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Abstract

Capillary pressure (Pc)‐saturation (Sw) relations are essential for predicting 
equilibrium and flow of immiscible fluid pairs in soils and deeper geologic 
formations. In systems that are difficult to measure, behavior is often 
estimated based on capillary scaling of easily measured Pc–Sw relations (e.g., 
air‐water, and oil‐water), yet the reliability of such approximations needs to 
be examined. In this study, 17 sets of brine drainage and imbibition curves 
were measured with air‐brine, decane‐brine, and supercritical (sc) CO2‐brine 
in homogeneous quartz and carbonate sands, using porous plate systems 
under ambient (0.1 MPa, 23°C) and reservoir (12.0 MPa, 45°C) conditions. 
Comparisons between these measurements showed significant differences in
residual nonwetting phase saturation, Snw,r. Through applying capillary 
scaling, changes in interfacial properties were indicated, particularly 
wettability. With respect to the residual trapping of the nonwetting phases, 
Snwr, CO2 > Snwr, decane > Snwr, air. Decane‐brine and scCO2‐brine Pc–Sw curves 
deviated significantly from predictions assuming hydrophilic interactions. 
Moreover, neither the scaled capillary behavior nor Snw,r for scCO2‐brine were 
well represented by decane‐brine, apparently because of differences in 
wettability and viscosities, indicating limitations for using decane (and other 
organic liquids) as a surrogate fluid in studies intended to apply to geological
carbon sequestration. Thus, challenges remain in applying scaling for 
predicting capillary trapping and multiphase displacement processes across 
such diverse fields as vadose zone hydrology, enhanced oil recovery, and 
geologic carbon sequestration.

1 Introduction

Understanding the behavior of multiphase fluid equilibrium and flow in 
porous geologic formations is needed to better predict fate and transport 
processes in vadose zone hydrology, geologic carbon sequestration (GCS), 
and enhanced oil recovery (EOR). Understanding how water and air move 
within the vadose zone is very important for predictions in agriculture, 
ecology, groundwater recharge, contaminant transport, and environmental 
remediation [Faybishenko, 1995; Sakaki et al., 2013; Jost et al., 2015]. GCS 
in saline reservoirs involves deep injection of carbon dioxide (CO2) produced 
in fossil fuel burning electric power plants, and has the potential to 



substantially reduce rates of increases in atmospheric CO2 and is among the 
most important technologies for mitigating global warming 
[Intergovernmental Panel on Climate Change, 2005; Benson and Cole, 2008].
At implementation, CO2 captured from anthropogenic sources is injected into
porous subsurface formations (mostly at depths > 800 m) for storage in its 
supercritical (sc) state. In EOR, water flooding and CO2 flooding of the 
reservoir are commonly implemented to increase oil recovery after 
production under in situ reservoir pressure [Yang and Reed, 1989; Enick et 
al., 2012; Farajzadeh et al., 2012]. Spontaneous imbibition, the process 
where native brine is drawn into a porous medium under capillarity to 
displace the oil in place, is dominated by the capillary and wettability 
characteristics of the reservoir formation. Likewise, the efficacy of water 
flooding and CO2 flooding processes (water or CO2 being forced through oil 
bearing rocks) is strongly affected by capillarity and wettability (and 
miscibility between CO2 and oil for CO2 flooding).

Common problems shared between GCS and CO2‐EOR operations include 
nonuniform displacement fronts and buoyancy‐driven flow of displacing fluid 
(i.e., CO2). The high mobility of CO2 relative to both water and oil, and 
heterogeneity of the reservoirs and caprocks, makes it very challenging to 
control the migration of CO2 [Enick et al., 2012]. In depth understanding of 
the capillary and wettability behaviors of geofluid pairs in reservoir formation
is a key to improve mobility control and sweep efficiency.

The fate and transport of aqueous (reservoir brine usually being the wetting 
phase (WP)) and nonaqueous (oil, CO2, and air usually as the nonwetting 
phase (NWP)) fluids including distribution, displacement, and entrapment are
complex processes central to these problems. Although many studies have 
been directed at understanding fundamental mechanisms controlling water 
and air transport in vadose zone [Haines, 1930; Leverett, 1941; Miller and 
Miller, 1956; Klute and Wilkinson, 1958; Parker et al., 1987], CO2 storage 
[Benson and Cole, 2008, Tokunaga and Wan, 2013; Iglauer et al., 2015; 
Krevor et al., 2015], oil migration in reservoirs [Yang and Reed, 1989; Enick 
et al., 2012; Mason and Morrow, 2013], and pore‐scale multiphase flow 
[Celia et al., 1995; Valvatne and Blunt, 2004; Blunt et al., 2013], this remains
a challenging area under active research. At the pore scale, interfacial 
phenomena (capillarity, interfacial tension, and wettability) govern the 
entrapment of air, CO2, and oil. Therefore, understanding the fundamental 
relations between capillary pressure (pressure of the NWP air/CO2/oil relative 
to the WP brine, Pc), brine saturation (Sw), wettability (i.e., contact angle, θ), 
interfacial tension (IFT, γ), and pore structure is the basis for mechanistic 
prediction of these important processes. How air and CO2 become trapped in 
the pore space on one hand, and how trapped oil is mobilized on the other 
hand can be better understood through measurements of Pc–Sw relations for 
air‐brine, scCO2‐brine and oil‐brine systems in well‐characterized reservoir 
media.



The distributions of air/CO2/oil and water in the reservoir are location and 
time‐dependent. During drainage, under the influence of the higher pressure 
in the NWP, air/CO2/oil displacement of resident water is controlled by the 
drainage Pc–Sw relation of the reservoir media. When the WP pressure 
increases relative to that of the NWP, air/CO2/oil retreat along the separate 
imbibition (rewetting) Pc–Sw curves. These capillarity and wettability‐driven 
processes are resisted by viscous/shearing drag and snap‐off of NWP ganglia,
making the reoccupation of the pores by water incomplete. The retained 
quantity of air/CO2/oil in the pore network constitutes the residual NWP 
saturation, Snw,r. Information on Snw,r is crucial for reliably predicting amounts 
of air that become trapped in the capillary fringe, CO2 that can be stored in 
deep saline aquifers, and oil that can be recovered from reservoir 
formations. Snw,r reflects the path and history‐dependent (hysteretic) 
characteristics of the Pc–Sw relations [Haines, 1930; Mason and Morrow, 
2013; Tokunaga et al., 2013; Wang and Tokunaga, 2015]. However, the 
complex interrelations between porosity, pore geometry and tortuosity, pore‐
size distribution, wettability, reservoir mineralogy, pore lining materials, fluid
properties, geochemistry, and interfacial chemistry make it very challenging 
to reliably predict the Pc–Sw relations and Snw,r across diverse media. Adding 
to this challenge are incompletely understood pore fluid dynamic 
phenomena including Haines jumps, thin film flow and snap‐off [Roof, 1970; 
Berg et al., 2013a; Deng et al., 2014].

Scrutiny of capillarity, wettability phenomena, and their synergy is important
to improve the understanding of capillary trapping and multiphase 
displacement processes. At hydrostatic equilibrium, the relationship between
Pc, γ and θ is described by the well‐known Young‐Laplace equation (equation 
1).

(1)

where R is the characteristic pore radius associated with the fluid‐fluid 
interface.

In principle, Pc is the required pressure differential to maintain the curvature 
of interface between the wetting and nonwetting fluid phases relative to the 
porous media. As shown in Figure 1, the capillarity‐wettability condition 
governs flow regimes. In a water‐wetting geologic media, episodic 
displacements of menisci (i.e., Haines jumps) and snap‐off (i.e., 
disconnection of the NWP ganglia when passing pore constrictions) are 
facilitated by the converging‐diverging pore geometry [Haines, 1930; Roof, 
1970; Berg et al., 2013a; Deng et al., 2014]. The continuity of NWP flow is 
impeded and the resultant ganglia/blobs/clusters of air/CO2/oil constitute Snw,r

[Al Mansoori et al., 2009; Gittins et al., 2010; Krevor et al., 2015]. 
Conversely, an intermediate‐wetting configuration favors a more piston‐like 
displacement regime [Blunt, 1998; Zhao et al., 2010; Al‐Menhali and Krevor, 
2016]. In such way, the continuity of NWP is maintained. The water film 



confined between the NWP and pore walls may be thinner, which 
significantly lowers the ability of brine to counterflow around and snap off 
the NWP [Basu and Sharma, 1996; Blunt, 1998; Suicmez et al., 2008; Zhao 
et al., 2010]. Even if the flow results in disconnected NWP ganglia, some 
fraction could still migrate in a “ganglia train” and decrease the residual 
saturation [Yang and Reed, 1989; Farajzadeh et al., 2012]. However, when 
the thinned water film is unstable and ruptures, air/CO2/oil directly contacts 
the pore walls [Buckley et al., 1989; Basu and Sharma, 1996; Wang et al., 
2013]. Contact line pinning/adhesion could ensue which increases the 
entrapment of the NWP in pores [Kendall, 1994; Hong et al., 2011; Broseta 
et al., 2012; Wang et al., 2013].

Residual NWP (e.g., scCO2, oil, natural gas, air, and N2) trapping in 
consolidated cores [Land, 1968; Suzanne et al., 2003; Iglauer et al., 2011; 
Pini et al., 2012; El‐Maghraby and Blunt, 2013; Andrew et al., 2014; 
Geistlinger et al., 2014; Krevor et al., 2015; Al‐Menhali and Krevor, 2016] and
unconsolidated sand packs [Plug and Bruining, 2007; Gittins et al., 2010; 
Tokunaga et al., 2013; Tutolo et al., 2014; Wang and Tokunaga, 2015] have 
been extensively studied. It is concluded that Snw,r is dependent on pore 
network characteristics (e.g., porosity φ, relative permeability κr, pore‐size 
distribution, heterogeneity) as well as initial NWP saturation, Snw,i. Models 
have been developed to correlate Snw,r with irreducible WP saturation (Sw,ir), 
Snw,i, κr and φ. Land's model [Land, 1968] and its recent developments 
[Kantzas et al., 2001; Suzanne et al., 2003; Gittins et al., 2010] predict Snw,r 
well in consolidated porous media and Aissaoui [1983]'s doubly linear 
relation applies well in unconsolidated porous media.

Attempts have been made to predict Snw,r of a certain NWP fluids based on 
the measured behavior of other NWP fluids [Gittins et al., 2010; Pentland et 



al., 2010; Iglauer et al., 2011; Pini et al., 2012; Tanino and Blunt, 2013]. For 
example, Snwr,CO2 has been predicted with data on oil, gas, and air at both the 
macroscopic [Iglauer et al., 2011; Mori et al., 2015] and pore scales 
[Chaudhary et al., 2013; Andrew et al., 2014]. It has been expected that 
consolidated porous media generally entrap more NWP in the pores due to 
more heterogeneous pore structure and wettability conditions. However, 
contrary experimental results have been reported in consolidated porous 
media [Al Mansoori et al., 2009; Iglauer et al., 2011; Deng et al., 2014] and 
in unconsolidated porous media [Plug and Bruining, 2007; Tokunaga et al., 
2013; Wang and Tokunaga, 2015], and impacts of pore structure and 
capillary heterogeneity and mixed wettability remain challenging to predict 
[Suicmez et al., 2008; Pini et al., 2012; Al‐Menhali and Krevor, 2016]. Thus, 
there remains a need for additional systematic experimental studies using 
various fluid pairs with different interfacial properties in various porous 
media with well‐defined hydraulic properties. We applied this strategy in 
order to better understand capillary trapping and the influence of interfacial 
and fluid properties.

Assessment of capillary trapping in air‐brine, CO2‐brine, and oil‐brine systems
is facilitated through measurements of both drainage and imbibition Pc–Sw 
relations. In the drainage experiments, Pc must be large enough for the 
invading NWP to displace WP menisci through pore throats. A process‐
specific Sw,ir is reached at the end of drainage. In the subsequent imbibition 
measurements, a lower Pc is required for brine to refill pore bodies, resulting 
in the hysteresis in capillarity, wettability, and Snw,r. Notably, advancing and 
receding θ are related to Pc during imbibition and drainage, respectively. 
Their relations follow equation 1, which is also the basis for the inferred 
advancing and receding θ from capillary scaling in the later context 
(equation 3).

Pc–Sw measurements in porous media analysis are routine, often by using 
porous plate, core flooding, mercury injection, or centrifuge methods 
[Leverett, 1941; Parker et al., 1987; Valvatne and Blunt, 2004; Plug and 
Bruining, 2007; Tokunaga et al., 2013; Wang and Tokunaga, 2015]. Core 
flooding, recently augmented with X‐ray computed tomography (CT), is 
attractive due to its efficiency and direct visualization of fluid phase 
distributions. However, most of the core flooding work reported only for the 
tested drainage processes. Measurements of drainage‐imbibition hysteretic 
loops that include the region with zero Pc are needed in order to completely 
assess Snw,r. In this regard, the porous plate method has advantages [Bull et 
al., 2011], yet is relatively underutilized, especially to obtain both drainage 
and imbibition and the resultant Snw,r. Particularly for scCO2, very few direct 
measurements of drainage and imbibition Pc–Sw relations are available under 
representative reservoir conditions [Plug and Bruining, 2007; Iglauer et al., 
2011; Pini et al., 2012; Tokunaga et al., 2013; Wang and Tokunaga, 2015]. 
Among these studies, only Plug and Bruining [2007], Tokunaga et al. [2013], 



and Wang and Tokunaga [2015] determined Snwr,CO2 during imbibition under 
controlled Pc.

Again, the complex effects of interfacial phenomena on the Pc–Sw relations 
and Snw,r remain unclear, as noted in the description of Figure 1. Experiments 
with multiple pairs of geofluids having different γ and θ are useful for 
examining influences of interfacial properties on the Pc–Sw relations and Snw,r. 
Therefore, the experiments presented here include several fluid pairs in 
homogeneous quartz and carbonate sandpacks in order to study the above 
mentioned questions (Table 1).

Capillary scaling has been used to predict equilibrium and flow of immiscible 
fluids for many decades [Haines, 1930; Leverett, 1941; Miller and Miller, 
1956; Klute and Wilkinson, 1958; Parker et al., 1987; Schroth et al., 1996; 
Plug and Bruining, 2007; Tokunaga et al., 2013; Mori et al., 2015; Wang and 
Tokunaga, 2015]. The scaled capillary pressure, Πc (equation 2) is defined 
here by assigning the characteristic grain size as the capillary length scale λ 
to calculate universal drainage and imbibition Πc–Sw relations which are 
shared among geometrically analogous porous media (sharing common 
porosity φ and contact angle θ).

(2)

A more general scaling of Pc further includes the effect of wettability 
(equation 3), through matching γ and θ scaled curves with the universal 
scaling drainage and imbibition curves.



(3)

In principle, the Leverett‐J function [Leverett, 1941] describes phenomena of 
the same physical nature as equation 2 and 3 where λ and (κ/φ)1/2 terms may
be directly proportional and interchangeable. These practices are less 
rigorous [Philip, 1971; Anderson, 1987] and can be complicated by contact 
angle hysteresis, mixed wetting conditions, and other chemical 
heterogeneities within porous media. To reduce uncertainties in these 
aspects, our work is restricted to comparing Pc–Sw relations between air‐
brine, oil‐brine, and scCO2‐brine fluid systems in homogeneous sandpacks. A 
large body of literature with air and oil as the NWP is available for 
comparison with the Pc–Sw measurements in homogeneous sand obtained 
here [Haines, 1930; Leverett, 1941; Klute and Wilkinson, 1958, Schroth et 
al., 1996].

Understanding capillary/residual trapping and quantifying residual saturation
of air, scCO2, and oil in reservoir are the major incentives of the Pc–Sw 
measurements presented here. As described earlier, given the few ambient‐
condition and reservoir‐condition measurements of imbibition and trapping 
using the porous plate method, and uncertainties/complexities in capillarity 
and wettability mechanisms, consensus is yet to be reached regarding 
residual CO2 trapping in different types of GCS reservoirs (especially 
sandstone and carbonate rocks), residual oil remaining in reservoirs following
EOR, as well as air entrapment in the capillary fringe. Moreover, the validity 
of predicting capillary trapping of scCO2 based on the measured behavior of 
air, oil, and gas is currently uncertain. Thus, there remains a need for 
comprehensive studies involving testing of various fluid pairs, porous media, 
experimental conditions, and duration of experiments. Here, equilibrium 
capillary and NWP entrapment phenomena of oil (decane as analogue)‐brine,
scCO2‐brine, and air‐brine in quartz and carbonate (limestone and dolomite) 
sands under ambient and reservoir conditions were systematically studied. It
should be noted that decane has also previously been used as an analogue 
to scCO2 based on similar properties [Iglauer et al., 2011; Pentland et al., 
2011]. Although these studies reported reasonable agreements between 
capillary behavior of decane‐brine and scCO2‐brine, Berg et al. [2013b] 
concluded that these fluid pairs differ, with scCO2‐brine exhibiting 
intermediate wetting. Therefore, the experiments here with decane as a NWP
serve to further explore predictions for both EOR and GCS processes.

2 Materials and Methods

Three high‐precision Pc–Sw experimental systems using the semipermeable 
porous plate technique were built for the three fluid systems, respectively. 
Particularly for scCO2, a semiautomated system was developed and 
combined with our newly designed high‐pressure Pc–Sw regulator/meter 
mounted onto a computer programmed linear actuator apparatus. Extensive 
data were acquired on seventeen groups of repeatedly measured brine 



drainage and imbibition curves with four fluid pairs for the three fluid 
systems. These data were then analyzed using capillary scaling to identify 
possible deviations from assumed wettability and interfacial tension, and to 
determine Snw,r.

2.1 Porous Media

Sands within a narrow grain size range were selected for this study because 
they provide well‐defined pore size and structure. Quartz sand (density of 
2.67 g/cm3, Unimin Corp., Le Sueur, MN), limestone sand (density of 2.71 
g/cm3, Specialty Minerals Corp., Lucerne Valley, CA), and dolomite sand 
(density of 2.78 g/cm3, Specialty Minerals Corp., Canaan, CT) were sieved 
and the 250–355 µm size fraction of each was retained for the experiments.

Pre and postexperiment analyses on mineral samples were conducted. The 
morphology and surface roughness of the mineral samples was examined 
using scanning electron microscope (SEM, Zeiss Gemini Ultra‐55, Carl Zeiss 
AG) analysis. Prior to imaging, the sample grains were sputter coated with 
gold. SEM images showed that limestone sands are angular while quartz 
sands are well‐rounded. Surface roughness of all the samples is at 
nanometer to micrometer scale. Comparing the pre and postexperiment 
samples, insignificant changes in morphology or surface roughness were 
detected.

Mineralogical compositions of the three sands were confirmed using powder 
X‐ray diffraction (XRD) (SmartLab X‐ray Diffractometer, Rigaku Corp.). SiO2, 
CaCO3, and CaMg(CO3)2 are the dominant mineral contents in these samples,
respectively.

Specific surface area analyses were performed on all the mineral samples 
using the Brunauer, Emmett, and Teller (BET) method. Samples were 
vacuum‐degassed at 150°C for 3 h to remove moisture and adsorbed gases, 
followed with BET measurements conducted using Krypton (Kr) as the 
absorption gas (Autosorb‐1 surface area analyzer, Quantachrome 
Instruments). Surface areas were calculated following the protocol for 5‐point
BET measurements within the relative pressure range of 0.05–0.3 P/P0. 
Results indicated that the carbonate (i.e., limestone and dolomite) sands 
have almost identical specific surface areas while quartz sand has a specific 
surface area that is ∼4 times that of the carbonates. The low specific surface
areas, especially for the carbonates suggest that these sands have 
insignificant internal porosity. The generally much rougher surface 
micromorphology of the quartz sands is qualitatively consistent with its 
higher BET surface area.

In order to best preserve the surface properties of these minerals in their 
natural state, no aggressive physical or chemical treatments (e.g., acetone, 
ethanol, acid washing, plasma, and sonication) were used. All the 
experimental minerals were only cleaned several times in deionized (DI) 



water to remove finer particles and other loosely attached impurities, 
followed by ovendrying at 110–120°C.

2.2 Fluids

In total, three fluid systems, i.e., air‐brine, decane‐brine, and scCO2‐brine and
four fluid pairs (Table 1) were included here. Air, n‐Decane (CH3(CH2)8CH3, 
anhydrous, ≥99% purity, ACROS Organics), and CO2 (99.99% purity, Airgas) 
were used as the nonaqeous phases in the experiments. DI water (resistivity 
of 18.2 MΩ cm−1, Milli‐Q Integral Water Purification System, Millipore Corp.) 
and a synthetic brine solution of moderately high salinity (1.0M NaCl, ACS 
grade, VWR Corp.) were used as the aqueous phases. The brine solution was 
prepared freshly before every experiment. The experiments with air and 
decane were carried out under room temperature and pressure (RTP, 0.1 
MPa, 23.0 ± 0.5°C) and those with scCO2 were conducted under elevated 
temperature and pressure (ETP, 12.0 MPa, 45.0 ± 1°C) conditions of 
reservoirs for GCS, as listed in supporting information Table S1, and 
described in detail in previous studies [Tokunaga et al., 2013; Wang and 
Tokunaga, 2015]. Fluid and interfacial properties under these experimental 
conditions are listed in Table 1.

In the scCO2‐brine experiments, clean liquid CO2 from the bottom of a CO2 
cylinder was fed via the eductor tube into the high‐pressure syringe pump 
(500D HP, Teledyne Isco Corp., rated to 34.5 MPa) and pressurized to its 
supercritical states under 12.0 MPa (equivalent to reservoir conditions at 
depths of ∼1.2 km). The scCO2‐brine γ values were measured in our 
laboratory using the pendant drop method [Bachu and Bennion, 2009] under 
the same P‐T conditions (Table 1). The γ values of the fluid pairs in the RTP 
experiments were measured using the Du Noüy ring method using a digital 
force tensiometer (Model K10ST, KRÜSS GmbH). The γ values of the fluid 
pairs in the ETP experiments were measured using the pendant drop method
described in Bachu and Bennion [2009] in our laboratory.

2.3 Experimental Conditions

Seventeen groups of experiments were conducted with the four fluid pairs of 
the three fluid systems and in quartz, limestone, and dolomite sands under 
RTP and ETP conditions. These conditions are listed in supporting information
Table S1.

2.4 Experimental Systems

Due to its reliability [Bull et al., 2011], the “hanging water column” method 
with semipermeable porous plate was used here in the RTP and ETP 
experiments [Haines, 1930; Tokunaga et al., 2013; Wang and Tokunaga, 
2015]. The porous plate only allows passing of the aqueous phase and 
separates the nonaqueous phase between the sandpack and underlying fluid
cavity, enabling establishment of finite Pc in the sand (Figure 2). In this 
study, we utilized this method to obtain WP drainage and imbibition (and 
hence residual NWP trapping) information at hydrostatic equilibrium using 



three custom‐built multistep outflow‐inflow experimental systems for air‐
brine and decane‐brine under RTP condition and for scCO2‐brine under ETP 
condition. The design and functionalities of these systems are introduced 
below.

2.4.1 RTP and ETP Sample Chambers

The configurations of the RTP and ETP sample chambers are shown in Figure 
2. In the RTP experiments, the quartz, limestone, and dolomite sand samples
resided in a plexiglass chamber (Model 1400 Tempe Pressure Cell, 
SoilMoisture Equipment Corp.). A porous ceramic plate (0.05 MPa capillary 
pressure threshold, 12.7 mm thick, 92 mm diameter, Soilmoisture Equipment
Corp.) was placed at the bottom of the sample chamber. To minimize air 
trapping, sand columns were carefully wet‐packed to full brine saturation (92
mm diameter, height H = 30 mm, φ = 0.38, pore volume 63.0 mL, k = 3.9 × 
10−11 m2) inside the plexiglass ring on top of the porous plate.

For ETP experiments, the earlier design of the high‐pressure sample chamber
for scCO2 experiments [Tokunaga et al., 2013] was improved, and described 
in detail in Wang and Tokunaga [2015]. As shown in Figure 2b, the sand 
column resided inside a custom‐designed stainless steel chamber (rated to 
20.7 MPa, Parr Instrument Co.). A 316 stainless steel porous plate (2 µm 
pore‐sized plate, 3.0 mm thick, 104.8 mm diameter, Mott Corp.) was fitted 
into the slot between the upper and lower parts of the sample chamber. A 
stainless steel ring was placed atop the porous plate. The quartz/limestone 
sand column was wet‐packed with fresh 1.0M brine inside the ring to 
complete saturation (82.1 mm diameter, height H = 20 mm, φ = 0.38, pore 
volume 42.1 mL, k = 3.9 × 10−11 m2, hydraulic conductivity 3.9 × 10−4 m·s−1).
A stainless steel spacer (40 mm thick, 94.7 mm diameter, with 24 flow 



conduits of 3.0 mm diameter) was placed on top of the sandpack to prevent 
displacement of the column during pressurization and experiments. Housing 
in the reactor lid, a graphite gasket was used to provide leak‐proof sealing 
and minimize possible contamination. A rupture disc (rated to 20 MPa, Fike 
Corp.) on the reactor lid ensured safe venting in the event of accidental 
overpressurization.

It should be noted that short column heights were chosen to (1) minimizing 
effect of stratified saturation caused by gravity and (2) facilitate equilibration
with the porous plate boundary. While more complex flow patterns and 
saturation distributions could emerge in taller systems, our focus is on 
determining local equilibrium relations based on macroscopic measurements
in homogeneous systems. It is worth mentioning that our experimental cells 
can in principal be oriented with the short axis horizontal. Such orientation 
would need measurements of vertical saturation profiles (e.g., 
tomographically), but would have the advantage of requiring fewer and 
generally larger boundary Pc steps because of the broader range of Pc 
established along the vertical axis.

2.4.2 RTP Experimental Systems

The RTP Pc–Sw measuring systems for air‐brine and decane‐brine are 
sketched in Figure 3. In the air‐brine experiments, the bottom port of the 
wet‐packed sample was connected via polyethylene (PE) tubing to the 
bottom end of a vertically oriented 100 mL serological pipette (labeled in 1 
mL increments, 0.2 mL volume resolution, VWR International Corp.). The 
pipette served as a Pc regulator as well as a reservoir for measuring 
outflow/inflow from/into the porous media sample. The top ports of the 
column chamber and the pipette were both vented to the room air (and thus 
local atmospheric pressure). With this configuration, Pc applied to the 
sandpack was controlled by adjusting the elevation of the air‐brine interface 
in the pipette relative to the sample center (horizontal midplane) at 
hydrostatic equilibrium. This configuration allowed for equilibration to a 
column‐averaged Pc, with a variation within the sandpack of ±(ρw − ρn)g(H/2),
which amounted to ±147–152 Pa (Table 1). The sample center was set at 
1.5–2 m above the laboratory floor, providing sufficient elevation for 
reaching Pc needed to drain the wetting phase to relatively low saturations.



As shown in Figure 3b, the decane‐brine experimental system was for the 
most part similar to the air‐brine apparatus except for the added loop section
(¼ inch Teflon tubing, VWR International Corp.) for decane. System 
assembly, decane injection, and air degassing processes required greater 
care. The two phase decane‐brine displacement utilized a closed‐loop 
configuration with decane (less dense phase) above brine. A 100 mL glass 
burette (1 mL graduation, 0.2 mL volume resolution, VWR International 
Corp.) with a custom‐made connection unit on top was used as the Pc–Sw 
controller/meter. After decane addition into the upper portion of the closed 
system, air was carefully removed to assure fluid and pressure continuity 
using decane‐filled gas tight syringes. Following the degassing, the system 
was briefly vented to room air to ensure the whole system was subject to 
atmospheric pressure by quickly opening and shutting the valve at the 
highest elevation of the system (to avoid reentering of air). The Pc variation 
within the sandpack amounted to ±45 Pa (Table 1). The sample center was 
set at ∼2 m above ground and the total height of the system reached ∼3.5 
m. An Aluminum‐rod network was built to support the hanging decane loop 
(not shown in the schematic).

2.4.3 ETP Experimental System

In principle, the mechanism of operation for the ETP system is identical to 
the RTP systems except for the technical challenges such as maintenance of 
elevated pressure and temperature over long experimental period, control of
finite Pc under high system pressures, fluid flushing, and backpressure 
control. In the fine‐tuned scCO2 experimental system (Figure 4), the Pc–Sw 
controller/meter simply consisted of a high‐pressure sight glass (30 mL 
capacity, 34.5 MPa rated, Series T‐40, Jerguson) with a volumetric graduation



superimposed on its tempered glass window. The sight glass was mounted 
on a computer programmed linear actuator (0.1 mm height resolution, ER50,
Parker Hannifin Corp.). This design allows for precise control of Pc by setting 
the level of the scCO2‐brine interface in the Pc–Sw controller/meter via the 
linear actuator at the desired heights below or above the sample (the 
practical maximum height is about 1.5 m, which was adequate for conditions
investigated here). This configuration circumvented the difficulty and 
instabilities of regulating Pc using separate pressure controllers for two fluid 
phases. Pc and Sw can be controlled to very fine resolution (<10 Pa and 0.03, 
respectively), while maintaining the total pressure at any selected value 
safely containable by the system [Wang and Tokunaga, 2015]. Pc variations 
within the column were as large as ±37 Pa relative to the midplane value 
under the influences of gravity and fluid densities (Table 1).

The sight glass' upper and lower ports were connected to the main syringe 
pump and the sample chamber's upper port (brine‐saturated scCO2) and the 
sample chamber's lower port (scCO2‐saturated brine), respectively. The 
upper ports of the sample chamber and sight glass were also connected with
a high‐pressure cylinder (316L stainless steel, 150 mL, 34.5 MPa rated, 
Swagelok Co.) for the initial flushing of sandpack and sight glass with scCO2‐
saturated brine. The cylinder was back‐pressured at a slightly lower level 
(0.01–0.05 MPa) than the system pressure with a secondary syringe pump of 
the same type. Several high‐pressure ball and needle valves (17.2 MPa 
rated, Swagelok) were included in the loop to control fluid flow. The main 
components of the system were connected via stainless steel and flexible 
polyetheretherketone (PEEKTM) tubing.



Constant‐temperature control was important during the months‐long Pc–Sw 
experiments. This was achieved by housing the whole system inside a 
custom built thermally insulated, temperature‐regulated enclosure at 45.0 ± 
1˚C (Figure 4). The system's temperature was maintained by convective 
heating with four 250 W infrared halogen lamps.

2.5 Experimental Procedures

Prior to experiments, the equipment including the syringe pumps, the high 
pressure cylinder, the sight glass vessel, the porous plates, the sample 
chambers, valves, connectors, tubing, and all the other components were 
cleaned with acetone/ethanol first, then extensively rinsed with DI water and 
finally flushed with clean compressed air. The data collection of a complete 
drainage/imbibition curve takes 3–4 weeks (i.e., 1.5–2 months for a full 
drainage‐imbibition cycle).

2.5.1 RTP Experiments

Before experiment, the whole system was meticulously checked for trapped 
air. Degassing operations were repeated when necessary. The brine level in 
the pipette/burette was adjusted to a position within the bottom portion of 
the pipette/burette (low volume reading), and hydrostatically equilibrated at 
the center of the sandpack for at least 24 h before measurements ensued.

Drainage experiments were conducted by successively moving the air‐brine/
decane‐brine interface in the pipette/burette downward to lower elevations 
and quantifying outflow volumes. Imbibition measurements were performed 
by reversing the procedure through a series of stepwise equilibrations 
upward, eventually returning to zero Pc. One to two day equilibration times 
were given between steps. Duplicate/secondary cycles of drainage and 
imbibition followed the primary ones.

2.5.2 ETP Experiments

To ensure safety, as many preparatory steps as possible were performed at 
room temperature. The later initialization and adjustment steps conducted 
by working within the thermal enclosure were done quickly to avoid heat‐
related health risks.

Before experiments, about 350 mL fresh brine was added into a high‐
pressure stirred reactor vessel (450 mL capacity, rated to 20 MPa, 4562 Mini 
Reactor system, Parr Instrument Co.). The scCO2 in the syringe pump was 
then injected into the stirred reactor to prepare brine‐saturated scCO2 and 
scCO2‐saturated brine. scCO2 and brine were mixed for at least 48 h to reach 
phase equilibrium. Prevention of leakage during these months‐long 
experiments is critical. Therefore, a leak test was meticulously conducted to 
ensure a leak‐proof system before every new experiment.

The operation of the ETP experiments followed the protocol and procedure 
described in previous studies [Tokunaga et al., 2013; Wang and Tokunaga, 
2015] and was not elaborated in detail here. Two (three for experimental 



condition #17) replicate drainage‐imbibition cycles were run. The 
experiments started with fresh quartz/limestone sands. The ETP experiments
were only conducted on quartz and limestone and not dolomite sand 
because the Pc–Sw results at RTP showed indiscernible differences between 
the two carbonate minerals (Figure 5). During drainage, the sight glass was 
moved downward via the digital actuator to set the scCO2‐brine meniscus to 
a lower elevation (typically by 10 mm) for equilibration at a new Pc. Similar 
stepwise operations were taken to progressively get brine drained from the 
sandpack until further brine removal with increased Pc became negligible, 
defining the Sw,ir. At each step, the equilibrated elevation of the meniscus in 
the sight glass and the outflow volume of brine were recorded. 1 to 2 days 
were allowed between equilibration steps to assure hydrostatic equilibrium. 
The imbibition procedure followed, with the sight glass being sequentially 
raised until the system returned to zero Pc. Owing to residual CO2 trapping, 
full brine saturation was not achieved when returning to zero Pc. The Snwr,CO2 
information was obtained from the difference in the summed volumes 
between the drained and imbibed brine. A secondary (and tertiary for 
experimental condition #17) drainage‐imbibition cycle followed the primary 
one. In order to start with full brine saturation, the flushing procedures were 
repeated prior to the replicate runs.

3 Results and Discussion



In Figures 5-7, we plot experimental results of drainage and imbibition Pc–Sw 
relations with Pc as the dependent variable in terms of Pc(Sw) and Pc(Θ) (Θ 
=φSw, the volumetric brine content). The data are presented in unscaled 
(measured) and scaled forms. Scaling is first done with λ and γ as Πc(Sw) and 
Πc(Θ), and then with λ, γ and θ as Πc(Sw)/cosθ and Πc(Θ)/cosθ. Pc and Πc 
values are plotted on the primary and secondary vertical axes of the figures, 
respectively. The data points represent measurements, and the continuous 
curves are fits to the van Genuchten model (equation 4) used for the 
nonlinear regression analysis:

where Θs and Θr are highest and lowest brine contents obtained in a specific 
drainage or imbibition run), and α, m, and n are fitting parameters [van 
Genuchten, 1980]. Θs and Θr are calculated based on the corresponding 
measured values of brine saturation Ss and Sr by multiplying porosity. These 
curve fitting parameters for different experiments are listed in supporting 
information Table S2.



For air‐brine fluid system, Pc–Sw relations during drainage and imbibition at 
RTP in quartz and carbonate (limestone and dolomite) sands were measured 
in the experimental system shown in Figure 3a. The experimental data are 
presented in Figure 5. Prior to experiment, the sandpacks were saturated 
with brine (Sw,i = 1.0 and Θw,i = 0.38). Duplicate cycles of drainage‐imbibition 
experiments were consecutively conducted for each case. Results exhibit 
reproducibility between the duplicate measurements in all cases. Comparing 
the results of quartz sand in brines of different salinity (DI water versus 1M 
NaCl brine), Pc–Sw behavior is very similar during drainage while major 
imbibition happens at slightly higher Pc with increased salinity. Sw,ir and Snw,r 
values are almost identical (Sw,ir of 0.15–0.17 (Θw,ir of 0.059–0.065); Snw,r of 
0.08–0.09 (Θnw,r of 0.030–0.035)). For the carbonate species, differences in 
the Pc–Sw behaviors are insignificant between limestone and dolomite sands. 
Consistent Sw,ir and Snw,r values were obtained (Sw,ir of 0.04–0.06 (Θw,ir of 
0.015–0.021); Snw,r of 0.04–0.06 (Θnw,r of 0.015–0.023)). These similarities in 
the trend and magnitude of data shared between the limestone and dolomite
sands simplify the investigation of the Pc–Sw relations in carbonate minerals. 
Based on this similarity, Pc–Sw experiments were conducted on limestone 
sand only in the decane‐brine and scCO2‐brine systems to represent the 
common physicochemical behaviors of carbonate species. The low Snwr, air 
values are anticipated behavior for hydrophilic homogeneous sandpacks 
[Schroth et al., 1996; Gittins et al., 2010]. Comparing sandstone and 
carbonate species, Sw,ir values for limestone and dolomite sands are much 
lower than those for quartz sand. This is attributed to the geometrical effects
that the more angular and smooth carbonate sands retain a thinner water 
film compared to the more rounded and rough quartz sand.



Quantitative comparisons between capillary scaling predictions and the 
measured Pc–Sw relations were made. In Figure 6, Πc values were calculated 
with γ (Table 1) and λ (302 µm, median of the 250–355 µm grain size interval
retained from sieving the 40/60 sands) to examine whether the major 
inflections in drainage and imbibition curves can be predicted by γ and λ 
alone. For homogeneous and hydrophilic sands, inflection values of Πc–Sw 
curves are well constrained around 12 for drainage and around 8 for 
imbibition (straight dash lines in Figure 5-10), respectively [Haines, 1930; 
Miller and Miller, 1956]. For air‐water/brine, most of the scaled drainage and 
imbibition Πc–Sw curves are generally in good agreement with the predicted 
Πc inflection points for homogeneous sands, while in a few cases, the scaled 
curves have Πc inflections slightly lower than predicted. These deviations 
indicate slightly larger advancing and receding contact angles (Table 2) than 
predicted based on the assumption of complete hydrophilic interaction. 
Despite the deviations, the results collectively indicate that the sandstone 
and carbonate sands are hydrophilic in nature with the air‐brine fluid system.





For the decane‐brine system, the Pc–Sw relations during drainage and 
imbibition at RTP in sandstone (quartz) and carbonate (limestone) sands 
were measured using the closed‐loop porous plate experimental system 



shown Figure 4b. To our knowledge, this study is the first to characterize Pc–
Sw relations for decane‐water fluid system using a custom‐designed porous 
plate system. Two replicate cycles of drainage and imbibition were 
conducted sequentially. The initial drainage replicate started with complete 
brine saturation, and ended when Sw,ir was reached. An imbibition procedure 
followed until Pc was reset to its zero level. After imbibition, Pc was further 
increased to achieve highest possible brine saturation (as close to Sw,i = 1.0 
as possible) to start the duplicate drainage measurements.

As shown in Figure 6, good reproducibility was achieved in all the 
experiments. Sw,ir and Snw,r values are very similar between replicates for all 
the quartz and limestone curves. While limestone sand reached much lower 
Sw,ir values (Sw,ir of 0.03, Θw,ir of 0.012) relative to Sw,ir in the quartz sand of 
0.23 (Θw,ir of 0.087), Snw,r values of the two mineral species are not as 
different. Snw,r of 0.15 to 0.18 (Θnw,r of 0.051 to 0.060) were obtained for 
limestone, and Snw,r of 0.08–0.10 (Θnw,r of 0.030–0.036) were obtained for 
quartz. As previously noted, the more angular shape and smooth surfaces of 
the limestone sand apparently supports less residual water than the quartz 
sand. There is indiscernible difference between replicate cycles, indicating 
insignificantly time effects on the capillarity and wettability behaviors.

Additional information from the capillary scaling analysis (Πc–Sw curves) is 
shown in Figure 6 (secondary vertical axis). The universal scaling inflection 
values are denoted with the horizontal dash lines (again, ∼12 for drainage 
and ∼8 for imbibition). Both groups of drainage and imbibition curves for 
quartz and limestone sands significantly deviate (toward lower Pc) from the 
universal Πc inflections. Given that γ is well constrained at the decane‐brine 
interface (confirmed with postexperiment measurement), these deviations 
imply that decane does not wet quartz and carbonate sands as well as water 
(measurable wettability indicators listed in Table 2). Contrary results with 
samples being water wet after contacting with decane‐brine were reported 
[Berg et al., 2013b]. The difference in results may be due to much shorter‐
time period of experiment and different porous media.

For the scCO2‐brine system, we integrated the experimental data from our 
previous studies which separately investigated Pc–Sw behaviors in quartz 
sands [Tokunaga et al., 2013] and carbonate sands [Wang and Tokunaga, 
2015] to compare the difference in capillary behavior in these two important 
reservoir mineral classes. Two successive drainage‐imbibition cycles were 
conducted on quartz sand and three successive cycles were performed on 
limestone sand (one more replicate cycle to better investigate the exposure 
time effect of scCO2 on interfacial properties that emerged during the first 
two replicates). Single drainage or imbibition curve took about 4 weeks to 
complete, a time scale that is comparable with other studies in the literature 
[Bull et al., 2011]. All together, the experiments for quartz sand took about 4 
months, and those for limestone sand took about 6 months. To our 
knowledge, these studies were the only ones that reported time‐lapsed 



capillarity and wettability phenomena under elevated temperature and 
pressure conditions at the experimental time scale of several months.

Different from the air‐brine and decane‐brine experiments, all drainage 
experiments started at complete saturation with scCO2‐saturated brine (Sw,i 
= 1.0). The full WP saturation was achieved by flushing the sandpacks with 
scCO2‐saturated brine (2–3 pore volumes) through careful coordination 
between the main pump and the back‐pressure pump (Figure 4). The 
measured drainage and imbibition Pc–Sw relations in quartz and limestone 
sands at 12.0 MPa and 45°C are shown in Figure 7. Also presented are 
capillary‐scaled Πc–Sw relations with Haines' universal scaling inflections 
(horizontal dash lines) included for comparison. Both groups of Pc–Sw and Πc–
Sw curves were fit through a nonlinear regression relation of the van 
Genuchten model [van Genuchten, 1980]. The data of γ and λ used in 
capillary scaling are listed in Table 1.

As shown in Figure 7, Pc curves of quartz and limestone sands all deviate 
from the universal scaling inflections, with quartz sand curves shifting more 
significantly. The trends of data were well reproducible in the quartz sand 
experiments, while the reproducibility of the limestone sand data was not as 
good. Pronounced time dependence manifested from the three repeatedly 
measured drainage‐imbibition cycles in limestone sandpacks but was less 
from the two cycles in quartz sand. The Pc–Sw curves shifted toward lower Pc 
with increasing exposure time of scCO2‐brine contacting the limestone 
material. The capillary entry pressure Pc,entry, the capillary pressure during 
main drainage Pc,drain, and the capillary pressure during main imbibition 
Pc,imbibition dropped from ∼600 to ∼200 Pa, from ∼700 to ∼500 Pa, and from 
∼200 to ∼100 Pa during the 6 month experimental period, respectively. We 
hypothesize that the deviations from the universal scaling inflections were 
mainly caused by wettability alteration of the porous media, becoming more 
intermediate wetting over time. This trend was also reported in scCO2‐brine 
contacting the Berea sandstone material in a shorter‐term experiments 
[Berg et al., 2013b], and described in our recent papers [Tokunaga et al., 
2013; Wang and Tokunaga, 2015]. Greater Pc hysteresis (also wettability 
hysteresis) occurred in limestone sand than in quartz sand. This observation 
is consistent with the fact that in the carbonated brine of pH∼3, CO2 has 
greater affinity at the molecular level with carbonate species compared to 
silica species. The known contact line pinning and CO2 adhesion with 
carbonate species very likely contributed to the more pronounced hysteresis 
[Tonnet et al., 2008; Broseta et al., 2012; Wang et al., 2012; Wang et al., 
2013].

Unlike the results shown in the air‐brine and decane‐brine systems, Sw,ir 
values are of similar magnitude for quartz (Sw,ir of 0.03–0.05 (Θw,ir of 0.012–
0.019)) and limestone (Sw,ir of 0.04–0.07 (Θw,ir of 0.015–0.028)) sands in the 
scCO2‐brine system. Snw,r ranged from 0.20 to 0.32 (Θnw,r from 0.081 to 0.119)
for quartz sand and from 0.12 to 0.32 (Θnw,r from 0.041 to 0.117) for 



limestone sand. These results are similar to the values reported in literature 
[Plug and Bruining, 2007; El‐Maghraby and Blunt, 2013; Niu et al., 2015].

As previously mentioned, the deviations of the measured drainage and 
imbibition Pc–Sw relations from the universal scaling inflections calculated 
with λ and γ (straight dash lines in Figures 5-7) indicate the interfacial 
properties in the multicomponent system have changed from the hydrophilic 
assumption. These deviations were attributed to wettability change 
[Tokunaga et al., 2013; Wang and Tokunaga, 2015] since the effect of γ has 
already been quantitatively accounted in Πc, a cosθ term can be included to 
account for the rest of the difference (equation 3). The effect of wettability 
on capillary trapping is well documented in literature [Suicmez et al., 2008; 
Al‐Raoush, 2009; Zhao et al., 2010; Iglauer et al., 2015]. Fitting Πc/cosθ with 
the characteristic scaling inflections permits evaluation of changes in both γ 
and θ.

Assuming that γ is well constrained during the Pc–Sw experiments for the 
multiple fluid pairs, cosθ and θ values were calculated to compensate the 
deviation between the experimental results and the capillary scaling 
predictions. These values shed light on the extreme extent to which 
wettability might have altered and how significant capillary hysteresis (Pc 
difference between drainage and imbibition) and wettability hysteresis (θ 
difference between advancing and receding processes) are.

Results obtained by matching the Πc/cosθ curves with the characteristic 
scaling inflections for air‐brine, decane‐brine, and scCO2‐brine fluid systems 
in quartz and limestone sands are shown in Figures 8, 9, and 10, 
respectively. For air‐brine, the calculated advancing/receding θ (the upper 
and lower limits of wettability with equilibrium θ bounding in between) 
values range from 35°–36°/0°–27° (quartz with DI water), 7°–10°/0° (quartz 
with brine), 32°–34°/23°–28° (limestone with brine), and 20°–27°/15°–20 
(dolomite with brine), respectively. For decane‐brine, the estimated 
advancing/receding (imbibition/drainage) θ values range from 
60.5°–62°/44.5°–50.4° (quartz) and 70.7°–73.3°/39°–47.9° (limestone), 
respectively. For scCO2‐brine, the inferred advancing/receding 
(imbibition/drainage) θ values range from 83.1°–84.8°/76.5°–77.3° (quartz) 
and 72.3°–85°/56°–68.6° (limestone), respectively. The cosθ and θ values for
all the experiments are listed in Table 2. These results are consistent with 
data in literature on dynamic contact angles, where advancing θ in the 
imbibition events are greater than receding θ values in the drainage events.

Postexperiment IFT measurements affirmed γ stayed unaltered during the 
experiments for air‐brine and decane‐brine experiments at RTP. The back‐
calculated θ values for these experiments mentioned in the last paragraph 
and in Table 2 therefore reflect the realistic states of wettability. Exposure to
air over the time scale of several months does not alter the wettability of the
porous media. Both sandstone and carbonate sands remained hydrophilic. 
Wettability indeed gets altered to be less water‐wetting after porous media 



being exposed to decane. In some cases, contact angles approached 
intermediate‐wetting (70.7°–73.3°) but were still mostly in the moderately 
water‐wetting range.

Scaling analysis with the results obtained from the scCO2‐brine experiments 
at ETP indicated more significant wettability alteration (i.e., 
83.1°–84.8°/76.5°–77.3° (quartz) and 72.3°–85°/56°–68.6° (limestone), in the
intermediate‐wetting range) compared with air‐brine and decane‐brine fluid 
pairs. It should be noted again that these inferred values were obtained 
based on the assumption that γ was well‐constrained and the deviation from 
capillary scaling prediction was solely attributed to wettability alteration. 
They are qualitative indicators rather than precise contact angles within 
pores. Furthermore, these values are average representations of the 
wettability states of the entire sandpack and do not reflect possible grain‐
scale variation in wettability. It should also be noted that pore‐lining and 
natural organic substances may play an important role on wettability 
alteration and capillary pressure [Heath et al., 2012].

As an important phenomenon in GCS, EOR, and vadose zone hydrology, Snw,r 
(departure from complete water saturation at Pc ≤ 0) values were determined
using accurate Pc control and Sw measurements in our RTP and ETP porous 
plate systems. Snw,r was determined as the Pc was brought back to zero at the
end of the imbibition experiments. This is different from the commonly 
employed method for determining Snw,r involving increasingly driving Pc to 
usually unspecified negative values. The quantitation of Snw,r at zero Pc best 
simulates the geological processes where imbibition plays a key role to drive 
brine to reoccupy the pore space and entrap the NWPs.

The Snw,r results for the air‐brine, decane‐brine, and scCO2‐brine systems are 
summarized together in Figure 11. Note that Θnw,r (φSnw,r, the volumetric brine
content at the residual saturation) is equivalent to the capillary trapping 
capacity (as defined in Iglauer et al., [2011]) which is the volumetric fraction 
of trapped NWP relative to bulk volume of the porous media. Given the 
capillary‐dominant regimes characterized by low capillary number, the 
entrapment of NWPs is caused partly by snap‐off at converging‐diverging 
pore throats and interfacial phenomena including pinning and adhesion as 
shown in Figure 1, and partly by WP bypass engulfing NWP. Very low 
capillary trapping of air (Snw,r of 0.04–0.09 (Θnw,r from 0.014 to 0.035)) is 
observed in both silica and carbonate sands. Compared to silica sands (Snw,r 
of 0.08–0.09 (Θnw,r of 0.030–0.035) for quartz), carbonates show even lower 
residual air trapping (Snw,r of 0.04–0.06 (Θnw,r from 0.014 to 0.021) for 
limestone and dolomite). The residual decane trapping is generally higher 
than that of air in the same porous media. Carbonate shows greater Snw,r 
values (Snw,r of 0.15–0.18 (Θnw,r of 0.051–0.060) for limestone) than sandstone
(Snw,r of 0.08–0.10 (Θnw,r of 0.030–0.036) for quartz) which can be attributed to
the greater affinity between CO2 and carbonate species as previously noted. 
It should be noted that the Snw,r values obtained from homogeneous 
unconsolidated porous media are not readily comparable with those obtained



from consolidated porous media. The magnitude and trend of the results are 
complicated by capillary pressure heterogeneity, hysteresis, time and 
process‐dependency, and mixed‐wetting conditions [Basu and Sharma, 1996;
Blunt, 1998; O'Carroll et al., 2005; Pini et al., 2012; Al‐Menhali and Krevor, 
2016].

Comparing between different fluid systems, the residual scCO2 trapping is 
significantly higher than that of air and decane. The greater capillary 
trapping of scCO2 relative to other nonwetting phases is consistent with the 
results in some previous studies [Plug and Bruining, 2007; El‐Maghraby and 
Blunt, 2013]. The amounts of residually trapped decane were also higher 
than those of air. We reiterate that the entrapment of fluid phases in the 
pore space is by nature the competition between invading and defending 
fluids of different physiochemical and interfacial properties. Given the 



identical properties of porous media in this study including pore structure, 
surface roughness, porosity, chemical and mineralogical composition, the 
differences in Snw,r and Θnw,r between different fluid pairs originate from the 
variant buoyancy (i.e., density difference), viscosity ratio, capillary pressure, 
IFT, wettability, and interfacial processes (e.g., adhesion/contact line 
pinning). Air is much more buoyant than decane and scCO2, making its 
immobilization more difficult by the porous media. This resulted in the lowest
Snw,r and Θnw,r for air amongst the three NWP fluids. This trend reaffirmed the 
conclusion that decreased density contrast resulted in greater NWP trapping 
[Morrow et al., 1988; Wang and Clarens, 2012; Suekane and Okada, 2013]. 
This trend could also be partly due to the differences in wettability states. A 
trend emerged suggesting that with wettability alteration toward the 
direction of less water‐wetting by the NWP fluids (decane and scCO2 here), 
Snw,r and Θnw,r increased. Given that Snw,r and Θnw,r are a result of many 
physicochemical and interfacial properties/phenomena acting in synergy, 
whether wettability alteration is the main cause needs to be examined with 
further investigations.

Comparing between decane and scCO2, although the buoyancy effect is very 
similar, results of capillary trapping were consistently different. Decane has 
been used as an analog fluid to scCO2 based on their similar properties, 
mainly density [Iglauer et al., 2011; Pentland et al., 2011]. Using decane as 
an analog fluid enabled simulation of multiple‐component, multiple‐phase 
scCO2‐brine experiments at ETP that are very challenging to conduct relative 
to experiments at RTP. The results here however indicate that the capillary 
behavior of decane fails to represent scCO2, particularly with respect to 
emulating the important information of residual scCO2 trapping. The use of 
decane (possibly other analog fluids as well) generally underestimates Snw,r 
and Θnw,r for scCO2. Differences in wettability states (more intermediate‐
wetting of scCO2 than decane) help to explain the differences in Snw,r and Θnw,r

between the two NWPs. CO2 adhesion also very likely contributes to the 
higher Snw,r and Θnw,r for scCO2 [Wang et al., 2013]. The significantly distinct 
viscosity ratios between decane‐brine and scCO2‐brine may play an 
important role as well [Wildenschild et al., 2011; Suekane and Okada, 2013]. 
Note from Table 1 that the viscosity ratio, µn/µw, of 0.85 for decane/brine is 
more than 10 times greater than that of scCO2/brine. The much less viscous 
scCO2 has an unfavorably high mobility ratio compared to decane which 
exhibits a more piston‐like pattern of displacement with brine that results in 
less trapped decane during imbibition.

These results have important implications for relating laboratory 
experiments to a variety of important multiphase fluid displacement 
processes in the field, including GCS, EOR, and vadose zone hydrology. The 
repeatedly measured drainage‐imbibition cycles provide valuable 
information on the Sw responses to Pc, particularly in the main drainage and 
imbibition regions (i.e., significant change in Sw at its intermediate levels). 
Given that most laboratory trapping studies rely on relatively fast 



spontaneous or forced imbibition, the Snw,r data presented here with Pc = 0 
approached slowly provide new perspectives on residual NWP trapping under
displacement rates relevant in the field. The porous plate method enabled 
direct measurements of changes in capillary and wettability behavior, and 
their hysteresis on an extended time scale (several months) thereby 
facilitating exploration of wettability alteration and changes in Snw,r. Given 
that the fate and transport of NWPs are overall determined by the force 
balances between buoyancy, interfacial tension, and shear drag forces 
[Wildenschild et al., 2011; Wang and Clarens, 2012; Suekane and Okada, 
2013], these results help uncover the relative importance between different 
parameters. Moreover, capillary scaling facilitates evaluating the effects of 
interfacial properties which lays the foundation for future studies to separate
and quantify the individual contributions of IFT and wettability to the 
deviated Pc–Sw behaviors from predictions.

The decane‐brine results provide a further look into the mechanism of EOR 
through imbibition. Wettability alteration of porous media materials induced 
by contact with decane is important. It contributes to slightly increased 
amounts of capillary trapped oil phase. Methods that help maintain a water‐
wetting reservoir would increase the amount of recovered oil. From another 
aspect, decane has been used as an analog fluid in GCS studies. However, 
this study revealed that decane is inadequate to predict scCO2 behavior in 
silicate and carbonate reservoirs. This is mainly due to the distinct 
differences in wettability characteristics and viscosity ratio (and thus mobility
ratio). The time‐dependent behavior of scCO2‐water cannot be captured in 
analog decane‐water experiments. Although more technically challenging, 
experiments concerned with multiphase behavior in GCS reservoirs are best 
conducted with scCO2 under conditions representing reservoir pressures and 
temperatures.

4 Conclusions

We systematically characterized the Pc–Sw relations of air‐brine, oil (decane)‐
brine, and scCO2‐brine fluid systems in silica (quartz) and carbonate 
(limestone and dolomite) sands using three custom‐built porous plate 
experimental systems under ambient and reservoir conditions. This 
investigation enabled us to study the equilibrium capillary and NWP 
entrapment phenomena. The scCO2‐brine fluid pair has the highest Snw,r, 
followed by decane‐brine. Air‐brine has the lowest Snw,r. The Pc–Sw curves of 
decane‐brine and scCO2‐brine deviated significantly from capillary scaling 
predictions and shifted toward lower Pc. The shifted curves indicated 
significant wettability alteration of porous media toward weakly water‐
wetting compared with air‐brine. The flow and displacement regimes, and 
residual trapping are complicated by interfacial phenomena including the 
behavior of water films as illustrated in Figure 1. The differences between 
decane‐brine and scCO2‐brine Pc–Sw results also indicate that using decane as
the surrogate for scCO2 underpredicts its residual trapping. Therefore, ETP 
experiments with scCO2 remain necessary to directly measure capillary and 



interfacial behavior of GCS reservoirs. This work is also important for 
understanding longer term CO2 behavior during GCS, with particular 
relevance to the postinjection stage where scCO2 remains nearly stagnant in 
pore spaces, and is capillary trapped under Pc ≈ 0. The cyclic Pc–Sw drainage 
and imbibition events in scCO2‐brine over several months collectively 
indicated that wettability alteration over time may facilitate larger amounts 
of scCO2 storage in reservoirs and greater contribution to mitigation of 
climate change caused by CO2 emissions.
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