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Abstract

Dissolution trapping is one of the most dominant
mechanisms for secure storage of CO, injected in
porous subsurface formations saturaFted with brine.
This trapping mechanism is enhanced by convective
mixing, which occurs due to the gravitational
instability between the different fluid layers in the
aquifer. The reservoir permeability also plays a
crucial role in the dissolution rate and overall fluid
flow dynamics during the density-driven convection
in porous media. This study investigates the role of
complex heterogeneity, i.e., irregular permeability
distribution in CO; dissolution, using a novel
experimental  approach to create medium
permeability heterogeneity in Hele-Shaw cells.
Complex subsurface transport phenomena such as preferential dissolution path, CO, sweep efficiency, changes in
finger morphology, and CO; concentration distribution are visualized by creating heterogeneous media. Experimental
results showed reservoir permeability heterogeneity causes significant channeling effects and poor sweep efficiency.
A scaling relationship between average finger growth rate (Gr) and permeability (k) was obtained as Gr [m.s™1] =
266.8k [m?] + 1.20 X 107°. Furthermore, the mass of CO, dissolved is calculated using the spectrophotometric
method to characterize the convective instability. The convective flux was analyzed by comparing experimental
dissolution flux with theoretical diffusion flux, calculating a maximum Sherwood number of 6.8. The study's findings
improve the current understanding of the CO, convection morphology in heterogeneous media, allowing better
assessment of long-term CO» storage.

Keywords: CO; Sequestration; Spectrophotometric Method; Preferential Flow; Hele-Shaw cell; Heterogeneity;
Permeability Contrast

A Experimental

Qualitative
Visualization

1. Introduction

The atmospheric concentration of CO,, which was recorded as 424 parts per million (ppm) in June 2023 [1], has
increased by approximately 50% compared to the beginning of the industrial revolution [2]. Further increases in
atmospheric CO; levels may raise the global temperature over 1.5°C above the pre-industrial level, which may cause
irreversible damage to vital ecosystems across the globe. The effect of rising surface temperatures due to increased
atmospheric CO, is evident from numerous and frequent natural disasters, resulting in massive economic losses
estimated to exceed $2.275 trillion [3] from 1980 alone. Consequently, there is a growing interest in reducing the
concentration of atmospheric CO, by switching to renewable/low-emission energy sources and reducing CO»
emissions by other means [4-6]. Geological sequestration of CO; is one the most promising technologies that can
safely sequester carbon emissions from large stationary sources and slow the harmful increase of CO, concentrations
in the atmosphere [7,8]. Among the subsurface storage options, deep saline aquifers are one of the major geological
storage options because of their wide availability and huge storage potential [5]. CO» s stored in deep saline aquifers
by four primary trapping mechanisms: structural, residual, dissolution, and mineral trapping. Even though residual
trapping is dominant at the early stages of CO» storage, dissolution trapping becomes the primary trapping mechanism
with time, capturing almost two-thirds of CO, injected in the storage volume [9—11]. The precursor for dissolution
trapping is a slow process of molecular diffusion. However, the dissolution rate increases subsequently by other
mechanisms such as density-driven convection or Rayleigh-Taylor instability, dispersion, and advection [12,13].
Several factors can affect the convective-dissolution phenomenon for different geological sites and, therefore, need to
be considered for accurate CO; storage prediction. Density-driven convection is significant in safe CO, storage, as it
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promotes quick CO; sinking rather than rising to shallower formations [9]. The positive effect of density-driven
convection has led to various studies about characterizing the transport mechanisms and the effect of different
parameters during density-driven convection or Rayleigh-Taylor instability [14—20].

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

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

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

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

2. Governing Equations and Dimensionless Parameters

2.1. Governing Equations

The governing conservation equation explaining the density-driven CO; transport in equilibrium conditions considers
formation brine (existing in the aqueous (/) phase) and CO; gas (existing in the gaseous (g) phase) overlaying on top
of the brine and is formulated as [31].

a . . . .
It z (chySyw{,) == Z V(pyvywll/) - Z vy + z (maywy) €y
y=lg y=Lg y=Lg y=lg

Where y represents the gaseous or liquid phase, i represents COz or H,O, @ is porosity, p is density (kg/m?), S
represents saturation, w is the mass fraction, mgrepresents the mass rate density. The governing equations dictating
convective mixing consist of the convective diffusion equation for transporting dissolved CO; and Darcy's law for
fluid motion [57]. Furthermore, the Boussinesq assumption is considered in the conservation of mass, momentum,
and species, stating that solute concentrations cause local density change without any expansion or contraction of the
experimental fluid [58].

V,represents the advective fluxes (m/s), computed using Darcy's law for gaseous and liquid phases as

expressed below [31,59].

k.d,.>
V__‘ryavg

14 ty X 12
Where da is the average Hele-Shaw cell aperture, k. is relative permeability, P is pressure (Pa), g is gravitational
acceleration (m/s?), u (Pa s) is dynamic viscosity, and z is unit gravitation direction vector. The term (da,,g2 /12)
refers to the cell's intrinsic permeability (k). To account for spatial permeability variation due to aperture change, the
average cell aperture (d..g), calculated following the method of Detwiler et al. [60] and Faisal et al. [31], is used for
intrinsic permeability calculation. By considering the molecular diffusion, diffusive fluxes J (kg/m?s) are calculated
which can be expressed as

(VB +p,97) @)

. M! o
Jy = _(DpySVM_y(TVDll/)VXf/ 3)
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Where M is molecular weight (kg/kmol), T is tortuosity, X is mole fraction, and D is diffusion coefficient
(m?/s). Based on the Hele-Shaw cell analogy, uniform tortuosity is considered [31]. We suggest the report of White et
al. [61] to readers interested in the detailed description of all the state equations.

2.2. Dimensionless Parameters

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

. ApgkH @
U@ Deo,
Where g is the acceleration due to gravity [m/s?], H is the water column height [m], and y is the dynamic viscosity of
water [ kg/m.s], D¢, is the molecular diffusion coefficient of CO; in water [m?/s], k is the permeability of the medium
[m?], Ap is the increase in density due to CO, dissolution [kg/m?], and ¢ is porosity. The fluid properties are collected
from Faisal et al. [31], as the experiments are conducted at same atmospheric conditions. Based on theoretical studies,
if the value of Ra is greater than a critical value equal to 4m2, natural convection is preponderant [31,62]. The
experiments considered in this study are designed to meet this criterion. The permeability of a Hele-Shaw cell, k£, with
uniform cell aperture of b, can be obtained from the fundamental conservation laws as [63]:
bZ
k= 17 (5

Three different Hele-Shaw cells (average aperture of 1.6, 0.6, and 0.26 mm) are used in this study, where the aperture
is significantly smaller than the height of the water column (198 mm).

A crucial dimensionless ratio used for characterizing the flow configuration is anisotropy ratio (€), expressed
as [23]:

b

€ ey, (6)
The combined action of the anisotropy ratio and Rayleigh number, formulated as €?Ra, was developed to classify
flow configurations into three types, where for (i) €2Ra — 0, the flow is two-dimensional and mathematically
analogous to Darcy flow; (ii) €2Ra "0, the flow is still two-dimensional and is under the Hele-Shaw regime; however,
gap-induced dispersion needs to be brought into consideration, and (iii) €2Ra "1, the fluid flow is no longer 2D, and
thus, the effects of the third dimension are non-negligible [23,64,65].

Table 1. Hele-Shaw cell permeability distribution and calculated properties

Average -
Cell Permeability a 2p b 278
Name Aperture, b Distribution Ra €"Ra km]
[mm]
Cell A 1.6 Irregular distribution | 86816 0.4724 2.13x 1077 m?
e Higher permeability
at the sides (3 to
-8 2
Cell B 0.6 5> X107 m . 12279 0.0094 3% 1078 m?
e Lower permeability
at the middle
(2to3 x 1078 m?)
Cell C 0.26 Irregular distribution | 2389 0.0003 5.63 x 107° m?

*Values Calculated using Average Aperture; "Water column height, H, is 198 mm for all the cells

As shown in Table 1, all the cells exhibit 2D fluid flow, and thus, the flow environment considered in this study is
mathematically analogous to the Darcy flow in isotropic porous media [20,23]. However, the effect of gap-induced
dispersion is not negligible in cell A and will be explained in detail in Section 4.

Sherwood number, Sh, is also used to characterize the mass flux in dimensionless form, expressed as the
ratio of the convection mass flux to the diffusive flux [40], as shown in Eq. 7.

F
Sh ¢

~ @AC Do, /H @)
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Where, F; = @uAc is the convective flux, Ac is the concentration difference between the liquids, and u is
the characteristic velocity.

3. Experimental Methods and Procedures

3.1. Experimental Setup

As illustrated in Fig. 1, the basic experimental setup consists of the Hele-Shaw cell placed inside an isolated
chamber with a uniform LED light source, thus preventing any background noise or external disturbance throughout
the experiment. The experimental apparatus and relevant comments adopted in this study are explained in Table 2.
The Hele-Shaw cell comprises two transparent 25.4-mm-thick plexiglasses separated by precision shims of graphite
or silicone. Plexiglass is considered in this study as it provides enhanced clarity compared to glass [20]. The
transparent plexiglass has a length and height of 203 mm and 304 mm, respectively. Experiments are performed on
atmospheric conditions (22 °C and 1.01 bar), where the Hele-Shaw cell is filled with a solution prepared by mixing
deionized, de-aired water with 0.0114% w/v Bromocresol Green (BCG) through a ball valve fitted at the bottom of
the cell. This port was used to fill and drain the reactor of the experimental fluid. BCG is a pH indicator that changes
color from blue at a pH above 5.4 to yellow at a pH of around 3.9 [62]. Furthermore, a hole is drilled at the center of
the front plexiglass so that the CO> can be securely injected into the cell using an 18-gauge dispensing needle.

co,
Flowmeter

Light |
Source

Fig. 1. Schematic of the experimental setup shows (from left to right): CO; cylinder, flowmeter, light source, and Hele-Shaw with
experimental fluid inside an isolated chamber and a digital camera for continuous image capture of CO; dissolution.

Table 2. Additional comments regarding the experimental apparatus adopted in this study

Experimental Apparatus Additional Comments

Hele-Shaw Cell Three different Hele-Shaw cells (average aperture of 1.6, 0.6, and 0.26 mm) are used
in this study. (Refer to Table 1 for a detailed description.)

CO; Flowmeter (Dakota It is crucial to inject CO; at a small flow rate so that the water interface at the top of

Instruments, 6A01 Acrylic | the cell is not disturbed, as such disturbance can influence the finger morphology in

Flow Meter) the cell [20,31]. Therefore, this study uses a flow rate of 0.59 L/min, continuously
monitored by a flowmeter, which showed no impact on the fluid interface.
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Light Source (LitEnergy | The light tracing box fitted with flicker-free LED lamps, powered by DC, with
A4 LED Copy Board Light | adjustable brightness levels, was used as the only light source. A maximum
Tracing Box) illuminance of 100 lux was selected as the incident light source for all the
experiments considered in this study.

Camera (Nikon D7000 with | The CO, dissolution region experiences significant changes in shape during the
50 mm lens, maximum | initial experimental stage, i.e., until the qualitative onset time of convection
resolution: 4928 x 3264) [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.

A small hole is created on the back of the isolated chamber to place the CO; inlet pipe in the Hele-Shaw cell. Another
hole is made in the front of the isolated chamber to capture images of convective dissolution in the flow cell with a
Nikon D7000 digital camera with a 50 mm lens. The experiments are continued until the CO,.dissolved region reaches
the bottom of the cell, or up to 2.5 hours, whichever is shorter.

3.2.Image Capture and Enhancement Methodology

By placing the Hele-Shaw cell inside the isolated chamber and using a uniform LED board as the only light source,
background disturbance or external reflections are eliminated. Although the CO, fingers are observable with the naked
eye, it is challenging to notice the minute details of concentration change in the finger morphology with the raw
images. Although previous studies applied image processing for better visualization, most techniques do not highlight
the subtle CO, concentration differences inside the cell based on color scale level [37,40,62]. Therefore, this study
adopts a color scale-based image-processing technique to visualize the concentration difference inside the CO,-
dissolved region.

Table 3. Image Processing sequence for the Hele-Shaw cells considered in this study

Raw Image Blue Color Channel Final Image Additional Comments

Cell
Considered

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

Cell A
——

Image processing
(contrast enhancement
and color adjustment)
i ‘ is needed prior to

| splitting to the blue
color channel

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

Cell C

The image processing is performed using ImageJ FIJI, where any background noise is discarded prior to splitting the

images into three color channels. We observed the blue channel to capture the finger morphology accurately, compared
to the red and green channels (refer to Section 5.2 for more details). Therefore, the blue channel is used, and a spectrum-
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,
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
change in the raw images due to the lower volume of fluid occupying the cell region. Therefore, if needed, further
image processing (contrast enhancement and color adjustment) is performed.

Run 1 Run 2

Fig. 2. Two visualization results for Cell A at 25 minutes showing good reproducibility in terms of similar overall convective pattern

Before conducting the experimental studies, repeatability is verified by visually comparing the finger patterns for two
different runs in identical conditions, as presented in Fig. 2. As shown in Fig. 2, the two experiments exhibit similar
finger morphology and vertical travel at the same timescale. Some minor dissimilarities are observed, which can be
attributed to slight changes in the experimental setups as expected for experiments in Hele-Shaw cells in prior studies
[20,31]. Nevertheless, similar CO, transport patterns observed in the two runs ensure the repeatability of the
experiments.

4. Medium Heterogeneity in Hele-Shaw Cell

4.1. Permeability Field

Since permeability is proportional to the square of the cell aperture (Eqn. 8), a slight aperture variation will also
correspond to different permeable regions, thereby affecting the flow behavior. The spatial distribution of flow cell
aperture is measured by using the Beer-Lambert law [66], which relates the transmitted light intensity / through a
light-absorbing solute as:

I = [,e #cd+s (8)
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where the incident light intensity is I,,, the absorptivity of the solute is y, d is the aperture, solute concentration is C,
and ¢ is a constant accounting for solvent absorbance and the cell filled with solute [31,60]. Two different solute
concentrations (C; and C>), with constant incident light intensity, can be expressed as:

In () = u(C; ~ C)d = 4 ©)

where absorbance A of the solute is a linear function of concentration. The light intensity transmitted through a
transparent fracture, /; (where i and j represent the location of each measurement within the Hele-Shaw cell), is
collected. By assuming constant u, C; and C,, where C;= 0 and C>= C, and averaging over the entire cell yields:

(Aij> =(In (Icl/ldye)> = .uC<dij) (10)
where, I; and Iy, represents intensities for Cy and C, fields, respectively, and ( ) indicates spatial averaging over all
the measurements. Combining Eq. (9) and (10) results in:

ormij = dij/{dij) = Aij/(Aij) (11)
Following the method of Detwiler et al. [60] and Faisal et al. [31], the average cell aperture (dayg) is calculated by
filling the cell with a known volume of fluid. Since the normalized light intensity varies proportionally with
fluctuations in cell aperture, by combining the normalized light intensity data with average cell aperture, aperture
variations throughout the cell can be calculated. Three different cells were considered in this study, as shown in Table
1.
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Fig. 3. Permeability maps resulting from the transmitted light analysis on the experimental Hele-Shaw cell
configurations: (a) Cell A, (b) Cell B, and (c) Cell C

The variable light intensity data is transformed into an aperture field, and a corresponding permeability map is
generated for the three Hele-Shaw cells, as shown in Fig. 3. While getting the permeability map from the light intensity
data, the smudges or marks in the Hele-Shaw cell can generate inaccurate data points, resulting in extremely high or
low permeability values for those points. Thus, the final permeability map is constrained by setting the limit as two
standard deviations from the mean permeability to prevent outliers. The procedure of devising medium permeability
is discussed in the following subsection.

4.2. Setting up Medium Heterogeneity

Different spatial permeability heterogeneity mediums are created by carefully varying the shim placement on the
sidewalls of the Hele-Shaw cells, illustrated in Fig. 4. The graphite shims are placed and tightened up to the water
column height in cell A, with a 1.6 mm average aperture. By doing so, a higher aperture is obtained at the top of the
cell due to the presence of no tightening force, where the aperture varies throughout the cell in a parabolic manner, as
evident in the permeability map of the 1.6 mm cell, shown in Fig. 5. However, since this study aimed to investigate
the effect of complex permeability distribution, i.e., irregular permeability distribution, the right uppermost bolt was
tightened slightly higher to get irregular permeability distribution, although some resemblance with a parabolic
permeability profile remains, as shown in Fig. 3 (a).

| ——
| - ‘ﬂ
.

Cell B
Average Aperture: 0.6 mm

Cell C
Average Aperture: 0.26 mm

Cell A
Average Aperture: 1.6 mm

- [om |

Fig. 4. Placement of graphite shim and tightening bolts (highlighted with red hexagonal shape) for the three Hele-
Shaw cells considered in this study.

In contrast, alongside graphite shims up to the water level, shims were also placed at the top boundaries of cell C,
shown in Fig. 4. By doing so, another variation of the permeability heterogeneity was obtained with slightly lower
permeability at the top of the cell, as shown in Fig. 3 (c).
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297 - x107

Y (mm)

0 37.5 75 112.5 150

X (mm) Intrinsic

Permeability (%)
298 Fig. 5. Permeability map for cell A at a uniform bolt tightening force
299

300  Finally, silicone shims were placed along the sidewalls of cell B, which are more flexible than graphite shims, leaving
301 additional space for tightening the bolts. Based on our previous study, graphite exhibited higher adhesion to the cell
302 wall compared to silicone; therefore, by using silicone shims with tightening bolts placed far apart, a non-uniform
303 aperture can be obtained close to the shim regions, as evident by the permeability map for cell B shown in Fig. 3 (b)
304 [20]. Also, it is worth noting that the shim materials are merely a boundary, and using different shim materials does
305 not affect any surface flow properties of the cell (e.g., interfacial tension, wettability, etc.) [20].

306 5. Qualitative Visualization

307  This section presents the qualitative visualization of CO, density-driven convective transport on cells A, B, and C.
308  The complex permeability distribution of these cells allows for visualization of the effect of permeability contrast on
309 the convective transport of CO,.
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5.1. Qualitative Visualization for Cell A (Ra number 86,816)

Upon injection of gaseous CO; at a continuous flow rate of 0.59 L/min, using the top injection port of the cell, the CO,
dissolves into the solution via diffusion, which is the
only applicable mechanism at the initial stage. The
diffusive layer at the gas-water interface gradually
increases without deformation or instability. Fig. 6
shows the onset of the convection process by focusing
on the changes near the gas-water interface for different

timescales. For cell A (average aperture of 1.6 mm), at
around 114 seconds, slight perturbations in the CO»
diffusive layer can be observed, thus indicating the
onset of density-driven instability, as shown in Fig. 6. “
However, it is worthwhile to note that although the

perturbations are clearly observed at 114 seconds, it is

merely the qualitative onset of convection. The actual
onset of density-driven instability, commonly referred
to as the quantitative onset of convection, occurs
sooner, although not visible to the naked eye [14,20].

The perturbation increases in vertical depth, -
causing it to form finger-like shapes, which are clearly
observable around 130 seconds. Compared to the
experiment period indicated by the time the CO»
reaches the bottom of the cell or 150 minutes,
whichever is faster- the onset of the convective
mechanism in dissolution in CO; happens at the early
stage in a short time. Moreover, the change from the
primary diffusion-driven dissolution mechanism to the 130 sec
onset of the convection process happens a few
millimeters down from the gas-water interface, thus  Fig. 6. Qualitative onset of convection for cell A
making the process rather hard to capture accurately.

Fig. 7 shows the successive snapshots for cell A. As shown in Fig 7, the spectrum-based lookup based on a
blue color channel with a scale of 0-255 is applied as the primary image processing method, allowing us to differentiate
between the subtle variations of CO, concentration in different regions of the Hele-Shaw cell. CO, dissolution region
ranges from around 130 to 180 on the color scale, where a lower value in the color scale indicates a higher
concentration. As observed in Fig. 7., the CO,-water interface region has a relatively high concentration of CO»
throughout the experiment. Moreover, the middle of the finger-shaped plumes has a higher CO, concentration than
the boundary. Furthermore, the highly concentrated regions merge and keep moving vertically downwards, clearly
observable in Fig. 7 (e) and (f). Similar patterns of concentration distribution were reported in the simulation of Zhang
et al. [29]. Furthermore, their investigation in the gap direction showed a lower concentration boundary outside of the
convective fingers, which could be attributed to an effect of gap-induced dispersion. However, it should be noted that
their work considers an aperture of 3 mm and, therefore, will have considerably higher gap-induced flow behavior
compared to our study [29].

As shown in Fig. 7, the formation of nascent fingers throughout the experiment is observable, evident by tiny
oval-shaped regions with low color scale values at the gas-water interface.
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(a) (b) (c)

i43

(9] (b
Fig. 7. CO, introduced to the middle of cell A (a) Initial (no CO») (b) 5 minutes (c¢) 10 minutes (d) 20 minutes (¢) 25 minutes
(f) 30 minutes (g) 40 minutes (h) 50 minutes.

The fingers grow in width and depth with time, eventually merging into longer and thicker fingers. However,

rather than a uniform vertical traverse throughout the Hele-Shaw cell, the finger growth rate differs for different cell
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regions. This becomes evident in the later part of the experiment, as shown in Fig. 7. This non-uniform finger flow
regime can be attributed to the effect of heterogeneities present in the Hele-Shaw cell. As shown in Fig. 3 (a), cell A
has a higher permeable region in the upper-middle section of the left side of the cell, which can explain the tendency
of finger movement in that region. It should be noted that although the range of permeability distribution (around
1 X 1077 m? ) is not considerably high, and the small change in permeability can cause huge effects in dictating the
dissolution flow pattern.

5.2. Qualitative Visualization for Cell B (Ra number 12,279)

Although cell B (average aperture of 0.6 mm) exhibits a similar onset of convection phenomenon after a certain
diffusion-driven period, the time frame for disturbance in the diffusive layer and first observance of finger formation
is much slower. Rather than observing initial finger formation throughout the entire diffusive layer at the same time,
we observe early finger formation at the side of the Hele-Shaw cell (at 158 sec) compared to the middle (698 sec), as
shown in Fig. 8. The raw images for Fig. 8 were color adjusted and presented without performing spectrum lookup,
as it exhibited the best visualization in this scenario. This early finger formation can be attributed to different
permeable regions, as observed in the permeability map shown in Fig. 3 (b). Regions with low permeability (middle
of the Hele-Shaw cell) have a delayed onset of convection, whereas, at higher permeability regions (side of the cells),
the onset of convection happens earlier.

< 62 mm >
Low Permeability Region Hig.h P(-‘jlrmeabi_lity
in the Middle: 12 mm Region lr_l_the Side:
Permeability Range- Permeability Range-
2to3 X 1078 m? 3ito5x 1078 m=
i L Initial (No CO,)
X
Perturbation
in the side of
the cell
134 sec
Finger forming in the
o ' side of the cell
158 sec
Finger forming in the
middle of the cell
698 sec

Fig. 8. Qualitative onset of convection for cell B. The raw images were color adjusted and presented without spectrum lookup,
and the boundary of fingers in the bottom picture is manually drawn for better visualization.

The varied growth rate becomes more apparent as time progresses, as evident in Fig. 9. The middle side of the Hele-
Shaw cell has a lower permeability region, resulting in a slower growth rate. In contrast, higher permeable regions on
the side contribute to faster growth. The permeability variation thus leads to preferential finger movement rather than
uniform vertical travel. Similar phenomena were observed in the heterogeneity-based experiments in our previous
work [20].
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(b) (c)

e (0

Color
Scale

255
213
170
128
85

43
i0

(€9) (h)

Fig. 9. CO; introduced to the middle of cell B (0.6 mm average aperture, vertically oriented flat glass) (a) Initial (no CO») (b) 10 minutes
(c) 15 minutes (d) 25 minutes (e) 50 minutes (f) 70 minutes (g) 90 minutes (h) 150 minutes.

A visual comparison between cell A (Ra 86,816) and cell B (Ra 12,279) reveals that the fingers reach the bottom of
the cell at around 50 minutes in cell A. In contrast, even around 150 minutes, the fingers do not reach the bottom of
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cell B. This shows that the finger growth rate increases at a higher Rayleigh number, which is in agreement with Riaz
et al. [67] and Faisal et al. [31], who observed more vigorous finger interaction in higher Rayleigh numbers.

5.3. Qualitative Visualization for Cell C (Ra number 2389)
The slowest finger growth rate is observed in cell C. The beginning of the finger shape is noticeable around 18 minutes,

as shown in Fig. 10. This delayed qualitative onset time
of convection can be attributed to the low permeability
and corresponding low Ra number (Ra = 2389). Any
clear form of perturbation was difficult to visualize in
this scenario since the instability in the diffusive layer
was not as sharp as in the previous heterogeneous
models. The qualitative onset of convection observed
for the cells in this study, reported in Table 4, shows
that qualitative onset of convection is observed earlier
on high Ra number scenarios, which agrees with
previous studies [14,31,68].

Considerably slower vertical movement is
observed in this model, which, coupled with lateral
mixing between fingers, gives rise to plume-shaped
uniform movement, as observed in Fig. 11. The number
of fingers formed is also lower in this heterogeneous
model; however, they are relatively thicker, even at
earlier times of the experiment.

Initial (No CO,)

1096 sec

Fig. 10. Qualitative onset of convection for cell C

Table 4. Qualitative onset of convection observed for the cells in this study

Hele-Shaw cell Average Ra number Initial Perturbations Formation of fingers observed
Considered Aperture observed around around (qualitative onset of
convection)
Cell A 1.6 mm 86,816 114 sec 130 sec
Cell B 0.6 mm 12,279 134 sec? 158 sec?
Cell C 0.26 mm 2389 Not clearly visible® 1096 sec®

*Observed at the high permeability region of the cell; ® Clear formation of perturbation or fingers was challenging to visualize in this scenario since
the instability in the diffusive layer was not as sharp as in the previous cases
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(9] (b
Fig. 11. CO; introduced to the middle of cell C (0.6 mm average aperture, vertically oriented flat glass) (a) Initial (no CO>) (b) 25 minutes
(c) 45 minutes (d) 65 minutes (e) 85 minutes (f) 105 minutes (g) 125 minutes (h) 150 minutes.

N

Based on the qualitative visualization, more vigorous finger interaction, faster vertical travel, and overall dissolution
are observable in higher Rayleigh number scenarios. The fingers are more uniformly shaped in plume form in lower
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Ra numbers. The permeability change throughout the region of interest was found as a major parameter in dictating
finger morphology through preferential finger movement. Furthermore, the preferential dissolution path showed poor
sweep efficiency in low-permeable regions. This further emphasizes the importance of accounting heterogeneities,
albeit small, in experiments and numerical simulations.

6. Quantitative Characterization

6.1. Vertical Progression of Fingers

Faster vertical travel of CO; dissolved region is preferable in CO» sequestration operations as it promotes quick CO»
sinking rather than rising to shallower formations. The temporal evolution of fingers in cells A, B, and C is presented
in Fig. 12 (a). Using ImageJ, the vertical distance traveled is calculated from the gas-water interface to the tip of the
longest finger in each case. The observed finger growth is nonlinear for all the cells. After a short diffusion stage, a
sharp increase in finger length in cells A and B indicates the effect of convective dissolution. Moreover, in cell B, the
finger growth is considerably higher in the more permeable regions (at the side of the cell) compared to the less
permeable region (middle of the cell). However, cell C exhibits gradual finger growth, showing that the effect of
convective flow is lower in low permeability conditions.
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=
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T 0E+00 .

0.0E+00 2.0E-04 4,0E-04 6.0E-04 8.0E-04

Characteristic Velocity, U (m/s)

(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
(c) finger growth rate and characteristic velocity (Previous study refers to the work of Shahriar and Khanal [20])

The effect of permeability in dictating finger growth is more evident in Fig. 12 (b), which illustrates the relationship
between finger growth rates with respect to permeability. The finger growth rate is calculated as the ratio of the
maximum vertical distance traveled by the longest finger (calculated using ImagelJ) and the time taken to reach the
bottom of the cell or the experimental time duration (2.5 hours), whichever is shorter. A scaling relationship between
the value of finger growth rate (Gr) and permeability (k) is established using a linear fit. Here, Gr scales with & as
follows:

Gr (m.s™') = 266.8k (m?) + 1.20 x 107¢ (12)

17



457
458
459

460
461
462

463

464
465
466
467
468
469
470
471
472
473

474
475
476
477
478
479
480
481
482

483
484

485
486
487

488
489
490

491

492
493
494
495

Final Accepted Manuscript

Fig. 12 (c) shows that the finger growth rate is also proportional to the characteristic Darcy velocity Uc, expressed as
follows:

Gr (m.s™1) = 0.0895U; (m.s™ 1) + 1 x 107 (13)
A similar proportional relationship between finger growth velocity (calculated using the migration distance of the
rising fingertip) and characteristic Darcy velocity was also observed in the work of Teng et al. [69]. The evolution
equation of characteristic Darcy velocity can be represented in Eq. 14 [23,26].

Ue = M (14)
U

As shown in Fig. 12 (b and c), the proposed relationships (Eq. 12 and 13) show a good prediction of independent
experimental data generated in our prior study [20]. The prior study used a homogenous Hele-Shaw cell with an
average aperture and water column height of 1 mm and 242.88 mm, respectively, where the longest finger reaches the
bottom of the cell in 154 minutes [20]. As observed in Fig. 12 (b), the growth rate can be well explained by the scaling
relationship obtained. Furthermore, based on this and previous studies, it can be seen that despite heterogeneity, CO-
fingers will have a preferential path based on permeability with a corresponding growth rate, making it comparable
with a homogenous medium [20,70]. This statement is also supported by the work of Green and Ennis-King [70],
where scaling analysis pertaining to a simple heterogeneity model was also applicable for anisotropic homogeneous
porous media. Further studies on the vertical growth rate are needed to make justified assumptions on the strength of
a particular geological CO; storage site.

6.2. Mass of Dissolved CO,

The spectrophotometric method was employed to quantify the mass of CO, dissolved [39,40]. Although previous
studies considered grayscale models for quantitative characterization, this study analyzes the three different color
channels, which are more effective for characterizing the flow in Hele-Shaw cells [38]. This technique uses the Beer-
Lambert law (Eq. 8), which relates the variation of light attenuation based on the property of the material it travels
through. Thus, by using a monochromatic light source and noticing the changes in light intensity values after it passes
through the Hele-Shaw cell, CO; dissolution was characterized. ImageJ was used to convert each image into separate
color channels before analysis. The light source in this study was powered by DC current, and the light intensity values
were averaged based on three pictures, taken for the spectrophotometric analysis.

When CO; reacts with H>O, it forms carbonic acid (H.COs), further dissociating into carbonate CO3~ and
bicarbonate HCO3 ions instantaneously, as expressed by the following equations:

CO,(g) = CO,(aq) (15)
C0,(aq) + H,0 < H* + HCO3 (16)
HCO; s H* + €05~ a7

Eq. 17 is neglected for convenience of calculation, as the equilibrium constant of Eq. 17 is several orders of magnitude
smaller than that of Eq. 16 [40]. By calculating the luminous intensity of the cell with and without solution, the
absorbance, A can be calculated as follows:
IVO
A=log,, — (16)
L,
Where I,pand I, are the luminous intensity passing through the Hele-Shaw cell without and with the solution.
By controlling the output light brightness, different luminance level (L;) conditions were obtained, under
which the color value of three different channels (Red, Green, and Blue) in the region of interest (ROI) were measured,
as shown in Fig. 13.

250 250
+ Red Channel ” + Green Channel
@ 200 = 200 |
= ™
T >
- 150 w= 150 /
- o
L / S ¢
S 100 | O 100 }
o
50 r y =0.8782x+ 62.957 50 y = 0.9656x+ 74.065
R?=0.9731 R?=0.9791
0 . / 0 : \
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Luminance level {Lux) Luminance level {Lux)
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(a) (b)

250
@ ¢ Blue Channel
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Fig. 13. The relationship between color value and luminance level at the region of interest for (a) red channel, (b)
green channel, and (c) blue channel

Fig. 13 shows that the blue channel holds the best linear relationship with luminance level, expressed in Eq. 19 and
thus considered in subsequent spectrophotometric calculations. Furthermore, the maximum luminance level
obtainable from the light source L;= 100 lux is selected as the incident light source luminance.
B = 0.95L; + 65.719, L; e [40,100] (19)
By combining Eq. 18 and 19 and replacing the ratio of luminous intensity with the ratio of luminance level, the
absorbance A4 can be expressed as follows:
A=—] (B—65.719>
=~ 7 %\B, - 65719
where, B, and B is the blue color channel value in the region of interest of the Hele-Shaw without and with solution,

respectively. The pH indicator molecules exhibiting acid-base properties can be divided into the acidic form (HIn)
and conjugate base form (In"). The equilibrium equation for the indicator is as follows:

(20)

HIln < H* +In~ 21D
Where the equilibrium constant of Eq. 21 can be expressed as:
[In7]
lg(Kirp) = | (—) — pH 22
8(Kum) =1g (im]) P (22)

Where the molar concentration of species is specified inside the square brackets []. When CO; starts dissolving in the
solution, the hydrogen ions (H") released from CO; dissolution change the ratio of [HIn] and [In7] in the solution,
causing the color change in the solution. The absorbance of the indicator in a strong acid or strong alkali environment
can be expressed by the following equations:

A[HIn] = ag.b.[HIn] = oy.b.c (23)

AlIn"] = a”.b.[In"] = a”.b.c (24)
Where c is the concentration of the pH indicator. Using the extreme absorbance values and Eq. 20, 21, and 22, the
following equation is derived:

A—A
[HIn]
lo|——2 ) = pH—
g( p— A) PH — pKun (25)
Where g (%) is absorbance factor which varies proportionally with the solution pH. By adding different
In~]™

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

A—A[HIn]
A[In_]_A
following charge balance equation can be used to explain the electrical neutrality in the solution.
[HCO3] + [In~] = [H] (26)
Using Eq. 22 and 23 and taking pH indicator concentration as ¢ = 1.63 x 10“*mol/L, [In"] can be expressed as:
c

7] = 10PH Ky ™t + 1 @7)
Using the standard curve from Fig. 14 and using Eq. 25 and 26, [HCO3] can be calculated. Moreover, combining the
equilibrium expression involving CO; and reaction equilibrium constant, the following equation is derived:

[HCO3]. [HT]

As shown in Fig. 14, the factor of absorbance (1g< )) has a good linear fit with the pH of the solution. The

(€05 (aq)] = ———— (28)
CO2(aq)
The total dissolved CO, concentration is expressed as follows:
[CO,(dissolved)] = [CO,(aq)] + [HCO3] (29)

In order to ensure the accuracy of the method, solutions of known pH values were obtained using different
concentrations of NaOH or HCI and compared with calculated pH values from the factor of absorbance vs. pH curve
(from Fig. 14). The calculated cumulative dissolved CO, mass was also compared to the dissolved CO, mass just by
diffusion. The mass transport due to diffusion M (t) was obtained using Fick's law, as shown in Eq. 30 [37].

M(t) = 2C, ’% (30)

6E-6 3E-5

_%" # Experimental Measurement * L # Experimental Measurement
o SE6 Diffusion Equation 2E-5 | Diffusion Equation
Q
5 4E6 | * v
P * * £ 2E-5 C
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o
.Eu - * -‘;‘- 1E-5 ‘ .
g ¢ E .’ * * * +* & ¢
2 16 | * 5E-6 | * ¢
=) s & M
0E+0 ¥ L . . L . L OE+0
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Fig. 15. (a) Cumulative dissolved CO, mass as a function of time (b) Change in flux throughout the experimental time

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

7. Summary and Conclusion

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

The image processing method helped identify the high CO, concentrated regions, particularly in the center
of the fingers and at the gas-water interface. The shape of the CO, dissolution region also varied based on average cell
permeability; while cells A and B had a more prominent finger-like shape alluding to the effect of faster vertical travel,
cell C was shaped like a plume, which can be attributed to slower vertical travel promoting lateral mixing. The
qualitative visualization revealed the gas-water interface and the middle of the finger-shaped dissolved regions having
higher CO; concentration than the dissolved area's boundary. The results of the experiments are also characterized
using several dimensionless numbers and will hold for other systems with the same dimensionless numbers.

Although previous studies using the spectrophotometric method obtained correlations using the gray channel,
this study analyzed based on three color channels and concluded that the blue color channel holds the best linear
relationship with respect to pH change. Based on our literature survey, there have been only two studies on the
spectrophotometric technique, necessitating further studies to improve this method. Based on the results from the
spectrophotometric analysis, the convective flux of cell A showed variation because of the spatial heterogeneity of the
medium. A scaling relationship between the average finger growth rate (Gr) and permeability (k) was established as
Gr [m.s™1] = 266.8k [m?] + 1.20 x 107°. Using spectrophotometric analysis, dissolved CO, mass was calculated
throughout time and was compared with mass transfer just by diffusion, with a maximum Sherwood number of 6.8
for cell A. Additionally, the dissolution flux was identified, and the effects of heterogeneity on unsteady mass flux
were observed. Further laboratory studies are needed to investigate the role of permeability heterogeneity in CO,
dissolution. The findings of this study will add to the existing knowledge of heterogeneity effects on density-driven
convective transport.
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