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Abstract

In the mitigation of greenhouse gas emissions, the storage efficiency and security of geological carbon storage (GCS) are the
focus of attention, and both of them are closely related to the displacement behavior between immiscible two phases. In this
study, COz-water displacement experiments were conducted on six samples with various pore structures using NMR and MRI
technology to characterize the fluid distribution and determine displacement patterns. The displacement property was found to
be closely related to the pore structure and appears to be independent of mineral compositions. The two-phase displacement
instability gradually evolved from tounging (logCa > -2.76) to capillary fingering (logCa < -1.85), and then further evolved
into viscous fingering (logCa > -1.85). Nevertheless, pore structures with good connectivity and high-permeability channels
will restrain the occurrence of unstable displacement even if logCa is in the favorable range. In addition, unstable displacement
is seriously affected by the heterogeneity and anisotropy of the pore structure. With the tonguing phenomenon, displacement
efficiency will present a distinct ladder-shaped increase with increasing pore size, whereas the capillary fingering and viscous
fingering phenomena will induce a more complex and variable change rule. Compared with unstable displacement, the stable
piston-like displacement tends to result in the highest displacement efficiency. Furthermore, for rocks with high sealing efficiency
that can be considered as caprocks, the pore structures are often dominated by micropores, and their displacement pattern is

more likely to reflect time-consuming piston-like displacement, which will reduce the probability of premature CO2 breakthrough.
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Abstract

In the mitigation of greenhouse gas emissions, the storage efficiency and security
of geological carbon storage (GCS) are the focus of attention, and both of them
are closely related to the displacement behavior between immiscible two phases.
In this study, CO,-water displacement experiments were conducted on six sam-
ples with various pore structures using NMR and MRI technology to characterize
the fluid distribution and determine displacement patterns. The displacement
property was found to be closely related to the pore structure and appears to be
independent of mineral compositions. The two-phase displacement instability
gradually evolved from tounging (logCa > -2.76) to capillary fingering (logCa <
-1.85), and then further evolved into viscous fingering (logCa > -1.85). Never-
theless, pore structures with good connectivity and high-permeability channels
will restrain the occurrence of unstable displacement even if logCa is in the fa-
vorable range. In addition, unstable displacement is seriously affected by the
heterogeneity and anisotropy of the pore structure. With the tonguing phe-
nomenon, displacement efficiency will present a distinct ladder-shaped increase
with increasing pore size, whereas the capillary fingering and viscous fingering
phenomena will induce a more complex and variable change rule. Compared
with unstable displacement, the stable piston-like displacement tends to result
in higher displacement efficiency. Furthermore, for rocks with high sealing effi-
ciency that can be considered as caprocks, the pore structures are often dom-
inated by micropores, and their displacement pattern is more likely to reflect
time-consuming piston-like displacement, which will reduce the probability of
premature CO, breakthrough.
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1. Introduction

Under the threat of global warming, humans are facing severe pressure and
challenges of carbon dioxide emission reduction (IPCC, 2005; Juanes et al., 2006;
Li et al., 2013). Geological carbon storage (GCS) has been widely considered
as an effective technology to mitigate greenhouse gas emissions (Bachu, 2000;
Yang et al., 2019), for which the storage efficiency and security of GCS have
been the focus of attention (Bachu et al., 2007; Goodman et al., 2011; Zhao et
al., 2021). Both of these factors are closely related to the displacement of two
phases. Many studies have confirmed that unstable displacement characterized
by fingering flow, resulting from the low viscosity of scCO,, relative to formation
brine, is an important contributor to inefficient CO,, storage (Zhang et al., 2011;
Berg & Ott, 2012; Wang et al., 2012). Furthermore, unstable fingering flow of
scCO, increases the probability of the premature breakthrough of CO, (Tsang et
al., 2008; Song et al., 2012), and the high probability of CO, leakage can reduce
the sealing efficiency of caprocks. Therefore, the displacement characteristics
between CO,-water at GCS conditions need to be thoroughly monitored and
controlled to ensure efficient, safe, and permanent CO, storage (Nordbotten et
al., 2005; Doughty et al., 2010; Juanes et al., 2010; MacMinn et al., 2010, 2011).

A large number of laboratory and numerical simulation studies have been carried
out to investigate two-phase flow fundamentals, including distribution charac-
teristics and displacement efficiency. These studies reported that unstable dis-
placement fingering is considerably affected by pore structure (Berg and Ott,
2012; Wang et al., 2012). Chang et al. (2019) pointed out that the complexity
of unstable displacement arises largely from the heterogeneity and anisotropy
of rocks, which can be regarded as important contributors to the uncertainty in
storage capacity estimates. In addition, the two-phase displacement instability
can be characterized by dimensionless capillary number (Ca), which represents
the relative effect of viscous force and interfacial force acting on the interface
between two immiscible liquids (Saffman and Taylor, 1958). Ca has been used
in various micromodels to divide the pore-scale regimes of capillary fingering,
viscosity fingering, and crossover (Lenormand et al., 1988; Ferer et al., 2005,
2007, 2011; Zhang et al., 2011; Chang et al., 2019, 2021). They claimed that
viscous fingering dominated at higher capillary numbers, while capillary finger-
ing and viscous fingering were observed at medium capillary numbers. The zone
in which the type of unstable finger changes from capillary to viscous is usually
denoted as the crossover zone (Ferer et al., 2004; Cottin et al., 2010). Zheng et
al. (2017) summarized experimental and numerical results published in the past
three decades and clearly proposed different relationships between non-wetting
fluid saturation and Ca. Therefore, the reported displacement efficiency indicat-
ing by non-wetting fluid saturation or residual water saturation shows a wide
range of variation (Bennion and Bachu, 2010; Chang et al. 2013; Bachu, 2013).

Significant attempts also have been made to reveal factors affecting sealing
efficiency. The capillary sealing efficiency of caps for gases, in terms of cap-
illary displacement pressure (P,), has been studied using different approaches



(Ibrahim et al., 1970; Schowalter, 1979; Horseman et al., 1999; Gallé, 2000; Zhao
and Yu, 2017a, b). Additionally, the quality of a seal is characterized by the
effective permeability (k,4) of the gas phase after breakthrough, which is a func-
tion of the gas/water saturation of the connected pore network (Hildenbrand et
al., 2002). In other words, the fluid distribution characteristics during the two-
phase displacement process will ultimately affect the capillary sealing efficiency.
Zhao and Yu (2017a) claimed that different pore structure parameters can signif-
icantly affect the capillary displacement pressure and effective gas permeability.
However, the change of pore size distribution with varying water saturation is
complex and difficult to define. Consequently, the impact of displacement prop-
erties on sealing efficiency remains poorly understood. Therefore, additional
analyses are required to assess the influence under GCS conditions.

Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) are
noninvasive techniques that can be used to monitor protons in water trapped
within porous media (Prather et al., 2016). On one hand, NMR signals are the
superposition of water signals in pores of different sizes, and the T, spectrum
can thus be correlated to pore sizes within saturated cores (Song et al., 2008;
Mitchell et al., 2010). On the other hand, MRI facilitates the visualization of
the spatial distribution of water in pores with different sizes at any stage of
displacement (Baldwin and Yamanashi, 1989; Majors et al., 1995). Using these
techniques, quantitative and accurate measurement and description of micro
pores and positions involved in the specific migration and distribution of CO,
and formation water in the reservoir can be realized. Previous studies show that
vital information for understanding transport characteristics and determining
properties that reflect multiphase displacements can be obtained through dy-
namic displacement experiments using NMR and MRI (Chen et al., 1992; Liu
et al., 2011; Prather et al., 2016).

In this study, a series of displacement experiments were carried out on six dif-
ferent cores by introducing CO, into initially water saturated samples, and the
distribution of the wetting phase (water) in the pores during the entire dis-
placement process was determined through NMR imaging and relaxometry. In
this manner, parameters such as T, distribution, P, and kg, as well as im-
ages of water distribution were obtained, which provide direct information of
different displacement stages. The main objectives of this study were to (1)
investigate the impacts of pore characteristics, such as pore size distribution,
heterogeneity, and anisotropy, on displacement properties, (2) analyze the re-
lationship between the capillary number (Ca) and displacement patterns, and
(3) compare the displacement efficiency and capillary sealing efficiency between
different core samples with various pore size distributions. The findings are
expected to provide deeper insights into the impact of two-phase displacement
characteristics on the storage efficiency and security of GCS.



2. Theory for NMR Relaxometry and MRI

NMR refers to the response of proton nuclei to a magnetic field (Brownstein and
Tarr, 1979). When subjected to a certain radio frequency (RF) pulse, the proton
nuclei of fluids within rock samples absorb the energy of the magnetic field and
jump from a low energy state to a higher energy state (Coates et al. 1999; Dunn
et al.2002). The proton nuclei release energy and return to an equilibrium state
through different relaxation mechanisms, producing different measurable NMR
signals (Levitt 2001; Yan et al. 2019).

During these processes, the transverse relaxation time (T,) can be measured
by the Carr-Purcell-Meiboom-Gill (CPMG) sequence (Callaghan, 1991). The
CPMG sequence consists of a 90° RF pulse and a series of 180° pulses, which
create a train of spin echoes. These spin echoes produce an exponential de-
cay envelope, which is determined by the transverse spin-spin T, relaxation
(Callaghan, 1991). For samples with different pore sizes, as they show multiple
T, values, a multiexponential decay envelope is obtained (Prather et al., 2016).
Using an inverse Laplace transform (ILT) algorithm to solve the inverse prob-
lem, magnetization attenuation is converted to a Ty distribution (Hurlimann et
al., 2003; Washburn and Callaghan, 2006; Stingaciu et al., 2010). This trans-
verse relaxation time can be defined as Eq. (1), in which the three terms on the
right of the equation represent the surface relaxation from rock particles, volume
relaxation from bulk fluids, and diffusion relaxation from molecular diffusion,
respectively (Washburn and Cheng, 2017; Singer et al., 2018).

s D(GTg)?
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where , is the surface relaxivity of pore surface, m/ms; S/V is the pore surface
to volume ratio, m?/g; T,y is the transverse relaxation time of the bulk fluid,
ms; D is the diffusion coefficient of fluid, m?/ms; is the gyromagnetic ratio,
rad - /(s T); G is the internal magnetic field gradient, gauss/cm; and Ty is the
echo spacing, ms.

Spin-echo (SE) sequence is often used for acquiring MRI images. The execution
of SE sequence can be divided into four steps: excitation, coding, phase refocus-
ing, and echo acquisition. In the first step, a combination of 90° and 180° RF
pulses are used to excite protons. A 90° RF pulse is first transmitted, followed
by a 180° RF pulse at a certain interval. This process changes the precession di-
rection of protons in the XY plane, reunites protons, and releases energy in the
form of spin echo, resulting in spin echo signal. Subsequently, the echo signal
is collected under the action of phase coding and frequency coding. The entire
process is termed echo acquisition and the time consumed is termed echo time
(TE). Thereafter, the 90° RF pulse is transmitted again after a period of time to
repeat the above echo acquisition process. Here, the elapsed time between these
two 90° RF pulses is called repetition time (TR). After spatial coding, the two-
dimensional distribution function of the NMR signal can be obtained through
two-dimensional Fourier transform, and the two-dimensional NMR image of the
sample can then be obtained.



3. Samples and experiments
3.1 Core samples

Six cylindrical tight rock samples (Figure 1) were collected from the Ordos Basin
in China, which has been regarded as a potential area for the deployment of large-
scale CO, capture and storage (CCS) (Zhang et al., 2016, Zhao et al. 2021).
They were set to have the same diameter (25 mm) and similar length ( 30 mm),
and the basic properties of these six cores are listed in Table 1. The permeability
and porosity were determined using Helium (He), and the method is described
in detail by Zhao and Yu (2017a). Mineral composition was quantitatively
analyzed through X-ray diffraction (XRD) analysis performed using a D/max-
rA X-ray diffractometer. All samples were prepared and analyzed according
to the SY/T 5163-2010 standard (Zeng et al., 2010), and the results of these
measurements are shown in Table 2. The samples comprised four sandstone
samples, one dolomite sample, and one shale sample. The sandstone samples
were divided into quartz dominated (#5, #8) and quartz-plagioclase dominated
sandstones (#2, #3). The dolomite sample (#9) is mainly composed of dolomite
and the shale sample (#1) contains a large amount of clay minerals, as well as
some quartz and feldspar. According to XRD results, the main clay minerals in
all samples are chlorite, illite, and kaolinite.

3.2 Experimental device

All experiments were performed using a nuclear magnetic displacement device,
which mainly includes a core holder surrounded by a magnet (MacroMR12-150H-
I, Niumag), a gas injection system, a liquid injection system, confining and back
pressure units, a vacuum pump, an intermediate container, a metering system,
and control computers. The flow loop is shown in Figure 2.

The MacroMR12-150H-I system has a magnetic field strength of 0.3 £ 0.05T
(permanent magnets) and a resonance frequency of 12 MHz. The core sample
is wrapped in a heat shrink sleeve and placed horizontally in the stainless steel
core holder. In order to monitor the upstream and downstream pressures, two
pressure gauges are installed at the inlet and outlet of the core holder. Liquids
can enter the core holder at a constant flow rate through the liquid injection
system, while gases are injected at a constant pressure through the gas injection
system. The core holder is divided into two regions by the heat shrink sleeve.
The inner region contains the rock core and injected liquid or gas, and the
outer region contains the confining fluid. The confining fluid (Fluorinert) is
pressurized by a ISCO syringe pump to maintain a pressure higher than that
of the drainage fluids, restricting the drainage fluids from flowing around the
outside of the core. Another ISCO syringe pump is used at the outlet of the core
holder to control the initial pressure inside the core holder, and the injected gas
or liquid flows out only when its pressure exceeds the back pressure. The vacuum
system is used to remove air from the core holder and pipelines. The gas-liquid
mixture flowing out of the core is separated by the gas-liquid separator, and



the water entrained in or dissolved in the gas can be absorbed by the silica gel
dryer. Subsequently, the gas is passed through the gas flow meter to determine
the instantaneous flow rate. The upstream/downstream pressure of the core
holder and gas flow rate can be recorded by the control computer.

3.3 Experimental Methods

3.3.1 Pore structure analysis The pore structure characteristics of tight
rocks have a vital impact on the displacement behavior between CO, and water
(Chang et al. 2019), as well as the flow characteristics of the CO, phase (Zhao
and Yu, 2017a). Correspondingly, the CO, migration and saturation distribu-
tion will ultimately affect the efficiency and security of carbon sequestration. It
is commonly accepted that the NMR T, spectra of water-saturated cores are
analogous to pore size distributions (Kleinberg and Vinegar, 1996; Coates et al.,
1999). As volume relaxation is much slower than surface relaxation (Typ Ty)
when pores are saturated only with a single-phase fluid, the contribution of vol-
ume relaxation can be ignored in Eq. (1). Moreover, under uniform magnetic
field (G is very small) and sufficiently short echo spacing (T is very small),
the contribution of diffusion relaxation is also very small and can be ignored.
Therefore, surface relaxation is considered to be the main mechanism of rock
relaxation, and it has been employed in the estimation of pore size distribution
(Yan et al. 2019). The simple relationship between T, values and pore sizes
can be approximately expressed as Eq. (2). With the decrease of pore size, the
surface relaxation effects and interactions of nuclei in small pores contribute to
the decrease of T, (Prather et al., 2016). Hence, larger pores correspond to
larger T, values (slower relaxation) and smaller pores correspond to smaller T,
values (faster relaxation) (Kleinberg, 1996; Song et al., 2008).

T% = P2 (%) (2)

The method for determining pore size distribution was applied to the six samples.
Fresh samples were cleaned with methanol and toluene to remove residual oil
to the minimum level (Qu et al., 2006). Then, the samples were dried at 105°C
in a high-temperature oven for 4 h to remove free fluids, and the samples were
weighed as m,. The samples were further dried in the oven for an additional
hour to determine the weight m,, and the value of (m;- m,)/m, was calculated.
The above steps were repeated until (m,- m,)/m, 0.3, and the final weight of
the samples was recorded as the dry weight (m). Subsequently, the dry sample
was wrapped with the heat shrink sleeves and placed in the core holder. The
core holder was then subjected to the CPMG sequence to obtain the background
signal, which was used later for background subtraction (Prather er al., 2016).
The parameters for NMR T, measurement were set as follows: polarization
or wait time (TW) of 5000 ms; echo time (TE) of 0.1 ms; number of echoes
(NE) of 15000; numbers of scans of 32. Following this, a vacuum condition
(<—0.1 MPa) was maintained in the core holder with the dry sample inside for
5 h. Deionized water was introduced into the core holder, and the pressure was
gradually increased to 20 MPa for at least 12 h to ensure that the core was



completely saturated. After measuring the weight m, of the saturated sample,
NMR measurement was repeated with the same parameters mentioned above.

3.3.2 Displacement experiments Displacement experiments with CO,
were conducted on the six saturated core samples. The abovementioned two
types of pulse sequences were used for characterizing the change of fluid satu-
ration and distribution at the pore scale. As almost all signals originated from
hydrogen protons, the signal strength of CO, was close to zero. This feature
can be used to effectively distinguish CO, and water in pores. First, in order
to compare the NMR T, spectra obtained during the displacement process and
initial water-saturated conditions, the parameters applied in the previous exper-
iment were maintained for CPMG measurements. In addition, MRI analyses
were employed to visualize the CO, flow characteristics and observe the pore
structure and saturation profiles during dynamic displacement. The parameters
for SE measurements were set as follows: repetition time (TR) of 500 ms; echo
spacing (TE) of 5.89 ms; image data matrix of 256 x 192; field of view (FOV) of
100 mm x 100 mm with a thickness of 10 mm. The core image can be obtained
by filtering out interference signals from the original image data, performing
mapping, and adding false colors (Li et al., 2020).

First, the T, spectrum distribution and MRI image were collected after the max-
imum saturation occurred. Then, the displacement experiments were started,
and the flow direction was along the axial direction of the cylinder. Consider-
ing that the MacroMR12-150H-I system can withstand a working temperature
range of only 23-27°C, the experimental temperature was set to 25°C. Displace-
ment experiments in this study were performed by imposing an instantaneous
high gas pressure gradient across the rock samples (Hildenbrand et al., 2002).
A stable downstream pressure was controlled by applying back pressure, which
was set to 20 MPa to simulate the formation pressure conditions of the coring
depth (1500-2300 m). In order to control the displacement time and capture
the change trend of MRI images for different core samples, CO, was injected
into the inlet section of the core holder at two different pressures (22 and 25
MPa). The confining pressure was maintained 5 MPa higher than the gas in-
jection pressure, which was essential to prevent CO, from flowing through the
gap between the core and the sleeve. Additionally, the pressure at the ends of
the core holder was recorded in real time by the computer, and the flow rate of
gas breaking through the core was measured by the gas flowmeter.

During the displacement process, NMR signals were monitored and multiple
MRI images on the sagittal plane were obtained (Figure 3). In this manner,
images were taken along the direction of CO, flow such that saturation distri-
butions along the length of the cores can be determined, which are especially
suitable for observing the two-phase displacement behavior in cores (Chen et al.,
1992). In addition, by selecting the sagittal plane instead of the coronal plane,
one-sided information attributable to the radial heterogeneity of cores can be
eliminated. With the progress of displacement, the signal strength of hydrogen



protons decreased gradually. When the signal strength in the core was close
to the background signal, the distribution of different phases in the MRI image
became difficult to distinguish, which indicated the end of displacement. The
time consumed for complete displacement varied significantly among different
cores, ranging from 2 h to 12 h. As the time required for imaging each core was
approximately 15 min, the displacement process had to be suspended several
times to acquire sufficient images.

4. Results
4.1 T, distribution

4.1.1 Pore Size Distribution The NMR T, spectra of the six saturated core
samples are shown in Figure 4. The range of T, values accessible by the current
NMR device is between 0.01 ms and 10 s. The pore size distributions determined
using NMR showed various shapes among different samples. In general, it could
be divided into unimodal distribution and bimodal distribution. Sample #5 ex-
hibited a bimodal distribution with two populations centered on 0.87 and 14.18
ms. Sample #3 also exhibited a bimodal distribution with two populations cen-
tered on 1.05 and 135.1 ms. Samples #1, #2, #8, and #9 exhibited unimodal
distributions with peaks at 0.28, 0.46, 15.70, and 2.41 ms, respectively. Accord-
ing to the concentration and dispersion of signal intensity, it can be concluded
that Samples #1, #2 and #9 show narrow peaks, indicating that the pore size
distribution is relatively homogeneous. The NMR signals of water in Sample #1
were concentrated in the relaxation time between 0.03 ms and 1.38 ms. Regard-
ing Samples #2 and #9, the signals were concentrated within relaxation time
ranges of 0.26-2.45 ms and 0.13-13.67 ms, respectively. Conversely, the broader
T, distribution of the other three samples can be explained to be a result of
large differences in pore size and strong heterogeneity. For Samples #3, #5,
and #8, the relaxation time ranges corresponding to the concentrated NMR
signals were 0.05-943.79 ms, 0.18-439.76 ms, and 0.28-270.50 ms, respectively.

T, cutoff (T,,) is a T, value that can be applied to distinguish pore types
(Jorand et al., 2011; Tanino and Blunt, 2012). For sandstones, such as Samples
#1, #3, #5, and #8, Ty, = 3 ms is the conventional cutoff for partitioning
microporosity associated with clay-bound water (Straley et al., 1997; Dunn et al.,
2002), and a new T, defined as 33 ms facilitates the segregation of bound water
and free water (Jorand et al., 2011). In other words, the Ty, of 3 ms is applied
for sandstones in order to distinguish between micropores and mesopores, while
33 ms is regarded as the cutoff between mesopores and macropores (Allen et al.
2000; Jorand et al., 2011). In this study, T, for shale was selected according
to the classification standard of sandstone. For carbonates, such as Sample #9,
previous measurements suggest that inter-particle porosity can be distinguished
from secondary porosity within a broad range of Ty from 60 to 100 ms (Straley
et al., 1997; Westphal et al., 2005). In this study, the pore distribution of
micropores was estimated by setting T,, = 72 ms, which is consistent with
the local minimum of 7T, in Tanino and Blunt (2012). As shown in Figure 4,



notable NMR signals for Sample #9 were almost concentrated in the relaxation
time of 0.13-13.67 ms. Therefore, in this study, although no T, cutoff was
set for discriminating mesopores and micropores for carbonates, it has little
effect on the analysis of pore size distribution characteristics for samples with
almost only micropores. With these values of T, the distribution probability
of macropores, mesopores, and micropores for sandstone and shale as well as
the distribution probability of micropores for dolomite could be determined, as
shown in Figure 4.

4.1.2 CO,-water displacement The same procedure of the NMR T, test
was followed during displacement experiments with CO,. Figure 5 shows the
NMR T, spectra from the entire experimental process for the six samples. Water
in all pores was found to be mobilized with increasing displacement time. The
displacement time of different cores widely varied, which is attributable to the
properties of cores and their pore size distribution characteristics. The end of
displacement was marked by the distribution of different phases in the MRI
image becoming almost impossible to distinguish (Figure. 7), which means that
vast majority of water has been displaced and CO, has reached the outlet end
of the core, and the longest time of displacement lasted nearly 12 h. Except for
Sample #8, the change of signal intensity of other samples was less than 4.3%
within 12 h (Figure 6). In particular, this process lasted only 120 min to 200
min for Samples #3 and #5.

The NMR T, spectra of samples with unimodal distribution showed a similar
downward trend. With the progress of displacement, a small amount of water
in mesopores and macropores was completely displaced first in Samples #1,
#2, and #9, and the same situation occurred in some macropores (relaxation
time > 300 ms) of Sample #8. The NMR signal intensity in the remaining pores
decreased gradually in the entire range of relaxation time. Although Samples #3
and #5 exhibited bimodal distributions, their T, distributions showed different
change trends with displacement time. The NMR signal intensity of macropores,
mesopores, and micropores in Sample #3 decreased almost at an equal rate,
indicating that the piston-like displacement behavior may occur in this sample.
In contrast, the displacement behavior was more complex in Sample #5 and the
decrease rate of signal intensity in mesopores and macropores was higher than
that of micropores, indicating unstable displacement.

A displacement rate curve (Figure 6) was drawn with the percentage content of
NMR signal intensity (ratio of the decrease value of NMR signal intensity to the
initial signal intensity) as the ordinate and displacement time as the abscissa.
The displacement rates of Samples # 3, #5, and #8 were found to be much
higher than those of the other three samples. The signal intensity of these three
samples decreased to less than 45% of the initial value within 1.17 h, while
that of the other three samples decreased by only 7-16% within 1 h. When the
local capillary pressure is higher than the threshold entry pressure, pores with
wetting fluid will be displaced by the non-wetting fluid, and thus, the largest



pores that provide the least resistance to capillary displacement typically get
displaced first (Hildenbrand et al., 2002, Chang et al., 2021). The displacement
rate in the early stage is closely related to the proportion of meso-macro pores
in the core. Therefore, Sample #8 with the smallest proportion of micropores
showed the fastest displacement rate in the first hour of displacement. Yang and
Yu (2020) reported that the mobility of water strongly depends on the pressure
gradient. During the displacement process, the inlet pressure of Sample # 8
was consistent with that of Samples # 3 and #b5, both of which were kept
at 22 MPa. However, after 1 h of displacement, the NMR signal intensity of
Sample # 8 was only about 15-19% that of the other two samples (Fig. 6).
The remaining water in Sample # 8 may be adsorbed on mineral surfaces under
the action of interfacial forces (Li et al., 2019; Woodruff & Revil, 2012), and
further displacement of adsorbed water would require a larger pressure gradient
(Yang & Yu, 2020; Zhao et al., 2021). In other words, the displacement rate of
Sample #8 decreased significantly due to the insufficient displacement pressure
after 1 h. In addition, the inlet pressure was maintained at 25 MPa during the
displacement experiments of Samples #1, #2 and #9, and the displacement
rate of Sample #9 decreased sharply after 2 h. This can also be attributed
to the variation of the mobility of absorbed water in smaller pores with the
pressure gradient. The magnitude of the disjoining pressure of water absorbed
in Sample #9, with extra low porosity and permeability (Table 1), is likely to
be much larger than that in Samples #1 and #2.

4.2 MRI imaging

The MRI images of six samples versus displacement time are shown in Figure 7,
which was used to investigate fluid saturation distributions and to monitor the
fluid flow characteristics in situ during displacement experiments. The bright
areas (yellow to red) indicate high water saturation, and the dark areas (blue)
indicate low water saturation. The signal intensity corresponding to different
colors in each sample is shown on the right side, and the corresponding dis-
placement time is shown at the bottom of each image. The images in Figure
7 show that CO, enters Samples #1, #2, #3, and #9 with a piston-like dis-
placement, leaving residual water saturation of 30.88%, 24.53%, 17.03%, and
27.10%, respectively. With the increase of CO, injection volume, instability
of the displacement front, reflected by the appearance of the tonguing and fin-
gering phenomenon, occurred in Samples #5 and #8, and the residual water
saturation was 21.13% and 20.08%, respectively.

Previous studies have reported that this instability may occur in immiscible fluid
displacement due to the difference in viscosity and density (Saffman & Taylor,
1958; Homsy, 1987). Furthermore, the instability is also sensitive to porous
media characteristics (Hosseinalipoor et al., 2019; Vamerzani et al., 2021). As
shown in Figures 7 and 8, comparing samples, the heterogeneity and anisotropy
of pore networks in Samples #5 and #8 were significantly higher in the satu-
rated state. The higher heterogeneity of Sample #8, which showed a unimodal
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distribution with the broadest T, distribution, is highly conducive to the occur-
rence of the tonguing phenomenon. As shown in Figure 9, the viscosity ratio
(M) is defined as the ratio of the viscosities of the displacing (non-wetting) and
displaced (wetting) fluids (Lenormand et al., 1988). Under the experimental
conditions, the density and viscosity of CO, were found to be lower than that of
deionized water, due to which CO, protruded along the upper part of Sample
#8 (Figure 7). The displacement front of Sample #5 gradually evolved into the
fingering phenomenon, which can be explained by the abovementioned reasons,
including viscosity, density and pore structure characteristics. Sample #5 is a
nonuniform core with dual porosity behavior and a wide distribution of pore
size (Figure 4), resulting in higher heterogeneity than Sample #8. However, for
Sample #3, the heterogeneous pore structure with bimodal T, distribution did
not lead to unstable displacement, which can be mainly attributed to its higher
permeability (Table 1). Significant differences in gas flow rate cannot develop in
widely connected high-permeability channels. In this study, compared with the
viscosity ratio and density difference, the heterogeneity and anisotropy of pore
structure are the main factors causing the unstable displacement front, while
high-permeability channels inhibit the occurrence of the fingering phenomenon.

4.3 Capillary displacement pressure and effective permeability

CO,-water displacement experiments have been performed to obtain informa-
tion on both capillary displacement pressure (P,) and effective gas permeability
(keﬁ) after gas breakthrough. The pressure gradient and volumetric flow rate of
the gas was monitored as a function of time (Figure 10). As the back pressure
was set at the outlet of the core holder, the downstream pressure (P,) increased
from 20 MPa and gradually approached the upstream pressure (P;). When the
downstream pressure tends to be constant, a stable pressure difference (AP)
can develop between the upstream and downstream, which is regarded as the
capillary displacement pressure (Hildenbrand et al., 2002). The displacement
experiments were completed after obtaining the stable pressure difference. In
this study, the re-imbibition of the wetting phase was not applied because the
fluctuation of NMR signals was very weak (Figures 5, 7).

The effective gas permeability (k.g) of the sample varies with time as a function
of the gas phase saturation (Hildenbrand et al., 2002), as well as the water
saturation (Zhao and Yu, 2017a). It is calculated from the pressure change
using Darcy’s law for compressible media:

ke = zpi gy % 10% (3)

where P, is the standard atmospheric pressure, 0.1 MPa; () is the volumetric flow
rate of gas, cm3/s; is the gas dynamic viscosity under experimental conditions,
mPas; P, and P, are the pressures at inlet and outlet of the core holder, 0.1
MPa; and L (cm) and A (cm?) are the length and cross-sectional area of the
core, respectively.

The water saturation (.5,,) in the region of interest can be obtained by analyzing
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the signal intensity of the images through the following equation (Ying et al.,
2018):

S, = 15 (4)

w I,

where S, is the original displaced-phase saturation, whose value is 1, I, is the
image intensity at time zero, and I; is the signal intensity at time i.

The saturation of CO, is defined as follows:
Scog =1-5, (5)

The results of the two-phase displacement experiments are shown in Figures 10
and 11. The values of effective gas permeability reported in Figure 11 are the
maximum values recorded in the corresponding displacement experiments, and
the capillary displacement pressure in Figure 10 represents the residual pressure
difference at the end of the experiments. The P, values ranged from 0.5 to 3.2
MPa, and the effective permeability coefficients of Samples #1, #2, and #9 were
one to three orders of magnitude lower than those of the other three samples.
This is directly related to the pore size distribution because samples with high
micropore ratio have significantly higher capillary displacement pressure and
lower effective permeability. The variation trend of effective gas permeability
with water saturation is shown in Figure 11. The k4 values increased with
decreasing water saturation. In other words, further increases of gas saturation
will enhance effective gas permeability by generating new fluid flow pathways.

5. Discussion
5.1 Displacement properties and flow patterns

The displacement of the six cores can be generally divided into two types: sta-
ble piston-like displacement (Samples #1, #2, #3 and #9) and unstable dis-
placement with the tonguing and fingering phenomena (Samples #5 and #8).
Differences in lithology do not yield notable difference in the displacement char-
acteristics of porous media. The displacement property is more closely related
to the pore structure and appears to be independent of mineral compositions.
Samples #1, #2, and #9 (representing shale, sandstone, and carbonate), with
unimodal T, distributions and more than 98% micropores, resulted in compact
gas flow pattern and stable piston-like displacement. Unstable displacement is
more likely to occur in samples with higher heterogeneity and anisotropy, such
as Samples #5 and #8, which have a bimodal pore structure or broader T, dis-
tribution. However, displacement in Sample #3 exhibited a stable piston-like
pattern although its pore size distribution presents the typical characteristic of
double peaks.

Regardless of the gravitational forces, two-phase displacement in horizontal mi-
cromodels can be characterized by the capillary number (Zhang et al., 2011).
Saffman and Taylor (1958) used the capillary number to interpret the fingering
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geometry of air in experiments of air displacing glycerin in a Hele-Shaw cell.
The original form of capillary number can be expressed as:

Ca=pxulo (5)

where is the viscosity of the resident fluid, Pas; u is the average Darcy velocity
of the injected fluid, ms; and is the interfacial tension between the injected
and resident fluid, Nm~.

The average Darcy velocity (u) of the injected gas can be calculated by dividing
the volumetric flow rate (Q) by the cross-sectional area (A) of the core. In
addition, interfacial tension () can be calculated according to the following
equation (Sutton, 2009):
4

1.58(p,,—py ) +1.76 _
0 = <pTTQ.3P1'gL2>+7 x 1073 (6)
where ,, and , are the density of water and gas, respectively, g/cm®. T, is the
reduced temperature of gas (dimensionless).

CO, saturations in the two samples with imposed logCa values from -2.78 to 1.64
are compared in Figure 12. As shown in the graph, the CO, saturation of all
samples increased monotonically with Ca. However, the MRI images show wide
differences in gas flow behaviors and displacement patterns. For Sample #5, two
displacement patterns with varying gas flow rates can be observed (Figure 5a).
At low flow rate (logCa < -1.88), within the first 30 min of displacement, the
displacement process was dominated by high capillary pressure. Consequently,
scCO, intruded high-permeability channels and their adjacent pores simultane-
ously through randomly distributed forward and lateral flow paths (indicated
by red solid line in Figure 12a, II). Such a displacement pattern can be at-
tributed to capillary fingering (Zhang et al., 2011; Wang et al., 2012; Chang
et al., 2019). After 30 min, the NMR signal intensity in the high permeability
channel tended to stabilize, and the displacement front with relatively smooth
boundary further invaded more flow paths, as clearly observable in Figure 12a
(VI). Carruthers (1998) pointed out that the fluid flow regime changes from
capillary dominated to viscous-fingering dominated and the new flow paths will
become less focused. The displacements were dominated by viscous fingering
because with the stronger viscous force, CO, can invade additional small pores.
As capillary fingering drives gas to flow mainly in a few pathways in the middle
of the core, the displacement efficiency during this stage is lower than that of vis-
cous fingering. In addition, unlike the piston-like displacement, the movement
rate at the displacement end (indicated by dotted line) is obviously inconsistent
with that at the displacement front during viscous fingering. Finally, after the
displacement front reached the outlet end of the core, residual water (marked
by red dashed irregular box) could be clearly observed in some pores.

The gas flow rate (logCa) of Sample #8 was much lower than that of Sam-
ple #5. As a result, the displacement front of Sample #8 exhibited a weak
unstable tonguing phenomenon during the displacement process, rather than
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developing into a distinct viscous fingering. When logCa < -2.76 within the
first 15 min of displacement, water in high-permeability channels, which have
good connectivity with their neighboring pores (marked by red solid box), was
displaced first, and relatively high displacement efficiency was observed at this
stage. Thereafter, the occur of the tonguing phenomenon with increased logCa
caused a decline of displacement efficiency. Comparing the two images in Figure
12, with increasing gas flow rate (logCa), the two-phase displacement instability
appears to gradually evolve from tounging (logCa > -2.76) to capillary fingering
(logCa < -1.85), and then further evolve into the most complex viscous fingering
(logCa > -1.85).

As mentioned before, the NMR T, spectra of Sample #3 presented a bimodal
and broad distribution, indicating large difference in pore size and strong het-
erogeneity, but its displacement characteristics differed from those of Samples
#5 and #8. As shown in Figure 4, Sample #3 is the only core dominated by
macropores (nearly 50%), because of which it exhibited the maximum porosity
and permeability (Table 1). The water distribution in MRI images (Figures
8 and 9) also confirms its good pore connectivity, as well as slight anisotropy.
The absolute gas permeability of Sample #3 was almost 30-55 times that of the
other two samples, whereas the maximum effective gas permeability was higher
by approximately 3.6-37 times. In other words, even if the logC, of Sample #3
is in the range of -2.61 to -1.64 (in the region of interest in Figure 12), its good
pore connectivity, slight anisotropy, and high-permeability channels restrain the
occurrence of an unstable displacement front.

5.2 Capillary sealing and displacement efficiency

It has been confirmed that samples with different pore structures show different
displacement characteristics, leading to different values of capillary displacement
pressure, effective gas permeability, and residual water saturation (Figures 10,
11). According to Hildenbrand et al. (2002), the capillary sealing efficiency
of a porous medium with a given pore size distribution is characterized by the
capillary displacement pressure and effective permeability to the gas phase af-
ter breakthrough. The k g value after gas breakthrough corresponds to the
maximum effective gas permeability marked in Figure 11. Accordingly, high
displacement pressure is often accompanied by very low effective gas permeabil-
ity, and the maximum effective gas permeability is significantly lower than the
absolute gas permeability of the dry samples. As shown in Figure 13, double
logarithm linear relationships were established between (a) the maximum effec-
tive gas permeability coefficients and capillary displacement pressure and (b)
the absolute permeability coefficients and capillary displacement pressure. The
correlations were consistent with the previous correlation established by Hilden-
brand et al. (2002). The double logarithm linear relationships in our study can
be written as:

log P; = —0.44logk ¢ — 1.39 (R%2=0.95) (7)
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logP,; = —0.36logk,,, — 0.45 (R2=0.96) (8)

The P, values of Samples #1, #2, and #9 were one order of magnitude higher
than those of the other three samples, whereas their kg values were 1-3 orders of
magnitude lower. For tight rock cores of shale and carbonate (Samples #1 and
#9) and a sandstone core with low permeability (Sample #2), the piston-like
displacement pattern was maintained owing to the relatively low gas flow rate,
and their displacement process consumed more than five hours. As caprocks,
these three samples are likely to have high sealing efficiency, and their stable dis-
placement pattern with uniform displacement front will reduce the probability
of premature breakthrough of CO,. Certainly, the capillary sealing efficiency is
closely related to the pore structure, especially for small pores (Zhao and Yu,
2017b). Dominated by micropores, Samples #1, #2, and #9 have much higher
sealing efficiency. The remaining three samples feature variable displacement
processes, attributable to the heterogeneity and anisotropy of the pore structure.
Dominated by macropores, Sample #3 showed the minimum capillary displace-
ment pressure and the shortest displacement time, as well as the maximum
effective permeability after gas breakthrough, resulting in the lowest sealing ef-
ficiency. With a wide distribution of pore size, Samples #5 and #8 exhibited
higher sealing efficiency than Sample #3, but lower than Samples #1, #2 and
#9. In addition, the unstable displacement front caused by the tounging or
fingering phenomenon may further reduce their sealing efficiency.

From the perspective of caprock optimization, Samples #3, #5, and #8 do not
completely satisfy the requirements for CO, storage security. Sample #3, with
the lowest residual water saturation of 17.03%, can be regarded as a favorable
target reservoir for GCS. The stable piston-like displacement pattern reflects
high displacement efficiency. However, Samples #5 and #8 are less favorable
owing to the occurrence of the fingering and tounging phenomena, which are of
considerable importance in determining displacement efficiency. These phenom-
ena may lead to the premature breakthrough of CO, and hence decrease the
displacement efficiency of water. The displacement efficiency can be estimated
using the following equation (Song et al. 2012).

E = (1—5=) x100% (9)

where E is the displacement efficiency, and S, is the final residual water sat-
uration at the end of displacement. The final residual water saturation under
different displacement processes is presented in Figure 11b. The calculated val-
ues of displacement efficiency were 82.97%, 78.87%, and 79.92% for Samples #3,
#5, and #8, respectively.

Displacement efficiency is closely related to the pore structure. Samples with
high porosity and permeability also show relatively large displacement efficiency.
The distribution of water saturation in different pores can be calculated with Eq.
(4) using the signal intensity measured in each pore. Then the real-time displace-
ment efficiency corresponding to different types of pores can be calculated by re-
placing S, with S, in Eq. (9). For Sample #3 with the piston-like displacement
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pattern, the displacement efficiency in macropores, mesopores, and micropores
essentially remained the same during the entire displacement process (Figure
14a), resulting in the highest F value. For Sample #5 (Figure 14b), negative
E values were recorded in most micropores in the first 30 min of displacement,
which was dominated by capillary fingering. Even in some micropores marked
by the black dashed circle, the displacement efficiency decreased with increasing
displacement time, indicating that the high capillary force pushed a small part of
water to smaller pores. Moreover, the displacement efficiency in mesopores and
macropores did not increase monotonically with increasing pore size because of
the irregularly advancing displacement front during this period. Particularly in
macropores with Ty exceeding 350 ms, the displacement efficiency even showed
a negative value. This may be attributable to the movement of water being
mainly concentrated in some high-permeability channels, which induces a tem-
porary increase in NMR signals in some macropores. In the subsequent viscous
fingering process with a relatively smooth displacement front, the displacement
efficiency increased gradually in the three types of pores. The average E values
exceeded 96% after 70 min in the mesopores and macropores, but it was only
36% in micropores. By the end of displacement, the F values in mesopores and
macropores increased to 98% and 71%, respectively. For Sample #8 (Figure
14c), the displacement efficiency presented an obvious ladder shape caused by
the tonguing phenomenon. Except in some micropores marked by the black
dashed circle, the displacement efficiency showed a negative correlation with
time, but the correlation was positive in other pores. With the increase of pore
size, the displacement efficiency presented a ladder-shaped rise. On the whole,
the pore size distribution can be concluded to have a significant impact on the
displacement efficiency under unstable displacement patterns, but the influence
can be ignored under stable piston-like displacement patterns.

6. Conclusions

This study characterized the effect of different displacement behaviors between
immiscible two phases in porous media on displacement efficiency and sealing
efficiency. CO,-water displacement experiments were performed on six different
samples with various pore structures. The fluid distribution was characterized
and displacement patterns were determined using NMR and MRI techniques.

Our experimental observations indicate that the displacement property is more
closely related to the pore structure and appears to be independent of mineral
compositions. More specifically, the heterogeneity and anisotropy of the pore
structure have significant effects on the displacement characteristics. Samples
with narrow unimodal T, distribution exhibited compact gas flow pattern and
stable piston-like displacement, whereas samples with higher heterogeneity and
anisotropy tended to exhibit unstable displacement. The capillary number can
be used to improve the characterization of flow patterns and properties under
unstable displacement. With increasing logCa, the two-phase displacement in-
stability gradually evolved from tounging (logCa > -2.76) to capillary fingering
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(logCa < -1.85), and then further evolved into viscous fingering (logCa > -1.85).
However, rocks with good pore connectivity and high-permeability channels
will restrain the occurrence of unstable displacement, even if logCa is within the
range of unstable displacement.

For rocks with high sealing efficiency that can be considered as caprocks, their
pore structures are often dominated by micropores, resulting in higher cap-
illary displacement pressure and lower effective gas permeability. Their dis-
placement pattern is more likely to correspond to time-consuming piston-like
displacement, which will reduce the potential of CO, leakage (probability of
premature CO, breakthrough). For rocks with lower residual water saturation
that can be regarded as favorable reservoirs for GCS, various fluid saturation
distribution characteristics attributable to different displacement patterns have
a significant impact on their displacement efficiency. Rocks with good pore
connectivity, high-permeability channels, and stable piston-like displacement
exhibit the highest displacement efficiency. Nevertheless, the influence of pore
structure on displacement efficiency cannot be ignored for rocks with unstable
displacement patterns. With increasing pore size of core samples, the displace-
ment efficiency presented an obvious ladder-shaped rise, which is attributable
to the tonguing phenomenon. In the capillary fingering process, the two-phase
displacement was mainly concentrated in high-permeability channels and their
neighboring pores, which may induce a temporary increase in the NMR signal in
some macropores, decreasing the corresponding displacement efficiency. Under
a high capillary force, the movement of water to smaller pores leads to decreases
in the displacement efficiency in micropores with increasing displacement time.
In the subsequent viscous fingering process, the relatively smooth displacement
front induced a gradual increase in displacement efficiency in the three types of
pores, and the F values of mesopores and macropores were much higher than
that of micropores.

The results of this study provide deeper insight into two-phase displacements in
relation to the storage efficiency and security of GCS. Moreover, it provides an
effective means for the optimization of caprocks and reservoirs. The full two-
phase drainage and imbibition cycle should be performed on more heterogeneous
rocks to improve the observations made in this study.
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SampleQuartzPlagiockese  CalciteClay PlagiocDetomiBéderitddematite
(%) (%) feldspaf%) (%) (%) % (%) (%)

(%)

#3 - - %

“_»

indicates a negligible amount of the listed mineral.
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