) (b) 10 minutes 385 
(c) 15 minutes (d) 25 minutes (e) 50 minutes (f) 70 minutes (g) 90 minutes (h) 150 minutes.    386 
 387 
A visual comparison between cell A (Ra 86,816) and cell B (Ra 12,279) reveals that the fingers reach the bottom of 388 
the cell at around 50 minutes in cell A. In contrast, even around 150 minutes, the fingers do not reach the bottom of 389 
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(a) (b) (c) 

   
(d) (e) (f) 

  

 

(g) (h)  
Fig. 11. CO2 introduced to the middle of cell C  (0.6 mm average aperture, vertically oriented flat glass) (a) Initial (no CO2) (b) 25 minutes 428 
(c) 45 minutes (d) 65 minutes (e) 85 minutes (f) 105 minutes (g) 125 minutes (h) 150 minutes.    429 
 430 
Based on the qualitative visualization, more vigorous finger interaction, faster vertical travel, and overall dissolution 431 
are observable in higher Rayleigh number scenarios. The fingers are more uniformly shaped in plume form in lower 432 
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Ra numbers. The permeability change throughout the region of interest was found as a major parameter in dictating 433 
finger morphology through preferential finger movement. Furthermore, the preferential dissolution path showed poor 434 
sweep efficiency in low-permeable regions. This further emphasizes the importance of accounting heterogeneities, 435 
albeit small, in experiments and numerical simulations. 436 

6. Quantitative Characterization 437 
6.1. Vertical Progression of Fingers 438 
Faster vertical travel of CO2 dissolved region is preferable in CO2 sequestration operations as it promotes quick CO2 439 
sinking rather than rising to shallower formations. The temporal evolution of fingers in cells A, B, and C is presented 440 
in Fig. 12 (a). Using ImageJ, the vertical distance traveled is calculated from the gas-water interface to the tip of the 441 
longest finger in each case. The observed finger growth is nonlinear for all the cells. After a short diffusion stage, a 442 
sharp increase in finger length in cells A and B indicates the effect of convective dissolution. Moreover, in cell B, the 443 
finger growth is considerably higher in the more permeable regions (at the side of the cell) compared to the less 444 
permeable region (middle of the cell). However, cell C exhibits gradual finger growth, showing that the effect of 445 
convective flow is lower in low permeability conditions. 446 

  
(a) (b) 

 
(c) 

Fig. 12. (a) Temporal evolution of finger length in cells A, B, and C; Scaling relationship between (a) finger growth rate and cell permeability 447 
(c)  finger growth rate and characteristic velocity (Previous study refers to the work of Shahriar and Khanal [20]) 448 
  449 
The effect of permeability in dictating finger growth is more evident in Fig. 12 (b), which illustrates the relationship 450 
between finger growth rates with respect to permeability. The finger growth rate is calculated as the ratio of the 451 
maximum vertical distance traveled by the longest finger (calculated using ImageJ) and the time taken to reach the 452 
bottom of the cell or the experimental time duration (2.5 hours), whichever is shorter. A scaling relationship between 453 
the value of finger growth rate (Gr) and permeability (k) is established using a linear fit. Here, Gr scales with k as 454 
follows: 455 

𝐺𝐺𝐺𝐺 (𝑚𝑚. 𝑠𝑠−1) = 266.8𝑘𝑘 (𝑚𝑚2) + 1.20 × 10−6 (12) 456 
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Fig. 12 (c) shows that the finger growth rate is also proportional to the characteristic Darcy velocity UC, expressed as 457 
follows: 458 

𝐺𝐺𝐺𝐺 (𝑚𝑚. 𝑠𝑠−1) = 0.0895𝑈𝑈𝐶𝐶  (𝑚𝑚. 𝑠𝑠−1) + 1 × 10−6 (13) 459 
A similar proportional relationship between finger growth velocity (calculated using the migration distance of the 460 
rising fingertip) and characteristic Darcy velocity was also observed in the work of Teng et al. [69]. The evolution 461 
equation of characteristic Darcy velocity can be represented in Eq. 14 [23,26].  462 

𝑈𝑈𝐶𝐶 =  
∆𝜌𝜌𝑔𝑔𝑔𝑔
𝜇𝜇

(14) 463 

As shown in Fig. 12 (b and c), the proposed relationships (Eq. 12 and 13) show a good prediction of independent 464 
experimental data generated in our prior study [20]. The prior study used a homogenous Hele-Shaw cell with an 465 
average aperture and water column height of 1 mm and 242.88 mm, respectively, where the longest finger reaches the 466 
bottom of the cell in 154 minutes [20]. As observed in Fig. 12 (b), the growth rate can be well explained by the scaling 467 
relationship obtained. Furthermore, based on this and previous studies, it can be seen that despite heterogeneity, CO2 468 
fingers will have a preferential path based on permeability with a corresponding growth rate, making it comparable 469 
with a homogenous medium [20,70]. This statement is also supported by the work of Green and Ennis-King [70], 470 
where scaling analysis pertaining to a simple heterogeneity model was also applicable for anisotropic homogeneous 471 
porous media. Further studies on the vertical growth rate are needed to make justified assumptions on the strength of 472 
a particular geological CO2 storage site. 473 
6.2. Mass of Dissolved CO2 474 
The spectrophotometric method was employed to quantify the mass of CO2 dissolved [39,40]. Although previous 475 
studies considered grayscale models for quantitative characterization, this study analyzes the three different color 476 
channels, which are more effective for characterizing the flow in Hele-Shaw cells [38]. This technique uses the Beer-477 
Lambert law (Eq. 8), which relates the variation of light attenuation based on the property of the material it travels 478 
through. Thus, by using a monochromatic light source and noticing the changes in light intensity values after it passes 479 
through the Hele-Shaw cell, CO2 dissolution was characterized. ImageJ was used to convert each image into separate 480 
color channels before analysis. The light source in this study was powered by DC current, and the light intensity values 481 
were averaged based on three pictures, taken for the spectrophotometric analysis. 482 
 When CO2 reacts with H2O, it forms carbonic acid (H2CO3), further dissociating into carbonate CO3

2− and 483 
bicarbonate HCO3

− ions instantaneously, as expressed by the following equations: 484 
CO2(g)  ⇋ CO2(aq) (15) 485 

CO2(aq) + H2O ⇋ H+ +  HCO3
− (16) 486 

HCO3
−  ⇋ H+ +  CO3

2− (17) 487 
Eq. 17 is neglected for convenience of calculation, as the equilibrium constant of Eq. 17 is several orders of magnitude 488 
smaller than that of Eq. 16 [40]. By calculating the luminous intensity of the cell with and without solution, the 489 
absorbance, A can be calculated as follows: 490 

A = log10  
𝐼𝐼𝑣𝑣0
𝐼𝐼𝑣𝑣

(16) 491 

Where Iv0 and Iv are the luminous intensity passing through the Hele-Shaw cell without and with the solution.  492 
 By controlling the output light brightness, different luminance level (Ll) conditions were obtained, under 493 
which the color value of three different channels (Red, Green, and Blue) in the region of interest (ROI) were measured, 494 
as shown in Fig. 13.  495 

  



Final Accepted Manuscript 
 

19 
 

(a) (b) 

 
(c) 

 496 
Fig. 13. The relationship between color value and luminance level at the region of interest for (a) red channel, (b) 497 
green channel, and (c) blue channel 498 
 499 
Fig. 13 shows that the blue channel holds the best linear relationship with luminance level, expressed in Eq. 19 and 500 
thus considered in subsequent spectrophotometric calculations. Furthermore, the maximum luminance level 501 
obtainable from the light source Ll = 100 lux is selected as the incident light source luminance. 502 

B = 0.95𝐿𝐿𝑙𝑙 + 65.719,  𝐿𝐿𝑙𝑙 𝜖𝜖 [40, 100] (19) 503 
By combining Eq. 18 and 19 and replacing the ratio of luminous intensity with the ratio of luminance level, the 504 
absorbance A can be expressed as follows: 505 

A = − lg �
𝐵𝐵 − 65.719
𝐵𝐵0 − 65.719

� (20) 506 

where, 𝐵𝐵0 and 𝐵𝐵 is the blue color channel value in the region of interest of the Hele-Shaw without and with solution, 507 
respectively. The pH indicator molecules exhibiting acid-base properties can be divided into the acidic form (HIn) 508 
and conjugate base form (In-). The equilibrium equation for the indicator is as follows: 509 

HIn ⇋ H+ + In− (21) 510 
Where the equilibrium constant of Eq. 21 can be expressed as: 511 

lg(𝐾𝐾HIn) = lg �
[In−]
[HIn]

� − pH (22) 512 

Where the molar concentration of species is specified inside the square brackets []. When CO2 starts dissolving in the 513 
solution, the hydrogen ions (H+) released from CO2 dissolution change the ratio of [HIn] and [In-] in the solution, 514 
causing the color change in the solution. The absorbance of the indicator in a strong acid or strong alkali environment 515 
can be expressed by the following equations: 516 

A[HIn] =   α0. b. [HIn] =  α0. b. 𝑐𝑐 (23) 517 
A[In−] =  α−. b. [In−] =  α−. b. 𝑐𝑐 (24) 518 

Where c is the concentration of  the pH indicator. Using the extreme absorbance values and Eq. 20, 21, and 22, the 519 
following equation is derived: 520 

lg�
𝐴𝐴 − 𝐴𝐴[HIn]

𝐴𝐴[In−] − 𝐴𝐴
� =  pH − p𝐾𝐾HIn (25) 521 

Where lg �
𝐴𝐴−𝐴𝐴[HIn]

𝐴𝐴[In−]−𝐴𝐴
� is absorbance factor which varies proportionally with the solution pH. By adding different 522 

concentrations of hydrochloride acid or sodium hydroxide, the pH of the experimental solution was varied within the 523 
functional range of the pH indicator, and the corresponding absorbance factor was calculated, as presented in Fig. 14. 524 
Using pH = 10 and pH = 1 solution, extreme absorbance values A[In−] and A[HIn], were calculated.  525 
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 526 
Fig. 14. The linear relationship between the factor of absorbance and pH using blue channel absorbance values. 527 
 528 

As shown in Fig. 14, the factor of absorbance �lg �
𝐴𝐴−𝐴𝐴[HIn]

𝐴𝐴[In−]−𝐴𝐴
��  has a good linear fit with the pH of the solution. The 529 

following charge balance equation can be used to explain the electrical neutrality in the solution. 530 
[HCO3

−] + [In−] =  [H+] (26) 531 
Using Eq. 22 and 23 and taking pH indicator concentration as c = 1.63 × 10-4 mol/L, [In−] can be expressed as: 532 

[In−] =  
𝑐𝑐

10−𝑝𝑝𝑝𝑝 .𝐾𝐾HIn−1 + 1
(27) 533 

Using the standard curve from Fig. 14 and using Eq. 25 and 26, [HCO3
−] can be calculated. Moreover, combining the 534 

equilibrium expression involving CO2 and reaction equilibrium constant, the following equation is derived: 535 

[CO2(aq)] =  
[HCO3

−]. [H+]
𝐾𝐾CO2(aq)

(28) 536 

The total dissolved CO2 concentration is expressed as follows: 537 
[CO2(dissolved)] = [CO2(aq)] + [HCO3

−] (29) 538 
In order to ensure the accuracy of the method, solutions of known pH values were obtained using different 539 
concentrations of NaOH or HCl and compared with calculated pH values from the factor of absorbance vs. pH curve 540 
(from Fig. 14). The calculated cumulative dissolved CO2 mass was also compared to the dissolved CO2 mass just by 541 
diffusion. The mass transport due to diffusion 𝑀𝑀(𝑡𝑡) was obtained using Fick's law, as shown in Eq. 30 [37]. 542 

𝑀𝑀(𝑡𝑡) = 2𝐶𝐶0 �
𝐷𝐷𝐶𝐶𝐶𝐶2𝑡𝑡
𝜋𝜋

(30) 543 

  
(a) (b) 

Fig. 15. (a) Cumulative dissolved CO2  mass as a function of time (b) Change in flux throughout the experimental time 544 
where 𝐶𝐶0 is the solubility of CO2 in solution. Fig. 15 (a) shows the cumulative mass of CO2 stored compared with the 545 
mass of CO2 stored by just diffusion, whereas the cumulative and diffusive flux is presented in Fig. 15 (b). The 546 
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dissolution in the early stages of the experiment was purely diffusion-based, thereby making it difficult to record the 547 
small amount of CO2 dissolved at the early stages of the experiment. Thus, the diffusion-dominated region mass flux 548 
was calibrated using Eq. 30 in the spectrophotometric method. A higher amount of CO2 is observed to be dissolved 549 
throughout the experiment compared to the amount obtained by the diffusion equation (Eq. 30), where the discrepancy 550 
can be attributed to the effect of CO2 dissolution due to convective flow [14,31,71].  The maximum Sherwood number, 551 
Sh, expressed as the ratio of the convective mass flux (difference between the maximum experimental dissolution flux 552 
and diffusive flux, shown in Fig. 15b) and diffusive mass flux, was calculated as 6.8. Although the Sh observed in 553 
this study is lower than existing studies [30,72], it is worthwhile to point out that we observed an increase in the 554 
dissolution flux at the later stage of the experiment (Fig. 15). This result indicates a potentially higher Sh number, 555 
similar to existing studies, if the experiment was continued for a longer time period. However, this was not possible 556 
with the current experimental setup as the CO2 fingers reached the bottom of the cell after which the experimental was 557 
terminated. As observed in Fig. 15,  while the diffusive flux decreases throughout time, the convective flux seems to 558 
vary, which can be attributed to the spatial heterogeneity of the medium, as observed in the work of Green and Ennis-559 
King [73]. Similar dissolution flux behavior was reported in the work of Slim et al. [36], where a sudden rise in flux 560 
was reported and termed as 'flux growth" regime, which is observed after around 500 sec in our work ( Fig. 15 (b) ). 561 
The drop in dissolution flux after the flux growth regime was considered to be the onset of "merging" regime,  observed 562 
in about 30 minutes in our study as seen in Fig. 15 (b). Although their study experienced a steady-flux regime in the 563 
later stage, we do not observe that as the fingers reach the bottom of the cell before reaching the constant dissolution 564 
flux phase. 565 

7. Summary and Conclusion 566 
This study explored CO2 dissolution in complex heterogeneous media in three heterogeneous cells with varying 567 
average permeability. By creating complex heterogeneity, i.e., irregular permeability variations throughout the cell,  568 
the obtained CO2 finger morphology mimics the actual storage geological storage sites. The finger movement path 569 
was non-uniform due to spatial heterogeneity, resulting in preferential finger movement toward high permeability 570 
regions. In contrast, lower permeable regions had minimum dissolution, leading to poor sweep efficiency. More 571 
vigorous vertical finger movement was observed for cells A and B, while cell C showed slowed vertical movement. 572 
Furthermore, higher permeability led to a faster onset of convection, which is also preferable for safe CO2 storage. 573 
Although this study considers the CO2 convective-dissolution flow behavior in complex heterogeneity conditions, 574 
future studies will consider a more complicated experimental approach to gain higher control over permeability 575 
variation inside the Hele-Shaw cell. 576 

The image processing method helped identify the high CO2 concentrated regions, particularly in the center 577 
of the fingers and at the gas-water interface. The shape of the CO2 dissolution region also varied based on average cell 578 
permeability; while cells A and B had a more prominent finger-like shape alluding to the effect of faster vertical travel, 579 
cell C was shaped like a plume, which can be attributed to slower vertical travel promoting lateral mixing. The 580 
qualitative visualization revealed the gas-water interface and the middle of the finger-shaped dissolved regions having 581 
higher CO2 concentration than the dissolved area's boundary. The results of the experiments are also characterized 582 
using several dimensionless numbers and will hold for other systems with the same dimensionless numbers. 583 
 Although previous studies using the spectrophotometric method obtained correlations using the gray channel, 584 
this study analyzed based on three color channels and concluded that the blue color channel holds the best linear 585 
relationship with respect to pH change. Based on our literature survey, there have been only two studies on the 586 
spectrophotometric technique, necessitating further studies to improve this method. Based on the results from the 587 
spectrophotometric analysis, the convective flux of cell A showed variation because of the spatial heterogeneity of the 588 
medium. A scaling relationship between the average finger growth rate (Gr) and permeability (k) was established as 589 
𝐺𝐺𝐺𝐺 [𝑚𝑚. 𝑠𝑠−1] = 266.8𝑘𝑘 [m2]  + 1.20 × 10−6. Using spectrophotometric analysis, dissolved CO2 mass was calculated 590 
throughout time and was compared with mass transfer just by diffusion, with a maximum Sherwood number of 6.8 591 
for cell A. Additionally, the dissolution flux was identified, and the effects of heterogeneity on unsteady mass flux 592 
were observed. Further laboratory studies are needed to investigate the role of permeability heterogeneity in CO2 593 
dissolution. The findings of this study will add to the existing knowledge of heterogeneity effects on density-driven 594 
convective transport. 595 
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