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Preface

This Geotechnical Special Publication (GSP) contains 23 papers addressing a variety
of current issues in Soils and Rock Instrumentation, Behavior, and Modeling; Earth
Retaining Walls and Slope Stability; and Seismically Induced Hazards and
Mitigation. These papers were presented at the GeoChina International Conference
held on July 25-27, 2616 in Shandong, China. The technical programs for the
GeoChina International Conference struck a balance between the fundamental

professional organizations. This GSP includes investigations and solutions from
nomerous countries. It expands ranges of tools that are available to engineers and
scientists.
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Experimental and Numerical Analysis on the Specific Storage of Low Permeable
Sandstone for Supercritical CO;

Ardy Arsyad' and Yasuhiro Mitani®

'Dept. of Civil Engineering, Faculty of Engineering, Hasanuddin Univ., Makassar 90245 Indonesia. E-
mail: ardy arsyad@unhas.ac.id

2Dept. of Civil and Structural Engineering, Graduate School of Engineering, Kyushu Univ., Fukuoka
0819-0395, Japan. E-mail: mitani(@doc. kyuhu-u.acjp

Abstract: Experimental tests and numerical analysis were undertaken to investigate
the specific storage of sedimentary rocks for supercritical CO,. New laboratory system
of constant flow pump permeability test was developed in order to measure
permeability and specific storage of sedimentary rock in similar physical condition of
deep aquifer where CO; tends to be in supercritical phase. To analyze experimental
results, numerical analysis was established by extending the theoretical model of
constant flow permeability to deal with two phase flow drainage displacement. For the
examination of its applicability, experimental test was undertaken in which Ainoura
sandstone used as core sample, injected with supercritical CO, under laboratory
condition of 35°C constant reservoir temperature, 10 MPa initial hydraulic pressure,
and 20 MPa constant overburden pressure The experimental results show that, average
specific storage of Ainoura sandstone is about 3.74x10™ 1/Pa at a maximum CO,
saturation of 0.55, and volumetric strain increases about 0.7%. The accuracy of
specific storage measured was validated with ratio of the specific storage of the
sandstone to the storage capacity of the pump used in the permeability test. This
finding suggested that newly developed constant flow pump technique with its
numerical analysis can be used to effectively obtain specific storage of sedimentary
rock for CO, in supercritical phase.

INTRODUCTION

COs sequestration in deep saline aquifers has become one of the most viable options to
reduce the emission of anthropogenic greenhouse gases into the atmosphere. In Japan,
deep sedimentary basins have been considered as suitable media for CO, sequestration
since sedimentary formations comprise over half of Japan’s total subsurface geology,
with an estimated 146 billion Gt-CO, storage capacity (Ogawa et al. 2011; Nakanishi
et al. 2009; Takahashi et al. 2009). However, prior to the commercialization of CO;

18
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sequestration projects in sedimentary basins, detailed studies were needed to
understand the physics of water-CO, flow in this type of geological environment. In
fact, CO,-brine muitiphase flow data is rather scarce compared to oil-water and CO»-
oil multiphase flow data generated for oil reservoirs over decades (Perrin and Benson
2010). Relative permeability and specific storage can be determined by two phase
differential pressures and individual phase flow rates using Darcy’s law. The injection
ratio of the two-phase fluid is repeatedly alternated in order to determine the relative
permeabilities at different saturation levels. A number of studics have been
undertaken in measuring CO.-water relative permeability and storativity in
sedimentary tocks (Bemmion and Bachu (2005), Perrin et al., (2009), and Shi et al.
(2009). However, accurate, repeatable, and reliable relative permeability
measurement with standardized and comparable laboratory experiments remains a
research subject (Miiller, 2011).

A standard experimental method used for permeability measurement is constant flow
pumyp permeability test. This method is introduced by Olsen et al. (1985) as an
improved version of the transient flow method introduced by Brace et al. (1968). The
principle work of the flow pump permeability 1s to generate a constant rate of flow to
precisely control pore fluid tramsport processes in a specimen. The flow of fluid
through the specimen generaies a hydraulic head that transiently increases and
subsequently stabilizes to steady state with a constant head gradient imposed across
the specimen. By using Darcy’s law, the corresponding permeability value can be
determined based on the steady state data collected. However, it would take several
hours to reach steady state for the condition of a large specimen or a large pump
system. Morin and Olsen (1987) developed a mathematical model for transient
the determination of the permeability in early testing time. Later, Esaki et al. (1996)
intreduced the effect of storage capacify of the pump system fo enhance the accuracy
and efficiency of the mathematical model. Song et al. (2004} then introduced a more
efficient and less tedious method to Esaki’s et al. (1996) numerical simulation. In
general, the constant flow pump permsability method is employed to measure the
hydraulic conductivity and specific storage of rocks at laboratory conditions. In this
study, we endeavor 1o develop laboratory system of the constant flow pump
permeability method and its numerical analysis in order to measure permeability and
specific storage of rock under the injection of CO; in supercritical phase. The validity
and applicability of this technique are also inciuded in this paper.

Experimental System

Figure 1 shows the schematic diagram of flow pump permeability test in the new
developed experimental system. The new experimental systemn consists of several
developed apparatus such as temperatures controllers, pressure controllers, and flow
controllers. The aim of this instalment is to generate and stabilize high temperature
and high pressure desired to create reservoir condition where CO; is in sapercritical
state. The main difficulty in creating a reservoir condition with high pressure and high

19
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temperature is the vulnerability of the experimental system to the unstable temperature
associated with seasonal weather and heat induced by the experiment apparatus. Such
condition will affect the physical property of CO, leading to inaccuracy of
experimental measurement. Therefore, the external and infernal lab temperatures were
attempted to control by constructing a greenhouse chamber and installing several
devices and apparatus such as those are listed as follows: thermostafic room,
greenhouse chamber, hemathermal circulation tank, and constant temperature water
tank, temperaturc controller for pressurg vessels, thermocoupie and heater bars, remote
control, and data acquisition system. Strain gauges were emploved to measure
deformation of rock specimen (Figure 2). The strain gaunges were attached laterally
and longitudinally on rock spectmen.
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Fi1G. 1. Schematic diagram of constant flow pump permeability with newly
developed laboratory system.

Rock specimens used in the experiments are Amoura sandstones obtained from
Sasebo, near Nagasaki Prefecture in Japan. The sandstone is a low permeable but high
porosity rock, expected to be suitable for CO; storage. The pore size distribution of the
Ainoura sandstone was investigated by using Pore Amalyzer (Porosimeter)
Micrometritics Auto pore III. Figure 3 presents the pore size distributions of the
Alnoura sandstone specimens. It can be seen that two different Ainoura samples
(Ainoura 1 and 2) exhibited a bi-modal pore size distribution, indicating
heterogeneous pore siliciclastic characteristics. Due to the larger microporosity of
Ainoura | than Ainoura 2 (Table 1), Ainoura 1 appeared to contain a much finer grain
matrix than Ainoura 2. Figure 4 presents CO;-water capillary pressure of Ainoura 1
and 2 specimens. By fitting the capillary pressure data with the Van Genuchten (1980}
equation, the irreducible water saturation, S, threshoid capiliary pressure, P,, and
pore size index, m.

20
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Table 1. Pore Size Characteristics in the rock specimens
N Median
s ./° %o %o pore ; IFT Py
Specimen Mlcrts" Mesopores | Macropores | size Pownsity mN/m) | (kPa)
s (pm)
Ainoura 1 64.7 22.1 13.1 1 12.6 32.1 27
Ainoura2 | 51.06 29.4 19.6 1.2 15.46 32.1 23
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FIG. 3. Pore size distribution of Ainoura sandstone specimens.
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FIG. 4. Capillary pressure of Ainoura sandstone specimens.

Figure 5 illustrates the experimental system of the injection of supercritical CO; into
the Ainoura sandstone by using the flow pump permeability test. To maintain the
physical characteristic of CO, in the supercritical phase, the temperature of rock
specimen, syringe pumps, syringe pipes and pressure vessels were maintained at 35°C,
36°C, and 38°C, respectively. After the temperatures stabilized, the confining pressure
of 20 MPa and the pore pressure of 10 MPa were subjected on the specimen. The
supercritical CO, within 3 pl/min flow rate was injected into the rock specimen and
the pressures generated by the injection were measured continuously. The precision of
the measurement can be seen from the record of the pressure in outlet and inlet of the
rock specimen for every two seconds. Therefore, the pressure data of around 24
million during the experiment can be obtained. The measurement of the generated
pressure was performed by employing the pressures of two gauges with resolution of
50 cmH20 or 0.0049 MPa, manufactured by Research Institute Tokyo.

During the injection, the generated hydraulic pressures in the upstream and
downstream of the Ainoura sandstone specimen including its volumetric strain were
measured (Figures 6 and 7). The flow of the injected CO, generated an increase in
pore pressure while the differential pressure was dropping. Meanwhile, the increase in
the pore pressure propagated a deformation on the Ainoura sandstone specimen. The
negative direction of the increasing strains indicates such an expansion of the Ainoura
sandstone specimen.

22
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injection,

Theoretical model

The mathematical model of the flow pump permeability test is described as one-
dimensional transient flow of a compressible fluid through a saturated porous and
compressible medium. This model combines the principle of fluid mass in a
deformable matrix and Darcy's law for laminar flow through a hydraulic isotropic rock
matrix (Zhang et al. 2000). Since the experimental system of CO; injection into low
permeable rock saturated with water can be described as a two-phase flow drainage
displacement process, volumetric balance can be employed. It can be assumed that,
after breakthrough, the flow rate of the injected fluid is equal to the total flow rate of
the displaced and displacing fluid. Due to the compressibility of the displacing fluid
(which is a liquid-like gas), the assumption was that the flow rate of the injected fluid
was the total of the displaced fluid, and the displacing fluid, at time t minus volume,
was absorbed within the compressible pump system per unit time interval. The system
included the entire space of the flow pump cylinder, the space in the lower pedestal,
and the tubing connecting the flow pump to the test cell. This assumption also led to
the change of the boundary conditions of the model shown in Eq. 4 and 4a. The
schematic diagram and boundary conditions associated with the modified
mathematical model are depicted in Figure 8.
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The governing equation is defined as follows:

2 Y
M, S, _,

_ (1)
0z> kot
Initial condition:
H(Z,0)=0 0<z<L (2)
Boundary conditions:
z=0, H(0,t)=0 120 (3)
z=1, 00 =0,(0)+0, (4)
_ k_dH k_ dH
N=|Zm2% 5 420 KA 4a
o) (ﬂn 7 P o pwjg (4a)
where H = hydraulic pressure, MPa,
H, = hydraulic pressure of water, MPa,
H, = hydraulic pressure of CO,, MPa,
k = hydraulic conductivity, cm/s,
z = vertical distance along the specimen, cm,

© ASCE



l

Downloaded from ascelibrary org by Washington University in St. Loujs on 07/26/16. Copyright ASCE. For personal use omly; all nghty reserved,

!

Geo-China 2016 GSP 257

— time from the start of the experiment, s,

= specimen’s specific storage, 1/Pa,

intrinsic permeability of the specimen, e’
relative permeability of water, fraction,
relative permeability of CO,, fraction,

= the length of the specimen, c#m,

e = dynamic viscosity of water, Pa.s,

H

S
H

ne = dynamic viscosity of CO,, Pa.s,
pw = density of water, gricm’,
= density of COy, griem’,
A = the cross-sectional area of the specimen, o,

Q) = flow in the specimen at time 7, cm’/s,

O, (1) = flow of CO;, in the specimen at time 7, cnr'/s,

Ow () = flow of water in the specimen at time #, cn’/s,
g = gravity acceleration, cm/s’

Since ., = i, A, , equation (4a) can be described as:
dz dz dz
k k dH k dH
=|"Lp +2p |—LgKA--pg ——Lak4 £>0
o) (ﬂnpn ﬂwpw] z & ﬂwpu 8

Hence, the displacing non-weiting fluid pressure gradient becomes:

In which

k,,  dH,
dH, of) p, " s
dz =f k k * k k
| == p, +— pw]gKA (—”’Pﬁ - pw)
LK, A, (A, “, )

[0 dt=1g d—C.H {L1)
i} 1]

S H)=q —(
Where

q i
C =

© ASCE

-
e

GEH il (‘LZ‘ !)
dt

CO, flow rate into the upstream of the specimen at time +, cmsf’s,
storage capacity of the flow pump system, i.¢., the change in volumse
of the permeating fluid in upstream permeating system per unit
change in hydraulic head, cm’/cmH,0O
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The complete anatytical solution is give as follows:
' { (& k
W Mn Ww

Fogr ]
e - BI Ll
k., dH P S, A fsinlB.z)
gl.+| gkA #""- gL , . (%)
He.)= PRI ) My | 1]
" ", tooes L sl BINE B2 4+ — (4= |
KAg[ p;; + )7 pwj 55» (‘Gh(ﬁn { [ﬁﬁ +52)+ 5:]

H w

T

C . . .
Where d = A§ , and G, is the root of following equation:

] L9,
tang=—1k_+k, ——J
Jﬁz[ “.p,

The roots were obtained using the Newton Raphson Method (Carslaw and Jaeger
19359).

The hydraulic gradient distribution within the specimen can be further derived by
differentiating Eq. (5) with respect to variable z:

. . -
gL+[gKA£’prL dj‘“J exp[— SK(k”—‘p,, +fclp,, JﬁfrJ cos(F,z)

(z.0)= cull FLI1 oY A
o k k, ty i1
K'Ag[ ™ P:a"'_mpwj el Léﬂﬁos(ﬁ@{l{ﬁf%— A]—FE]
H i & 3

n v

(6)

COr-water relative permeability

History curve matching between the pressure gradient from the experiment and the
corresponding data of pressure gradient based on theoretical model was conducted.
Once they become matched, the unknown parameters of %,. k.., and S; were
determined. To examine their uncertainties, a sensitivity analysis of the parameters k.,
and k., towards the differential pressure was undertaken. Pressure gradient is
insensitive when the parameter .. was above 0.5 at all values of the parameter k... On
the other hand, at all values of the parameter 4,,,, pressure gradient is insensitive at the
parameter k,, above 0.1. This means the parameter &, is more sensitive than Z,,.
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Figure 9 presents the CO,-water relative permeability of the Ainoura specimens. As
expected, the relative permeability of water decreased while that of CO, increased.
Overall, CO; relative permeability at irreducible water saturation was observed to be
lower than what we expected as it was about 15% of the water relative permeability at
conditions of 100% water saturations. This indicated a lower displacement efficiency
of the saturated water by the injected CO, in Ainoura Sandstones. The result may be
attributed to heterogeneous bi-modal pore distribution of Ainoura Sandstones.
Similarly, Bennion and Bachu (2005) observed that the pore size distribution of
reservoir rocks critically affects CO,-water relative permeabilities. In this kind of pore
system, the CO»-water displacement results in channel flow, yielding a non-uniform
CO, flow in the system. All these imply that CO, flows preferentially in the smaller
pores of the bi-modal pore system. Another factor that might be contributing to low
relative permeability of CO is the capillary pressure effect. By having a large fraction
of micropores (more than 50%), the Ainoura specimens yielded relatively high
capillary pressure. Therefore, its irreducible water saturation was high at about 45%.
Capillary pressure acts as a barrier for CO, flow when very low injection rates applied.
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FIG. 9. End-point relative permeabilitiy of Ainoura sandstones versus CO,
saturation.

28



Downloaded from ascelibrary.org by Washington University in St. Louis on 07/26/16. Copyright ASCE. For personal use only; all rights reserved.

Geo-China 2016 GSP 257

© ASCE

Specific storage versus saturations

Figure 10 presents the change of specific storage of the Ainoura specimens with
increasing CO, saturation. It was observed that the injection of CO, increased the
specific storage of the specimen. Such a transient increase of specific storage beyond
certain saturation was found at the same period of the significant increase of
volumetric strain of the specimen. This suggested that the change of specific storage
beyond certain CO; saturation is more pronounced as a mechanical response rather
than just a hydraulic process. The specific storage increased by about 0.0004, 0.0003,
and 0.0005 1/Pa for Ainoura 1A, 1B and 2, respectively.
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FiG. 10. Specific storage versus CO, saturation in Ainoura sandstone.

The validity of the specific storage obtained from the numerical analysis was also
examined. The accuracy of specific storage of rock specimen is much affected by the
storage capacity of the pump system. Tokunaga and Kameya (2003) introduced a
dimensionless parameter, &, described as the ratio of the pump’s storage capacity to
the specimen’s specific storage:

§=2= "¢ (7)
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They suggested that the parameter Ss would have sufficient accuracy if the ratio, &, is
less than 0.3. In the numerical analysis, the ratio of the obtained Ss to the measured Ce
was found to be between 0.00078 and 0.0187 (Figure 11). This clearly shows the ratios
are below the ambient ratio of 0.3. However, the ambient ratio to examine accuracy of
specific storage may be insufficient to implement in a transient flow from CO2-water
drainage displacement system in reservoir condition. Further sensitivity analysis and
poro-elasticity measurement to examine the accuracy of specific storage will be a
subject of future investigation. Nonetheless, as preliminary validation to the numerical
analysis, the use of ambient ratio of Tokunaga and Kameya (2003) was found
acceptable.

0.015 \ i

© 001 | -

0.005 —

\X

-

Ot L 1 e
510° 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004

S_(1/Pa)

FIG. 11. Ratio of pump storage capacity to the Ainoura sandstone’s storage
capacity.

Change of Bulk Compressibility of Ainoura Sandstones during CO; injection

Since the Ainoura sandstone specimen is a porous body subjected to internal pore
pressure and external confining pressure, its bulk compressibility of the specimen can
be determined based on matrix compressibility and the increased pore compressibility
during the injection of CO, injection. The matrix compressibility (C,) of the
specimens is about 2.54x10-5/MPa for typical sandstone (Zimmerman, 1991). Figure
12 presents the transient increase of bulk compressibility occurs at the beginning of

30



Downloaded from :isc&l-.]ihmry.urg by Washington University in St. Louis on 07/26/16. Copyright ASCL. For personal use only; all nghts reserved,

Geo-China 2016 GSP 257

© ASCE

CO» injection. This corresponded to the transition from the displaced incompressible
water flow to the displacing compressible CO2, in the specimen pores. After this
period, overall, bulk compressibility of the specimen decreased with increasing pore
pressure. Above a certain pressure, the bulk compressibility reached a plateau that 1s
independent of the pore pressure. Figure 12 also shows the tested Ainoura 2 has larger
bulk compressibility than the tested Ainoura 1. This is due to higher fraction of
macropores in the Ainoura 2 resulted in more flow of CO,, leading to higher pore
pressure generated.
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Bulk Compressibility (1/MPa)
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10 12 14 16 18 20

Pore Pressure (MPa)

FIG. 12. Bulk compressibility changes as CO; injected into the rock specimens.

Effect of Pressure Margin on Volumetric Strain

The injection of CO, into the rock specimen increased its pore pressure and volumetric
strain. As the experiments were constantly set at 20 MPa confining pressure, only the
pore pressure increased from the 10 MPa initial pressure. If the pressure margin is
defined as the gap pressure of the pore pressure to the confining pressure, the pressure
margin decreased during the injection. The pressure margin was analysed in this study
since it is a considerable parameter that might cause hydraulic fracturing. The
initiation of hydraulic fracturing will occur when the pore pressure equals the
confining pressure (Jaeger et al., 2007).
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Figure 13 illustrates the relationship between the pressure margin and the volumetric
strains measured during the experiments. As seen, the pressure margin increased as the
volumetric strain increased. Beyond a certain pressure margin, the volumetric strains
increased significantly. The transient increase of volumetric strain occurs at the
transition of the incompressible water flow to the compressible CO, flow in the
specimen pores, as observed in the second phase of the experiment. After that, the CO;
did breakthrough the specimen, generating a higher increase of the volumetric strain.
Given the trend of curves in Figure 13, the flow of CO, would generate a significant
increase in volumetric strain when the pressure margins are above -9 MPa and -8 MPa
for the Ainoura 2 and 1 samples, respectively. This means that the increased
volumetric strain of the higher porosity specimen would occur slower than that of the
lower porosity specimen. However, in the case of the magnitude of the strains
generated, the specimen with higher porosity yielded a larger volumetric strain
compared to a lower porosity sample. As a result, the generated pore pressure in the
higher porosity specimen took a shorter time to reach the confining pressure level. The
results suggested the benefit of lower porosity Ainoura sandstones in which they
would have a higher specific storage for CO, but would generate lower deformation. It
is noted that the lower deformation observed was induced by the injection at the very
low flow rate applied in the experimental test. The very low flow rate was selected to
mimic laminar flow in deep underground.
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FIG. 13. Pressure margin of pore pressure to confining pressure versus
volumetric of the specimens.
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CONCLUSIONS

This paper presented experimentsl and numerical analysis to measure permeability
and specific storage of sedimentary rock under the intection of CO2 in supercritical
phase. Conclusions from this study are as follows:

e Ainoura sandstone has lower COs-water displacement efficiency indicated by
fow CQ, relative permeability (only 15% of the relative permeability of water
at 100% water saturation).

« The average capacity of Ainoura sandstones for storing supercritical CO; is
estimated to be 3.74%x10™ 1/Pa within the experimental conditions applied.

+ Ainoura sandstone appears to be effective in retaining the flow of supercritical
C(O; as it takes considerably long time to migrate through the sandstone.

» The injection of CO2 into the Ainoura sandstones has resuited in the increase
of volumetric strains of the sandstones. Given by the direction of strains, the
sandstones appear to be expanded during the injection;

* The expansion of the Ainoura sandstones is due to the decrease of effective
pressure as the pore pressure induced by the injection increases and the
confining pressure is set to be constant. The expansion initiates when the
pressure margin between the pore pressure and the confining pressure is -3
NiPa and -8 MPa for the Ainoura 1 and 2, respectively;
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