TAP CHi CONG THUONG

STUDY OF DISSOLUTION
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ABSTRACT:

Carbon capture and storage (CCS) is a critical technology designed to reduce CO, emissions

from industrial sources such as fossil fuel power plants, oil refineries, and cement plants. A key

aspect of CCS involves the injection of CO, into sub-seabed geological formations. However,

potential CO, leakage poses a risk to the marine environment, necessitating careful monitoring.

This study investigates the mass transfer process of CO, bubbles released from shallow subsea

storage using computational fluid dynamics (CFD) simulations. The CFD-Fluent code was

employed to simulate the rise and dissolution of CO, bubbles in seawater under varying current

conditions. The simulations were validated against experimental data from the Quantifying and

Monitoring Potential Ecosystem Impacts of Geological Carbon Storage (QICS) project. The results
demonstrate that the CFD model accurately predicts the behaviors of released CO, bubbles in

seawater, offering a valuable tool for assessing the risks associated with CCS operations.

Keywords: CO, bubble, release, mass transfer, current, computational fluid dynamics,

dissolution.

1. Introduction

The Intergovernmental Panel on Climate
Change (IPCC) has identified carbon capture and
storage (CCS) as a vital strategy to mitigate these
emissions [1]. CCS involves three primary
processes: capturing CO, at the source,
transporting it to storage sites, and injecting it into
underground or subsea geological formations [2].
By 2050, CCS is expected to contribute to a 14%
reduction in global CO, emissions. After capture,
the CO, gas will be transported through onshore
and offshore pipelines or by ships to geological
storage  sites different regions and
population centers [3].

The primary concern is the leakage of CO, from
storage sites, which could acidify seawater and
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harm marine ecosystems [4]. The 1986 Lake Nyos
disaster, where natural CO, release led to over
1,700 fatalities, underscores the need for robust risk
assessment and monitoring of CCS sites [5].

When CO, leaks into the ocean, it forms
droplets or bubbles, depending on the depth,
which rise and dissolve, creating a plume [6].
This process, influenced by factors such as bubble
size, rising velocity, and regional currents, can
alter water quality and contribute to ocean
acidification [7].

Previous models studying CO, bubbles rising in
seawater have identified a gap in understanding the
effects of current and turbulence on their ascent
after leakage [8]. A new integrated model
combining CFD-FLUENT and a population
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balance model (PBM) has been developed to study
the hydrodynamics of these bubbles [9]. However,
this model uses a simplified approach to current
velocity and body forces, relying on constant
current velocity and drag and lift coefficients,
which may not accurately represent the variety of
bubble shapes [10]. This paper aims to investigate
these factors, including the CO2 bubble dissolution
process in simulation
accuracy.

2. Methodology

2.1. QICS experiment overview

The Quantifying and Monitoring Potential
Ecosystem Impacts of Geological Carbon Storage
(QICS) experiment, conducted in the Scottish sea at
Ardmucknish Bay in 2012, served as the basis for
validating the CFD simulations in this study [11].
The QICS experiment involved the release of 4.2
tonnes of CO, at a depth of 9-12 meters over 37
days, producing 35 pockmarks on the seabed. Data
collected included bubble size, rising velocity,
pCO,, and leakage rates, with a focus on three
specific pockmark locations [11].

2.2. CFD model development

2.2.1. Hydrodynamic model

The Eulerian model [12] enables the modeling
of bubble-liquid flow by employing the Euler-Euler
approach, where continuous (primary) and discrete
(secondary) phases are mathematically treated as
interpenetrating continua.

2.2.2. Interphase mass transfer

The interphase mass transfer of a bubble with
radius R, is considered to be driven by the mass
fraction gradient. The mass fraction of a chemical
species j in the liquid bulk and bubble are
represented by Y,/ and Y, bj, respectively, while the
value of both quantities at each side of the bubble-
liquid interface is given by Y/* and Y, bj .

The mass transfer rate of a bubble due to a mass
fraction gradient of species j is represented as:

mg =k App, (Y =Y)) (1)

where A, = 7R;’ is the interfacial area of the
bubble and k/ is the mass transfer coefficient for
chemical species j, p is density (kg/m?), b is bubble
and 1is liquid.

seawater, to improve

2.2.3. Simulation set-up

2.2.3.1. Computational domain and mesh

During the QICS test on day 33 [11], the rising
velocity and size of CO, bubbles leaking at a 9-
meter depth in seawater were measured at three
pockmark locations, with the pockmarks being
evaluated at 16.78 cm in size. To study the CO,
leakage at each pockmark, a two-dimensional (2D)
computational domain was created. This 2D
domain is often used to track fluid flow trajectories
from the seabed to the sea surface, as it provides
accurate maximum horizontal migration distances
with minimal CPU load and shorter simulation
times. The computational domain was designed as
arectangle with a height of 9 meters and a length of
25 meters, using the design modeler package. The
height corresponds to the seawater depth during the
test, while the length was selected to prevent any
interruptions in the simulation. Figure 1 presents
the generated boundary conditions for the
computational domain.

Figure 1: Photo of generated
boundary conditions.
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2.2.3.2. Boundary conditions

The boundary conditions for the domain were
defined as follows:

a) Inlet boundary condition

A velocity inlet was specified on the left side of
the domain to allow seawater to enter. The current
velocity was set to 0.05 m/s.

b) Outflow boundary condition

The outflow condition was placed at the right
boundary, as specific flow velocity and pressure
values were not provided.
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c) Symmetry boundary conditions

Symmetry boundary conditions with zero flow
gradients were applied to both sides and the top of
the domain to reflect this assumption.

d) Wall boundary condition

The seabed floor (bottom boundary) was
modeled using a standard wall function to impose a
no-slip condition, resulting in a zero velocity at this
boundary.

e) CO, bubbles release

CO, bubbles were introduced through the
pockmark at a steady flow rate of 1.296
kg/h, with an initial bubble diameter of 10

mesh size, three different meshes were created,
containing 6,259, 8,436, and 9,886 elements.

The rising velocity was analyzed across these
meshes, focusing on drag and lift forces without
considering interaction effects. With a maximum
current velocity of 5 cm/s, the results from all three
meshes consistent, confirming  grid
independence, as shown in Figure 2. Balancing
computational cost with the need for accuracy, the
mesh with 8,436 elements was selected for further
analysis.

wWEere

Figure 2: Study of mesh dependency

mm.

2.2.3.3. Solution method

The ANSYS Fluent Phase Coupled
SIMPLE algorithm was applied in this
study to solve complex multiphase flow
problems, specifically focusing on the
interaction between seawater and CO,
leakage. By employing different
discretization schemes, the algorithm
ensured accurate simulations of volume
fractions, momentum, and turbulence.
Initially, a steady-state simulation
modeled seawater flow, and then the
algorithm was used to simulate CO,
leakage by adjusting boundary conditions.
The transient nature of CO, bubble
formation and movement was captured
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using a time step of 0.001 seconds, with
convergence achieved within 70-120
iterations. This application provided valuable
insights into the behavior of CO, in marine
environments, which is crucial for understanding
leakage scenarios.

3. Results

3.1. Grid dependency

Mesh generation is a crucial step in the pre-
processing of CFD simulations. In this study, the
computational domain was divided into discrete
volume elements using ANSYS Workbench
Meshing software, with a finer mesh applied near
the seabed and a coarser one near the top. To
ensure the simulation results were independent of
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3.2. Prediction of current velocity

This section details the computation and
analysis of ocean current velocity, shown in Figure
3 as a contour plot. The plot displays the shear
velocity distribution at the sea surface, with a
maximum velocity of 0.05 m/s, aligning with real-
world observations. A zoomed-in section highlights
local velocity variations, underscoring the accuracy
of the computational model in predicting ocean
currents.

3.3. Prediction of dissolution process

Figure 4 illustrates the temporal evolution of the
partial pressure of CO, (pCO, when a CO, bubble is
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Figure 3: Contour of the shear velocity distribution of current
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introduced into seawater. The x-axis
represents time in seconds, while the y-axis
represents the pCO, in microatmospheres
(natm). The initial pCO, level is marked at
360 patm.

As shown in the Figure 4, there is a
rapid increase in pCO, shortly after the
CO, bubble is released, indicating the
dissolution of CO, into the seawater.

3.4. Prediction of bubble size
distribution

Figure 5 compares the predicted and
experimental distributions of CO, bubble
sizes, demonstrating a close correlation
between the two, with bubble sizes
ranging from 2.0 mm to 12.0 mm. This
distribution highlights the prevalent
bubble sizes and indicates that the model

effectively  simulates the  bubble

Source: Analysis by authors

Figure 4: Prediction of pCO5 at a poinf of X =5.6 m
andY=0.3m
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Figure 5: Prediction of bubble size distribution
of released CO, bubbles
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formation process. The size of CO, bubbles is a
critical factor in determining dissolution rates;
smaller bubbles exhibit faster dissolution due to

their higher surface area-to-volume ratio,
resulting in variations in CO, dissolution across
different bubble sizes.

4. Conclusion

This study found that the predictions are
independent of mesh size, justifying the use of a
medium mesh for the remainder of the analyses.
The predicted current velocity was consistent with
observed data, while the pCO, values were
overestimated. Bubble size distribution was
forecasted to fall within the 2.0-12 mm range. The
reaction between dissolved CO, and seawater was
not considered, potentially leading to the
overestimation of pCO, since the dissolved CO,
concentration remained unchanged. Future
research should include this reaction to enhance the
accuracy of seawater pH and pCO, predictions.
Moreover, further validation of the CFD model
through comparison with experimental data is

recommended B
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NGHIEN CUU VE QUA TRINH HOA TAN
CUA BOT KHI CO, VAO NUGC BIEN
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TOM TAT:

Cong nghé thu giif va luu trit khi cacbonic (CCS) 1a mot cong nghé quan trong dugc thi€t ké nhim
gidm thiéu khi thai CO, tif cdc ngudn cong nghiép nhv nha mdy nhiét dién dung nhién li¢u héa
thach, nha mdy loc ddu va nhi mdy xi ming. Mot khia canh chinh ctia CCS lién quan d&n viéc luu
trit CO, vao céc tAng dia chat dudi ddy bi€n 1a kha niang ro rf khi CO, c6 thé gy rdi ro cho mdi
trudng bién, do d6 cAn phdi gidm sit cAn thin. Nghién citu nay danh gia qua trinh chuyén khéi clia
céc bot khi CO, dugc 10 ri tir kho luu trit dudi ddy bién bing cich st dung cic mo phdng dong luc
hoc chat 18ng tinh todan (CFD). Phin mém CFD-Fluent da dudc sit dung d€ md phdéng su thodt ra va
hoa tan clia céc bot khi CO, trong nudc bién dudi cac didu kién dong chay khdc nhau. Cdc mod phdng
da dugc xac thuc dva trén dit liu thuc nghiém tir dy dn dinh lugng va gidm sit tdc dong co thé Xay ra
dé&n hé sinh thai bi€n khi luu trit khi cacbonic & cdc tang dia chat du6i ddy bién (QICS). K&t qui cho
tha'y md hinh CFD dy dodn chinh x4c dic tinh ctia bot khi CO, dudc rd rf trong nuc bién, cung cap
mot cong cu hitu ich d€ d4nh gia céc rii ro lién quan dén cic hoat dong CCS.

T khéa: Bot khi CO,, o rf, chuyén khdi, dong chdy, dong luc hoc chi't18ng tinh todn, hoa tan.
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