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Abstract: During carbon capture and sequestration, capillary forces and buoyancy effects strongly
influence CO2 migration and plume geometry. To understand interactions between these processes, we
implement a numerical modeling experiment of CO2 injections in a sandstone reservoir to understand
how parametric variability reported in the literature affects numerical predictions of CO2 migration. We
simulate ten years of supercritical CO2 (scCO2 ) injections for 189 unique parameter combinations (entry
pressure, Po , and van Genuchten fitting parameter, λ) that control the van Genuchten capillary pressure
model. Results are analyzed on the basis of a dimensionless ratio, ω, which is a modified Bond number
that defines the relationship between buoyancy pressure and capillary pressure. When ω > 1, buoyancy
governs the system and CO2 plume geometry is governed by upward flow. In contrast, when ω < 1,
then buoyancy is smaller than capillary force and lateral flow governs CO2 plume geometry. We show
that the ω ratio is an easily implemented screening tool for qualitative assessment of CO2 distribution
characteristics. We also show how parametric variability affects the relationship between buoyancy and
capillary force, and thus controls CO2 plume geometry: (1) small entry pressure Po encourages vertical
flow and large entry pressure Po inhibits vertical flow; and (2) the van Genuchten fitting parameter λ
exhibits minimal control on the spatial distribution of CO2 , as evidenced by the 2 × difference between
C 2018
the ω/Po and ω/λ gradients quantified using response surface analysis of the ω ratio. 
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Introduction
arbon capture and sequestration (CCS)
is being considered as a technological approach
to mitigate the adverse effects of excessive
atmospheric CO2 , which has been implicated in rising

C

global temperatures and other serious environmental
issues.1–5 During CCS, the CO2 produced at point
source generators (e.g., gas- or coal-fired power plants,
ethanol factories) is captured and injected into deep
geologic reservoirs to prevent atmospheric release.
Deep brine aquifers have been recognized as suitable
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CCS reservoirs on the basis of (1) widespread
worldwide distribution1,6,7 and (2) much larger CO2
storage capacity in comparison to depleted oil/gas
reservoirs, and coal beds,4,8 which need to be fully
depleted for maximum storage capacity.1,5
The success of a CCS project depends on whether or
not the injected CO2 remains isolated in the disposal
reservoir over timescales beyond 104 years.5,9 Within
sedimentary basins, a typical CCS reservoir
morphology is characterized by a high-permeability
sandstone or carbonate aquifer that is sealed from
above by a low permeability cap rock, such as shale.10
In this configuration, the brine aquifer is the target
reservoir for CO2 injection and storage, and the
overlying cap rock serves as a barrier to prevent CO2
leakage. Within a layered sedimentary basin, there are
four types of CO2 -trapping mechanisms, which are
based on different physical processes and, as a result,
occur over differing time scales. The four CO2 trapping
mechanisms, in order of increasing temporal efficacy,
are: (1) structural trapping, (2) capillary trapping
(residual trapping), (3) dissolution trapping (solubility
trapping), and (4) mineral trapping.8,10,11 Structural
trapping is the mechanism by which the cap rock
inhibits the vertical flow of buoyancy-driven CO2 , thus
trapping CO2 within the disposal reservoir.10,12
Capillary trapping (or residual-phase trapping) is a
process in which drainage and subsequent imbibition
results in immobilized CO2 due to capillary effects.12,13
Solubility trapping is the process by which CO2
dissolves in brine, thus increasing the aqueous phase
density and causing the CO2 to sink within the
reservoir.12,14 Mineral trapping is the optimal trapping
mechanism during which CO2 acidifies the formation
brine, causing mineral grain dissolution and
precipitation of carbonate mineral phases, which
results in permanent CO2 isolation.14,15
In the context of CO2 sequestration, there are two
fluid mass components, brine, and CO2 . The CO2 mass
component is typically injected at depths greater than
800 m, where it exists as a supercritical phase fluid and
is thus kinetically favorable for transportation.16 This
supercritical CO2 (scCO2 ) phase is commonly called
the ‘gas phase’ because it has been shown that scCO2 is
typically the non-wetting phase in a CO2 -brine system.
In contrast, the brine mass component is the ‘liquid
phase’, which is the wetting phase in the CO2 -brine
fluid system.17 The fraction of CO2 dissolved in brine is
referred to as aqueous phase CO2 (aqCO2 ). It is also
worth noting that water vapor can dissolve in scCO2 ;
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however, the solubility of water in CO2 is much lower
than the solubility of CO2 in water.18 As CO2 has lower
solubility in brine than in pure water,19 the two fluid
components, CO2 and brine, are generally treated as
immiscible fluids in the porous medium. In a pore
space, at the boundary between these two fluids,
interfacial tension exists because there is a pressure
difference (capillary pressure) across the boundary;20
thus the CO2 -brine system is referred to as a capillary
system. During the process of CO2 injection and
subsequent trapping in the reservoir, capillary pressure
(Pcap ), relative permeability (krel ), and gravity forces
(including buoyancy) significantly affect the mobility
of each mass component, and the distribution of
different phases.1,7,20,21 As a result, interactions
between relative permeability, capillary pressure, and
phase mobility are relevant for assessing the storage
efficacy of CO2 sequestration projects.
Due to large differences between density of the
injected CO2 and the formation brine, CO2 is buoyant
and there is potential for leakage to shallower depths
and/or atmospheric release.22–24 To understand how
multi-phase reservoir properties affect CO2 mobility in
porous geologic media, numerous laboratory and
simulation studies have been completed to quantify
how variations in water saturation affect both relative
permeability and capillary pressure characteristics.25–28
For example, Pollyea29 shows how relative permeability
uncertainty affects injection pressure accumulation and
CO2 plume geometry, and Juanes et al.30 conclude that
relative permeability hysteresis is required to assess the
immobilized amount of CO2 accurately through
capillary trapping. Similarly, Han et al.31 found that
heterogeneous permeability fields with greater
anisotropy potentially maximize residual CO2
trapping.
To assess the efficacy of geologic CO2 sequestration
prior to the construction of a large-scale project,
reservoir-scale numerical simulations are commonly
used to understand the risk profile and performance
attributes of CO2 sequestration sites better.18 To
implement numerical simulation for site-scale
performance or risk assessment, rock properties must
be known or estimated for every location in the
reservoir; however, there are frequently insufficient
data available at the reservoir scale. As a result, data
obtained from laboratory experiments on core samples
are commonly used to represent reservoir properties at
much larger scales.32 In the context of CCS modeling,
capillary pressure drainage curves are an important
Greenhouse Gas Sci Technol. 8:1039–1052 (2018); DOI: 10.1002/ghg
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Figure 1. Experimental capillary pressure measurements of sandstone samples
in the literature, and range of capillary pressure curves used in this study. Black
solid lines represent van Genuchten capillary pressure models (Eqns (1) and (2)),
which bound the range of capillary pressure measurements, while the dashed
line represent an intermediate case. Each van Genuchten model is specified with
unique λ and Po parameter combinations, and the remaining parameters (Sls , Slr )
are identical (Table 1).

system attribute that is typically measured at laboratory
scales and then directly incorporated into numerical
models. For example, Andre et al.33 use a
laboratory-measured gas-water capillary pressure curve
to simulate the near-well field to determine the optimal
CO2 injection rate. These results show that capillary
forces play an important role during the desiccation
process near injection wells and a sufficiently high
gas-injection rate can overcome the capillary forces. In
addition, Berg et al.34 and Roels et al.35 observed the
important impact of capillary forces on salt
precipitation near the injection well, which results in a
potential well-clogging risk. However, at the same time,
much research has proven that heterogeneity at the
sub-core scale affects capillary pressure-saturation
curves, which can significantly affect simulated CO2
saturation profiles.6,26,27,36 One implication of sub-core
heterogeneity is that experimentally derived capillary
pressure-saturation models exhibit a wide range of
both entry pressure and curvature for the same rock
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type. For example, capillary pressure measurements for
sandstone core samples show as much as two or three
orders of magnitude difference for a given
wetting-phase saturation.21,33–35,37,38 Specifically, these
latter studies indicate that capillary pressure can range
from 60 kPa to 8,000 kPa, and entry pressure can range
from 1 kPa to 200 kPa, and this variability increases as
the wetting-phase saturation decreases (Fig. 1).
The objective of this study is to discover how this
substantial variability in experimental capillary
pressure measurements affects the scCO2 movement
and the shape of the plume in a sandstone reservoir
during CO2 injection. In doing so, a numerical
modeling experiment is used to quantify the effects of
variability in capillary pressure models during CO2
injections with an emphasis on the drainage phase of
the process. Results from this study provide a better
understanding of the mechanisms for the movement of
CO2 in the subsurface, which can benefit the efficiency
of numerical models used to understand the risk
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Figure 2. Two-dimensional symmetric model domain used in this study. The
injection well is modeled as a single column of grid cells with 0.1 m radii located
in the domain center. The next 949 grid cell radii increase logarithmically to
10 000 m, after which 50 grid cells increase logarithmically to 100 000 m. The
sandstone reservoir thickness is 16 m and all the grid cells have a constant 2 m
thickness. Supercritical CO2 injection rate through the injection well is 8.0 kg s−1
(252 461 MT year−1 ) and injection time is 10 years.

profile and performance attributes of CO2
sequestration projects.

Conceptual model and methods
For this study, a numerical modeling experiment is
implemented to understand how capillary pressure
variability affects gas and aqueous phase partitioning
and plume geometry during CO2 injections in a
sandstone reservoir. The conceptual model comprises a
synthetic homogeneous sandstone reservoir with 16 m
thickness and 100 km lateral extent (Fig. 2). The model
domain is discretized as a 2-D radially symmetric
cylinder with constant 2 m grid cell thickness. The
injection well is modeled as the innermost column of
grid cells with radii of 0.1 m. Beyond the injection well,
949 grid cells are discretized with logarithmically
increasing increments (r) from 0.1 m to 10 000 m,
and 50 additional grid cells are discretized with
logarithmically increasing r between 10 000 m and
100 000 m to represent a semi-infinite far-field
dimension. This 100 km lateral dimension is designed
to ameliorate pressure feedbacks from the far-field
boundary. As a result, upper, lower, and far-field
boundaries are specified as adiabatic (no flux)
boundaries, and the innermost boundary is specified
with a Neumann condition to represent a constant rate
of CO2 injection. Initial conditions represent a disposal
reservoir at 2000 m depth (20 MPa fluid pressure) and
temperature of 75°C, thus injected CO2 will exist in the
supercritical phase.3,4,15,22 Porosity and permeability
parameters in this study are specified using the
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Table 1. Bulk reservoir properties used in this
model.
Reservoir properties

Property

Symbol

Value

Units

Pf

20

MPa

Fluid pressure
Temperature

T

75

°C

CNaCl

10,000

ppm

Permeability

k

4 × 10−13

m2

Porosity

φ

0.2

—

Density

ρr

2038

kg m−3

Specific heat

Cp

1000

J (kg K)−1

Thermal conductivity

κr

1.6

W (m K)−1

Salinity

Relative permeability model

Property

Symbol

Value

Units

λ

0.457

—

Residual liquid saturation

Slr

0.3

—

Saturated liquid saturation

Sls

1.0

—

Residual gas saturation

Sgr

0.25

—

van Genuchten fitting parameter

measurements from Berg et al.,34 and the complete list
of system parameters are presented in Table 1.
In 2016, the total US energy-related CO2 emissions
were 5171 million metric tons.39 In this study, scCO2 is
injected into the reservoir for 10 years with a constant
rate of 8.0 kg/s, which is equivalent to 252 461 metric
tons per year (MT year−1 ). This injection rate is
Greenhouse Gas Sci Technol. 8:1039–1052 (2018); DOI: 10.1002/ghg
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distributed evenly (1.0 kg/s) within each of the eight
grid cells comprising the injection well, and we assume
the CO2 is injected at reservoir temperature and
pressure to focus analysis on the effects of capillary
pressure uncertainty. The amount of CO2 injected in
this study is equivalent to the annual emissions from a
140 MWh natural gas fired power plant.40
Capillary pressure-saturation curves have been
measured experimentally in rock cores from numerous
CCS sites worldwide. A literature review of these
experimental CO2 -brine capillary pressure (Pcap )
measurements reveals highly variable Pcap -saturation
curves for the typical sandstone reservoir rocks
(Fig. 1). The aim of this study is to quantify the effects
of this Pcap variability on CO2 movement and plume
development during a 10-year injection period at
reservoir scale.
For this study, capillary pressure effects are accounted
for in multi-phase CO2 -brine flow using the van
Genuchten model, which relates capillary pressure
across the CO2 -brine interface as a function of wetting
phase saturation.41,42 In this formulation, capillary
pressure is calculated as:
1−λ
  1
−
Pcap = −Po S∗ λ − 1
(1)
where Po is the entry pressure, which characterizes the
pressure required for the gas phase to first enter the
pore network, λ is related to the van Genuchten fitting
parameter, which controls the curvature of the model,
and S∗ is the effective wetting phase saturation, which
is defined as
S∗ =

Sl − Slr
Sls − Slr

(2)

For Eqn (2), Sl is wetting phase saturation, Slr is the
residual wetting phase saturation, and Sls is the
saturated wetting phase saturation. The wetting phase
in porous media becomes immobile if the liquid
saturation reaches Slr , while Sls is the saturation when
the wetting phase is fully mobile. The effective wetting
phase saturation rescales the wetting phase saturation
from 0 to 1 over the range of saturation states in which
mass components are mobile.
Four van Genuchten models of capillary pressure can
effectively bound the variability of experimental
measurements acquired from the literature (Fig. 1,
solid black lines). These experimental data are from
various sandstone core samples acquired from various
geologic formations, including Cardium (porosity (φ)
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Figure 3. Capillary pressure parameters used in this
study. The λ parameter controls curvature in the van
Genuchten model, and entry pressure (Po ) represents
the pressure drop across the interface. Individual
simulations are performed for 189 unique
combinations of λ and Po . The five color cases denote
parameter combinations for the van Genuchten
models that represent the four end-member cases
and one intermediate case for the experimental
capillary pressure-saturation measurements (note that
colors correspond with shading in Fig. 1).

= 0.15), Berea (0.20  φ  0.22), Arqov (φ = 0.11),
Vosges (φ = 0.22), and Bentheimer (φ = 0.21). These
capillary pressure models are characterized by two
parameters (λ and Po ) of the van Genuchten model,
and the full range of experimental variability is
accounted for when λ ranges from 0.4 to 0.8 and Po
ranges from 1 kPa to 200 kPa. A parameter table
defining these capillary pressure models is developed
by varying λ and Po to fully bound the range of
experimental measurements (Fig. 3). As a result, Slr and
Sls are 0.0 and 0.999, respectively, and remain constant.
The maximum capillary pressure is determined as
50 MPa based on the experimental measurements. The
relative permeability model is also an important factor
controlling the multi-phase CO2 -brine flow,29 but in
this study the influence of capillary pressure is isolated
by maintaining the same relative permeability model
for each simulation. Relative permeability parameters
are listed in Table 1 and the generic relative
permeability curves are illustrated in Fig. 4.
The code selection for this study is TOUGH3,43
which is compiled with the fluid property module,
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ratio of buoyancy pressure to capillary pressure within
each grid cell for each of the model scenarios (Fig. 7).
To understand how ω varies across the complete
parameter space, Fig. 8 presents the average ω ratio
calculated from all grid cells with non-zero CO2
saturation for each run in the complete ensemble of
189 simulations (i.e., λ and Po combinations). All the
figures show the results at the end of 10 years’ injection
time.

Discussion
Carbon dioxide plume geometry

Figure 4. Relative permeability (krel ) model used for
this study. Parameters presented in Table 1.

ECO2N.44 This module is designed for problems
involving geologic carbon sequestration, and is capable
of simulating mixtures of water, NaCl, and CO2 on the
basis of equilibrium solubility constraints.44 Each
combination of parameters (λ and Po ) represents one
simulation (each grid cell in Fig. 3), and a total of 189
simulations are completed over the parameter space.

Results
The model scenario simulates 10 years of CO2
injection, and a total of 189 simulations were
completed for the λ, Po parameter combination shown
in Fig. 3. The simulation results show the response of
CO2 movement and plume development as functions
of λ and Po during the injection period. To understand
the effects of capillary pressure variability, simulation
results are analyzed for four λ, Po parameter
combination bounding the parameter space (Fig. 1,
solid lines), and one λ, Po parameter combination
representing an intermediate case (Fig. 1, dashed line).
The gas (supercritical) phase CO2 saturation for these
five cases are shown in Fig. 5. Capillary pressure
strongly influences vertical CO2 flow, so the ratio of
vertical to horizontal mass flow rates is shown for gas
phase CO2 in Fig. 6. These figures illustrate that the
capillary pressure model strongly affects CO2 plume
geometry. To evaluate the competing effects of capillary
pressure and buoyancy pressure at grid-cell scale, we
calculate a modified Bond number (ω) to represent the
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Simulation results show that capillary pressure strongly
controls the spatial distribution of gas phase CO2 as it
flows away from the injection well into the storage
reservoir (Fig. 5). Interestingly, for low entry pressure
(Po = 1 kPa), CO2 plume geometry is remarkably
similar regardless of λ (Fig. 5A, B). Specifically, the
CO2 plume develops a cone shape with uniform CO2
saturation levels ranging between 0.5 and 0.7 within
the plume core and a small zone of decreasing CO2
saturation at the plume edge. As a result, the overall
plume geometry is generally governed by near vertical
CO2 flow within the lower half of the reservoir, while
spreading causes lateral flow in the upper half of the
reservoir. Moreover, as the CO2 injection well
encompasses the full thickness of the reservoir, the
vertical flow in the lower half and the lateral flow in the
upper half leads to the step shape at the edge of the
plume. This suggests that, when entry pressure is low,
buoyancy effects are the dominant control on CO2
distribution. For high-entry pressure cases (Po =
200 kPa), the CO2 plume geometry is characterized by
lower overall CO2 saturation levels that occupy a larger
vertical extent within the reservoir (Fig. 5D, E).
Interestingly, the influence of λ becomes pronounced
with increasing Po . In the context of the Pcap -saturation
curve (Fig. 1), the λ parameter governs curvature, so
that low λ results in higher Pcap for the same entry
pressure. As a result, the combination of low λ and
high Po is highly restrictive to buoyancy forces, and
lateral flow governs the plume geometry for this
scenario. In aggregate, these results indicate that Po is
the primary control on plume geometry, while λ is
influential only for high Po . Moreover, the effects of Po
on CO2 plume migration are that low Po favors
buoyancy (vertical flow), whereas high Po inhibits
vertical CO2 flow. As a result, Po is shown here to have
a significant effect on the physical trapping
Greenhouse Gas Sci Technol. 8:1039–1052 (2018); DOI: 10.1002/ghg
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Figure 5. Gas phase CO2 saturation after 10 years of constant rate CO2 injection at 8.0 kg
s−1 (252 461 MT year−1 ). A–E are the results for unique λ, Po parameter combinations
highlighted in Fig. 3.

characteristics of a clastic reservoir, which is a balance
between buoyancy and capillary force.

Vertical CO2 ﬂow
The previous discussion of CO2 saturation profiles for
five λ, Po combinations (Fig. 3) illustrates that
buoyancy governs the upward movement of CO2 in the
reservoir, and previous investigators have shown results
similar to Fig. 5.24,33,45 To characterize this behavior in
the context of variability in the Pcap -saturation model,
the ratio of vertical-to-horizontal gas phase CO2 flux
(VHF) is calculated for two depth transects through
each domain (Figs 2 and 6). In this article, VHF is used
for discussion but not the absolute vertical flux, which

C 2018 Society of Chemical Industry and John Wiley & Sons, Ltd.

is too small for quantitative comparison. The red line
represents the result at depth 2003 m, which is 3 m
beneath the top of the reservoir (Fig. 2) and the black
line is for 2009 m (9 m beneath the reservoir top).
The results reflect the degree of vertical flux at the
upper part and the center of the reservoir.
Similarly, when entry pressure is low, the effects of
increasing λ cause modest increases in the VHF ratio,
suggesting that λ plays a minor role in vertical CO2
flow (Fig. 6A, B). Figures 6A and 6B also show that the
VHF ratio at −9 m depth within the reservoir is larger
than that at −3 m depth, indicating that the vertical
component of CO2 flow is stronger at deeper depths
within the reservoir and this effect also increases
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Figure 6. Vertical to horizontal flow ratio (VHF) of supercritical CO2 for the five λ, Po
parameter combinations highlighted in Fig. 3. The VHF is a ratio of vertical flow rate (kg/s)
and horizontal flow rate (kg/s). Red and black dots represent depths −3 m and −9 m,
respectively. If flow ratio is positive, gas phase flows upward. If flow ratio is negative, gas
phase flows downward. We further note that oscillations in the VHF profiles result from (1)
rapid upward flow that occurs at grid cells bounding the plume, particularly within low Po
cases, and (2) lower buoyancy force in the grid cells just beyond the plume where CO2
dissolution increases brine density.

modestly with increasing λ. Alternatively, for high
entry pressure cases (λ = 0.7, Po = 40 kPa and λ = 0.8,
Po = 200 kPa), the VHF for both depths approaches nil
except when there is some downward gas phase CO2
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flux at the edge of the plume (Fig. 6C, E). The
downward flux at −9 m is larger in comparison to the
downward flux at −3 m. Specifically, for the case with
high entry pressure and small λ (λ = 0.4, Po =
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Figure 7. Log ω for the five λ, Po parameter combinations highlighted in Fig. 3. Red
indicates log ω > 0, which is the buoyancy driven region; while blue indicates log ω < 0,
which is the capillary force driven region.

200 kPa), the vertical gas phase CO2 movement also
only happens at the edge of the plume but in the
upward direction (Fig. 6D). However, the scale of this
vertical movement is negligible. For each case, around
50 m away from the injection well, which is also the
edge of the fully saturated CO2 zone, there is an
unexpected fluctuation of vertical movement. This
results from a large drop in saturation across the
interface between the fully drained zone and CO2
plume.

Buoyancy versus capillary force
To understand the mechanism of upwardly mobile
CO2 flow better, we interrogate the buoyancy

C 2018 Society of Chemical Industry and John Wiley & Sons, Ltd.

characteristics of the CO2 -brine capillary system in the
context of variability in capillary pressure-saturation
models.

Quantifying buoyancy characteristics
The displacement of wetting phase fluids (drainage)
during CO2 flow within porous media is thoroughly
discussed in Lenormand et al.46 and Lenormand.47
Specifically, the behavior of non-wetting phase
invasion is described by a set of dimensionless
numbers: the capillary number (Ca), the viscosity
number (M), and the Bond number (Bo), the latter
defining the importance of gravitational forces
compared to surface-tension forces. As the geometry of
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Figure 8. Response surface for ω̄ calculated for the complete ensemble of 189
simulations (Fig. 3). Red shading indicates log ω̄ > 0, which is a
buoyancy-dominated reservoir, whereas blue indicates log ω̄ < 0, which is a
capillary force-dominated reservoir.

a porous network in simulation is different from that of
experimental samples, Løvoll et al.48 redefined the
Bond number:
Bo =

ρgl r̄
2γ

(3)

where, ρ is the density difference between immiscible
fluids, g is gravitational acceleration, l is the tube
length, r̄ is the average tube radius over the system, and
γ is the surface tension.
For this study, we augment the Bond number to
account for variable phase saturation, and demonstrate
its relationship with buoyancy and capillarity.
The direction of buoyancy is always upward because
the formation brine is more dense than free-phase
CO2 . In contrast, the capillary force is the resisting
force for inhibiting upward CO2 from invading into the
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pore network. These two forces, which work in
opposite directions, are responsible for the movement
of vertical CO2 flow. In this study, we introduce the
parameter ω, which, like Bo, is the ratio of buoyancy
pressure to capillary pressure; however, ω is developed
in terms of the relative fraction of non-wetting CO2 in
the pore network and allows a direct quantitative
assessment of the capillary system on the basis of
numerical simulation results. Specifically, ω is the ratio
of (1) buoyancy pressure attributable to the density
differential between the CO2 and brine and scaled by
CO2 saturation and, (2) capillary pressure as quantified
during simulation by Eqn (1). The parameter ω is
described qualitatively as
ω=

buoyancy pressure
capillary pressure

Greenhouse Gas Sci Technol. 8:1039–1052 (2018); DOI: 10.1002/ghg
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and defined mathematically as
ω=

(ρw − ρnw ) gbSnw
Pcap

(5)

where, ρ w and ρ nw are brine and CO2 density,
respectively, g is gravitational acceleration, b is grid
cells thickness (2 m), Snw is gas-phase CO2 saturation,
Pcap is capillary pressure, which is calculated within
each model grid cell on the basis of the capillary
pressure-saturation model (Eqn (1)), and Sw is brine
saturation where Snw + Sw = 1. When buoyancy
pressure is larger than capillary pressure, then ω > 1,
and upward CO2 flow is favored. In contrast, when
buoyancy pressure is smaller than capillary pressure,
then ω < 1, and capillary pressure governs the capillary
system and upward CO2 movement is inhibited.

Balance of buoyancy and capillarity
To evaluate the relationship between buoyancy and
capillary force within simulations described by highly
variable Pcap -saturation curves, the ω value is
calculated for each grid cell and plotted on a log scale
(Fig. 7). In Fig. 7, the red shading indicates that log
ω > 0, resulting in the scenario where buoyancy is the
dominating force and gas phase CO2 moves upward.
Conversely, the blue shading in Fig. 7 indicates that log
ω < 0, which represents a system governed by
capillarity in which upward flow is inhibited.
In Fig. 7, the buoyancy-dominated scenarios
(log ω > 0) are apparent for simulations characterized
by low entry pressure (Po  1 kPa). In contrast, the
capillary force-dominated scenarios (log ω < 0) are
presented in the simulations with medium-to-large
entry pressure (Po  40 – 200 kPa). Capillarity also
appears to govern the lateral plume boundaries for the
two model scenarios defined by low entry pressure. For
the two Po = 1 kPa simulations, capillary pressure is
smaller and this results in the buoyancy-dominated
upward CO2 movements (Fig. 7A, B). However, for the
other three simulations with medium to high entry
pressure, capillary pressure is larger than buoyancy
pressure so that the log-scale ω value is negative
(Fig. 7C-E). As a result, in these cases, upward CO2
movements are diminished.
At the edge of the CO2 plume, for low entry-pressure
cases, there is a situation in which capillary force is
larger than buoyancy (Fig. 7B, blue shading). This
results from comparatively high water saturation at the
edge of the plume where pore drainage is in the early
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stages, thus capillary pressure is greater than buoyancy
pressure. This occurs because low CO2 saturation does
not exert sufficient buoyancy to overcome the capillary
pressure. As the injection of CO2 continues, there is
more CO2 invading into pores and buoyancy increases,
which leads to the CO2 upward flow.

Effects of parametric variability
The modeling results discussed above indicate that ω is
an effective way to determine the potential for
upwardly mobile gas-phase CO2 flow. To evaluate how
ω varies across the complete ensemble of 189
parameter combinations (λ and Po ) simulated for this
study (Fig. 3), we calculate an average ω value for each
simulation and plot the results as a response surface in
λ-Po space (Fig. 8). From top right to bottom left of
Fig. 8, the curvature of the response surface shows
systematic change from buoyancy to capillarity control
on the overall multiphase fluid system behavior.
Specifically, the ω/Po gradient is approximately two
times greater than the ω/λ gradient, which indicates
that entry pressure is the primary control on whether
the CO2 -brine system is characterized by buoyancy or
capillarity. In addition, the λ-Po parameter threshold at
which ω̄ is equal to one (log ω̄ = 0) represents the λ-Po
parameter combinations that determine whether the
capillary system is governed by buoyancy or capillarity.
The conclusion obtained from the average ω response
surface is consistent with the conclusion from vertical
gas phase flux analysis, which is that Po strongly
governs the vertical CO2 flow and λ only with minimal
influence on CO2 vertical flow. Low entry pressure
encourages vertical CO2 flow and represents a
buoyancy-dominated situation. In the low entry
pressure cases, vertical flow is favored, which results in
lateral spreading of free-phase CO2 at the top of the
storage reservoir. In contrast, high entry pressure
inhibits vertical CO2 flow and indicates capillary force
exhibits a stronger control on CO2 distribution. For
medium to high entry pressures, simulation results
show that horizontal CO2 flow is favored, which results
in a more compact plume with CO2 distribution
vertically throughout the reservoir.

Conclusion
Experimental measurements of capillary pressure
(Pcap ) in the CO2 -brine-sandstone system vary
significantly in both Pcap magnitude and curvature over
the full range of wetting phase saturation. To
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understand the implications of this variability in the
context of industrial-scale CO2 injection operations,
this study implements a numerical modeling
experiment to quantify CO2 flow characteristics over
the range of measured Pcap saturation curves acquired
from experiments on sandstone cores. For this study,
we use the van Genuchten capillary pressure model to
bound an ensemble of experimental measurements in
the literature, and simulate CO2 injections into a
synthetic sandstone reservoir when the parameters
(λ and Po ) controlling the Pcap saturation curve are
systematically varied over the parameter space. Using
results after 10 years of constant-rate CO2 injection,
this study yields insights into the competing roles of
capillarity and buoyancy as CO2 invades porous
sandstone at reservoir scale. For the given model
scenario, the primary conclusions of this study are
summarized below:
1. In the van Genuchten Pcap -saturation model, entry
pressure (Po ) controls the barrier to CO2 invasion in
a fully saturated pore network, while λ governs the
rate of capillary pressure rise during drainage.
Results from this study indicate that Po is the
first-order control on plume geometry, while λ
exerts second-order effects only in the scenarios
characterized by high Po .
2. Entry pressure governs vertical CO2 flow and the
CO2 distribution appears minimally impacted by
the selection of λ. For low entry pressure, the
upward CO2 flow is encouraged. However, for high
entry pressure, the upward CO2 flow is inhibited.
3. Buoyancy and capillary force govern the spatial
distribution of CO2 within a disposal reservoir, and
we illustrate how these competing effects can be
readily summarized in simulation results using the
ω ratio, which is a modified Bond number and
relates buoyancy pressure to capillary pressure. At
the scale of individual simulations, the ω ratio
illustrates locations within the CO2 plume in which
buoyancy or capillarity will govern free-phase CO2
flow. Similarly, the average ω across an ensemble of
simulations is shown to be an effective metric for
response surface analysis indicating which λ, Po
parameter combinations result in capillarity or
buoyancy dominant CO2 reservoirs.
In conclusion, the results of this study yield important
insights into the implications of capillary pressure
uncertainty at reservoir scale. Although the modeling
experiment implements a highly simplified
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representation of the reservoir scale CO2 -brine system,
this approach reveals the fundamental physics that
become manifest as the λ, Po parameter space is
systematically varied. Consequently, the result of this
study may prove useful towards understanding how
more complex, heterogeneous CO2 -brine-sandstone
systems respond to industrial-scale carbon
sequestration operations.
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