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Highlights
e Sand tank experiments and modified invasion percolation simulations were conducted
o  Simulation results match experimental results reasonably well despite discrepancies
e  Curved barriers can greatly enhance CO, trapping while gradations do not
e Longer barriers retain more CO, regardless of barrier topography
e A tradeoff exists between the vertical and lateral plume migration extent
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Abstract

Assuring secure containment of stored CO, is of paramount importance——for climate change mitigation, for
permitting, and for reassuring the public. Regional seals, such as those sealing petroleum accumulations, have
proven to be effective for securing CO,. However, the goal of permanent sequestration can also be satisfied with
“composite confining systems” consisting of multiple, possibly discontinuous fiow barriers that, in aggregate, create
a system with very high permeability anisotropy and effectively retard the vertical migration of CO,. This study
focuses on investigating the barrier characteristics necessary for effective containment of CO,, using both physical
flow experiments and modified invasion percolation simulations. The simulations are calibrated to the physical
experiments and are used to further extend the analysis. Results show that for a composite confining system, a) even
barriers with low capillary entry pressure contrast to the underiying flow unit can divert rising CO,; b) curved or
anticlinal barrier topography can enhance CO, trapping; c) fining-upward gradations make little difference to barrier
effectiveness or CO, retention; d) longer barriers retain more CO, regardless of barrier topography. Finally, field-
scale simulations have demonstrated the importance of barrier length for increasing CO, storage capacity. The
results presented can be used to inform the development of new screening criteria for characterization and
effectiveness of composite confining systems.

1 Introduction

Deep geologic storage of CO, is an essential part of climate change mitigation at scale (Hovorka and
Kelemen, 2021; IPCC, 2014, 2005; Rogelj et al., 2018). In order to meet the aggressive 2°C climate goal, many
gigatons of CO, still need to be captured and permanently disposed of (Core Writing Team, 2023; Ni et al., 2021a;
Zahasky and Krevor, 2020; Zhang et al., 2022). Scaling CO, storage could be aided by proving new geologic
concepts for safe, secure storage that might broaden the choice of storage reservoirs. To date, CO, storage has relied
on thick, continuous seals or cap rocks, similar to those that contain large hydrocarbon accumulations (Espinoza and
Santamarina, 2017; IEAGHG, 2011; IPCC, 2005; Kaldi et al., 2013). While such seals are necessary to retain the
concentrated, mobile accumulations required for hydrocarbon production, the goal of permanent sequestration can
be satisfied with alternative systems that disperse and immobilize CO, through capillary forces, dissolution, and
distributed buoyant traps that might be as small as the rugosity on top of a flow unit. In this context, geologic
heterogeneity is an advantage and has been shown to be capable of effectively blocking the vertical migration of
CO, (Flett et al., 2007; Trevisan et al., 2017b). Bump et al (Bump et al., 2023) built on this idea to demonstrate the
viability of “composite confining systems,” which they defined as sequences of multiple barriers with no a priori
requirement for either continuity or minimum capillary entry pressure (a.k.a. threshold capillary pressure).
Considerable work has contributed to the concept, without defining it as such. Such systems can effectively
attenuate upward CO, migration, such that CO, can be stored in such systems without risk of vertical leakage
(Bakhshian et al., 2023; Flett et al., 2007; Green and Ennis-King, 2015, 2013, 2010; Hesse and Woods, 2010;
Lindeberg, 1997; Saadatpoor et al., 2010; Trevisan et al., 2017b). The question is less about whether they can work
than about the scale at which they can work. Any confining system has an associated storage or retention capacity,
and injection should not exceed the capacity to ensure secure containment. In classic hydrocarbon seals, retention
capacity is often quantified in terms of hydrocarbon column height or buoyancy pressure, which is well suited to the
goal of finding large accumulations of mobile, producible hydrocarbons (Downey, 1994; Grunau, 1987; Luo and
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Vasseur, 1997; Sales, 1997; Schowalter, 1976; Zieglar, 1992). By contrast, composite confining systems tend to
disperse the plume and immobilize buoyant fluids; they need a different measure. The goal of this work is to explore
the factors that control retention capacity in composite confining systems.

In this work, storage capacity is defined as the nonwetting phase saturation that can be accommodated
within the confining system, in other words, the amount of CO, it can immobilize. To better understand the nature of
effective barriers within composite confining systems, we conducted both physical experiments and simulations to
investigate how different barrier properties affect the CO, storage capacity of such systems. Because of the large
size of the barriers within a composite confining system, it is not practical to evaluate their trapping capacity in
experiments that are at the core scale or lower. Intermediate-scale (meter-scale) physical fluid flow experiments, on
the other hand, help to bridge the gap between coreflooding experiments and the actual field-scale CO, plume
behavior, because the meaning of “storage capacity” remains the same at both the sand tank scale and field scale.
These types of physical sand tank flow experiments offer direct visualization of the CO, plume within a composite
confining system as well as accurate quantification of the storage capacity of such systems under strongly capillary-
and buoyancy-driven flow regimes. More specifically, the goal of this study is to explore how the barrier extent,
shape, gradation, and grain size contrast impact CO, storage capacity. Note that in order to obtain the storage
capacity values, all physical experiments are driven to failure (i.e., until leakage is detected at the top of the
domain), which allows us to effectively define the retention capacity of the system.

Past literature on intermediate-scale sand tank flow experiments focusing on buoyant CO, flow can mainly
be generalized into two categories. One takes the intermediate (meter) scale as is and investigates the impact of
submeter-scale heterogeneities, while the other treats the sand tank model as a shrunk analog model representative
of field-scale geology. From the former category, a series of studies have emphasized the impact of both grain size
contrast (i.e. the degree of heterogeneity) and sedimentary bedform architecture (i.e. the type of heterogeneity) on
CO, trapping by capillary forces (Krishnamurthy et al., 2022, 2019; Ni et al., 2023). For the latter category, Glass et
al. (Glass et al., 2000) conducted experiments in sand tank domains representative of the fluvial channel lag cut-and-
fill pattern, while the more recent FluidFlower experiments modeled the typical North Sea reservoir formations with
a particular focus on faults (Ferno et al., 2023; Sal6-Salgado et al., 2023a). These studies show that capillary barriers
are effective in diverting and retaining CO, plumes with or without dissolution effects while faults act as potential
leakage pathways. Other studies more relevant to the topic of systems of flow barriers are as follows. Hesse and
Woods (Hesse and Woods, 2010) and Woods and Norris (Woods and Norris, 2016) conducted experiments in Hele-
Shaw cells on the CO, plume dispersal and capillary trapping behavior during its buoyant rise through an idealized
system of flow barriers. Additionally, Trevisan et al. (Trevisan et al., 2015) first investigated plume behavior in
reservoirs with both layered flow barriers and flow conduits. Later, a second experimental study by Trevisan et al.
(Trevisan et al., 2017b) investigated the behavior of buoyancy-driven plumes through both a homogeneous and a
heterogeneous domain. While the results from all these studies emphasize the strong impact horizontal flow barriers
can have on CO, plume migration and trapping, including wider lateral spread and attenuated vertical migration,
none of these studies focuses on how properties of individual flow barriers affect their associated CO, retention
capacity. Therefore, the novelty of this study lies with its focus on how the barrier extent, shape, and gradation
impact CO, storage capacity.

In this study, we began with sand tank experiments, investigating the effects of barrier shape, length, and
gradation. We then conducted modified invasion percolation simulations first on domains matching the experimental
results and then on synthetic domains with a series of varying barrier properties that extend beyond the range
covered by the physical experiments. Last, we used the models to apply our results to field-scale simulations.

2 Materials and Methods

2.1 Experimental methods

Three buoyancy-driven two-phase flow experiments were conducted in meter-scale sand tanks to
investigate the effects of barrier extent, barrier shape, barrier gradation, and capillary entry pressure contrast on CO,
storage capacity. The sand tank domains as shown in Figure 1 were hand packed with glass beads and all have the
dimension of 60 cm x 60 cm with a thickness of 2 cm. These physical sand tank analog models are idealized
representations of the interbedded mudstone or siltstone systems. Such flat mudstones can be quite extensive (1 —
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9km) with both rugosity and gradation present (Bump et al., 2023). If viewed at the scale of the tank itself, these
capillary barriers can also represent common small-scale sedimentary geometries—laminations or interbedded fine-
grained units, mud drapes, and fining-upward sequences, such as those found in any water-laid depositional system
(Nichols, 2013). The glass bead grain sizes used for all experiments are specified in Table 1. As shown in Figures la
and 1d, the domain for Experiment A consists of just two facies, the coarse-grained matrix and the fine-grained
barriers. The upper barriers are also curved as opposed to the lower barriers that are flat. For Experiments B and C,
as shown in Figures 1b, 1c, 1e, and 1f, the barriers in the domain contain fining upward sequences with different
numbers of gradation layers. The structure of the barriers is the same between these two experiments except the
barrier length. Experiments B and C also have no-flow boundaries present at the sides of the flow cell made up of
very fine-grained glass beads. All the experimental domains have porosity values around 40%.

Exp. A Exp. B Exp. C
a) b) c)
d) e) f) ]
15 cm 10cm . 50¢cm 4 layers . 60 cm 4 layers
2cm cm cm
50 cm 2 layers 2 layers Q
2cm 2cm y 2cm 2tz Y -
3
20 50 cm 1 layer 60 cm 1 layer
2cm 2em 2cm
15cm
\
il
60 cm

Figure 1. Dry reference images of the air-filled sand tanks (a-c) and the corresponding simulation domains (d-f).
Light: coarse-grained matrix; Dark: fine-grained barriers. d)-f): The dimension values shown are the lengths and
thicknesses of the barriers. The number of layers refers to the number of gradation layers present in the barriers. The
impermeable vertical sand layers were omitted in the simulation domains for Experiments B and C for simplicity.

Table 1. Measured glass bead properties (Krishnamurthy, 2020; Krishnamurthy et al., 2019).

Experiment A Experiment B and C
Matrix Coarse Coarse
Barrier Fine 4 1 layer: Fine 4

2 layers: Fine 2, 4
4 layers: Fine 1, 2, 3, 4

Facies Bead type Mean Diameter Capillary Entry
name diameter standard entry pressure
(mm) deviation pressure standard
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(mm) (Pa) deviation
(Pa)

Coarse P337 0.689 0.086 216
Fine 1 P230/P337 50%/50% - - 2545

volume mixture
Fine 2 P230 0.457 0.06 293 50t
Fine 3 P170/P230 50%/50% - - 4235"

volume mixture
Fine 4 P170 0.331 0.03 5547

*The capillary entry pressure values for the mixed facies are linearly interpolated from the previously
measured values of the pure facies.

TThe entry pressure values for Fine 4 glass beads and the standard deviation are based on matching to the
current experimental results. The standard deviation value is assumed to be the same for all the beads.

The experiments are conducted at ambient temperature and pressure. We use dyed heptane (Oil Red O: 40
mg/L) as the nonwetting phase (NWP) fluid and a glycerol/water mixture (50%/50% weight ratio) as the wetting
phase (WP) fluid. The surrogate fluid pair used is calibrated to be representative of supercritical CO, and brine at a
typical reservoir condition for CO, storage, which is calculated to be 35 °C and 10.5 MPa at a depth of 1 km
assuming typical geothermal and hydrostatic pressure gradients (Nordbotten et.al., 2005). The fluid properties and
typical CO, storage conditions can both be found in Table 2. To begin the experiment, the NWP is injected at a
constant low rate (0.2 mL/min) from the middle bottom inlet and it rises through the domain under buoyancy forces.
Eventually, the experiment is finished when the NWP reaches the top and percolates the domain. The middle top
outlet connects to a constant-pressure reservoir and allows fluids from the flow cell to exit to atmospheric
conditions. The experiment represents the primary drainage process as CO, first migrates through the saline aquifer.
A high-definition monochrome camera captures images throughout the experiments at 30-second intervals. The
NWP saturation fields can then be computed from the light transmission visualization method (DiCarlo, 2004;
Niemet and Selker, 2001; Tidwell and Glass, 1994). For details, see Supplementary Material.

Table 2. Surrogate fluid properties compared to actual CO,/brine fluid properties in CO, geologic storage (Iglauer,
2018; Krishnamurthy et al., 2019; Krishnamurthy, 2020; Nordbotten et al., 2005).

Fluid Density Viscosity Density ratio Viscosity ratio  Interfacial

(kg/m3) (mPa-s) (NWP/WP) (NWP/WP) tension
(mN/m)

Heptane 684 0.41 0.61 0.066 36

Glycerol/water 1115.4 6.25

Supercritical CO, 714 0.0577 0.58-0.71 0.037-0.073 38.7

Brine 1012-1230 0.795-1.58

2.2 Simulation methods

Following the sand tank experiments, we ran modified invasion percolation (MIP) simulations to match the
experimental results. Using the sand tank models as calibration, we then ran simulations on a series of synthetic
tank-scale domains to investigate the importance of various properties associated with the capillary flow barriers.
Finally, we ran field-scale simulations on realistic thin vertical domains to compare the CO, storage capacity of
different composite confining systems.

A commercial MIP simulator, Permedia®’s Static Migration module, is used for all the simulations
presented in the current study (Halliburton Landmark, 2023). MIP simulators are a type of reduced-physics reservoir
simulator that ignores viscous forces. The advantages of MIP simulators include fast simulation speed as well as the
ability to handle fine-grid domains with highly discontinuous property fields (Celia et al., 2015; Ni et al., 2021b;
Oldenburg et al., 2016). The Permedia MIP algorithm models the low-rate primary drainage process for a buoyant
NWP fluid (e.g. oil, gas, or CO,) by seeking the flow path of least upward resistance through the domain based on
the capillary entry pressure field given. Higher capillary entry pressure values represent greater resistance to NWP
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fluid flow. The NWP fluid migrates from high to low driving potential (®) which consists of a buoyancy component
(Apgz) and a hydrodynamic pressure component (®;,) as shown in Equation (1),

d = Apgz + P (1)

where Ap is the density difference between the nonwetting and the original wetting phase fluids, g is the
gravitational acceleration, and z is relative depth. In Permedia, at the scale of the sand tank experiments modeled
here, any cell invaded by the NWP is assigned the same saturation 1 — S,,,., where S, is the irreducible water
saturation. For more detailed explanation on the MIP algorithm, see the “Numerical model” section in Ni et al. (Ni
et al., 2023).

The simulation domains used to match the experimental results are shown in Figure 1. As for the tank-scale
synthetic domains, they have the same size as the experimental domains and include a series of different flat and
curved barriers. Five facies were used for these synthetic domains. They are the Coarse facies for the matrix and the
facies Fine 1, 2, and 4 for the barriers with the same properties specified in Table 1. One extra facies of impermeable
shale was also used:; its mean capillary entry pressure is 10* kPa and its standard deviation in capillary entry pressure
is 50 Pa (Meckel and Beckham, 2023). Illustration of the synthetic domains can be found in Section 3.2. The fluid
properties used were the same as the experimental values shown in Table 2. The rest of the simulation input values
are specified in Table 3. No-flow boundaries were imposed on all sides in the MiP simulator to ensure that
simulation continues until domain percolation. In the same way as in the experimental procedure, the NWP enters
the domain at the middle bottom inlet and the simulation stops when the NWP reaches the top boundary. To
stochastically generate simulation domains, the cell properties are randomly drawn from the specified normal
distributions shown in Table 3 for each realization.

Table 3. Domain size and grid properties used in the tank-scale MIP simulations.

Input parameters Input values
Domain size Number of cells 300 x 10 x 300
Cell size 2mmx 2 mm x 2 mm
Grid property Porosity N(0.4,0.01)
Critical CO; saturation, Sy, N(0.02, 0.001)
Irreducible water saturation, S,,. N(0.4*%, 0.01)
Capillary entry pressure, P, N (facies mean, 50 Pa)

*The irreducible water saturation value is obtained by matching to the experimental results.

The two field-scale simulation domains used are thin vertical domains with distributed shale barriers in
sandstone. The field-scale domains were modified from the 2D facies models generated in the study by Bakhshian et
al. (Bakhshian et al., 2023). These 2D models were derived based on Spontaneous Potential well log data and the
footprint of the hydrocarbon-water contacts of producing hydrocarbon fields in the Southern Louisiana region. The
domain has a net-to-gross ratio of 65%, and it has 150 x 10 x 150 grid cells with a size of 67 m (length) x 10 m
(thickness) x 0.67 m (height). The porosity values of the sand and shale facies are 35% and 15% respectively and
are held constant. The capillary entry pressures for the sand and shale facies have mean values of 1.4 kPa and 10*
kPa respectively. The rest of the simulation inputs are the same as the tank-scale simulation runs specified in Table
3. Two realizations of the field-scale domain were generated with varying correlation lengths in the lateral (x)
direction, one with a lateral correlation length of just 10 cells (7% of domain length) and the other with 40 cells
(27% of domain length). Illustration of the field-scale domains can be found in Section 3.3.

3 Results

3.1 Experimental and matching simulation results

All experimental results are shown in Figures 2 and 3. From Figure 2 we can clearly see that each capillary
barrier acts independently in terms of NWP fluid trapping. Therefore, the entire NWP plume in the domain is
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completely discontinuous. For the experimental results, we compute the following quantities for the NWP in Figure
3: the relative plume size, average plume saturation, and domain saturation. The relative plume size computed for
the whole domain is simply the percentage of cells invaded by the NWP fluid. At the individual barrier level, the
relative plume size is the ratio of the invaded cell volume to the cell volume of the barrier itself. The average plume
saturation is calculated by taking the total NWP volume and averaging it over the size of the plume. When the total
NWP volume is averaged over the entire domain, then we have the domain saturation. As shown in Figure 3, it is
generally the trend that longer barriers retain both a greater plume size and higher average plume saturation, leading
to retention of an overall greater amount of NWP fluid. In Figures 3d-3f it can be observed that curved barriers
retain more NWP fluid than their flat counterparts. On the other hand, the presence of gradation in the barriers is
ambiguous in terms of NWP fluid retention.

Exp. A Exp. B Exp. C

Figure 2. Camera images (a-c), the NWP saturation fields (d-f), and the corresponding stochastic matching
simulation results (g-i) at the end of the drainage experiment. S,,,,: Pixel-level NWP saturation.
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Figure 3. Relative NWP plume size, average plume NWP saturation, and domain NWP saturation computed from

experimental results. a)-c) Results for the whole domain. Matching simulation results are also plotted for
comparison. d)-f) Experimental results for individual barriers. Relative barrier length: Barrier length divided by the
domain length. g)-i) Simulation and experiment comparison results for individual barriers. Dashed black line: the
100% matching line.

The matching simulation results are shown in Figures 2g-2i and Figures 3a-3c and 3g-3i. The simulations
shown here were matched to the experiments by adjusting the S,,,. and the P, values. As shown in Figures 2g-2i, we
can see that in general the Permedia MIP simulator is capable of capturing both the shape and the saturation of the
discontinuous NWP plume reasonably well. However, we do observe discrepancies at the level of individual barriers
compared to the whole domain, especially for Experiment A. The simulation results do not have pixel-to-pixel
matching mainly because the property fields were stochastically generated from specified distributions. For
discussion on other factors contributing to the matching discrepancy, see Section 4.5. For each experiment, we can
also compare the experimental and simulation values of the relative plume size, average plume saturation, and
domain saturation in Figures 3a-3c and 3g-3i. The simulator appears to consistently underestimate the relative plume
size and overestimate the average plume saturation. However, the general data trends across experiments as well as
the domain saturation values do match well. Therefore, going forward, we will only compute domain saturation
values for any further simulations conducted.

3.2 Tank-scale simulation results

After validating the simulation results with experimental results, we can now conduct more tank-scale
simulations on a series of synthetic domains with different barrier lengths, shapes, and grain size differences. We
exclude gradation from the analysis in this section due to its ambiguous effect on NWP trapping. All tank-scale
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simulation results are shown in Figures 4-6. In Figure 6, each data point is obtained by averaging over 100
simulation runs on the stochastically generated domains. From Figures 4 and 6a, we can see that for all barrier facies
other than Fine 1, longer barriers retain more NWP fluid regardless of whether the barriers are open or closed at the
ends. As the barrier capillary entry pressure increases (from Fine 1 to Impermeable), the amount of NWP retained
increases until the entry pressure contrast is high enough to effectively prevent direct CO, breakthrough. Next, from
Figures 5 and 6b, we can see that by adding curvature to the barriers, these curved barriers retain both greater
column height and higher NWP saturation underneath each barrier than can their flat counterparts. Consequently,
curved barriers trap significantly more NWP than can flat barriers with the same barrier length. Furthermore, NWP
trapping also increases with barrier length for curved barriers, same as the previous case for flat barriers.
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Figure 4. Tank-scale simulation results for flat barriers. a) Simulation domains with increasing barrier lengths
(marked in cm on top). White: coarse-grained matrix. Gray: fine-grained barriers. All barriers are 2 cm thick. b-e):
Single-run NWP-saturation fields for the corresponding simulation domains shown in (a) and with different barrier
bead types (Fine 1, Fine 2, etc.).
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Figure 5. Tank-scale simulation results for curved barriers. a) Simulation domains with increasing barrier lengths
(marked in cm on top). White: coarse-grained matrix. Gray: fine-grained barriers. All barriers are 2 cm thick. b)
Single-run NWP saturation fields for the corresponding simulation domains shown in (a) and with the barrier facies
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Figure 6. Mean domain NWP saturation values averaged over 100 stochastic runs for different relative barrier
lengths computed from the tank-scale simulation results. a) Results corresponding to Figure 4. Legend shows barrier
facies. b) Results corresponding to Figure 5. Curved/flat: barrier shape. Closed/open: barrier boundary condition.
Relative barrier length: barrier length divided by the domain size. Whiskers indicate standard deviation in the
stochastic simulation results.

3.3

(b).

Field-scale simulation results

MIP simulations were run on two thin field-scale vertical domains shown in Figure 7 to compare the effects
of barrier extent on the vertical migration distance of the plume. Two domains with different correlation lengths in
the lateral direction are shown in Figure 7. When the same fixed amount of CO, (0.1 Mt) was injected into both
domains, it is clear that the plume vertical migration distance is more limited for case (b) with longer barriers and
therefore a larger storage capacity. However, the plume lateral migration distance also appears to be greater for case

10
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Figure 7. Field-scale simulation results showing plume saturation for the same fixed amount of CO, injection into
two domain scenarios with different lateral correlation lengths: 10 cells (a) and 40 cells (b). White: sandstone
matrix. Gray: shale barriers. S,,,: cell-wise CO, saturation. Values for the relative plume size, average plume
saturation (Sp;,me), and the domain saturation (S;,main) for the whole domain are shown. The vertical exaggeration
ratio for the domain is 20.

4 Discussion

4.1 Flow regime

The flow regime that is investigated by both the experimental and simulation results presented is dominated
by buoyancy and capillary forces, with little or no viscous forces. This flow regime is most representative of the CO,
plume away from the injection well during the injection period, during which viscous forces caused by injection
pressure quickly dissipate (Jackson and Krevor, 2020; Meckel and Bryant, 2014). This flow regime also applies to
the CO, plume during the entire post-injection period when the only driving force for the plume’s upward migration
is buoyancy (Hesse et al., 2006). Under such a strongly buoyancy- and capillary-dominated flow regime, the NWP
fluid is no longer a single connected phase in the domain. This can be clearly observed in both the experimental and
simulation results (Figure 2), where each barrier traps NWP fluid independently, unaffected by the existence and
trapping amount of the other barriers. Therefore, the CO, storage capacity of such a composite confining system is
expected to directly scale with the number and area of barriers present in the system.

4.2 Grain size contrast

From the tank-scale simulation results, it is clear that an increasing grain size contrast between the matrix
and the barrier facies retains more NWP fluid, due to the increase in the barrier capillary entry pressure that hinders
NWP vertical flow, consistent with previous results (Krishnamurthy et al., 2022; Ni et al., 2023). From Figure 4 and
Figure 6a, it can be observed that grain size contrast significantly impacts the NWP flow path as a finer barrier grain
size promotes more NWP lateral flow and less vertical breakthrough, hence attaining a greater domain saturation.
The threshold barrier grain size that can completely divert NWP flow (prevent NWP breakthrough) according to the
tank-scale simulations is Fine 4, which is the finest bead type used in the physical experiments. This matrix/barrier
grain size contrast is equivalent to the grain size difference between coarse sand and medium sand (Wentworth,
1922), and has a capillary entry pressure ratio of 0.45. By assuming that both the matrix and the barrier facies have
the same Leverett J-function as well as constant porosity, interfacial tension, and contact angle values, we can use
Equation (2) to convert the capillary entry pressure ratio (Praerix/ Poarrier) INt0 an approximate permeability ratio
between the vertical and the horizontal directions (k,,/k;,) (Leverett, 1941). The resulting threshold k., /k;, value is
0.21, which is much greater than effective k,,/k; values displayed by realistic composite confining systems
consisting of interbedded sand and shale, which are on the order of 10~* to 10~3 (Bump et al., 2023).
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4.3 Column height buildup

As shown by Figures 2 and 3, allowing the NWP to build up column height can significantly increase the
amount of NWP retained. In reality, a closed barrier boundary condition modeled by Experiment C would represent
a larger barrier that extends well beyond the experimental domain, a barrier with favorable topography (such as
curvature or ridges), or another type of structure (such as a sealing fault or a deformation band). Another possible
cause of a closed barrier would be multiple flat barriers stacked together to form an enclosure. All of the
aforementioned reasons could lead to NWP column height buildup, which is desirable in terms of NWP or CO,
trapping. From Figures 4d, 5b, and 6b, by comparing the tank-scale simulation results for flat and curved barriers, it
is straightforward to see that while increasing the length of the flat barriers improves the NWP domain saturation to
a maximum of 0.02, adding curvature to the barriers can improve the NWP domain saturation up to 0.11. Again, this
is because it is easier for the NWP to build up column height underneath the barriers when curvature is added.
Therefore, while extensive, long barriers can retain CO, in a composite confining system, favorable barrier
topography is expected to further increase the CO, trapping capacity of the system.

4.4 Extension to the field scale

Although the scale of both the physical experiments and the tank-scale simulations is small, the general
trends displayed by the results should still hold at greater scales. There appears to be a tradeoff between vertical and
lateral plume migration extent in barrier systems as shown in Figure 7. This result is consistent with the full-physics
simulation results conducted in both 2D domains by Bakhshian et al. (Bakhshian et al., 2023) and 3D domains by
Flett et al. (Flett et al., 2007). Figure 7b also demonstrates that as long as the injected CO, amount does not exceed
the storage capacity, plume vertical migration is contained. The previous study conducted by Bump et al. (Bump et
al., 2023) used a full-physics reservoir simulator (CMG-GEM) to investigate the effectiveness of a composite
confining system overlaying an injection interval in a realistic 3D geological model representative of the Louisiana
Miocene formation. Although this field-scale simulation study incorporated viscous forces in the simulation, the
following general trend still holds: despite the presence of barriers as short as 6% of the domain size, the CO, plume
migration was found to be overwhelmingly lateral, flowing updip underneath the capillary barriers, exhibiting little
vertical propagation into the confining zone (Bump et al., 2023).

45 Simulation mismatch

Several possible factors exist that can contribute to the mismatch observed between the experimental and
the corresponding simulation results. First, light refraction in the experimental images causes a smearing effect
around regions with high NWP saturation. Such an effect would lead to an increased plume size and a reduced
average plume saturation computed based on the experimental data. Second, the simulation domains do not
completely replicate the experimental domains. For example, compared to the experimental domains, the simulation
domains have slight differences in barrier shapes (Experiments A, B) and an absence of vertical fine-grained barriers
(Experiments B, C). Finally, the MIP algorithm is a reduced physics model and lacks the ability to model viscous
forces or flow path splitting. Viscous forces due to injection may not be zero as it can be observed that NWP
saturation tends to be greater for barriers immediately above the injection inlet for the experiments (Experiments A,
B). Furthermore, the MIP algorithm could not model the lateral plume spreading behavior observed in Experiment
A, where a buoyant plume encountering a short barrier could simultaneously flow both to the left and right of that
barrier to then contact multiple barriers above. This behavior was not observed in any of the 100 stochastic matching
simulations for Experiment A because the MIP algorithm does not appear to allow a single starting flow path to
further split into multiple flow paths when encountering a system of barriers which are open on both ends.

In literature, several previous studies have applied simulation methods to match to sand tank multiphase

fluid flow experimental results. Glass et al. (Glass et al., 2001) carried out similar MIP simulations to match the
results of their previous buoyancy-driven sand tank experiments conducted using CO,/water and trichloroethylene
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(TCE)/water fluid pairs. The overall injected volumes matched well when the impact of viscous forces were
incorporated for the TCE case. Although the authors did not report barrier-level plume size and saturation values,
visual examination shows that there does appear to be discernable mismatches between the experimental and the
simulated saturation fields, similar to what is observed in this work. Furthermore, because the heterogeneous domain
investigated by Glass et al. only contains closed barriers (similar to those in Experiments B and C), we cannot infer
whether their simulation algorithm is capable of executing flow path splitting. More recently, Trevisan et al.
(Trevisan et al., 2017a) employed the same Permedia simulation module as used in this work to match their previous
sand tank experiments, which have both a homogeneous and a heterogeneous domain conducted with the Soltrol
220/glycerol-water fluid pair. By averaging over a series of MIP simulation results run on stochastically generated
property fields constrained by the facies map, they were able to show that the resulting ensemble probability field of
the NWP plume is significantly affected by the size of the grid cell, which impacts the Bond number of the flow
regime and hence the match to the experimental data. Finally, Sal6-Salgado et al. (Sal6-Salgado et al., 2023b)
modeled the recently published FluidFlower sand tank experiments conducted with gaseous CO, and water to
investigate both capillary and dissolution trapping effects. A generally good free-phase CO, plume size matching
was demonstrated by Sald-Salgado et al. as the FluidFlower experimental setup focuses on CO, dissolution and does
not provide continuous saturation fields within the multiphase region (Ferno et al., 2023).

Other than by obvious methods such as improving the experimental data acquisition and data processing
techniques as well as having higher fidelity simulation domain geometries, the simulation mismatch can mainly be
reduced by accounting for the missing physics in the MIP algorithm, such as by incorporating the impact of viscous
forces as was done by Glass et al. (Glass et al., 2001). In addition, grid cell size adjustment may also improve
simulation mismatch (Trevisan et al., 2017a), and having more accurate petrophysical and multiphase flow input
values may also further improve matching, or at least improve the ease of conducting manual history match (Sal6-
Salgado et al., 2023b). In terms of predicting CO, storage capacity at the field scale, the presence of the
aforementioned simulation mismatch means that the MIP algorithim tends to under-predict the CO, plume size and
over-predict the plume saturation. Such results would impact CO, dissolution trapping evaluations, which rely on an
accurate free-phase plume front prediction.

5 Conclusion

In this work, we conducted both physical experiments and MIP simulations to investigate how barrier
extent, shape, gradation, and grain size contrast impact the CO, storage capacity of a composite confining system
under a buoyancy- and capillary-dominated flow regimes. The MIP simulations have been shown to effectively
capture the experimental NWP saturation values. From both the tank-scale experimental and simulation results, the
following conclusions can be drawn. First, for a composite confining system, even relatively small grain size
contrast between the matrix and barriers is capable of diverting CO, flow. Second, the amount of CO, trapping
increases with grain size contrast until the point at which the barriers can completely divert NWP flow. Third,
favorable barrier topography (e.g., anticlinal shape) can increase the amount of CO, trapping significantly, while the
presence of fining upward gradation layers does not appear to greatly promote trapping. Fourth, barriers with greater
areas (or lengths in 2D) retain more CO, regardless of barrier topography. This still holds true at the field scale.
Finally, field-scale MIP simulations have verified that barrier length or area is an important factor impacting the
storage capacity of composite confining systems, consistent with the experimental results.
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