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SUMMARY

Relative permeability curves and flow mechanisms of CO, and brine in Berea sandstone were
investigated during a two-phase flow imbibition process, where CO, saturation in the rock
decreased from 55 to 9 per cent by stepwise decrease of CO,/brine injection ratios. Total
fluid flow velocity was 4.25 x 10 m s~!, corresponding to the capillary number of order
~10® for CO, flow. The relative permeability curves showed a slight hysteresis compared to
those during the drainage process. Local CO, saturation and the differential pressure showed
temporal fluctuations when the average differential pressure showed constant values or very
small trends. The fluctuations in local CO, saturation correlate with local porosity distributions.
The differential pressure between the inlet and outlet ends showed the largest fluctuation when
the CO,/brine ratio equals to one. A final brine-only injection resulted in more CO, trapped
within low-porosity zones. These results suggest important roles of ganglion dynamics in the
low flow rate ranges, where fluid pathways undergo repetitive brine snap-off and coalescence

of CO, ganglia that causes morphological changes in distributions of CO, pathways.
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1 INTRODUCTION

It is important to study two-phase flow mechanisms of CO, and
brine to establish a scientific basis for CCS (Carbon Capture and
Storage) technologies. In practice, the actual CO, flow velocities at
field CCS sites are very low when considering the spatial expansion
of reservoirs and associated long-term fluid migrations. Since reser-
voirs generally contain geologic heterogeneity in both the vertical
and the lateral directions (Ito et al. 2017), fluid migration crossing
heterogeneity is also important. The flow in a reservoir is deemed
to be a two-phase flow of CO, and brine because the displaced
brine also flows away from the injection well. When conducting
laboratory experiments for studying flow of the fluids in reservoirs,
it is therefore important to focus on low flow velocity injections
and the flow direction across the rock heterogeneities. However,
there have been few experimental studies of CO,/brine concurrent
injection at very low flow velocities in porous rocks. Also, most
experiments have been within homogeneous rock samples or with
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flow not crossing internal rock heterogeneity boundaries. We re-
cently reported results of a low flow velocity CO,/brine concurrent
injection experiment during a drainage process of two-phase flow
crossing rock heterogeneity, where CO, saturation increases with
increasing of CO,/brine injection rates (Kogure ef al. 2017). This
study is a continuation of that previous experimental study under
the same low flow velocity conditions.

Pore-scale displacement processes between wetting and non-
wetting fluids in porous media under low flow velocity or low cap-
illary numbers have been recently explained by ganglion dynamics
revealed by microscopic observations employing synchrotron-beam
micro X-ray computerized tomography (CT) (uCT; e.g. Riicker
et al. 2015; Armstrong et al. 2016; Singh et al. 2017). The ob-
servations show the nature of the morphological change in flow
paths in the capillary-dominated regime, where ganglion dynamics
play important roles. The major mechanisms of ganglion dynamics
are snap-off by brine and coalescence of non-wetting fluids. These
studies require us to recast the conventional understanding about
immiscible two-fluid flow in porous media (Singh et al. 2017),
which has been described using relative permeability curves (RPC)
and by implicitly assuming independent pathways for the two fluids
(Pini & Benson 2013). Ganglion dynamics is more applicable than
conventional Darcy-flow approximations in that it works for cap-
illary displacements of fluids and morphological changes in flow
pathways in which percolation is involved.

© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1413
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A synchrotron-beam pCT provides images with extremely high
resolution that can reveal capillary pressures of non-wetting flu-
ids at each pore (Singh et al. 2017), which helps to understand
the mechanisms of pore-scale migration between wetting and non-
wetting fluids. It is therefore, important to exploit the new findings
for better understanding of two-phase flow at core scale where the
saturation process of wetting and non-wetting fluids in pore net-
works is the major concern. Because most of the synchrotron-beam
uCT experiments have been conducted under low-capillary-number
conditions, the results of core-scale flow experiments under low-
capillary-number conditions should be interpreted on the basis of
ganglion dynamics. Kogure et al. (2017) reported that ganglion
dynamics works in core-scale CO,/brine drainage displacements
under low flow velocity conditions (8.67 x 10°m s~'), where
supercritical CO, pathway in a Berea sandstone core underwent
morphological changes. There are strong relationships between the
inlet-outlet differential pressure and the morphological changes of
CO, pathways estimated from medical X-ray images. The exper-
iments revealed that core-scale inhomogeneity affects formations
of pathways, which were referred to as channelled pathway or ran-
domly distributed pathway having different roles in CO, transport in
porous rocks. The relationship between the fluids saturation and the
nominal permeabilities were explained by the percolation threshold
of pore networks in sandstones.

We continued the two-phase flow experiments of the brine-CO,
system throughout an imbibition process, where brine and CO,
were co-injected by increasing the brine ratio under the same ex-
perimental settings. We discuss here different trapping mechanisms
between the capillary trapping during two-phase flow and the resid-
ual gas trapping after the final brine-only injection, in terms of
local porosity distributions. The conventional RPC values for the
low-capillary-number two-phase flow and its hysteresis are also
presented.

2 METHODS

The specimen was a cylindrical core of Berea sandstone with a
diametre of 35 mm and a length of 70 mm. The core has a layered
structure with high- and low-porosity layers perpendicular to the
core axis (Fig. 1). Absolute permeability, kg, was 3.1 x 10714 m?
(31 mD) at a confining pressure of 12 MPa and mean fluid pressure
of 10 MPa. The bulk porosity was 17.5 per cent, which corresponds
to a sample pore volume of 11.8 mL.

Since the experiment was continued after the drainage experiment
described by Kogure et al. (2017), all the experimental settings and
environmental conditions were the same as shown in the previous
study: 40 "C temperature, and about 10 and 12 MPa pore pressure
and confining pressure, respectively. These ensure that CO, was in
a supercritical phase everywhere in the assembled flow system.

In drainage, six injection experimental runs denoted as D1-D6
were previously performed (Table 1), with the brine/CO, ratios 9:1,
7:3,5:5,3:7,1:9 and 0:10, respectively. Imbibition was started after
run D6, where the brine saturation, Sy, for the entire core (an area
of the axial distance d = 5-65 mm for excluding image artefacts)
was 44.9 per cent. Imbibition experiments were performed for the
brine/CO, ratios 1:9, 3:7, 5:5, 7:3, 9:1 and 10:0, denoted as runs
11-16, respectively (Table 1). Total flow rate of brine and CO, was
set at 0.50 mL min~!, corresponding to a flow velocity of 8.67 x
10° m s~!. The injection duration times ranged from 472.2 (run I5)
to 1956.6 min (run 16).

Saturation of brine and CO, (S, and Sco,) was determined by a
medical X-ray CT scanner. The data were used to calculate relative
permeability with Darcy’s equation. A medical X-ray CT scanner
(Aquilion ONE TSX 301A, Toshiba Medical Systems Corp.) was
used to image the core between 5 and 65 mm from the fluid inlet
side. The reconstructed voxel size was 0.78 x 0.78 mm for the slices
perpendicular to the core axis and 0.5 mm for the axis direction.
The following equations yield the porosity, ¢, and the degree of
CO, saturation, Sco;, based on the voxel CT (Hounsfield) numbers
(Akin & Kovscek 2003):

CT®™ — CTY
¢ = ——bie — o
CTbrine - CTair
‘ CTope — CTH
Scop = ¢ (CTgps — CT ) = 2~ brine )
CO2 ( obs brme) CT?E)Z — CT;S;;ne ( )

where CTy., CTE, CTY and CT,, are the voxel CT numbers
of a scanned rock which is saturated with brine, CO,, vacuumed
and other conditions observed during the scan, respectively. CTyyine
and CT,; are the CT numbers for the single brine or air phase,
respectively, and c is the coefficient that relates Sco, to the difference
in CT number between the scan for the experimental run in question
and the scan run for the brine-saturated core. To plot RPC, the
saturation value Sco, for the rock sample at each steady state was
obtained from the smoothed average of the distributions during 2 hr
before the end of measurements.
Relative permeability is calculated using Darcy’s law:

0; = — Havshs &2 (i = brine or CO,), 3)

i

where Q, and ; are the flow rate (m*® s™') and the viscosity (Pa
s) of each fluid, ks and k; are the absolute permeability (m?) and
the relative permeability, 4 and L are the sectional area (m?) and
the length of the core (m), and P is the differential pressure across
the core (Pa). The values of u, and pco, at 40 °C and 10 MPa are
6.53 x 107 Pa's (Wagner & Kretschmar 2008) and 4.78 x 107 Pa
s (Span & Wagner 1996), respectively.

We used the measured P, ignoring the capillary pressure gradient
in CO,. We consider that the CO, saturation values in rock do not
necessarily reflect the local CO, capillary pressures in two-fluid flow
conditions. We also ignored the capillary end effect that appears as
an offset pressure in the measured capillary pressure difference. In
any case, the corrections due to capillary entry pressure in Berea
sandstone, ca. 5-6 kPa (Pini & Benson 2013), are considered to be
small compared to the observed pressure differences, 35-120 kPa.
Detailed discussions on these issues are given in Kogure et al.
(2017).

3 FLUCTUATIONS IN SATURATION
AND DIFFERENTIAL PRESSURE

Fig. 2 shows saturation maps of brine (CO,) just before the end of
each experimental run. The saturation maps are illustrated for the
four vertical cross-sections: the upper panel is a cross-section along
the long axis of the specimen and the lower panels are perpendicular
to the long axis at the designated axial positions. The distribution
of CO, appears to be controlled by the sedimentary structure of
the specimen, which is characterized by high-porosity layers (HPL)
and low-porosity layers (LPL; Fig. 1). A high CO, saturated zone
between 5 and 25 mm from the inlet was due to blocking of CO,
flow by the LPL located at 25 mm. We separated the core into two
zones at d = 25 mm, by referring to these as a stuck zone and a
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Figure 1. X-ray CT image of the Berea sandstone core used in this study and average porosity profile along the core axis (Kogure et al. 2017). Lateral scales
in the image and the graph correspond to each other.

Table 1. Summary of observations in drainage (Kogure ez al. 2017) and imbibition.

Sh (per Sco, (per Sy (per Sco, (per Sy (per Sco, (per

Flow rate (mL min~1) Injected volume (mL) cent) cent) cent) cent) cent) cent)
Run Entire core (d = 5-65 Stuck zone (d = 5-25 Normal-flow zone AP
no. Brine  CO; Total Brine CO; Total mm) mm) (d = 2565 mm) (kPa) 2N erOZ
Drainage (Kogure et al. 2017)
D1 0.45 0.05 0.50 4739 56.8 530.6 63.4 36.6 59.3 40.7 65.4 34.6 88.3  0.130 0.001
D2 0.35 0.15 0.50 343.0 149.6 492.6 60.9 39.1 57.6 42.4 62.6 37.4 99.6  0.090 0.002
D3 0.25 0.25 0.50  340.8 340.2 681.0 57.4 42.6 53.9 46.1 59.2 40.8 84.8  0.075 0.005
D4 0.15 0.35 0.50 4129 961.0 1373.9 56.9 43.1 51.7 48.3 59.6 40.4 55.5 0.069 0.010
D5 0.05 0.45 0.50 63.5 5465 610.0 52.2 47.8 46.6 53.4 55.0 45.0 352  0.036  0.020
D6 0.00 0.50 0.50 0.0 4529 4529 449 55.1 36.8 63.2 49.1 50.9 6.7 0.000 0.116
Imbibition (this study)
11 0.05 0.45 0.50 63.1 546.2  609.3 50.8 49.2 45.4 54.6 53.5 46.5 37.6  0.033 0.018
12 0.15 0.35 0.50 71.6 168.6  240.2 53.9 46.1 48.9 51.1 56.5 43.5 732 0.053 0.008
13 0.25 0.25 0.50 126.5 1285 255.0 54.9 45.1 49.8 50.2 57.4 42.6 84.1 0.075  0.005
14 0.35 0.15 0.50 167.2  73.1 240.3 56.3 43.7 50.5 49.5 59.3 40.7 107.9  0.083  0.002
15 0.45 0.05 0.50 2104 25.6  236.0 56.9 43.1 51.3 48.7 59.8 40.2 115.8 0.100 0.001
16 0.50 0.00 0.50 9783 0.0 978.3 90.1 9.9 89.8 10.2 90.2 9.8 16.4  0.772  0.000
Note: d = distance from inlet side of the core.
normal-flow zone for 5 < d < 25 and 25 < d < 65 mm, respectively. decreasing Sco, over the entire core. Saturation of CO, decreases
Saturation of CO; is generally higher in the stuck zone than in the drastically at the end of run 16. The values of S, at the end of runs
normal-flow zone. Fig. 2 shows a gradual decrease in Sco, during 11-16 for the entire core (d = 5-65 mm) were 50.8, 53.9, 54.9, 56.3,

runs [1-I5 with the CO, distribution pattern changing slightly with 56.9 and 90.1 per cent, respectively (Table 1).
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Figure 2. Saturation maps of brine and sectional Sco, profiles along the long axis during the injection of CO; in runs 11-16. The black triangles on the
horizontal axis show the locations of axial images.
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Fig. 3 shows the changes in Sco, and differential pressure across
the core, AP, against the injected brine content for the runs 11—
16. Fig. 4 shows time variations of AP for 5 hr before the end of
injections. Although the experimental runs were continued for §—32
hr (depending on brine/CO; injection ratio), the small trends of A P
in runs 12 and I3 still remained. It would not have been practical
to continue the experimental runs much longer since the character
of changes in A P was already essentially stabilized. Fig. 5 shows
temporal changes in the axial distribution of Sco, for a 2 hr period
prior to the end of injection runs except for the run 16 (1 hr). The
observed fluctuations in AP and Sco, persisted for as long as the
co-injection was continued. The plotted values of A P in Fig. 3 were
obtained from the regression lines in Fig. 4 at the end of each run,
and Sco, were obtained by averaging the fluctuating values for 1
or 2 hr before the end of runs. We believe that the fluctuations in
AP and Sco, reflect important mechanisms of the two-phase flow
as discussed below.

Large fluctuation amplitudes were found in runs 13 and 14 for
both Sco, and AP. The runs I3 and I4 also showed remarkable
fluctuations in local Sco, values when approaching steady states.
For the one-phase flow run, 16, the distribution of Sco, was close to
convergence in this period. In two-phase flow runs, I1-15, the range
of average Sco, is 40.2—46.5 per cent in the normal-flow zone.

We consider that the fluctuation in the Sco, distribution is a char-
acteristic phenomenon, particularly in low flow velocity injection
with flow direction crossing the sedimentation layers. The oscilla-
tory fluctuations in the Sco, distribution, especially in the normal-
flow zone, can be explained by considering intermittent connection
and disconnection of CO, percolation clusters by coalescences of
CO; clusters and snapped off events due to brine invasion into the
critical paths of the CO, percolation clusters (Kogure et al. 2017).

The maximum fluctuation in Sco, and A P appears in run I3 in
both the stuck and normal-flow zones. The equal flow rate of CO,
and brine in run I3 may have created the largest number of snap-off
and coalescence of CO, clusters, leading to the most prominent
morphological changes of CO, pathways.

4 CHANGES IN FLOW PROCESSES DUE
TO DECREASING OF S co,

The fluctuation amplitude in Sco, in each run distinguishes runs
I1 and 12 (0.851 and 1.46 x 1072) from runs 13, 14 and 15 (4.41,
2.79 and 1.90 x 107?), indicated by the 20 range bars in Fig. 3. The
fluctuation in Sco, is recognized as the results of morphological
changes in CO, pathways for drainage (Kogure et al. 2017). To
confirm the effect of pathway changes on the fluctuation in Sco, for
imbibition, changes in saturation distribution were analysed from
sectional CT images. Fig. 6 shows time-differential images of Sco,
in the runs 12 and I3, representing the difference in Sco, between
images taken at the beginning of each measurement run and at the
noted specific time prior to the end of the measurements. When
estimating the volume from the section images, the images for run
I3 show the migration of a larger volume of brine and CO, than
run 12, suggesting more changes in pathway occupation between
brine and CO; in run I3 than in run I2. The changes frequently
occur particularly in HPL in the normal-flow zone by intermittent
displacements between CO, and brine in pores.

Fig. 7 shows axial profiles of average Sco, for each cross-section
perpendicular to the core axis (hereafter, we call this the Sco, axial
profile) in the last drainage run D6 and imbibition runs 11-16. The
values were obtained at the end of each measurement. Note that run
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16 was 100 per cent brine injection. The average Sco, in the normal-
flow zone gradually decreased as the runs proceeded from run D6
to I3, and became almost uniform around 40 per cent from run I3 to
I5. This 40 per cent saturation value is close to the saturation value
required to form percolated ganglia in sandstones (e.g. Argaud et al.
1989; Han et al. 2009). This suggests that development of effective
CO, pathways during imbibition is also governed by percolated
ganglia. The percolation threshold of 40 per cent saturation also
appears to be the same for both drainage and imbibition.

For the normal-flow zone, the Sco, in runs D6-12 is mostly larger
than 40 per cent (Fig. 7), whereas in runs I3-I5 it distributed around
40 per cent. Therefore, more percolated ganglia are expected in
runs D6-I2 than in runs I3-1I5, because even a small increment
in Sco, slightly over the percolation threshold can increase the
density of percolated CO, ganglia. The percolated ganglia will act
as a channel for CO, flow. Since brine saturation S, exceeds the
percolation threshold (40 per cent) in all measurement runs, there
could be many pathways for each fluid in runs D6-12. This will
cause small AP and its fluctuation because of small disturbance
of CO, flow by brine and vice versa (Figs 3 and 4). On the other
hand, percolation clusters of CO, may become unstable due to
the increase of brine snap-off against CO, clusters caused by the
increase of brine flow rate in runs I3—I5 where Sco, is around the
percolation threshold. Isolated CO, ganglia that are surrounded by
brine-filled pores or pore throats may then coalesce again with the
CO, percolation clusters (Riicker et al. 2015). Thus, CO, pathways
are updated with morphological changes. The repetitive snap-off
and coalescence of CO, ganglia lead to the changes in location and
alignment of fluid pathways. Since the saturation value of brine
exceeds the percolation threshold in all imbibition runs, isolated
CO, ganglia may hamper the channel flow of brine by increasing
effective tortuosity. The Sco, values in runs 14 and IS5 maintained
a value close to the percolation threshold with continuous snap-off
and coalescence.

It is interesting to note that the local fluctuations in Sco, appear
in areas larger than core inhomogeneity (Fig. 6). In this co-injection
experiment, CO, blobs and brine were co-injected through 0.5 mm
diametre stainless tubes. Zhang et al. (2017) made an independent
experiment to observe CO, blobs and brine flowing through an
X-ray-transparent plastic tube of 0.5 mm inner diametre, under the
same pressure and temperature conditions as this study. The volume
of each injected CO, blob was smaller than 0.01 mL under the equal
flow rate of CO, and brine, which is less than the pore volume of
each imaged slice. This may suggest that the local Sco, fluctuations
resulted from movements of large CO, ganglia grown inside the
rock sample by coalescences.

5 RESIDUAL CO, TRAPPING

In the axial profiles of Sco, (Fig. 7), a positive correlation ex-
ists between the peaks and troughs of Sco, and porosity variations
in the normal-flow zone (e.g. LPL2-HPL2 and LPL3-HPL3), ex-
cept for run 16 (100 per cent brine imbibition), where Sco, cor-
responds to the residual CO, remaining in low-porosity zones.
In the stuck zone, Sco, was not correlated with porosity (e.g.
LPL1-HPL1).

The positive correlation between the axial profile of Sco, and
porosity has been reported and discussed in Perrin & Benson (2010)
for the drainage process. However, CO, distribution in run 16 shows
areverse correlation in which the trapped residual CO, concentrates
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in low-porosity zones: Sco, was higher in LPL than in HPL. The
reverse correlation is also shown in axial saturation maps between
LPL2 and HPL2 in 16 (Fig. 2). Fig. 8 illustrates the correlation
between the sectional average of Sco, and porosity for the stuck
and normal-flow zones in run I6. In the stuck zone, residual Sco,
decreases with increasing porosity in each layer, indicating concen-
trations of the residual CO, into LPL, whereas in the normal-flow
zone most of the CO, in HPL (section porosity larger than 18 per
cent) was flushed out by the brine. The larger amount of the resid-
ual CO, in the stuck zone can be produced by stagnant flow at
low-porosity zone (d = 25-27.5 mm) where the layers work as a
strong barrier against CO, flow (Kogure et al. 2017). The results will
be suggestive for the trapping mechanisms of residual non-wetting
fluids in reservoir rocks.

Zhang et al. (2014) reported a relationship between pore diametre
and normalized pore volume for LPL and HPL of a Berea sandstone
sample obtained from the same rock block used in this study (Fig.
9). The largest difference in pore-size distribution between LPL
and HPL was found in a pore-diametre range from 0.5 x 107 to
5 x 107 m (enclosed in the shaded ellipse in Fig. 9). Pores in this
diametre range may act as pore throats which connect larger pores
(Zhang et al. 2014). Smaller (than 0.5 x 10°m) diametre pores
are presumably either not connected or do not efficiently transmit
viscous fluids. The smaller pore-throat volume in LPL than HPL
suggests more dead-end pathways in LPL than HPL because of
potentially fewer connected pore-throat networks in LPL. The less
connected pore-throat networks and increasing of the pore volume
with decreasing of pore diametre may be a cause for increasing of
residual gas trapping with decreasing section porosity in the stuck
zone after the brine flushing, 16.

In the stuck zone where injection pressure is relatively higher
than capillary pressure, CO, can be forcibly pushed into narrower
pores or pore throats. In drainage run D6, the Sco, in the stuck zone
was around 65 per cent whereas in normal-flow zone it was around
50 per cent (Fig. 7, Table 1). These saturation values correspond to

the maximum capillary pressures of 14 and 7.5 kPa for the Berea
sandstone, respectively (Pini & Benson 2013). The capillary pres-
sures squeeze CO, into pores of diametres larger than 2.3 x 10°¢
and 4.2 x 107° m, respectively. The pore diametre of 2.3 x 10°m
belongs to the range mentioned above. Displacement of brine by
CO; in such smaller pores (i.e. Haines jump) was most facilitated
during run D6 with the largest capillary pressure. Then, snap-off of
CO, follows the displacement due to the invasion of brine into a
pore throat (Andrew et al. 2015).

The average Sco, in the stuck zone was 5-10 per cent higher
than that in normal-flow zone during imbibition (Fig. 7). Since
porosity in the stuck zone is lower than in the normal-flow zone,
more isolated CO, ganglia appeared in the stuck zone. The isolated
CO, ganglia were encompassed by brine and immobile because
high capillary pressure is necessary for displacements. Thus the
residual CO, mostly consisted of isolated CO, ganglia that remain
in smaller pores, and their distribution pattern roughly reflects that
of Sco, during drainage although it shows an opposite pattern of the
peaks and troughs in the normal-flow zone.

It is interesting to note that the CO, saturation in a reservoir
can be maintained at about 40 per cent when a small volume of
CO, still flows (~ 10 per cent CO, fraction based on the present
results). This indicates that some CO, can move away through the
connected pathways formed by percolated CO, ganglia, and some
CO, canremain in the reservoir keeping its saturation value about 40
per cent until the spontaneous imbibition by 100 per cent brine. The
saturation values of CO, are very different between the two-phase
flow and the single-phase flow of brine (Table 1).

The above two trapping mechanisms are classified as physical
trapping; the former is referred to as structural or stratigraphic
trapping whereas the latter is residual gas trapping. The latter is
favourable for long-term storage security (Metz et al. 2005). Reser-
voir heterogeneity may control the two trapping mechanisms. Rocks
having large pores are favourable for the structural or stratigraphic
trapping, whereas rocks that contain large volumes of small pores
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Figure 4. Time variation of AP for 5 hr before the end of injection in runs I1-I6. There seem to be linear trends and random fluctuations as shown by the
linear regression and 20 shown by the thick and thin red lines. We used the AP at the final value of the linear regression for all calculations in Figs 3 and 10.
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are favourable for the residual CO, trapping although high injec-
tion pressure would be necessary to forcibly squeeze CO, into the
narrow pores.

6 RELATIVE PERMEABILITY CURVES

Fig. 10 plots RPCs from this study and Kogure et al. (2017), showing
a slight hysteresis of the RPC in a cycle of drainage and imbibi-
tion. Relative permeability of brine and COs, ky, and kico,, were

calculated using Darcy’s law by substituting parameters. The values
of AP used to calculate relative permeability were determined by
approximating A P for several hours before the end of the measure-
ments (Fig. 4). The values of RPC at the end of runs I1-16 are shown
in Table 1. The value of &,;, during imbibition is slightly higher than
that during drainage. Akbarabadi & Piri (2013) reported hysteresis
of relative permeability for a brine-CO, system under steady-state
flow conditions, and several experiments using the unsteady-state
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method also reported hysteresis (e.g. Bennion & Bachu 2007; Ak-
barabadi & Piri 2013; Soroush ez al. 2013; Wang & Alvarado 2016).
Akbarabadi & Piri (2013) also showed that the relative permeability
of brine during imbibition was higher than that during drainage for
the brine-CO, system in Berea sandstone. The hysteresis observed
in this study is small compared to that in Akbarabadi & Piri (2013).
Total flow rates of injected fluids were not kept constant through the
measurement of RPC in Akbarabadi & Piri (2013). Our study in-
dicates slight differences in RPCs between drainage and imbibition
under the same total flow rate and velocity.

Snap-off is caused by decrease in non-wetting phase saturation
due to increase in wetting phase saturation, which results in decrease

in the volume of a non-wetting phase ganglia as the ganglia rear-
range to find a lower energy configuration allowing wetting phase to
fill a pore throat (Singh et al. 2017). Singh et al. (2017) reported an
inverse log-linear relationship between the snap-off event frequency
and the brine-filled pore volume at each event in imbibition, and
that the brine-filled pore volume is of the order of the average pore
volume, which is about 2—-3 orders of magnitude smaller than that
can occur in drainage. Considering the above relationship between
snap-off event frequency and brine-filled pore volume, the smaller
brine-filled pore volume in imbibition suggests that there are more
snap-off points during imbibition than during drainage. An increase
in the number of snap-off points could cause an increase of flow
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resistance, which would be reflected by higher differential pressure
and larger pressure fluctuation for the same brine and CO, fractions
during imbibition than drainage. This is also reflected in velocity
changes: fragmentation of non-wetting phase ganglia in imbibi-
tion have been reported in relation to P-wave velocity changes in
a drainage—imbibition cycle (Cadoret et al. 1995; Nakagawa et al.
2013; Zhang et al. 2015).

Another possible reason for the relative permeability hysteresis
may be related to the porosity distribution of Berea sandstone used
in this study. The rock has a bimodal porosity distribution as shown
in Fig. 9; the largest peak around 10! pum and second largest be-
low 10° pum. Measuring elastic wave velocities in patchy saturated
rocks, Le Ravalec et al. (1996) showed the difference in flow paths
where fluids go through during drainage and imbibition if the rocks
have both micro- and macropores. Zhang et al. (2015) also reported
the changes in distribution pattern of CO, between drainage and im-
bibition in a heterogeneous sandstone core. Therefore, the bimodal
porosity distribution can also be the cause of the hysteresis in this
study.

7 CONCLUSIONS

Simultaneous injections of brine and CO, were performed in Berea
sandstone to reveal flow mechanisms of CO, and brine during the
imbibition process under very low flow velocity conditions mimick-
ing the two-phase flow in a front edge of CO, far from an injection
well in actual CCS sites. A slight hysteresis of the relative perme-
ability curve was observed in a drainage and imbibition cycle. This
may indicate the effect of low flow rate. During the imbibition, oscil-
latory fluctuations in local CO, saturation and differential pressure
across the core were observed except for the case of full imbibition,
where only brine flows. The degree of the fluctuation became larger
when CO, saturation decreased to around 40 per cent, which is near
the percolation threshold of pore networks for most of sandstones.
The oscillatory fluctuations are therefore considered to result from
morphological changes of CO, pathways due to ganglion dynam-
ics: coalescences of CO, ganglia that form CO, percolation clusters
and their snap-off by brine invasion. Supercritical CO, is removed
from larger pores and stored in smaller pores during the full imbi-
bition. This suggests that CO, at field scales will be preferentially
left in low-porosity layers rather than in high-porosity layers during
the spontaneous imbibition by aquifer brine, a long time after CO,
injection.

We consider that recent findings on ganglion dynamics can be
successfully applied to interpret the CO,/brine migration of conven-
tional core-scale experiments made under very low injection rates
or small capillary numbers less than 108, Although our medical
X-ray CT provides only coarse-resolution images (0.07-0.5 mm
resolution), the observed fluctuations in the differential pressure
and the CO, saturation can be reasonably explained by adopting
the percolation theory and plausible mechanisms for morphologi-
cal transitions in pore networks that comes from ganglion dynamics.
Further technical improvements of the LCT such as sampling inter-
val and enlargement of a targeted object will give us more complete
understanding of the nature of fluid migration in larger scale with
heterogeneity, which can be applied to field-scale fluid migration.
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