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Abstract Advanced laboratory system of rock permeabil-

ity test associated with constant flow pump, and constant

head permeability techniques were developed to measure

permeability and specific storage of rock for supercritical

CO2. The laboratory system was designed to be capable in

reproducing similar physical condition of deep aquifer

within high pressure and high temperature where CO2

tends to be in supercritical state. To analyze the result of

permeability tests, mathematical models of constant flow

pump and constant head permeability techniques were

modified to deal with two-phase flow drainage displace-

ment of CO2-water in rock. For the examination of its

applicability, experimental tests and numerical analysis

were undertaken. The accuracy of the obtained specific

storage was validated by employing a ratio of the specific

storage of the rock specimen to the storage capacity of the

pump used in the permeability test. It was found that the

specific storage of low permeability sandstone for storing

supercritical CO2 is 1.63 9 10-4 1/Pa, while large per-

meability sandstone has the specific storage for supercrit-

ical CO2 at 1.12 9 10-7 1/Pa. This finding suggested that

advanced experimental system of constant flow pump and

constant head permeability technique can be used as

repeatable, accurate and standardized laboratory test in

measuring specific storage of sedimentary rock for CO2 in

supercritical state.

Keywords Supercritical CO2 sedimentary rock � Specific
storage � Permeability test � Constant flow pump � Constant
head permeability technique

Introduction

It has been widely believed that, over the past several

100 years, CO2 emission into the atmosphere has increased

steadily and become a major contributing factor to global

warming [6]. The increase of CO2 is mainly attributed from

burning coal, oil and natural gas for electrical generation,

transportation, industrial and domestic needs [8]. Even, in

modern agriculture and irrigation system, the use of fossil

fuel for ground water pumping of irrigation has been

practiced in many countries, releasing a huge amount of

CO2 emission [9, 19–23, 26]. The growing of CO2 con-

centration in atmosphere will disrupt global climate, which

in turn raising the sea level, causing floods in lowered level

areas and damaging the ecosystem.

Multi approaches are urgently needed to reduce CO2

emission to atmosphere. They include efficient production

and use of energy; exploration of non-fossil fuel energies

such as solar power, wind energy, biomass; and development

of technologies of disposing CO2 emission such as CO2

ocean storage, CO2 mineral carbonation, and carbon capture

and geological storage (CCGS) [8]. The latter, CCGS, is

considered the most promising option to reduce atmospheric

CO2 emission among due to large storage capacity expected

to deal with the increasing anthropogenic CO2 emissions,
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and its readiness for being applied in similarity with the

enhanced oil recovery (EOR) technique experienced in

petroleum industries [8, 14]. CCGS is initiated with CO2

capture which is a process of capturing CO2 produced from

combustion of fossil fuels in power plant and natural gas

processing. CO2 capture involves three distinctive systems,

such as post-combustion, pre-combustion, and oxy-com-

bustion systems [7]. Those systems utilize several gas sep-

arating technologies, including the application of

sorbent/solvent, membranes, or cryogenic distillation tech-

niques. To illustrate a simple mechanism of gas separating

technique, CO2-containing gas is circulated to get contacted

intimately with a liquid absorbent or solid sorbent which is

capable of capturing the CO2. Afterward, the sorbent loaded

with the captured CO2 is then transported to a different

vessel, where it releases the CO2 through the process of

heating or pressure decreasing [8]. The sorbent is then sent

back to capture more CO2 within a cyclic process. All CO2

capture systems for large scale CCGS are costly, so that

recent studies still undergo to reduce the cost of CO2 capture.

In next phase of CCGS, the captured CO2 is liquefied and

then transported through pipeline network to a storage site

where it is injected into deep geological formation to be

retained away from the atmosphere for a very long time [7].

However, prior to large scale implementation of CCGS,

detail studies are fundamentally required to obtain a good

understanding about the physical and chemical behavior of

water-CO2 multiphase flow in deep geological formation.

In addition, specific storage of rock formation in retaining

CO2 has become critical since this will be a key factor in

determining the volume of CO2 emission that could be

injected and stored in a certain type of deep geological

formation. Specific storage is the capacity of rock specimen

to release fluid from the pores as a response of declined

fluid pressure. Accurate, repeatable, and reliable measure-

ment of specific storage of rock for CO2 with standardized

and comparable laboratory experiments remains a research

subject [12]. One of laboratory tests utilized for measuring

permeability with considering specific storage of rock is

constant flow pump technique, introduced by Olsen et al.

[13] and Brace et al. [2]. In this technique, a constant rate

of flow is generated to precisely control pore fluid transport

processes in a rock specimen. The flow of fluid through the

rock specimen drives a hydraulic head that transiently

increases and subsequently stabilizes to steady state with a

constant head gradient imposed across the rock specimen.

Using Darcy’s law, the corresponding permeability can be

determined based on the steady state data collected.

However, due to steady condition is difficult to be achieved

within a short period of time, specially for the condition of

a large specimen or a large pump system, Morin and Olsen

[11] developed a mathematical model to analyze its tran-

sient pressure response by considering the storage capacity

of the specimen. This enables the determination of the

permeability in early testing time. Later, Esaki et al. [5]

enhances the accuracy and efficiency of the mathematical

model by considering the effect of storage capacity of the

pump system. Song et al. [17] introduced more straight-

forward mathematical model of the technique with less

tedious numerical simulation to solve the model.

Constant flow pump permeability technique is generally

employed for measuring permeability and specific storage

of rock in a standard pressure and temperature. For mea-

suring specific storage of rock at the condition of high

pressure and high temperature, the permeability technique,

however, necessitates such advanced development in its

experimental system. The development will enable the

constant flow pump permeability technique to measure

permeability and specific storage of rock with similar

physical condition of deep reservoir expected for geologi-

cal CO2 storage. In addition, the constant flow pump per-

meability technique is based on a single-phase flow

permeability test. It needs to be extended for two-phase

flow permeability test so that it is able to deal with two-

phase flow in CO2-water in deep reservoir. To fill those two

research gaps, this paper presents an advanced laboratory

system of rock permeability and specific storage test,

employing the constant flow pump permeability, and the

constant head permeability techniques. Its experimental

system is capable to create high temperature and high

pressure to maintain physical characteristic of CO2 in

supercritical phase, within similar physical condition of

deep reservoir, expected for geological CO2 storage. Their

extended mathematical models from a single-phase flow to

two-phase flow-based permeability test are also presented.

The validity and applicability of the techniques are

explained in the last section of this paper.

Advanced experimental system of permeability test

It must be noted that physical characteristic of CO2

depends on its temperature and pressure. In existing CO2

injection fields such as reservoir at the depth 800–1100 m

in Sleipner North Sea Project, it is found that the temper-

atures and pressures at reservoir of those fields are beyond

the critical point of 31.1 �C and 7.39 MPa (Fig. 1), indi-

cating CO2 in supercritical phase [16]. Hence, experi-

mental system of permeability test must be able to

reproduce such similar physical condition of reservoir, and

the phase of supercritical CO2 can be maintained during the

experiment of measuring permeability and specific storage

of rock for CO2.

The use of standard permeability test cannot be per-

formed because it is still vulnerable to unstable temperature

due to seasonal weather, and heat induced by laboratory
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apparatus, which in turn affecting the physical property of

CO2 during the test. Therefore, in this study, experimental

system was set up to deal with high pressure and high

temperature (Fig. 2). Indoor laboratory temperature was

isolated by constructing a greenhouse chamber, and the

temperatures of permeability test apparatus were controlled

by installing several devices as follows:

• Thermostatic room designed by Koito Limited Inc. to

control temperature in the experimental chamber. This

chamber is able to control temperature room from 15 to

25 �C with ±0.1 �C errors;

• Hemathermal circulation tank, and cylinder pump

jackets manufactured by ISCO. The temperature in

the pump jackets were controlled by circulating water

at the desired temperature using a hemathermal circu-

lation tank (manufactured by NCB-1200 EYERA);

• Constant temperature water tanks. The temperature of

the syringe pipes connecting the syringe pump and

pressure vessel was controlled by submerging the

syringe pipes in a bath with circulated water at desired

temperature;

• Temperature controller for pressure vessel. A temper-

ature controller TJA-550 (manufactured by As ONE)

was utilized to control the temperature of pressure

vessel;

• Thermocoupler and heater bars were attached on the

specimen to control and measure the specimen tem-

perature (Fig. 3); and

• Remote measurement and data acquisition system.

Pore size characteristics of rock specimens

Several samples of Ainoura sandstone and Berea sand-

stone were employed as rock sample for permeability

and specific storage test. Ainoura sandstones were

obtained from Nagasaki Prefecture Japan while Berea

Sandstones were commercially obtained from Ohio,

USA. Pore size distributions of those sandstone were

investigated using mercury intrusion porosimeter. In this

way, pore size was characterized by applying various

levels of pressure to a sandstone sample immersed in

mercury. The pressure, which is required to intrude the

mercury into the pores of the sandstone is inversely

proportional to the size of the pores. Only slight pressure

is required to intrude mercury into large macropores,
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Fig. 1 CO2 phases in the existing CO2 injection fields (after [16])

Fig. 2 Schematic diagram of rock permeability test with newly developed laboratory system. Adapted from Mitani et al. [10]
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whereas much greater pressures are required to force

mercury into small pores. From the pressure versus

intrusion data, pore volume and pore throat size distri-

bution were generated using the Washburn equation. It

can be seen in Table 1 that the Ainoura sandstones are

dominated by micropores (pores with the diameter below

1 lm), at a range of 51.06–64.7 %, while Berea sand-

stone is dominated by macropores (pores with the

diameter above 3 lm), at 76.32 %. As portion microp-

orosity in the Ainoura sandstones are so high, it creates a

high capillary pressure at a range of 18.2–27.5 kPa

pressure threshold. This is much higher than that of the

Berea sandstone with a 3.21 kPa pressure threshold

(Table 1). The pore size distribution in the Ainoura

sandstones is more heterogeneous with bi-modal distri-

bution. On the other hand, pore size distribution in the

Berea sandstone is homogeneous with uni-modal distri-

bution (Fig. 4). The pore throat size of 1000 nm or

1–2 lm dominate the Ainoura sandstones with pore

volume at 0.005 cm3/g. On the other hand, the dominant

pore throat size in Berea sandstone is 10 lm with

0.025 cm3/g pore volume. In addition, cumulative pore

volume of the Berea sandstone is significantly larger

than that of the Ainoura sandstone 2, 0.12 against

0.07 cm3/g, but it is lower than that of the Ainoura

sandstone 1 at 0.15 cm3/g. High microporosity of the

Ainoura sandstones resulted in higher capillary pressures

at 27.5 kPa capillary pressure threshold (Fig. 5), higher

than the Berea sandstone with 3.21 kPa. In general, the

Ainoura sandstones have bi-modal distribution whereas

the Berea sandstone has uni-modal distribution. This

indicates that pore characteristic of the Ainoura sand-

stones are more heterogeneous than the Berea sandstone.

Method of permeability test

Two different permeability test methods were undertaken

including constant flow pump and constant head perme-

ability techniques. In constant flow pump technique,

supercritical CO2 at constant flow rate was injected into the

rock specimen and the generated hydraulic pressures were

measured continuously. On the other hand, at constant head

technique, a constant differential head across rock speci-

men was maintained during the injection of supercritical

CO2 into rock specimen, so that inflow and outflow of

supercritical CO2 can be driven.

Constant flow pump permeability technique

Figure 6 illustrates the experimental system of the injection

of supercritical CO2 into the Ainoura sandstone using the

flow pump permeability test. The procedure of experi-

mental test of CO2 injection into the rock specimen can be

divided into three steps: preparation, setting temperature

and pressure, and CO2 injection. The period of preparation

and setting temperature and pressures comprised about

85 % of total period of experimental test. Rock specimen

was dried for a whole day before placing into the container.

Subsequently, the rock specimen was saturated with water.

Vacuum pump was employed to discharge the bubbles out

from the specimen. The temperature controller loaded

35 �C at the cylinder jackets whereas the temperature

controller sets 36 �C at the water tank. In the same time,

the temperature of pressure vessel was set at 38 �C. An
electric heater was used to control the temperature in the

Fig. 3 Rock specimen with strain measurement devices and temper-

ature controller

Table 1 Pore size characteristics in the rock specimens

Specimen Density

(g/cm3)

Microporosity (%) Mesoporosity (%) Macroporosity (%) Capillary pressure

threshold (kPa)

Ainoura 1 2.35 64.7 22.1 13.1 18.3

Ainoura 2 2.35 51.06 29.4 19.6 18.2

Ainoura 2.35 51.06 31.86 17.08 27.5

Berea 2.08 16.47 7.2 76.32 3.21
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greenhouse chamber at 35 �C, and the thermostatic room at

20 �C.
Once the temperatures becoming stable, the rock spec-

imen was placed in the tri-axial chamber. The confining

pressure at the tri-axial chamber was loaded by increasing

its pressure up to the predetermined pressure. Afterward,

initial pore pressure was loaded on the rock specimen using

the upstream syringe pump. The predetermined pressure

and temperature over the rock specimen were kept

stable over 24 h and any leakage that might be occurred in

the system was checked. If the pressure and temperature

remain stable, the upstream pump was switched to constant

flow rate mode, ready for permeability test. Measurements

of pressure at the upstream and downstream of the rock

specimen was continuously undertaken, monitored and

recorded with a data logger connected to a PC. The mea-

surements were undertaken by employing the pressures of

two gauges with resolution of 50 cm H2O or 0.0049 MPa,

manufactured by Research Institute Tokyo. Besides that,

longitudinal and axial strains of the rock specimen were
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also measured. A simple software was developed for data

acquisition system, and also for remotely controlling the

syringe pumps. The precision of the measurement can be

seen from the record of the pressure in outlet and inlet of

the rock specimen for every 2 s. Therefore, around

24 million of pressure data during the experiment can be

obtained.

Prior to CO2 injection into rock specimen, intrinsic

permeability of the rock specimen was measured at labo-

ratory standard condition. Temperatures at pressure vessel,

syringe pump and the water tank were set to 20 �C. The
confining pressure in the tri-axial chamber was set to

20 MPa. Purified water with a constant flow rate of 3 ll/
min was injected into the rock specimen with fully
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Fig. 6 Schematic diagram of experimental test of CO2 injection
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saturated condition in order to generate a 10 MPa pore

pressure. The differential pressure of the upstream and

downstream gauges was measured. Once it reached a

steady state, the differential pressure can be used to

determine hydraulic conductivity of the rock specimen

using Darcy’s law.

After injection of the purified water for measuring

hydraulic conductivity, the pressure in the upstream pump

was set back to 10 MPa. The water in the upstream pump

was discharged and replaced by CO2. The temperature was

increased up to 35 �C by setting the temperatures at the

syringe pumps, pipes and pressure vessel up to 35, 36, and

38 �C correspondingly. CO2 was injected to the specimen

in the same flow rate (3 ll/min). During the injection of

CO2 into rock specimen, the generated differential

hydraulic pressures across the rock specimen (Ainoura

sandstone) were measured. The injection of CO2 increased

the hydraulic pressure both in the downstream and

upstream of the specimen. However, it is clear that the

differential pressure between the upstream and the down-

stream exhibited such three stages of CO2 flowing through

the specimen (Fig. 7). First stage, the differential pressure

increased transiently and stabilized at a certain level. The

similarity pattern and closed magnitude with the results

obtained from the previous permeability test with water

injection, indicated this stage is the period of the displaced

water flow. In the second stage, the differential pressure

suddenly increased again achieving higher level before it

stabilized over certain times. This stage suggested that the

injected CO2 has already penetrated the bottom of the

specimen and begun displacing the saturated water out

from the specimen pores. A drop of the downstream

pressure associated with the effect of capillary pressure,

has led to a transient increase of the differential pressure.

Effect capillary pressure is a result of the specimen pores

retained the saturated water until the injected CO2 pressure

exceeded the pore-water holding pressure. This phe-

nomenon is what Richardson et al. [15] and Dana and

Skoczylas [4] suggested as capillary end effect or capil-

lary pressure effect, which occur on two-phase displace-

ment flow in sandstone. In the third stage, the differential

pressure slowly decreased since the injected CO2 was able

to penetrate the bottom of the rock specimen. Such step-

wise slowly decrease of the differential pressure was

observed at this stage, implying the process of CO2-water

displacement in the specimen occurred in more bypass

rather than sweep flow. This is consistent with what Ben-

nion and Bachu [1] suggested as the characteristic of flow

in bi-modal pore characteristics.

Constant head permeability technique

Before the injection of CO2, water was injected into the

rock specimen to measure hydraulic conductivity. The

initial condition was generated by applying confining

pressure of 20 MPa and the pore pressure of 10 MPa on the

rock specimen. The temperature was set to be 20 �C. A
constant differential pressure was applied and purified

water was injected into the rock specimen. At an equilib-

rium, either the inflow or outflow was used to determine the

hydraulic conductivity based on Darcy ‘Law. It was found

that the average hydraulic conductivity for the Ainoura

sandstone is 2.57 9 10-8 cm/s, while that for the Berea

sandstone is 2.95 9 10-6 cm/s.

After injection of the purified water for measuring

hydraulic conductivity, the pressure in the upstream pump

was set back to 10 MPa. The water in the upstream pump

was discharge and replaced by CO2. The temperature was

increased up to 35 �C by setting the temperatures at the

syringe pumps, pipes and pressure vessel up to 35, 36, and

38 �C correspondingly. CO2 was injected to the specimen

in the same flow rate (3 ll/min).

The injection of CO2 into the rock specimen was then

conducted in which constant differential pressure across

the rock specimen was controlled at 2000 cm H2O for

Ainoura sandstone and 300 cm H2O for Berea sandstone,

respectively.

Figure 8 shows the inflow and outflow at the rock

specimen during the test. It was observed that the inflow

and outflow at the specimen increased transiently at the

beginning period of the injection. The Berea sandstone is

obviously easy to achieve steady condition, while the

Ainoura sandstone remained unstable even after 100-h

period of CO2 injection. At the Berea sandstone, the flow
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of CO2 increased transiently. At period of 50 h, it begun to

decrease, and then achieved a steady state. Nonetheless, it

seems a bit increased due to the effect of the compress-

ibility of the upstream pump. In contrast, the inflow to and

outflow of CO2 from the Ainoura sandstone were fluctu-

ated, and still being unsteady until the experiment ended

(Fig. 8b). As it is expected, high permeability of the Berea

sandstone contributes to the steady flow, faster than the

Ainoura sandstone which has a lower permeability.

Mathematical model of constant flow pump

permeability technique

The mathematical model of the flow pump permeability

technique can be 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

[24]. Since the experimental system of CO2 injection into

low permeable rock saturated with water can be described

as a two-phase flow drainage displacement process, volu-

metric balance can be employed.

Therefore, the flow rate of the injected fluid is equal to

the total flow rate of the displaced and displacing fluid,

after breaking through. Due to the compressibility of the

displacing fluid (supercritical CO2), the flow rate of the

injected fluid is the total of the displaced fluid and the

displacing fluid at time t, minus volume 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 model also led to the change of the boundary

conditions shown in Eq. 4 and 4a. The schematic diagram

and boundary conditions associated with the modified

mathematical model are depicted in Fig. 9.

The governing equation is defined as follows:

o2Hn

oz2
� Ss

k

oHn

ot
¼ 0: ð1Þ

Initial condition:

Hðz; 0Þ ¼ 0 0� z� L: ð2Þ

Boundary conditions:

z ¼ 0;Hð0; tÞ ¼ 0 t� 0; ð3Þ
z ¼ L;QðtÞ ¼ QnðtÞ þ QwðtÞ; ð4Þ

QðtÞ ¼ krn

ln

dHn

dz
qn þ

krw

lw

dHw

dz
qw

� �
gKA; ð4aÞ

where H hydraulic pressure, MPa; Hw hydraulic pressure of

water, MPa; Hn hydraulic pressure of CO2, MPa; k hy-

draulic conductivity, cm/s; z vertical distance along the

specimen, cm; t time from the start of the experiment, s; Ss
specimen’s specific storage, 1/Pa; K intrinsic permeability

of the specimen, cm2; krw relative permeability of water,

fraction; krn relative permeability of CO2, fractio;, L the

length of the specimen, cm; lw dynamic viscosity of water,

Pa.s; lnw dynamic viscosity of CO2, Pa.s; qw density of

water, g/cm3; qn density of CO2, g/cm
3; A the cross-sec-

tional area of the specimen, cm2; Q (t) flow in the specimen

at time t, cm3/s; Qn (t) flow of CO2 in the specimen at time

t, cm3/s; Qw (t) flow of water in the specimen at time t, cm3/

s; g gravity acceleration, cm/s2

Since dHw

dz
¼ dHn

dz
� dHc

dz
, Eq. 4a can be described as:

QðtÞ ¼ krn

ln
qn þ

krw

lw
qw

� �
dHn

dz
gKA� krw

lw
qw

dHc

dz
gKA t[ 0:
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Fig. 8 Inflow and outflow measured in the Berea sandstone (a) and the Ainoura sandstone (b)
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Hence, the displacing non-wetting fluid pressure gradi-

ent becomes:

dHn

dz
¼ Q tð Þ

krn
ln
qn þ krw

lw
qw

� �
gKA

þ
krw
lw

qw
dHc

dz

krn
ln
qn þ krw

lw
qw

� � :

In which

Z t

0

QðtÞ dt ¼
Z t

0

q dt � CeHnðL; tÞ;

) QðtÞ ¼ q � Ce

dHnðL; tÞ
dt

;

where q CO2 flow rate into the upstream of the specimen at

time t, cm3/s; Ce storage capacity of the flow pump system,

i.e., the change in volume of the permeating fluid in

upstream permeating system per unit change in hydraulic

head, cm3/cm H2O.

The complete analytical solution for constant flow per-

meability technique is given as follows:

hðz; tÞ ¼
qLþ gKAkrw

lw
qwL

dHc

dz

� �

KAg krn
ln
qnþ krw

lw
qw

� �

� z

L
� 2

X1
n¼1

exp �K krn
ln
qnþkrw

lw
qw

� �
Ss

b2nt

� �
sin bnzð Þ

Ldbn cos bnLð Þ L b2nþ 1
d2

� �
þ 1

d

h i
8>><
>>:

9>>=
>>;
;

ð5Þ

where d ¼ Ce

ASs
, and bn is the root of following equation:

tanu ¼ 1
db2

krw þ krn
lwqn
lnqw

� �
:

The roots were obtained using the Newton–Raphson

Method [3].

The hydraulic gradient distribution within the specimen

can be further derived by differentiating Eq. (5) with

respect to variable z:

inðz; tÞ ¼
qLþ gKAkrw

lw
qwL

dHc

dz

� �

KAg krn
ln
qnþ krw

lw
qw

� �

� 1

L
� 2

X1
n¼1

exp � K
Ssn

krn
ln
qnþ krw

lw
qw

� �
b2nt

h i
cosðbnzÞ

Ldbn cosðbnLÞ L b2nþ 1
d2

� �
þ 1

d

h i
8<
:

9=
;:

ð6Þ

Mathematical model for constant head permeability

technique

Schematic diagram of the mathematical model and

boundary conditions for constant head permeability

technique are illustrated in Fig. 10. The model is based

on the theoretical model developed by Zhang [25],

describing one-dimensional transient flow of a com-

pressible fluid through a saturated porous and com-

pressible medium [11].

The governing equation:

o2Hn

oz2
� Ss

k

oHn

ot
¼ 0: ð7Þ

Initial condition:

t ¼ 0 H ¼ 0 at 0\z� L: ð8Þ

Cross sectional 
Area=1 

Constant flow rate pump
from flow pump, q=aV 

V 

Flow pump 
Cylinder 

Porous metal 

Sample Cross-
sectional area=A 

H=H(t) 

Porous metal L 

0 

Z 

Qtot= Qn+Qw

Fig. 9 Schematic diagram of

the theoretical model of

constant flow pump

permeability test
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Boundary conditions:

t[ 0 H ¼ 0 at z ¼ 0; ð9Þ
t[ 0 H ¼ DH at z ¼ L: ð10Þ

The governing equation with initial and boundary con-

ditions can be solved using the method of separation of

variables.

Hydraulic head in position z at time t is as follows:

Hðz; tÞ ¼ DH
z

L
þ 2

p

X1
n¼1

cosðnpÞ
n

� sin npz
L

� �
�

(

exp � K

SS
� n

2p2

L2
� t

� ��
: ð11Þ

The hydraulic gradient i(z,t) within the specimen can be

derived by differentiating the Eq. 11 with respect to the

variable z:

iðz; tÞ ¼DH
L

1þ 2
X1
n¼1

cosðnpÞcos npz
L

� �
� exp � K

SS
� n

2p2

L2
� t

� �( )
:

ð12Þ

The flow rates at z = 0 (flow out) and z = L (flow in)

can be obtained as follows:

Qð0; tÞ ¼ K �A �DH
L

1þ 2
X1
n¼1

ð�1Þn � exp � K

SS
� n

2p2

L2
t

� �( )
;

ð13Þ

QðL; tÞ ¼ K � A � DH
L

1þ 2
X1
n¼1

exp � K

SS
� n

2p2

L2
t

� �( )
:

ð14Þ

In the experimental system, the outflow at the specimen

is assumed to equal to the total outflow of CO2 and water.

It is noted that solubility effects in this model are

neglected.

Q L; tð Þ ¼ Qw L; tð Þ þ Qn L; tð Þ ð15Þ

Therefore, inflow rate at time t with a constant differ-

ential head, DH, can be described as

QðL; tÞ ¼
krw
lw
þ krn

ln

� �
kADH

L
1þ 2

X1
n¼1

exp �
krw
lw
þ krn

ln

� �
k

ss

n2p2

L2
t

0
@

1
A

2
4

3
5:

ð16Þ

Numerical analysis to solve the mathematical
models

In the mathematical models, there are three unknown

parameters including krw, krn, and Ss. As the analytical

method to determine the parameters is impossible to

undertake, numerical method of history matching was

employed to solve the equations. In this way, the experi-

mental data were fitted with the corresponding theoretical

data. For instance, at constant flow pump permeability

technique, first guess of krw, krCO2 and Ss were inputted into

the theoretical data of hydraulic pressure gradient, i (L,t) at

time t and then fitted to the corresponding experimental

data of hydraulic pressure gradient, i0(L,t) (Fig. 11). Simi-

larly, at the constant head permeability technique, theo-

retical data of outflow from rock specimen Q0(L,t) was

matched with the corresponding experimental data of out-

flow Q(L,t) (Fig. 12). The fitting required many iterations

to obtain best fit of the experimental and theoretical data.

Results of experimental and numerical analysis

By fitting the theoretical data to experimental data, the

parameters of relative permeability and specific storage on

the rock specimens for supercritical CO2 can be obtained.

CO2-water relative permeability

Figure 13 presents the CO2-water relative permeability of

the Ainoura and Berea sandstones. It was found that rela-

tive permeability curves of Ainoura sandstone obtained

using constant flow pump permeability technique is con-

sistently similar with the relative permeability curve

obtained using constant head permeability techniques.

Until the end of the experiment, relative permeability to

Porous metal

Porous metal

z 

L 

Specimen Cross-
sectional area = A 

Flow in, 
H=ΔH=constant

Flow out, 
H=0=constant 

0 

Fig. 10 Schematic diagram and boundary condition of constant head

permeability test
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water at the Berea sandstone is 0.3 whereas the relative

permeability to CO2 is 0.0355. In the Ainoura sandstone,

the relative permeability to water is 0.22 while the relative

permeability to CO2 is 0.014. This indicates a lower dis-

placement efficiency of the saturated water by the injected

CO2 in Ainoura sandstone, while a moderate displacement

efficiency is found in Berea Sandstone. The result may be

attributed to pore size distribution of Ainoura sandstone is

more heterogeneous and dominated by micropores than

Berea sandstone. Another factor that might be contributing

to low relative permeability of CO2 in Ainoura sandstone is

the capillary pressure effect. By having a large fraction of

micropores (more than 50 %), the Ainoura specimens

yielded relatively high capillary pressure.

Specific storage of rock for supercritical CO2

Figure 14 presents specific storage of the Ainoura and

Berea sandstone specimens. It was observed that the

injection of CO2 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 speci-

men. This suggested that the change of specific storage

beyond certain CO2 saturation is more pronounced as a

mechanical response rather than just a hydraulic process.

During the displacement of the saturated water by the

injected CO2, the specific storage of the rock specimens

increased. The change of specimen’s volume due to flow

of CO2 is more pronounced in the Ainoura sandstone

rather than in the Berea sandstone. The specific storage of

the Ainoura sandstone was estimated at around 0.016 1/

cm H2O or 0.000163 1/Pa. In comparison, the specific

storage of the Berea sandstone is accounted for

0.000011 1/cm H20 or 1.12 9 10-7 1/Pa. The Ainoura

sandstone appeared to have larger specific storage than

the Berea sandstone (Fig. 15). It was found that specific

storage of Ainoura sandstone measured with constant flow

pump permeability technique is larger than that measured

by constant head permeability technique at 0.0003 1/cm

H2O. This implies that driving supercritical CO2 by

injecting it at constant flow rate is more effective than

just creating differential pressure to generate inflow of

supercritical CO2 into rock.

Validity of the measured specific storage

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 [18] introduced a dimensionless parameter, d0,
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Fig. 11 Fitting of the experimental data to experimental and theoret-

ical hydraulic pressure gradient of Ainoura 1A (a), Ainoura 1B (b) and
Ainoura 2 (c) based on constant flow pump permeability technique
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described as the ratio of the pump’s storage capacity to the

specimen’s specific storage:

d0 ¼ d
L
¼ Ce

SsAL
: ð17Þ

They suggested that the parameter Ss would have suffi-

cient accuracy if the ratio, d0, 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. This clearly shows

the ratios are below the ambient ratio of 0.3. However, the

ambient ratio to examine accuracy of specific storagemay 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 Toku-

naga and Kameya [18] was found acceptable.

While the results presented in this paper were encouraging,

the quality of the experimental test was restricted by the

capability of reproducing reservoir condition for the injection

of CO2 into low permeable rock and effectively measuring its

(a) (b)

Fig. 12 Fitting of the

experimental data of inflow to

the theoretical data of inflow of

supercritical CO2 in the Berea

sandstone and Ainoura

sandstone based on constant

head permeability technique

Fig. 13 CO2-water relative permeabilities vs CO2 saturation in rock

specimens measured using constant flow pump (FP) and constant

head permeability techniques
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head (CH) permeability technique
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permeability and storage capacity. One would anticipate that

somewhat more reliable experimental test would result by

incorporating such 3Dmapping of CO2migration through the

rock specimen. This can be conducted by installing computer

tomography (CT) scan. However, as this device is too

expensive for standard laboratory test, the use of separator in

the outlet of specimen and downstream pump could become

alternative. Despite it requires extensive technical works, the

use of separator would enhance the estimation of relative

permeability and saturation for CO2 and water as the outflows

of CO2 and water from the rock specimen are measured. This

would be developed in future research.

Conclusions

This paper presented the measurement of specific storage

of rock for CO2 by developing constant flow pump and

constant head permeability technique in advanced experi-

mental system which can create similar physical condition

of deep aquifer within high pressure and high temperature.

Conclusions can be described as follows:

• CO2-water relative permeability obtained through constant

flow pump permeability technique is well agreement with

that obtained using constant head permeability technique.

• Specific storage obtained with constant flow pump

permeability technique seems to be larger than that with

constant head permeability technique.

• The specific storage of Ainoura Sandstone for storing

supercritical CO2 is 0.016 1/cmH2O or 1.63 9 10-4 1/

Pa within the experimental conditions applied.

• Berea Sandstone has a specific storage at 0.000011 1/

cmH20 or 1.12 9 10-7 1/Pa, much lower than Ainoura

sandstone.

• A transient increase of specific storage beyond certain

saturation takes place at the same period of the significant

increase of volumetric strain of the specimen.

• The change of specimen’s volume due to flow of CO2 is

more pronounced in the Ainoura sandstone rather than

in the Berea sandstone.
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