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Fig.1. CO: trapping mechanisms at storage sites.
Physical, chemical and mineralogical trapping
mechanisms are expected. Physical trapping
includes geological (structural and

stratigraphic) trapping, hydrological trapping

and irreducible gas saturation trapping.

Modified from Metz et al. (2005).
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Fig.2. CO: blobs in brine saturate rock. CO:2 occupies

pore spaces as clusters (A and B) or stays as small
bubbles (C) surrounded by brine. The right small
panels indicate CO:z displacement into the neigh-
boring pore body through a narrow pore throat
when COz pressure exceeds the capillary pressure

at the pore throat.
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Fig. 3. Flow patterns in porous media. Three typical flow patterns appear in porous media: stable displacement, viscous

fingering, and capillary fingering. The upper panel show the case for logm = log(u1/u2) = —4.7, where p and

Ht2 are the viscosities of displacing and displaced fluids, respectively. The mid panel is for logm = 1.9. The

bottom panel indicates for different logm for the same capillary number, C,, = 0. Definition of capillary number

is given by equation (1). Modified from Lenormand et al. (1988).
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Fig.4. Drainage phase diagram. Modified from
Lenormand et al. (1988) and Yamabe et al. (2015)
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Table 1. Physical properties of water and supercritical
CO: at 50°C and 10 MPa. Calculated from the
equations by Span and Wagner (1996) and
Wagner (1998).

density viscosity ~ bulk modulus

(kg/m?) (Pas) (GPa)
water 992.4 5.5 x 1074 2.42
super critical CO,  386.8 2.8 x 1079 0.018
50 T T
£ 0 ¢ v Chiquetetal. (2007)
% 451 {§ ~50C 4 Kvammeetal. (2007)
c
S 40F 1
2 3 _
l—
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o | 5 ]
&
T gl §§{ 5 J
2 SR
25 1 l l 1 1 1

0 10 20 a0 40 50
Pressure (MPa)

Fig.5. Pressure dependence of the interfacial tension
between water and CO:2 at 323 K. The data are
experimentally measured by Chiquet et al (2007)
and Kvamme et al. (2007), from Nielsen et al.
(2012)
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Fig.6. Porosity map of Berea sandstone at the section

including the core axis (Zhang et al., 2014).
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DT, FWEHI N2 X BRI/ NS < 2D, 2D7ed,
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Fig.7 Pore diameter distributions of high- and
low-porosity layers. (Zhang et al., 2014).
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PUFCixsERIcibigz Kl 12.5 wt% AR &K &
FLik 9%, Fig. 8 1XZERP OHfikE CO: TEBLL- &
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N5, WK oM E MR E Fig. 8 Ok EBHIRT, il
BT D W R O EIIBiHEK @) T L7z Ok
DOIGFT (FERHEPHAR S 15,40 mm) TH D, B
OEITIFIESNE ST ANCE I, @ 13 B S Rzl X ¢
b5, () ITHKTHEIERZEEDA A=, (b) 1T
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®0.19 f% (0.19 PV) @ COz #JEAL#D CO2 £

il
Ih |
]
y

T4
i

flow direction 3\
—- C‘ﬁ‘T

l -

(a) brine saturated

mm

| &t
{1
\

02 saturation

C

‘
s

Fig. 8. Saturation maps of COz during drainage. Positions of sections are shown in the uppermost panel. The upper

two sections in (a)-(d) cross the core axis and the bedding plane. The lower sections in (a)-(d) cross the bedding

plane including the core axis. (Zhang et al., 2014).
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Fig. 9. Difference of CT image for 5 minutes interval. The time of each map corresponds to 5 minutes after the

acquisition time of each image in Figure 8. The small CT-value areas (red to yellow) correspond to the brine

displacement by COs. (Zhang et al., 2014).
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Fig.10 Air displacement by brine. A smooth
displacement front appears during the

displacement. (Zhang et al., 2014)

FEINT, JEMEE & ERER AR MO IRV ERR T 7 R
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mL/min T 1.5 PV OHAKAEZJEALZA COz fafiE D
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X 5T OFILEFEREICIET TITHEAKZMZA L T CO:
DO &L T2, B OHKER LET LY, M5
HOLNRRHBEEZRATHDEDOTHS H, EHIZE
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(e) 1.0 ml/min 0.8 PV injection

COz2 saturation

(b) 0.2 ml/min 1.5 PV injection

(f) 2.0 ml/min 2.1 PV injection
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Fig.11. Saturation maps of CO: and brine during imbibition. (Zhang et al., 2014)

Fig.12 A mechanism for residual gas trapping. Modified

from Guéguen and Parciauskas (1994).

C @ imbibition Ff @ 7% JE X, 0.5 mL/min T®
drainage OFFOELEDKI 2 £I1Z72->TkV, CO2 77
Z A —% drainage DL D/NSWILROR Yy FU—2
%8 C& 5 (Zhang et al., 2014), Z ® X 9 IZ, drainage
THKr7 v 7 &7 CO2 % imbibition THBEISW 521X
KO RERENDLET, BANBO/NA T —VAE)E
2N COz b7 w IR IHENIMH T, Ry b
U— 7 FOFLRED/NEWESSEZ CO2 7T AZ =2
HTWT, ZOMITICHERPIRE L TCAVIAZRY T AH
—wOErTIuE, 7 7 A =0 FERET DA F
YETU—ERKE LY, 7T A — TSz &
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(b) 0.2ml/min 1.5 PV injection

32

(a) lastdrainage

ACT number

mm

(¢) 0.5ml/min 1.2 PV injection (d) 1.0 ml/min 0.2 PV injection

32

Fig.13 Difference maps of CT images. The acquisition time of each map corresponds to 3 minutes after the

acquisition of each map in Figure 11. The areas of large CT values (blue) correspond to CO: displacement by

brine. (Zhang et al., 2014).

L7422 (Fig. 14), ZOAN=ALEBAT v T F 7

(snap off) & 5\ E ¥ > F 4 7 (pinch off) &9, snap
off 12L& 5 COz 7 7 AX—d47ii% imbibition TI3AH
BB D, snap off 135A OMEMERIEEIC LRSS,
fER I CZzaE L <RI 2,

5. FIEM 2 MR L ARRER
Fig.14 Snap off mechanism. Brine enters into the

B ClE, CO2 IZ X5 drainage LHiKizk 2
imbibition #/T&7z, ¥H 5, CO2H DWW THEAKD
DL OEHRIRETH D, UITRETITZ CO2 28
100 % MK & &S 5D TIERWOT, CO2 &K

pores occupied by COgz and snaps off CO:

clusters to separate into small clusters..
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DI AICERZBEV R L CTRNLDIET Th b, CO27 7
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rel abs rel eff abs
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2011),
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CO2 & /K% RIREIZHE L CRE R it & BT 2 Tk
1%, EADCO2 fAFE XY mWELEDCO: 25 AT
KEF L, EHIFFOCO FFIE & BN X705 6 35
%354 (drainage) & Z O i¥fi(imbibition) DHERH 5.
drainage & imbibition “CHEXHNZZF KR E S WA
SN Twb (Kogure et al., 2015; Akbarabadi and Piri,
2013), Fig.15 1%, Kogure et al. (2013, 2015) &L
Perrin and Benson (2010) 23 :R® 7= EHEIZ L D
Berea WA OMxHZERMTH D, AT L BY S5
L O Z L Z s 3 2 fafi i TofK ECOz @
FHRERCTH D, a1y FES 5D 7 N —T7 1Lk
D78 Berea bas O JEEE T WITIZIEFEAT (),
BLOKE (L) OBAICKIET 5.
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Fig.15 Relative permeability curve in Berea sandstone.
Relative permeability curve differs depending on
the directional relationship between the fluid
flow and a layering inhomogeneity in sandstone.

(Kogure et al., 2015)
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high porosity layer

@

(b)

Fig.16 COz and brine flow in high and low porosity layers.
CO:z and brine can flow in the high porosity layers
at the same time because of the low capillary
pressures in the high porosity layers, which allow
simultaneous flow of CO2z and brine. But contrary
to this, the flow crossing the layers needs a high
pressure gradient because of the narrow pore
throats in low porosity layers where high capillary

pressures are necessary for COz to pass through.
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Fig.18 Columnar section, grain size distribution, sand-silt-clay contents, and injection rate of the Iwanohara injection
well, Nagaoka, Japan. The zone 1,093 -1,105 m was selected as a reservoir. COz injectivity is not uniform in

the reservoir due to the differences in geologic materials. Modified from Ito et al. (2014, 2015).
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Fig.19 Three measurement methods of breakthrough
pressure: (a) the stepwise increase of injecting
pressure (threshold pressure), (b) decreasing of
differential pressure (snap-off pressure), and (c)
brine ejection from a rock sample. The positive
and negative values in F1 and F2 correspond to
in- and out-flow from the sample, respectively.

(Kiyama et al., 2013)
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Rock physics research with application to CO2 geological storage I:
CO:2 behavior in capillary-dominated region and effects of
multi-scale heterogeneity on COz trapping

Osamu Nishizawa*, Yi Zhang*, Takuma Ito*, Zigiu Xue*,Tetsuya Kogure**,

And Tamotsu Kiyama*

ABSTRACT

Deep saline aquifer formations are expected to have a large potential for carbon dioxide (CO2) storage.
Host rocks of the aquifers are mostly porous sandstones. Laboratory experiments on COsz/brine displacement
flow in porous sandstones under aquifer's temperature and pressure conditions are important for better
understanding the COz trapping mechanism in aquifers. A high resolution X-ray CT scanner gives in situ
images of COz and brine distributions in porous sandstone. The images give important clues for clarifying
mechanisms of COz trapping in porous sandstones. In this article, we discuss mechanisms of COsz/brine
displacements revealed by employing a high-resolution medical CT scanner, and then in the succeeding article,
we discuss changes of seismic velocity during the displacements. Considering the role of capillary pressure in
porous sandstone and the inhomogeneity revealed in reservoir rocks by petrological and sedimentological
analyses, the following points are important for the CO2 migration and trapping in deep saline aquifers.
1. Locally-biased COz flow paths appear during CO: injection in brine-saturated sandstone because the
fine-scaled local fluctuation (about mm sizes) in pore-size distribution. 2. In simultaneous flow of CO2 and
brine, tapping and flow behaviors of COz depend on the directional relationship between anisotropy in porosity
distribution and flow direction. 3. The above phenomena arise from slight differences in capillary pressure
accompanied by differences in pore size distributions. 4. Flow and trapping of COz are governed by sizes of
COz2 clusters in pore spaces. 5. Sizes of COz clusters in pores are different between the processes of CO2
injection and brine reinjection. 6. Heterogeneity scales from pore size to geologic structure affect CO2 flow
behavior in the reservoir at CO2 storage sites. 7. When fractures or large pore sized channels exist in a
reservoir and its surrounding formations, capillary pressure has no effect on COz2 flow.
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