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Experimental and Numerical Anal,vsis on the Specific Storage of Low Permeable
Sandstone for Supercritical COz

Ardy Arsyadl and Yasuhiro Mitaniz

1Dept. olCivil Engineering. Facul6' of Engineering. Hasanuddin Llnir.. Makassar !)0245 Indonesia. E-
mail:
2Dept. 

of Civil and Structural Engineenng" Graduate School of Engineering. Kl.ushu Umr'.. Fukuoka
0819-0395.Japar,E-mail : , , ,

Abstract: Experimental tests afld numedcal analysis were Llndeftaken to investigate
the specific storage of sedirnentary rocks for supercritical COz. New laboratory system
of constant flow pulnp penneabilif-v tesi was developed in order to measure
penneabrlity and specrlic storage ol sedrmenlary rock rn srrnilar physrcal condrtion ol'
deep aquifer where CO: tends to be in supercritical phase. To a:ralyze experimental
results, numerical analysis was established by extending the theoretical modei of
constant flow penneability to deal with two phase flow drainage displacement. For the
exanrination of its applicability. experimental test was uridertaken in which Ainoura
sandstc-rne r:sed as core sarnple, iulected with sLrpercritical CO: under laboratcrry

conditron of 35oC constant reseruoir temperatLrre, l0 MPa initial liydraulic pressure,
and 20 MPa constant overburderl pressure The experirnental results slrow that. average
specific storage of Ainoura sandstone is about 3.74t104 l/Pa at a maximun CO2
saturation of 0.55, and volunetric straiu increases about 0.7%. The accuracy of
specific storage measured was vaiidated with ratio of- the specific storage of tlie
sandstone to the storage capacity of the prunp used in the penneabiliry test. 1-his

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 CO2 in supercritical phase.

INTRODT]CTION

CO2 seQuestration in deep saline aquifers lias become one of the rnost viable options to
reduce the emission of anthropogenic greerilrouse gases into the atmosphere. in Japan,
deep seciirnertary basirrs have beeil colsitlered as suitabie rnedia lbr COz sequestratir-ru
since sedimeiltary fonnations comprise over haif of Japan's totai subsurface geoiogl',
with an estirnated 146 billion Gt-COz storage capacity (Ogawa et al. 2011; i\iaka:rishi
et al. 2009; Takahashi et al. 2009). However, prior to the commelcialization of CO:

6ASCE
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sequestration projects in sedirnentary basins, detailed studies were needed tcr

understand the physics of water-COu flow in this type of geological environment. In
iact, Co:-brine muitipirase flow data is rather scarce compared to oii-water and CO:-
oil muitiphase tlow data generated tbr orl reservorrs over ciecades (Perrin ard Benson
2010). Relative permeability and specific storage can be determined by two phase

ditTerential pressures and individual phase flow rates using Darcy's law. The injection
ratio of the two-phase fluid is repeatedly altemated in order to detemine the relative
penreabilities at different satrration levels. A number of studies have been
uudertaken ur measuring CO:-water relative penrr-ea.bilitv aud storativiS, ur

sedimerrtary rocks (Bennion and Bachu (2005). Perrin et al., (2009). and Shi et al.
(2009). However, accurate, repeatable, and reliable relative permeability
measllrelnent with standardized and cornparable laboratory experiments remains a

research subject (N.tiiller, 201 1 ).

A standard expenrnental method useci tbr penneabrh[, rneasrtrernent ls constant flow
pump penneability test. This rnethod is introduced by Olsen et al. (1985) as an

improved version of the transient f'low method introduced by Brace et al. ( 1968). The
principle work of the flow purnp permeabiliry* is to generate a constant rate of florv to
precisely control pore fluid transport processes in a specirnen. The flow of fluid
throrrsh fhe snecinrelr cenerates a hvdraulic head that tr-ansierrtlv increases arrd.".."'.4...-..-.-.-....J*.-.'".-....J

subsequently stabilizes to steady state with a constart 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 stead_v state for the condition of a large specimen or a large pLrmp

system. Morin and Oisen (1987) deveioped a mathematicai rnodei for transient
pressure respor)se by consrdenng the storage capacrty of the specimen. 'I'hrs enables
the determination of the penneability in early testing time. Later, Esaki et al. (1996)
introduced the effect of storage capacitl, of the pump system to 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. ([996) numerical simulation. hi
serreral flre corrsfant flnw nr!!nn nenneahilin,rnefhod i-. ernnloved to rneasttre ther'*.,.rr^"'...i
hydraulic conductiviy and specific storage of rocks at laboratory conditions. ln this
study, we endeavor to develop laboratory system of the constart flow purnp
penneability method and its numerical analysis in order to measure permeabilitv and
specific storage of rock urder the injection of CO: in supercritical phase. The validiry*
and applicabiiiry of tiris technique are aiso inciuded in tids paper.

Experimental System

Figrre 1 shows the scheuratic diag"arn of flow pump perrneabilit-v test in the new
develnned exnerimenfal s..,stern The rreu, exnerinrerr!al sr.,s.lern consists oI sereral
developed apparafus such as temperatures controllers, pressure controllers, and flow
controllers. The aim of this instalment is to generate and stabilize high ternperattre
and high pressure desired to create reservoir condition where COu is in supercritical
state. The main ditficulqv in creating a reseryoir condition with high presslre and high
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temperature is the vulnerability of the experimental system to tlie unstable temperature
associated with seasonal weather and heat induced by the experimeut apparatus. Such

condition rviii affect the physicai property of COz ieading to lnaccuracy of
experimentai measurernent. Tirereiore, the externai and intemai la-b temperatures wete
attempted to control by constructing a greenhouse chamber and installing several

devices and apparatus such as those are listed as follows: thennostatic roorn,
greenhouse chamber. hernathermal circulation tark, and constant temperature water
tank, ternperature controller for pressrre vessels, thermocouple and heater bars, remote
conffol, and data acquisition system. Strain gauges were emplo),ed to measure

defonnation of rock specimen (Figure 2). The strain gauges were atlaclied laterally
and longitudinally on rock specimen.
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developed laboratory system.

Ccnstart 1-emnerature re:er vor r

of constant flow pump permeability with newly

Rock specirnens used in the experiments are Ainorlra sandstones obtained from
Sasebo, near Nagasaki Prefecture in Japan. The sandstone is a low penneable but high
porosity rock, expected to be suitable for COz storage. The pore size distribution of the
Ainoura sandstone was investigated by using Pore Ar-ralyzer (Porosimeter)
Micrometritics Auto pore IIL Figure 3 presents the pore srze distributions of the
Hinoura sanclstone specimeus. It ean be seen that two different Ahorrra samples
(Ainoura 1 and 2) exhibited a bi-modal pore size distribution, indicating
heterogeneolls porE siliciclastic characteristics. Due to the larger rnicroporosity of
Ainoura 1 than Ainonra 2 (Table l), Ainoura 1 appeared to contain a much liner grain
matrix than Ainoura 2. Figure 4 presents CO:-water capillary pressure of Ainoura I

atd 2 specinrers. By fitting tlie capillary pressure daia wiih tlre Var Genushierr (i980)
equatior. the irreducibie water saturation, J',,,,., threshoid capiiiary pressure. l:),, ar{i
pore size index, ru.
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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 usiug the flow punp permeability test. To rnaintain the
physical characteristic of COz in the supercritical phase, the ternperattre of rock
specirnen, syritge pulnps, sl nnge pipes and pressrre vessels were maintained at 35oC,

-i6"C. antj 38"C" respcciivcil ,rflsL ilie tctttpcraltrrcs stabiiizcd, tlic eurifiriirig. pi'cssrli"e

of 20 MPa and the pore pressure of 10 N4Pa were subjected on the specitrert. The
supercritical CO: within 3 pl/min flow rate was injected into the rock specimen and
the pressures generated by the injection were measllred continuously. The precision of
the rneasnrement can be seen liom the record of the pressure in outlet and inlet of the
rock specirnen for every two seconds. Therefore. the presstre data of aroturd 24

million during the expenment can be obtained. The measurement of the generated
pressure was performed by ernploying the pressures of two gauges with resolution of
50 cmH2O or 0.0049 MPa. manufactured by Research Institute Tokyo.

During the ir:jection, the generated hydraulic pressilres in the upstrcam and

dowrisirearii of tire Aiiroura sandslorie specitrietr iricludirrg iis voltunetric sirairi were
rneasured (Figures 6 and 7). The flow of the injected CO2 generated an increase in
pore pressure rvhile the ditTerential pressure was dropping. lr4eanwhile. the increase in
the pore pressure propagated a deformatioll on the Ainoura sandstone specimen. The
negative direction of the increasing strains indicates such an expansion of the Ainoura
sandstone specimen.
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FIG. 7. Measured yolumetric strain of the rock specimen propagated by CO:
iniection.

Theoretical model

-f L^ 
- ^+1. -,- ^+; ^^ I .*iilu iliaiiisriiiiliuai iiiodel of thc flcw piunp pcnncability" tesi is describcd as onc-

a:---'----- -: -,- -l ---^---i -,-a al --- -c , .i!-r- n -: I -t I - - 7 turrngfi5luilar Irail5rcilt iluw ur a currrprg55rurtr ilt.lru ur{uugil a sdU.]tartru puruus ailu
compressible medium. This rnodel combines the principle of fluid mass in a

defonnable matrix and Darcy's law for laminar flow through a hydraulic isoffopic rock
matrix (Zhang et al. 2000). Since the experirnental system of CO2 in3ection into low
permeable rock saturated with rvater can be described as a tw-o-phase flow drainage
displacement process. volumetric balance can be ernploved. 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 tirne t minus volume,
was absorbed within the compressible pump system per unit time interval. The systern
irrclu,Jed tire entire space oithe flow pump cyiinder, ihe space in ihe iower pedestal.
and the tubing conxecting the flow pump to the test cell. This assumption also led to
the change of the boundary conditions of the rnodel shown in Eq. 4 and 4a. The
schernatic diagram and boundary conditions associated with the modified
mathematical rnodel are depicted in Figure 8.
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where

r /)tti-rr /r\ t /t t,\_ - l,- \/1r r-r /,,tr rT(/,.,t'

(* dH k JH )
Q(t ) =l : --: p" + : --: p,, l.qK4

\./, Ll: P,, d: )

of constant flow pump

(3)

(4j

(4a)
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FlG. 8. Schematic diagram of the theoretical model
permeability test.

The goveming equation is defined as follows:

D'H, _,s. aH, -odz' kil

Initial condition:

ff(2,0)=0 A<:<1.

BoLrnda.ry conditions:

z=0, a(o,r):g t>a

(r)

(2)

H
H*:
Hn:
k

hlrdraulic pressure, MPa,
lrydratrlic pressure af waLer, MPa,
hydraulic pressrre of CO-lV{f'a,
h}u drauli c coriductivitv, cm1s,

vertical distance a-lons the soeeiureu- em-

Constant llow rate pump
ilurn l-lolv pump- t1-aV

CIASCE
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In which

time from the starl of the experiment, s,

specimen's specific storage, 1,/Pa,

intrinsic permeabilitv of the specimen, cm2

relative penneability of water, fraction,
relative permeability of COz, fraction,
the lengrh of the specitnen. .'rr.
dynarnic viscosity of water, 1'a.s,

dynamic viscosity of COz, 1'c.,r,

density of water, gr/crnt,
density of CO:, grlcmr,
the cross-sectional area of the specimen, crr2,
flow in the specirnen at time t. cm''ls,
flow of COz in the specimen at time t. cnt3ls,

flow of water in the specirneu at time t, Lnt3ls,
gravit-y acceleratton. cm/s2
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,lH dH JH
Sirrce I - --:--' -=-. eqlatioll (4a)carr be described as:

tl; dz i:

L/(/) = ( t-, *L p,,)!!- gxa -o* 0,, 4! g^
(/,, P,, ) rl: P,, tt:

(t r \
lap"+o p., 

I\lt" p", )

t>a

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

oQ)

kdH..p,, ,t
P,, Lt:dH, _

dz
+(t l- \

| 
" '' p. + " ''' p,. lgKA

\p, p", )

'rrt{,\ t,-'r.. t, r'u (r ,\
.l r..rvl.li - iLi Lri -i ..ii,r\L., )

LIH , (1..t)
:. Qlt)=tl -(

dt

Where
q
cu

nn tt- ^t : -. rt-, -r'.1,^ -----i-r,^.. ^..:,-.-. -^,-J( u. lluw ratc liltu llrg upsucalll ul Ulc Slicullllcl I a[ tllllg rr ulll /5.

storage capaciq, 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, cm3lcmH:O
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The complete analytical solution i

h(z,r) =
z-rI f r r)*rl

t6fr,,cos(p,,t'),,r 
.fr, 

* 5_; d_l

('
Where d= - and p,,is tlre root of following equatiorr:

l^\"
./'\

tatd=-!-[t *r P"P"I' 6p, \ "' ", tt,p,, )

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

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

s glve as foll

(
I

!

ows:

(tKl-
\p,,

p,+

s"

kt p..
|t,,,

il
) frit 

1si"(9,,,)
( t JH\

qL+l gM '" p,,I ,' I\ I 'tz)/. , \tk k lsl o'p,+ "p"I\p,, ltu, )

I

expi
I
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COz-water relative permeability

History clrve lnatching betweeri the pressure gradient lrom tl-re experiment arr<i the
corresponding data of presstu'e gradrent based on theoretrcal model was conducted.
Once they become matched, the urknown parameters of- k,,,, k,,,, and S., were
detennined. To examine their unceftainties, a sensitivity analysis of the parameters ft,,,

and k,,,, towards the differential pressure was undertaken. Pressure gradient is
insensitive rvhen the parameter k"*, was ahove 0.5 at ali values of the parameter k,.,,. An
the otller hand, at all values of the pararneter.l,-,u, press'Jre gradient is inseusiti',.,e at the
parameter k,,, above 0.1. This means the parameter ft,, is more sensitive than [,.n,.
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Figure 9 presents the Coz-water relative permeability of the Ainoura specimens. As
expected, the relative permeability of water decreased while that of CO: increased.
Overaii, CO: relative permeabiiiiy at irreducibie water satrration was observed to be
iower tiran what rve expected as it was about l5% of the water reiative penneabiiiqv at

conditions of 100% water saturations. This indicated a lower displacement efficierrcy
of the satrrated water by the injected COz in Ainoura Sandstones. The result rnay be

attributed to heterogeneous bi-modai pore distribution of Ainoura Sandstones.

Sirnilarly. Bennion and Bachu (2005) observed that the pore size distribution of
reservoir rocks crilica!!),affects CO:-water relative penneahilities In this k-irrd ol'pore
system, the C0z-water displacement restdts in chamel flow, yielding a non-unifonn
COz flow in the system. All these imply that CO: flows preferentially in the smaller
pores of the bi-rnodal pore systern. Another factor that might be contributing to low
relative permeability of COz is the capillary pressllre effect. By having a Iarge fraclion
of micropores (more than 507o), the Atnoura specimens yielded relatively high
capillary pressure. Therefore, its irreducible water saturation was high at about 45;q6.

Capillary pressure acts as a barrier for COz flow when very low injection rates applied.

a.2 0.3 4.4

CO, Saturation (fraction)

FIG. 9. End-point
safuration.
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Specific storage yersus safurations
Figure t0 presents the change of specific storage of the Ainoura specimens with
increasing COz saturation. it was observe<i that the injection of COz increaseri the
specilic storage ot the specimen. Srlch a transient increase ot specitic storage beyon<i
ceftain saturation was found at the same period of the significant increase of
volumetric strain of the specirnen. This suggested that the change of specific storage
beyond certain CO2 saturatiou is rnore pronounced as a mechanical response ratlier
than jr.rst a hydraulic process. The specific storage increased by about 0.0004,0.0003,
and 0.0005 l/Pa forAinoua 1A, 1B and2- respectively.

U.UUUC

0.0004

0.0003

0.0002

0.0001

0.5 0.6

CO, Satu rations (fraction)

FiG. i0. Specific siorage versus COz saturaiion in Ainoura sandstone.

TIte validity of the specific storalle obtained lrom the numerical analysis was also
examined. The accuracy of specific storage of rock specirnen is rnuch affected by the
storage capacity of the pu,np system. Tokulaga and Kameya (2003) introduced a
dimensionless para,meter, E', deserihed as the ratio of the ptunp's storage eapaeiry, to
I ltp cnecirnerr'c s nenifi c (l^r2()r-''. " "r--'
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'l'hey suggested that the parameter Ss would have sufficient accuracy if the ratio, 6', is
iess than 0.,i. In the numerical anaiysis, the ratio of the obtaineri Ss to the measureci Ce
was found to be between 0.00078 and 0.0187 (Figure 1 l). This clearly shows the ratios
are below the arnbielt ratio of 0.3. However, the ambient ratio to examine accuracy of
specific storage rnay be insufficient to implernent ilr a trarsient florv frorn CO2-water
drainage displacernent system in reservoir condition. Fufiher sensitivity analysis and
noro-elaslicih rneasrrrernen! lo erarnine llre accrrlacv o[ snecific \loraue wilI he ai " 't .'a _

srrhiecr of'frrnrre inriestioglinrr \nnellreloqc es nrel irrrirren rralidatinrr tn lhr- rrumerinal
H.-,.,..,.,*.J

analysis, the use of ambient ratio of Tokunaga and Kameya (2003) was found
acceptable.

-to 
0.01

- .^ 531U U.UUU I U.UUU IJ U.UUUZ U.UUUZC U.UUUJ U,UUUJ5 U.UUU4

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 CO2 injection

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

EASCE
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COu iniection. This corresponded to the ffansition from the displaced incompressible
water flow to the displacing compressible CO2. in the specimen pores. After this
period, overaii" buik compressibiiity of tire specimen decreaseci with increasing pore
pressure. Above a cerlain pressrue. the buik cornpressibiiity reacheti a piateau that rs
independent of the pore pressure. Figure 12 also shows the tested Ainoura 2 has larger
bulk cornpressibility tllan the tested Ainoura 1. This is due to higher fraction of
macropores in the Ainoura 2 resulted in more flow of COz, leading to higher pore
pressure generated-

U.UUJ

0.0025

0.002

0.0015

0.00 1

0.0005

U

14 16

Pore Pressure (MPa)

Fl(l !, D,,ll, ^^'6hts6r.;h;l;+,, ^hdh*^" ^" an-;-:^^+^.1 in+n +h^ -^^l-.^^^:'-^-.r ru. r!. uurn LUrarlrr lJSrurrrrJ Lrr4rtELJ qJ Lvz rlrJLtrLu rraru rrlt r v\n JPI\rrlr!alJ.

Effect of Pressure Margin on Volumetric Strain

The iniection of COz into the rock specirnen increased its pore pressure and volnmetric
strain. As the experiments were constantly set at 20 MPa confining pressure, only the
pore pressure ircreased from the 10 MPa initial pressure. lf the pressure margin is
defined as the gap pressure ofthe pore pressure to the confining pressure, the pressure
margin decreased during the injection. The pressllre rnargiu was analysed in this study
since it is a considerable parameter tirat rnight cause hydraulic fiacturing. The
i,.iri^r.i^- ^f 1..'I*^,,1;^ A.^^n.;,.." ...:ll ^^^,.- ,, 1.^.r +La aar^ ^^,,^l- rl.^liiiirdrrLrrr Ur lllurdtlliL irdLtflilriF rVtrl ULll-ri lilrurr rllv pulL ylLSSi,rlC CtiUdi5 iiiL
,,-.r:-.i-.---. --.rr^ -l 1nn-\rulilllillrB plsssurs (JasBcr st a1r.. 'uu /,r.
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Figure 13 illustrates the relationship between the pressure margin a-nd the volumetric
strains measured during the experiments. As seen, the pressure margin increased as the
voiumetric strain increaseti. Beyond a cer-tain pressure margin, the voiumetric strains
increased sigrriticantly. -lhe transient lrcrease of volumetrtc strain occurs at tire
transition of the incompressible water flow to the compressible COz flow in the
specimen pores, as observed in the second phase of the experiment. After that, the COz

did breaktlrrough the specimen, generating a higher increase of the volumetric strain.

Given the ffend of curves it FiErre 13. the flow of CO: would generate a sigrificant
iuerease in volLmetric stra-il rvlreu the pressure rna-rgius are ahove -9 MPa- and -8 MPa
for the Ainoura 2 and I samples, respectively. This rneans that the increased
volumetric strain of the higher porosity specirnen would occur slower than that of the
lower porosity specimen. However, in the case of the magnitude of tlre skains
generated, the specimen with higher porosity yielded a larger volumetric strain
compared to a iower porosiry sarnpie. As a resuit, tire generated pore pressure in the
hrgher porosity specimen took a shorter time to reacir tite contining pressure ievel. 'l'he

results suggested the beneflt of lower porosit_v Ainoura sandstones in which they
would have a higher specific storage for CO2 btit rvould generate lower defonnation. It
is noted that the lower deformation observed was induced by the injection at the very
low flow rate appiied in the experimental test. The verv low flow rate was selected to
rnimic laminar flow in deep underground.
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CONCLUSIONS

This paper nresented experirnerrlal and nrrmerical artalysts lo measrrre permeahilit-r
orrrl cnpnifin ct^rqoA nF cer'lirnpnlenr rnr-L' rrndr.r llre inir-ctinn nlCO) ilr clrn,-rcdlicalqltgJPvllltvJrvlqb!..."..r-,

phase. Conclusions fi'om this sflld1z are as tbllows:

. Ainoura sandstone has lower Co:-water displacement efliciency indicated by
1ow CO: relative peflxeability (onl), 15% of the relative peflneabilify of water
at 100% lvater safluatior).

. Thc e."'cragc capacitj- of ,^.inoiira saildsloncs l'ol'stonng supcrcritica! CO: is
estimated to be 3.?4x104 l,{Pa within the experirnental conditions applied.

r Ainoura sandstone appears to be effective in retaining the flow of supercritical
COz as it takes considerably long time to rnigrate through the sandstone.

r The iniection of CO2 into the Ainoura sandstones has resulted in the increase
of volumetric strains of the sandstones. Civen bv the direction of strains. the
sandstones appear to be expanded during the irilection.

o The expansion of the Ainoura sandstones is due to the decrease of effective
pressrre as the pore pressure induced by the injection increases and the
confining pressllre is set to be constant. The expansion initiates when the
pressure rrrargin i-retwecrr the poi=e pressure and tire cortfiuirtg pressme is -9
Iv4Pa and -8 MPa for tire Ainoura i ard2, respectiveiy;
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