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ABSTRACT

The implementation of CO, capture and
sequestration (CCS) in deep saline aquifers can reduce
greenhouse gas emissions effectively. The diffusion and
dissolution of CO; in heterogeneous shallow aquifer is
an important area for mass transfer. In order to
investigate the effect of gas-water migration in this
layer, we carried out experiments at core-scale by using
of Magnetic Resonance Imaging (MRI) and pore-scale by
using of microfluidic chip. This study place emphasis on
CO, migration process, including displacement interface
change and dissolution regular in several pores. CO;
saturation is quantitative analyzed respectively at two
scale. The continuous phenomenon of drainage-
dissolution-drainage process at pore scale was found,
which cannot observable at pore scale. The dissolution
of CO, in limited number pores is observed with
qualitative description. The fact proves that the
combination of multiple scales can give more
comprehensive analysis. These studies can give some
implications for the long-term safety of CCS in some
degree.

Keywords: two-phase flow, microfluidic chip, MRI, CO,
migration

NONMENCLATURE

Abbreviations

CCS CO;, capture and sequestration
MRI Magnetic Resonance Imaging
PV Pore Volume

Ca Capillary number

1. INTRODUCTION

The complex flow of groundwater exists in deep
saline aquifer during the process of CO, storage.
Injected CO; displace water in the form of seepage and
accompanying local binding phenomenon!* 2. The

bound CO; dissolved and stabilized in pore space by
convection or diffusion, then reacts with the formation
water to solidify the mineralized substance. The two-
phase percolation characteristics in porous media affect
the micro-distribution of gas and water, the direction of
capillary force in the throat, the proportion of CO; in
the pores of the reservoir, the CO,/water transport
path, the occurrence way of binding gas in the pores
and so on, which affect the storage efficiency and final
destination of CO, ultimately®®!. The safety of CCS
depends on the regular of interfacial migration of two-
phase fluid in some way. However, there still lack of
visualization studies on the combination of reservoir
scale (10 cm-100 m) and pore scale (10 nm-10 cm)
about this topic!® 7.

Chomsurin® et al used homogeneous and
heterogeneous etched micromodel to analyze
nonagueous phase liquid dissolution,
tetrachloroethylene was used to simulate groundwater
pollutants. They found that the mass flux holds constant
when the average mass transfer length scale remains
constant, which have no relationship with micromodel
geometry. Kuo™ et al studied the effects of velocity of
CO, and heterogeneity on CO,/brine displacement
process by numerical simulation. The results showed
that the dependence of CO, saturation distribution on
the flow rate is large with high degree of heterogeneity.
But the interaction of pore structure characteristics may
relate to CO; saturation strongly. Previous works have
been carried out using optical method at pore scale!*
1 and with CT images in columns packed with porous
medial”” 2. Optical method has good resolutions (<
1um), but it is limited to 2D images. MRI or CT
technology can analyze the fluid flow at 3D scale
guantitatively, but it has to be admitted that MRI or CT
images will take long time and the resolution is rough
relatively (314,

Selection and peer-review under responsibility of the scientific committee of the 11th Int. Conf. on Applied Energy (ICAE2019).

Copyright © 2019 ICAE



In this study, the flow pattern of CO,/water in
porous media was studied under two scales, the main
work as followings: (i) for core scale, two phase
interfaces during drainage process was visualized and
CO; saturation distribution was calculated. This study
can provide information for CO, storage safety in
reservoir scale; (ii) for pore scale, we mainly
concentrate on CO/water transport regular after the
completion of drainage and reveal microscopic
phenomena which difficult to observe at other scales,
drainage-dissolution-drainage process was found in this
scale.

2. EXPERIMENTAL MATERIAL AND METHODS
2.1 Equipment for Core scale measurement

Fig. 1 shows the experimental setup under core
scale. MRI system is performed to visualize drainage
process at 6MPa/25°C. Glass beads (BZ02+06 with 1:1
mass ratio) is used as heterogeneous porous media on
this experiment which have similar wettability to etched
glass model. Three ISCO pumps are used for gas
injection, liquid injection and back pressure
respectively. The oil bath filled with fluorine oil controls
the temperature of the whole system. The time interval
of MRl images is set to 2 min 8 s. The field of view (FOV)
is 30 mm X 30 mm, the pore volume (PV) is about 0.7 in
this area. There is no signal for CO; and strong signal for
water in MRI images.

Fig 1 Experimental system diagram of core-scale

2.2 Equipment for Pore scale measurement

The process of CO,-water drainage at pore scale is
studied by microfluidic chip at a wide range of pressure
(1-7 MPa) and 25°C. Fig. 2 shows the 3D overall
structure picture of microfluidic chip sample. The chip is
composed of a high-pressure glass model and a high-
pressure connector which can withstand 10 MPa inside.
This micromodel composing of inlet, porous media area
and outlet, it is formed by two 2 mm glass sheets
bonded at high temperature. As shown in Fig.2 (b)-(c),

the single channel width of the entrance is 200 um, and
the interior of the porous media is mainly composed of
three types of channels: 110 um, 85 um and 63 um,
respectively. A typical channel on the chip have a width
of 110 um and a length of 100 um. Micro-scale
experimental system mainly including injection pump,
back pressure pump, micromodel and microscope. The
process of CO,-water drainage is observed in this
heterogeneous porous media.
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Fig 2 Microfluidic chip sample. (a) 3D overall structure
picture; (b) size of local pores and throats;(c) a typical
channel profile on the chip.

Depth (100 um)

3. RESULTS AND DISCUSSION
3.1 Behavior of CO; migration at two scales

Fig 3 shows the CO; drainage process and MRI mean
intensity value during injection process. Three MRI
images present the state before the CO, enters sample
(saturated with water completely), CO, displacing water
and end of the CO, drainage respectively. Viscous
fingering is observed clearly due to large viscosity ratio
between two fluids. MRl mean intensity value begin to
decrease when CO, enter the FOV, but there is no
significant change more than 25 PV. Small amount of
residual water remains in the pores and cannot be
displaced completely. Although the drainage process
has no significant change in the end, the migration of
residual CO, bubbles and the dissolution of CO; in pores
will be involved over a longer period of time. The
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Fig 3 CO,drainage process at core scale (left; Ca=4.35x10%);
MRI mean intensity varies with injection CO; volume.
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Fig 4 CO, drainage process at pore scale (Ca=5.3x107). The area bounded by black line represents CO,. The porous
region was saturated with water completely in the initial.

investigation for pore scale can supplement this
deficiency. Fig 4 shows the CO,drainage process at pore
scale. CO, entered from the right edge randomly
because only a small area was used in this experiment.
We can find that CO, can pass through the straight
channel easily, but will take more time for variable
diameter or narrow channel, this shows that
heterogeneity and pore/throat distribution will affect
the flow direction to some degree. Lateral flow and
reflux also occur during drainage process (1 s-3 s). The
change is not significant for a long time after the first
displacement, only small amount of CO; is observed
dissolving in water (5 s-3 h 9 min 50 s). However, a large
amounts of CO; continue to dissolve in water until all of
it disappears (3 h 9 min 50 s-3 h 27 min 31 s). What's
interesting is that displacement process re-occurrence
with time goes by (5 h 56 min 39 s-5h 56 min 46 s),
which can not be observed at core scale.

3.2 CO;saturation

The analysis of CO; saturation at reservoir scale is
important. CO; storage efficiency can be evaluated by
the core scale analysis, but the local (several pores)
saturation analysis can give the unexplained mechanism
from core scale.

Fig 5 (a) shows the CO, saturation profiles at
different times. The distance from top to bottom of the
sample is 30 mm, the drainage process starts at the top,
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Fig 5 CO,Saturation distribution. (a) CO, saturation profiles at core

scale; (b) variation in the CO; saturation with time at pore scale

CO, saturation is calculated from the signal intensity

ratio. We can find that CO, saturation decreases with
the displacement direction when displacement occurs.
CO; saturation at the top decreases with time due to
the constant scour of CO,, also, CO, saturation at the
top is still higher than bottom even a long period of
observation. The resolution of the MRI images can not
sufficient to analyze the flow in the pores, the
saturation analysis of local CO; in porous media can be
achieved by pore scale. As shown in Fig 5 (b), the
change of CO; saturation distribution with time is
obtained by calculating the area percentage of CO; in
displacement process. As mentioned of two
displacement process in section 3.1, we found that CO;
saturation both increased with time and have similar
degree. The displacement process are quick, whereas
the dissolution process is longer after the first
displacement. CO; saturation decrease with time during
dissolution process. It dissolves faster at the beginning
(0 s-4 s), may be exist of a relative large pressure
difference between the inlet and outlet of chip. But the
dissolution time slows down later until dissolution
completely (4 s-17 min 38 s).

3.3 CO; dissolution in pores after drainage process

The existence of dissolving morphology may be
affected by heterogeneous structure in porous media.
Two kind of CO, dissolution morphology after first
drainage under 6 MPa is found in this study, as shown
in Fig 6. Case A presents a process of a connected water
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Fig 6 CO, dissolution morphology after first drainage under 6MPa.

channel separate into two single CO, bubbles after
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dissolution. At the cross passage, two-phase interface
changes from arch to plane shape due to the small
pressure difference between the two directions. As time
goes by, the connection state changes into a state of
separation.Case B presents a process of disappearance
of a single CO, bubble after dissolution. CO, bubble
tends to adhere to the wall surface during the process.

For future researches, detailed analysis combined
with two scales under same capillary number will be
carried out according to reservoir parameters. Miscible
drainage process will be carried out and give more
qualitative and quantitative analysis.

4. CONCLUSIONS

In this paper, we have observed drainage process
in a CCS reservoir by use of two scales. The results show
that viscous fingering occurs during drainage, lateral
flow and reflux of CO, appears in local pores. CO; is
easier to pass through the connective channels and
blocking appears in reducing channel. At pore scale,
dissolution and secondary drainage process occur when
the first drainage completely. CO, saturation has a
gradient along the injection direction, CO, saturation
decreases significantly at the beginning and then
decreases slightly in local pores during dissolution. The
guantitation analysis of core scale combined with the
mechainism of pore scale provides better explanations
for the safety of CCS in reservoir conditions.
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