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Abstract Nuclear magnetic resonance (NMR) techniques were used to study the capillary trapping
mechanisms relevant to carbon sequestration. Capillary trapping is an important mechanism in the initial
trapping of supercritical CO, in the pore structures of deep underground rock formations during the
sequestration process. Capillary trapping is considered the most promising trapping option for carbon
sequestration. NMR techniques noninvasively monitor the drainage and imbibition of air, CO,, and
supercritical CO, with DI H,O at low capillary numbers in a Berea sandstone rock core under conditions
representative of a deep underground saline aquifer. Supercritical CO, was found to have a lower residual
nonwetting (NW) phase saturation than that of air and CO,. Supercritical CO, behaves differently than gas
phase air or CO, and leads to a reduction in capillary trapping. NMR relaxometry data suggest that the NW
phase, i.e., air, CO,, or supercritical CO,, is preferentially trapped in larger pores. This is consistent with
snap-off conditions being more favorable in macroscale pores, as NW fluids minimize their contact area
with the solid and hence prefer larger pores.

1. Introduction

Anthropogenic CO, emissions are becoming increasingly prevalent in our society and the increase in atmos-
pheric concentrations of this greenhouse gas is believed to contribute to the observed global warming
[Bachu, 2008]. A currently investigated viable means of reducing anthropogenic CO, emissions is through a
method called carbon capture and storage (CCS) [Klusman, 2003]. CCS is the process by which CO, is cap-
tured and securely stored in deep underground saline aquifers or in depleted oil and gas fields. When CO,
is injected into these deep underground reservoirs, it is stored in a supercritical state, that is, at tempera-
tures and pressures above the critical point of CO,. Supercritical fluids exhibit both properties of gases and
liquids with transport properties comparable to gases and densities similar to liquids [Carles, 2010; Rassi
et al, 2012]. Thus, CO, in its supercritical state will have a larger storage capacity than in its gaseous state
while at the same time enhancing mass transfer of the CO, into brine and is therefore ideal for geologic
sequestration.

There are four dominant trapping mechanisms that contribute to the long-term storage of CO,: structural
trapping (stratigraphic trapping), capillary trapping (residual trapping), solubility trapping, and mineral trap-
ping. Structural trapping is where the buoyant CO, plume becomes immobilized underneath an imperme-
able cap rock, essentially stopping the upward migration of the CO, plume from reaching the surface
[Benson and Cole, 2008]. Capillary trapping is the mechanism that traps ganglia (tiny droplets of CO,) within
the pores of the rock. This happens primarily after injection stops at which point water begins to imbibe
back into the CO, plume, immobilizing a fraction of the trailing end of the CO, plume [Andrew et al., 2014;
Benson and Cole, 2008; Herring et al., 2013; Iglauer et al., 2011; Krevor et al., 2015; Pentland et al., 2011; Tanino
and Blunt, 2012; Wildenschild et al., 2011]. Capillary trapping is considered as the most promising option for
carbon sequestration [Krevor et al., 2015]. Modeling efforts that take into account the known properties of
reservoirs in the USA [Halland et al., 2011; Juanes et al., 2010] and in the North Sea [Gammer et al., 2011] esti-
mate that between 65% and 95% of the capacity for CO, storage is in the form of capillary trapping of the
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CO.. Indeed methods that enhance the degree of capillary trapping are being developed which coinject
CO, and brine, or inject chase brine after the CO,; injection [Juanes et al., 2010]. The injected water helps
move the CO, through the entire formation and traps the CO, in the pore ganglia. Solubility trapping is the
dissolution of the trapped CO, into the surrounding brine, a process that takes considerable time but less-
ens the amount of CO, that could migrate upward due to buoyant forces [Benson and Cole, 2008; Neufeld
et al,, 2010]. Lastly, mineral trapping happens when the dissolved CO, reacts with the minerals in the rock
creating solid carbonate minerals that precipitate into the pores. This process has the longest time scale of
all the trapping mechanisms [Benson and Cole, 2008].

Dissolution trapping and mineral trapping occur on long time scales and are dependent on the security
and the amount of CO, trapped during the capillary trapping stage, it is therefore important to understand
this mechanism and determine the residual saturation of CO, trapped within the pores in order to optimize
CO, injection and trapping security. CO, becomes trapped when the capillary forces are greater than the
pressure gradient and buoyant forces. This occurs at low capillary numbers (Ca), where the capillary number
is a dimensionless quantity that describes the ratio of viscous forces to the surface tension between the two
fluids. It is defined as Ca=uV/y, where u is the dynamic viscosity, V is the pore velocity, and y is the surface
tension. In the case where CO, is the nonwetting (NW) phase in a deep sandstone saline aquifer, CO, gan-
glia are produced via snap-off at which point it becomes residually trapped [Deng et al., 2014]. Snap-off is
an important phenomena in geologic sequestration because it prevents the separated CO, ganglia from
continuing to migrate upward with the rest of the plume, reducing the risk of leakage. NW fluids minimize
their contact area with the solid and hence prefer larger pores leading to snap-off conditions in the larger
pores. Snap-off occurs in the pore throats, a constriction in the pathway between larger pore bodies. Essen-
tially, when the capillary pressure in the pore throat is greater than the capillary pressure across the NW
phase front in the pore body, snap-off occurs and the NW phase becomes trapped within the pore body
[Deng et al., 2014; Roof, 1970; Rossen, 2000]. This process occurs naturally via the slow flow of brine through
the storage rock, but may also be elicited intentionally by the use of chase water [Krevor et al., 2015].

The bulk description of capillary trapping (at the macroscopic scale) is done in terms of the fractional satura-
tion of the pore volume by the NW phase. One approach is to compare the residual saturation (Sg) with the
initial saturation prior to imbibition (S)) to determine the trapping efficiency, Sg/S, [Andrew et al., 2014;
Herring et al., 2013]. While this is a commonly quoted metric, it neglects the dependence of the residual
saturation on the specific initial saturation state, and the more general trapping behavior for a given rock is
described by an initial-residual (IR) constitutive relationship. The Land model [Land, 1968] is a simple,
one-parameter empirical equation that has been shown to have broad application for describing trapping
in rocks

_ S
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The essential characteristic is that the amount of trapped NW phase is a monotonically increasing function
with decreasing marginal saturation. Certain sandstones with mixed wettability characteristics [Krevor et al.,
2015] and unconsolidated media with analogue oil-water system. Pentland et al. [2010] show nonmonotonic
or discontinuous saturation behavior, but in general, water-wet Berea cores are well described by the Land
model under a wide range of conditions [Krevor et al., 2015; Niu et al., 2015]. The IR characteristics are spe-
cific to the rock and are reflected in the Land constant, C, where C = 0 represents perfect trapping of all ini-
tial NW phase (Sg=S5) and increasing C represents less and less efficient trapping at higher initial
saturations.

Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) are noninvasive techniques that
can monitor the protons in the water trapped within porous media. The amount of water, spatial distribu-
tion of the water, and the local environment (pore size) of the water are all accessible with NMR measure-
ments. Previous work has used MRI to look at rate of displacement of the front associated with supercritical
CO, displacement processes in a model glass bead pack [Liu et al., 2011]. An earlier study looked at the
transport properties of atmospheric carbonated brine as it flowed through a sandstone rock core [Hussain
et al.,, 2011]. This study extends these applications by looking at the water when supercritical CO, is flowing
in a water saturated sandstone rock core. In this study, nuclear magnetic resonance (NMR) techniques are
used to noninvasively monitor the drainage/imbibition of air, CO, and scCO, with DI H,O in a Berea
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Figure 1. Schematic of the experimental setup with expanded view of a cross section of the core holder. Pump A controls the flow and pressure through the rock core while pump B
maintains the confining pressure. The confining pressure is maintained at 9308 kPa (1724 kPa higher than the interior pressure in the rock core). Operating interior pressure was 7584
kPa. Heating was provided by the TEMCO recirculation heating system which allowed supercritical conditions to be reached, 35°C.

sandstone rock core under conditions representative of a deep underground saline aquifer. Understanding
how the thermophysical properties of scCO, alter capillary trapping relative to air provides information to
extend the use of data on air to model scCO, capillary trapping. This study will compare the capillary trap-
ping of air with that of supercritical CO,, as well as subcritical CO, to supercritical CO, by measuring the dis-
tribution of the wetting (W) fluid in the pores via NMR imaging and relaxometry. The drainage/imbibition
saturation through the pore structure is quantified as is the pore size distribution of the capillary trapping
pores.

2. Experimental Methods

2.1. Experimental Setup

All experiments were performed using a Bruker AVANCE 300 MHz spectrometer with a 60 mm diameter
Super-Wide Bore (SWB) radio frequency (RF) probe. The flow loop is shown in Figure 1. A custom TEMCO
FCH core holder designed for high-field NMR housed the rock core and allowed flow through of the high-
pressure fluids. The Viton sleeve that is provided with the core holder from TEMCO was not used for these
studies. Instead, a Teflon taped rock core and a heat shrink sleeve separated the rock core from the confin-
ing liquid. There are two regions within the core holder, separated by an FEP heat shrink sleeve. The outer
region contains the confining fluid, Fluorinert (Sigma-Aldrich), and the inner region contains the rock core
and drainage/imbibition fluids. The confining fluid is maintained at a higher pressure than the drainage/
imbibition fluids to securely pressurize the FEP sleeve around the Teflon wrapped rock core, restricting the
drainage/imbibition fluids from flowing around the outside of the core. A partial cross section is shown in
Figure 1. Two ISCO 500D syringe pumps were used to provide the desired pressures and flow rates. One
pump maintained pressure, preheating, and flow of the saturation/imbibition fluids through the rock core
while the other pump provided the pressure for the confining fluid. A TEMCO recirculation heating system
provided the necessary circulation and heat for the confining fluid, this fluid maintained the temperature of
the drainage/imbibition fluid going through the rock core, which was monitored via a thermocouple. This
ensured supercritical temperatures for the entirety of the flow system when required. A piston accumulator
attached to a back pressure regulator (TharSFC) allowed fluid to accumulate while maintaining the system
at a constant pressure.

The rock cores used were a Berea sandstone with dimensions of roughly 26 mm in diameter and 97 mm
long. They were both cored from a larger block of sandstone and thus are expected to have similar proper-
ties. The Berea sandstone was of the Dunham classification quartz arenite, of porosity 15% as determined
by mercury porosimetry and permeability 150 mD. Before heat shrinking, the FEP sleeves around the rock
core several layers of Teflon tape were wrapped around the rock core to help seal the rough rock exterior
against the FEP helping to prevent flow around the core.
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The FID sequence applies a single NMR RF pulse to excite the protons in the liquid H,O in the sample and
the free induction decay that is acquired immediately afterward can be directly correlated to the total water
content of the rock sample [Callaghan, 1991].

The CPMG sequence consists of a 90° RF pulse followed by sequential 180° pulses that induce a train of
spin echoes. These spin echoes create an exponential decay envelope which is determined by the trans-
verse spin-spin T, relaxation [Callaghan, 1991]. For samples where multiple T,s are present, such as in
porous media with different pore sizes, a multiexponential decay envelope is obtained. An inverse Laplace
transform (ILT) algorithm is then used to obtain the distribution of T, values from within the sample [Hurli-
mann et al., 2003; Stingaciu et al., 2010; Washburn and Callaghan, 2006]. T, values can be correlated to pore
sizes within the rock core [Hurlimann et al., 2003; Kleinberg, 1996; Mitchell et al., 2010; Song et al., 2008; Wash-
burn and Callaghan, 2006]. The increased interactions of nuclei in small pores as well as surface relaxation
effects contribute to the decrease of T, as pore sizes become smaller. Therefore, larger T, values (slower
relaxation) can be attributed to larger pores and smaller T, values (faster relaxation) can be attributed to
smaller pores, shown schematically in Figure 2. In order to be sensitive to the short T,s in the rock core, RF
pulse durations shorter than the smallest relaxation times are required, and typically NMR can measure
pore sizes in the range 0.2-100 um. The lower limit is determined by the minimum echo time that is achiev-
able with the NMR hardware and the upper limit is determined by the T, relaxation of the saturating fluid.
In the 60 mm coil required in this work, 90 us RF pulse was applied at max power (300 W) with 500 echoes
covering the short T, decay with an echo spacing time 7 of 140 us for a total echo time of 70 ms. The range

of T, values accessible by the current

‘E,; Tacq : Tg . high-field NMR spectrometer, which is
; : between 1 ms and 1 s, is illustrated in
Figure 2.

RF /\ AANADAA > gure ) )
\/ Jyyvvy E The ZTE imaging sequence [Garwood,
/— 2013; Weiger et al, 2011, 2012], depicted
in Figure 3, has been specifically designed
G ¢ > to allow the imaging of fast relaxing NMR
k=0 signals of short T, values. This is achieved
Figure 3. Three-dimensional ZTE pulse sequence used in experiments. A hard RF by switching on a readout gradient
pulse is applied with a small tip angle after the gradient has been ramped up. The before any RF pulse excitation. A range of

gradient represents all three directions and is changed before each RF pulse, thus . .
it is a radial center-out acquisition with k = 0 at the middle of the RF pulse. Due to gradlent values is ramped thrOUgh’ allow-
hardware limits, there is a delay, d, for the coil to switch from transmit to receive ing acquisition of k-space data [Callaghan,
mode before signal acquisition can begin. Consequently, there will be some miss- 1991] in a 3-D radial center-out trajectory.

ing k-space points at k-space center. The repetition time TR =Tgg + 0 + Toeq + Ta, L. N .
the RF pulse time, the transmit/receive delay, the acquisition time, and the gradi- By SWItChmg the gradlent on before exci-
ent ramp time. tation, the dead time between acquisition
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and RF excitation is minimized, limited only by the hardware dead time to switch between transmit and receive,
denoted by ¢. Therefore, more of the FID can be obtained at the cost of losing some initial k-space points due to
the delay 6. The missing k-space points and Fourier transformed image reconstruction are dealt with through the
use of an algebraic reconstruction and 3-D gridding algorithm [Kuethe et al,, 1999; Weiger et al., 2011]. The sequence
also utilizes short tip angle RF pulses to capture the fast decay.

Fourier transform of the full 3-D set of k-space data produces the 3-D image of the water in the sample,
where intensity is proportional to the water saturation (W phase) in each volume element of the image.
Image resolution is determined by bandwidth of the data acquisition in combination with the strength and
duration of the applied gradient [Callaghan, 1991]. Increasing the bandwidth of the data acquisition will
ensure faster sampling but also leads to more missing k-space points because faster sampling places more
points within the dead time o, where they are not acquired. Therefore, there is a trade-off between decreas-
ing bandwidth which decreases resolution and missing k-space points which lead to poor image quality. It
was found that any more than two missing k-space points leads to poor image quality and thus a maximum
bandwidth of 200 kHz was used. An RF tip angle of 6.4° at maximum power yields a pulse time of 6.4 us. A
repetition time (TR) of 3.84 ms was used and is greater than the needed TR, calculated from the Ernst angle
equation [Callaghan, 1991; Weiger et al., 2011], thus giving adequate time for the longitudinal magnetization
to recover. A FOV of 60 mm X 90 mm X 60 mm with 64> pixels is adequate to image the rock core without
creating any signal wrap-around artifacts. The spatial resolution these parameters set is 0.938 mm/pixel X
1.41 mm/pixel X 0.938 mm/pixel. This specified resolution can be less than the actual resolution due to sus-
ceptibility broadening from the short T, relaxation in the rock, however, imaging phantoms of varying size
with equivalent T,s allowed an estimation of the actual resolution which was indeed similar to the specified
resolution. The total scan time was ~58 s providing images of the real time process averaged over that
time scale.

The mean fractional CO, (NW phase) saturation in a volume of interest is determined from the integrated
MRI image intensity in that volume (/,) and the image intensity in the region at 100% water saturation (/s

!
5c02:(1_l V) )
Vsat

When evaluated postdraining by the CO, and postimbibition by the water, Sco, becomes the “initial” and
“residual” fractions, S; and Sg, respectively.

2.3. Experimental Process

Three separate drainage and imbibition experiments were performed on two different rock cores. Each
experiment used either air, CO,, or scCO, as the nonwetting (NW) fluid and DI H,0O, doped with 0.4%-vol
Magnevist (Gd*>*-DTPA) to enhance the signal, as the wetting (W) fluid. To keep experimental setup simple,
the water was not presaturated with CO,. The density difference between water and water saturated with
CO, has been previously presented in the literature to be less than 1% at the pressure and temperatures
used [Hebach et al., 2004]. Additionally, the 0.5-1% error in the final trapping efficiencies will be similar for
all imbibing fluids. The drainage and imbibition experiment was then repeated for each rock core for each
NW fluid, yielding a total of six experiments for each rock core. This series of experiments allowed verifica-
tion of the results for each rock core and demonstration of variations/similarities between rock cores. The
results for each rock core are expected to be similar because the two cores were taken from the same block
of well-characterized Berea sandstone which is known to be homogenous.

The protocol is the same for every experiment except for the specific NW fluid. Every experiment was con-
ducted at 7584 kPa and 21°C for air/CO, or 35°C in order for CO, to reach a supercritical state, scCO,. The
experimental steps were as follows:

1. The core is wrapped with Teflon tape, heat shrunk in the FEP sleeve, and placed into the core holder
which is then placed into the probe in the spectrometer and fluid lines attached. A ZTE image is taken
with the core completely dry to obtain a background image of the probe and core holder material that is
later used for background subtraction, since short T, protons in the probe and core are excited.

2. DI H,O doped with Magnevist is pumped in saturating the core. It is then slowly pressurized to the desired
7584 kPa. Both the confining fluid pressure and the drainage/imbibition fluid pressures are ramped up
simultaneously whilst maintaining the confining fluid pressure 1724 kPa above the drainage/imbibition
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fluid pressure at all times. The saturation is monitored using the FID NMR sequence. Once the FID signal
has stabilized, maximum saturation has occurred and a ZTE image and 1-D T, measurement are taken to
define the full saturation state which can vary as indicated by the signal intensity of the red (solid) line in
Figures 3 and 6.

3. Once pressure has equilibrated at 7584 kPa, pump A is isolated and the fluid is switched to the desired
NW fluid (air, CO,, or scCO, for which the heating recirculation system is also turned on) and pumped
into the core, simulating drainage, at 0.5 mL/min corresponding to very low Ca numbers (~2.72 X 10~®
(air), 239 X 107 (CO,), or 8.09 X 102 (scCO,)). It is pumped in for ~15 min until the FID signal has
reached a stable regime. Several ZTE images and 1-D T,s are obtained during the drainage process with
the final one taken at maximum drainage when the FID signal stabilizes.

4. Pump A is isolated again and the fluid is switched to DI H,O doped with Magnevist for the imbibition
phase. The water is pumped in at 0.5 mL/min corresponding to low Ca numbers (=1.38X 107 (air), 3.21 X
1076 (CO,), or 3.50 X 10™° (scCO,)). The three Ca numbers are different from that for drainage because
the invading fluid is now water and the dynamic viscosity of water is used instead of that of the NW. It is
pumped in for ~10 min until the FID signal has stabilized. For both drainage and imbibition, the NMR sig-
nal was monitored and the process was stopped once the signal stabilized, therefore indicating that there
was no more accumulation or removal of water occurring. For drainage, this corresponded to a flow of
0.5 mL/min for 15 min and a cumulative flow of 7.5 mL, which is equivalent to one pore volume for
the 15% porosity rock. For imbibition, the total cumulative pore volume of flow was 5 mL, or 0.65 total
pore volume. This amount of W fluid is slightly less than one pore volume, but despite the relatively
small amount of fluid, imbibition with less than one pore volume is a common observation in Berea core-
s[Akbarabadi and Piri, 2013; Lu et al., 2013; Niu et al., 2015; Shell/Scottish Power CCS Consortium, 2011; Shi
et al, 20113, 2011b]. A ZTE image and 1-D T, are then taken after stabilization to measure the final imbibi-
tion saturation.

5. The core is then removed, oven dried, and placed in a vacuum in order to ensure all water and NW phase
have been removed to ensure the initial conditions of the rock core are the same for every experiment.

3. Results and Discussion

3.1. ZTE Imaging

The ZTE image data were acquired at full saturation, several during the drainage process, and one at the
end of the imbibition process. The three most important images, for calculating the fraction of residually
trapped NW fluid and capillary trapping efficiency, are the full saturation image, the last drainage image,
and the final imbibition image. Although 3-D ZTE images were obtained, it proved most useful for analysis
to collapse the data into a 1-D profile along the length of the core. These profiles are shown in Figure 4 for
air, CO,, and scCO, as the NW phase, respectively. These figures represent the most recent experiments
on rock core #2. These data are representative of the other nine experiments. The profiles for the
other nine experiments are not shown; however, the data analysis from all 12 experiments is compiled in
Tables 1 and 2.

In each figure, the red (solid) line indicates the maximum initial saturation with the W fluid, the blue (dot-
ted) lines indicate the saturation changes during NW fluid-induced drainage with chronological order in the
direction of decreasing signal and the green (dashed) line indicates the maximum saturation reached after
imbibition of the W fluid postdrainage. All lines represent the signal associated with the wetting phase satu-
ration so in order to obtain the NW phase saturation fraction the data are normalized to the initial saturation
and the fractional difference in the final saturation level determines the NW phase within the pores. This
analysis assumes that all the pores are initially full of the W phase and will actually be an undetermined frac-
tion that are never imbibed with the W fluid (H,0), a fraction of pores that remain gas filled and inaccessible
to the wetting fluid. As these pores will not be accessible to the water and not participate in the draining
and imbibing process, we normalize the results to define all subsequent saturations as a percentage of the
initial saturation. Air displacement from the rock core during the saturation process is significant. Further-
more, any gas remaining in the rock in the fully saturated state will be compressed significantly as the pres-
sure rises from 100 to 7500 kPa, and unable therefore to occupy more than 1% of its original volume. Air
dissolution into the imbibing fluid at this pressure would further reduce the possibility of influence from
any trapped air.
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Figure 4. One-dimensional profiles for drainage/imbibition for (a) air/H,0O, (b) gas phase CO,/H,0, and (c) supercritical CO,/H,0 indicating wetting phase along the length of the rock
core after saturation (red-solid), during drainage process with NW fluid (blue-dotted), and after imbibition of W fluid H,O (green-dashed). The residually trapped NW phase within the
pores can be found by taking the difference between the red (solid) and green (dashed) lines. The data for the entire 90 mm length of the coil are shown consistent with the hardware
specification. Roll-off in the data intensity in the shaded areas is due to power variation of the RF pulse at the coil ends.

Table 1. NW Phase Fraction in Berea Rock Core #1

Normalized Average 1-D Intensity From 28 to 54 mm (Indicating NW Phase Fraction)

Scan Air CO, scCO,

Fully saturated 0 0 0 0 0 0
Drainage-1 0.00 0.01 0.02 0.02 0.40 0.30
Drainage-2 0.30 0.22 0.36 0.43 0.44 0.40
Drainage-3 035 047 0.48 0.49 043
Drainage-4 (S) 0.41 042 0.51 0.51 0.51 0.47
Imbibition final (Sg) 0.28 0.32 0.36 0.37 0.27 0.30
Trapping efficiency (Sg/S) 0.68 0.76 0.71 0.73 0.53 0.64
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Table 2. NW Phase Fraction in Berea Rock Core #2
Normalized Average 1-D Intensity From 28 to 54 mm (Indicating NW Phase Fraction)

Scan Air CO, scCO,

Fully saturated 0 0 0 0 0 0
Drainage-1 0.10 0.03 0.01 0.04 0.19 0.18
Drainage-2 035 0.36 0.34 0.39 0.42 0.40
Drainage-3 0.38 0.40 0.41 0.44 0.44 0.42
Drainage-4 (S) 0.40 0.44 047 0.48 0.49 0.48
Imbibition final (Sg) 0.30 0.32 0.33 0.35 0.29 0.29
Trapping efficiency (Sg/S) 0.75 0.73 0.70 0.73 0.59 0.60

Examining each of the 1-D profiles for air, CO,, and scCO,, it is clear that they have similar spatial profiles and
intensities. Roll-off in the data intensity at the ends of the observation window, the shaded gray areas, is due
to nonuniformity of the RF coil pulse power at the ends. The NW phase fractions are calculated based on the
signal only in the most linear region of the profiles, from 28 to 54 mm, the ~30 mm unshaded area where the
RF power is uniform. The NW phase fraction data (S) for each 1-D profile are given in Tables 1 and 2, and are
calculated using the average MRI signal intensity in the region of interest (/) according to equation (2) for the
associated fully saturated, drainage, or imbibition profiles. The trapping efficiency is calculated as Sg/S; where
S is the final drainage NW phase fraction, thus giving an indication as to the amount of NW phase that has
remained trapped in the core after imbibition. The average NW saturation and trapping efficiency values for
all four runs for each NW fluid (air, CO,, and scCO,) are shown in Table 3. It should be noted that at the experi-
mental conditions of 7564 kPa and 20°C, there will be some CO, dissolution into the water, ~0.03 mol fraction
CO, into the water phase [Spycher et al., 2003]. This mass transfer has the potential to slightly increase both
the Sy and S values listed in Table 3 for scCO, but have little impact of the calculation of the trapping effi-
ciency. Preequilibration of the water with CO, would eliminate this error source.

The data in Table 3 indicate that both CO, and scCO, drain the core to a higher NW phase saturation than
air in the same period of time, as indicated in the drainage-4 line. After imbibition, CO, is observed to fill
the greatest percentage of the rock core with NW phase, as determined from analysis of the imbibition final
line. The CO, and air have similar trapping efficiencies but differ in both the amount of NW phase drained
and the residual amount of NW phase trapped. The scCO, has similarities to air in the amount of residual
NW phase trapped and similarities to CO, in the maximum amount of NW phase drained but it has signifi-
cantly lower trapping efficiency when compared to both air and CO,. The scCO, trapping efficiency is found
to be ~10% less than the values reported in Andrew et al. [2014] for similar sandstones of Bentheimer and
Doddington. However, the trapping efficiency for air and CO, are on par with their reported results [Andrew
et al,, 2014]. This decrease in the quantity of capillary trapping for scCO, is more in agreement with the
results obtained in Iglauer et al. [2011] and Pentland et al. [2011], where scCO, has a lower residual satura-
tion than for an analogue strongly water-wet system, octane-brine. They are also in agreement with the
lower end of the range of values found by Manceau et al. [2015] for a Triassic sandstone.

While the trapping efficiency does provide some indication of the amount of NW phase that can be residu-
ally trapped, it is a function not only of the rock-fluid system, but also on the initial NW saturation, which
may itself depend on the type of NW fluid. By plotting the residual versus initial NW phase saturation values
from Tables 1 and 2, we obtain the IR
plot of Figure 5, which also includes
equation (1) plotted with average Land

Table 3. Summary of NW Phase Fractions®
Average Values for All Four Runs of Air,

CO,, and 5cCO, With Standard Deviation constant C for all three NW fluids. While

(Indicating NW Phase Fraction) certainty in the general trends is limited

S Air €0, 5¢CO, because the initial saturation was not

Drainage-4 (S)) 042 +0.02 0.49 +0.02 049 *+0.02 expressly varied, this is the best means to
Imbibition final (Sg) 031+ 0.02 0.35 +0.02 0.29 + 0.01 . . .

Trapping efficiency (Sz/S) 0.73 = 0.04 0.72 +0.02 0.59 + 0.05 make a Slmple comparison of air, €O,

and scCO,, which exhibit significantly dif-

“The three primary conclusions are: CO, and scCO, drain a higher percent- P .
age of the W fluid than air does; CO, traps the largest residual amount of the ferent initial Saturatlo.ns' NOtably’ th(.es.e
NW phase than air and scCO, do; air and CO, have similar trapping efficien- curves suggest that air and CO, exhibit

cies whereas scCO, is on the order of 13% less than both air and CO,. similar IR characteristics (C ~ 0.81 — 0.89)
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0.6 while the scCO, data on average
I : ﬁ}r, Core; ----C=089 lie near a curve with a higher
Leores C=08l constant (C=1.43). All of these
05  ACOycorel  —.-. Cc=143 | \ th resul
~ A CO,, core2 S — values are con5|stenfc with results
n I M scCO,, core 1 R from a meta-analysis of a large
.g 04 scCO,, core 2 o number of CO, trapping experi-
= */—;" - ments in Berea sandstone where
= AT
£ Py . C ranged from 0.7 to 2.0 [Krevor
203t AT B - et al., 2015]. The variation is gen-
_§ 2 -7 ! erally seen to be due to differen-
@ e ces in the pore structure. In the
o2 f it ; -
S context of this experiment, where
E ,;_" - repeated measurements were
7 .
o1 L Vs ~ made on the same cores, it sug-
2 gests a less efficient trapping
mechanism for scCO, than for
0 . L . L ‘ L w L w L w ) the other NW fluids. The lower Sg
0 0.1 0.2 0.3 0.4 0.5 0.6  for scCO, as compared to CO,
NW initial saturation, S, has been observed before, and is
also attributed to a difference in
Figure 5. Initial/residual plot for all rock cores and NW fluids. Symbol size is representative the wetting state of the two flu-

ol reriersl sandrd deiain sk boc e e he o sl 56 i with watr [AKbarabad! and
each NW fluid. Piri, 2013].

Comparing CO, and air, the difference in saturation values, where CO, has a higher initial and residual NW
phase saturation, can be explained by the difference in surface tension. The surface tension between CO,
and water is nearly half that between air and water [Bachu and Bennion, 2009]. Where the capillary entrance
pressure of a pore in the rock is defined as P.,, =27ycos 0/r where y is the interfacial tension, 0 is the wetting
angle, and r is the pore radius, a lower surface tension will lead to lower overall capillary entrance pressures
within the pores of the rock [Blunt and Scher, 1995; Pentland et al., 2011]. With a lower capillary entrance
pressure than that for the air/water system but with the same flow rate, the viscous forces are stronger in
comparison to the capillary forces, and CO, invades more pores leading to higher initial NW phase
saturation.

The curve describing the scCO, data appears to have Land constant C greater than that for air and CO,. The
initial NW phase saturation is similar to CO,, due to the similar surface tension values [Bachu and Bennion,
2009]. As the contact angle increases, snap-off is less favored and gives way to a more piston-like advance.
With the suppression of snap-off, there is decrease in residual saturation [Blunt and Scher, 1995; Iglauer
et al., 2011; Pentland et al., 2011]. Therefore, this supports that scCO,/water is slightly less strongly water-
wet, leading to larger contact angles, a decrease in snap-off, and therefore a lower residual saturation.

3.2. T, Distributions

Distributions of T, relaxation times were obtained by Laplace transformations of the 1-D CPMG T, data in
MATLAB. The results from the three most recent experiments of air, CO,, and scCO, on rock core #2 are
shown in Figure 6, and are representative of the results observed in rock core #1. Although it is well known
that high-field NMR can introduce artifacts in T, distributions due to susceptibility [Mitchell et al., 2010], the
results presented here provide evidence that such measurements can provide insight into the pores that
participate in capillary trapping. Future experiments will be conducted in a new low field spectrometer
which will provide more accurate insight into pore saturation distributions.

In all the T, distributions for the 12 samples, there appear to be two main distributions, which can be
loosely associated with the larger or the smaller pore sizes [Jorand et al., 2011; Liaw et al., 1996; Tanino and
Blunt, 2012]. The lack of any signal with a T, larger than 200 ms is confirmation that the largest pores are
about 100 um and that there are no large cracks or vugs present. Some of the water is in small pores less
than 3 um with relaxation times less than 1 ms; below that which is accessible with the current instrument
[Song, 2003]. T, values less than 1 ms cannot be resolved because the minimum CPMG echo time is limited

PRATHER ET AL.

NMR STUDY OF CAPILLARY TRAPPING 721



@AG U Water Resources Research 10.1002/2015WR017547

Q
—

Signal Intensity [a.u.]

+<+++ Drainage

= ==Imbibition

Fully Saturated

40000 40000

=

= Fully Saturated

35000 . 35000
++e++ Drainage

— —Imbibition 30000

25000
20000

Signal Intensity [a.u.]

0.01 0.1 1 0.001 0.01 0.1 1
T, [s] T, [s]
c) 40000
Fully Saturated

. 35000

++e++ Drainage
— —Imbibition 30000
25000

0.001 0.01 0.1 1
T, [5]

Figure 6. Evolution of T, distributions for drainage/imbibition for (a) air/H,O at 7584 kPa and 21°C in core #2 run #2, (b) gas phase CO,/H,0 at 7584 kPa and 21°C in core #2 run #2, and
(c) supercritical CO,/H,0 at 7584 kPa and 35°C in core #2 run #2.

to 2t =280 us in the 60 mm RF coil. These extremely fast relaxing spins are associated with the connate
water fraction, as microporosity clay-bound water [Jorand et al., 2011; Tanino and Blunt, 2012]. The low
mobility of this water makes an insignificant contribution to the acquired signal and participates minimally
in the macroscale drainage and imbibition process. Similarly, the other NMR techniques are insensitive to
this connate water fraction, and it is excluded from all determinations of initial/residual saturation.

All the T, distributions exhibit a similar bimodal trend, although it is clear that susceptibility artifacts from
slight variations in the rock core loading each time, produce some variability on the features in the initial
T, distribution. As discussed above, all values range between 1 and 100 ms with intensities that are bimodal
with two populations centered on 5 and 25 ms, respectively. Pore sizes in a Berea sandstone can be easily
characterized by NMR and range from 1 to 100 um [Mitchell et al., 2010; Song, 2003]. Therefore, in Figure 6,
the left population can be associated with the mesoporosity, pore sizes between 3 and 10 um, and the right
population can be associated with the macroporosity, pore sizes between 10 and 100 um. However, the
T, measurements are not a direct correlation to pore size. Rather than indicating that a higher percentage
of smaller pores are filled than were originally, we believe the shift to lower T, times after imbibition is due
primarily to the effect of gas/water interfaces and the susceptibility that this induces in the sample. Future
work will focus on determining how much quantitative information can be pulled out from the T, distribu-
tions. Operating at a lower magnetic field will reduce susceptibility effects and may be necessary for the
T, distributions to be quantitatively interpreted.

As described above, the microporosity, with pore sizes less than 3 um are not accessible with the Super-
Wide Bore NMR hardware required to obtain supercritical sample conditions with the rock core sample sys-
tem. The conclusion that can be drawn from these distributions is that during imbibition it appears only the
mesoporosity is filling with water whereas the macroporosity remains the same. This can be concluded as
there is no change from the final drainage line (blue, dotted) to the imbibition line (green, dashed) within
the macroporosity region whereas there is an increase in saturation in the mesoporosity. It can therefore be
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concluded that the NW phase is preferentially trapped in the larger pores. This is consistent with the fact
that NW fluids minimize their contact area with the solid and that the pore-throat aspect ratio, i.e., the ratio
of the pore body radius to the throat radius, is greater in the macroporosity giving rise to more favorable
snap-off conditions [Al-Raoush and Willson, 2005; Herring et al., 2013; Iglauer et al., 2011; Wardlaw and Li,
1988].

4, Conclusions

This work demonstrates the usefulness of NMR in measuring the residually trapped NW phase as well as
providing insight into the pores in which the NW phase is preferentially trapped. The results provide a com-
parison between the different NW phases used as well as characterizing the capillary trapping of each NW
phase. Several conclusions are apparent when comparing each NW phase:

1. scCO, and CO, drain the core to a higher NW phase fraction than air. This is in part due to the higher
interfacial tension of these fluids compared to air.

2. CO, traps the largest residual amount of NW phase.

3. scCO, traps the lowest residual amount of NW phase and has a trapping efficiency about 13% less than
CO, and air.

4. Air and CO, follow a linear trend where a higher initial NW phase saturation leads to a higher residual
NW phase saturation with a trapping efficiency of around 72%.

Since scCO; has a lower residual NW phase saturation than air and CO,, it can be concluded that scCO,/
water is not as strongly water-wet. This is consistent with scCO,/water having larger contact angles which
lead to a suppression of snap-off and therefore a lower residual NW phase saturation [Blunt and Scher, 1995;
Iglauer et al., 2011; Pentland et al., 2011]. The data indicate that CO, in its supercritical state leads to a reduc-
tion in capillary trapping relative to gas phase CO, or air so using air as a proxy for scCO, sets an upper
bound for capillary trapping of scCO,.

Lastly, the T, relaxation distribution data show that the NW phase, regardless of whether air, CO,, or scCO,,
is preferentially trapped in the larger pores. This result is supported by the findings of Al-Raoush and Willson
[2005] and Wardlaw and Li [1988] indicating that snap-off conditions are more favorable in the rock macro-
porosity, due to the larger pore aspect ratio limiting piston-like flow.
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