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NISHIZAWA Osamu, NAKASHIMA Yoshito, KOGURE Tetsuya, ZHANG Yi and XUE Ziqiu (2026)
Immiscible fluid flow in sandstone: Pathway formation and ganglion dynamics. Bulletin of the Geological
Survey of Japan, vol. 77 (2), p. 29-69, 33 figs. and 2 tables.

Abstract: Many types of geofluids exist in the Earth's crust. Geofluids can occur as immiscible two-phase
fluids, such as oil and brine or gas and brine. In this review, we present newly identified mechanisms of
immiscible fluid flow based on recent advancements in X-ray and computer technologies. Historically,
immiscible geofluids have been studied in association with resources such as groundwater, petroleum,
and natural gas; however, the research field is also important from a scientific perspective. In recent
years, CCS (carbon capture and storage) has been established as an effective tool for mitigating climate
change caused by anthropogenic CO.. This has led to experimental studies on the immiscible fluid flow
of brine and supercritical CO, mixtures in porous rocks, in which wetting and non-wetting characteristics
control the fluid flow. Water or brine are wetting fluids, and oil or gas (including supercritical gas) are
non-wetting fluids in the case of most geologic solids. Wetting results in capillary pressure and controls
the flow of immiscible fluids. Rock permeability has previously been considered a primary control on
fluid flow; however, recent studies have reported phenomena in immiscible fluid flow (e.g., snap-off and
viscous fingering) that cannot be explained by rock permeability alone.
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storage, drainage and imbibition
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T 5. KRBT, NRMEAROKEIZET 2 B8R
AERL, BBEERLF YY) —Ex & ORI % RED
MR A28 2 CRET.

IPCC (SUREZBIZBY 3 2 BURFRE S L) i3 Rk X
D NBEIRCO BN & 5 XilrZs ) & A4 5 e L
T, TSR AKENDCO, I (CCS : Carbon Capture
and Storage) 7%, W - RIMIZERITH 5 & WE L7z (Metz
et al., 2005 5 Bl, 2016). CCSIZARAIIFEERC 1 £
VAT R E» S RBICHIl Eh 500, %, B - T3
AR E UCORBIZE X 210 1000 mEAED SR KR 12
HFALHUCRADSZ &2 HIEE T 5 (3 - HE, 2008 ;
Bil, 2016). AATIXCCSIZBIM $ % Wf%% % o il
AT 72 & OENLAFZRRFEEAN, K¥F O LR
FEEHO—FB, B BVIIRERLURNEANL E OB >
T&E/.

—77, HWiEK, H, fEONEHGE &R KO BIHED
HOER RS & R & B ERRFE O B IE ISk
ZOMZELRE HRFAETOMRBEEIIH - T 5.
HERRHEIZB 4 2 — D oW %e ¥ (o H & 2461 BUA T,
IR R A A X hTn B LIZFViiv, REH?2
AR O LB 2 FEREFF2IEN O O 2 Bz ol %
HETHY, PERRIEHSMRE L THETNRET
H 3. KENTHERFIEOIGH 758 TR 6 h 7= ZEER
AR %, WERBIEO B OISERE S L THERT 3.

1.2 FRM2HERARENTARDESE

HARONRM 2T OFREN BT 5 BT IFZE D
i R 13Brooks and Corey (1966) IZ#15. #if5 DEF LT
DDA N NEA OFHE (pathway) % JZHCS
3. Zor¥E, BREIEATOMAEL Y P T - D
TR ZEET 225 24 — 2K L ZNFhOfiks
FIES. BEEISHT 2 RERITEAEE DRERD
M TRE S h, HRRERLIPENh S, 2720, &
BRICIEBFAMARITT T 2 =B R ITWMAEORER TN &
EDBENTERL B 72O AMEEDMETIZE L, Ak
100 %fafl L 723558 DORER V5. 2 OHE, M
BRI E AT 2 iAO R BIRE) OB E &
5. ZOETNE, ZESATRORNEN2HREOR
B0 WAR DK R AR O AT T L & iz (R
FF - HLHY, 2009 ; Pini and Benson, 2013).

% 72, Lenormand et al. (1988) I3 IEEEN WK EN
PG TR E N - L IVBES AN THREEZ KT 5 &
&, WROIRTIEFEN R A OFRE PR O F v
T —EE BREROKMEOBNPEEST L LTHRAE D
W/ S a - RBh 5 Z & &ML 7.

—J7, i EE BTG IE O A B 830
"L, LA HICIE KRORRM 2 AH R A & M8 5E
T30, MEOBENT R L DRFEZ 1T T, HiFL —
b RRIRERE IR T 2 M A W AR 2 L A fERE &

T\ % (Avraam and Payatakes, 1995 ; Valavanides et al.,
1998). Z ZTId, Witk wid BN 72 5 ITiRIFE
TR OBEROTHIEREDZENLAEL S, ZDLE, —
i DM O Wik % ZE TN D[ I8 (ganglion) | &
LTOEHAEZFD, ganglionDBEIRHEAIZ K > TH
DIEIKBEALT 5. T DA H =X Lidganglion dynamics
EHMT S R A, CCSEIE @ B %E Tganglion
dynamics{ZBH 3 2 MFZE R L < W ST 3.

1.3 NRM2MERERE % ZECT 5 YIEEA

FoEp 5 AT E TIEIARMN2MHETA ORI 2B 3
BEARMBERI & ST X — & DRERE R 5.

RERIHAEHEOYEMEE L TERKEhBIET, &
AHOFERTRE 2 BRT 5 -0 DEEK /ST A — R LE
Z6NT&E R BERIIAEOPE2E -HOFARSBE T
% L&, WMMOFEIWIREE R T. KMEREOR L 51
FH & KM B 2 O ITTEH & BEEARAE D EIZETAS Z
L, BEPOEBOBRMEIZH (1724 —-)&LT
HELADOEHOROENB L, ZhENOFIKDWE
s, BRWAROFIEIIRABMOIE I 2R TF v E
) —[ERHAFRTHRE S, ZOMETHOREN
AT OFRERIINE D, BFWEROFRIZEE SR
EREE Sz %, HAaOhoOmRKIEREIEETE
WHE RO EHRRELE 25, LEd-T, “DO0WKD
IRFELE (BAIEE) 13 25t A i it oD 2 W i 7 & PR 4 5.
BHA DI T H AR DEGE & 0 k< & > THREDIT
BRI, K OA W —FkD & Zi2kb
NHEHT 5.

—7, xRy b7 — 2 OhaFikEOESE > T
BB 223546, R 2 il S IR O 2B A b - T
& BRI A2 U & 5 AU iR (8 i) &
AlEb. ZOBELRERMT EOREELEHRTE 5,
TR LTI E RO A L I13 Rk 3.

Z VB S AR OARN 2 AHF A O T E) % BfF§ 5 1213,
LD &S BRI OFEEH D LERH S, TDT
WL, FwkREAEA @) OMOEREDENICER
TEH5FXETY -, fBxy Py —sDETFIL, £
TR ST & SRR DR K& O 2SR R S SR - B o
HESNETH B,

1.4 BESOWREER
FESHEBORTIINESONRBMERNT 5.
CCSBEM O 7% TII AR 2 HR AR R B 0 S5k 2336 A

IZiTbhTna, CCSBXRE T AHFDWE - TES15%

- TCOL TG RIRIE (scCO) &2 D, KA E DRIZAR

RANAHRARE IR T 5. HAKE TOWREDZES % H15

124, ZVEAERE-EBEORE - ERE&EFTICE W

AR 2 HFARDOFEFEE LGN TH 5.

Vi4E, BRIRFHXHCT % F 72 3288 C A R o L f



AR 2 AR (PHEIEA)

B FEEYH T A -2 LAFORK THERAFZEIFICHENERPYWEELRT. w: w-ilk, nw:
nw-Pifk, s [ER, w: K& E. Fzcldcapillary, entidentryZ &K d 5.

Table 1 A list of symbols and their meanings. suffixes w: wetting fluid, nw: non-wetting fluid, c: capillary, ent: entry, s:

solid, w: water, etc.

Symbol meaning unit or remarks
A the area of fluid pathway m?
Dy fractal dimension of pore radius vs. cumulative number
Yehr interfacial tension e.g. Vs.w, Vs-nw»> Yw-nws Vs-air €tC. N/m
4 contact angle
C, capillary number
Nchr VISCOSItY: Tw, Nnws Nwaters Tair Pa-s
k rock permeability m?
kS relative permeability: k%", k™)
k°T(S.) permeability at Sy, or Spy m?2
A linear coeflicient between In S:,ﬁ and In(pene/pc)
qchr flow rate: qvw, gnw m3/s
vp pressure gradient Pa/m
r radius of tube or pore m
Sechr saturation of w- or nw-fluid: Sy, Spw Sw+ Shw =1
Sirr residual water saturation
sir residual gas or residual non-wetting fluid
seff effective saturation of wetting fluid
Vehr fluid velocity: vy, Vaw m/s
m average fluid velocity in a tube or ducts model m/s
Vehr volume m?
¢ porosity

AR ZERE XN TS, 2010FER% Iy v o
b Y XBRCT & WV 22 LB L ~OL TOWRARFEE) £ 7
ZXLBHEPIZENZ, ZThEDEEE W &
EkavVa—2@&EEHOEREY I 2v—Y 3 V(2
&0, LR ORENFEAROBINIETZ I 702 =
X LOWFREIERL, ZIESE AR TORNRMGEERD A
NEH Y D A 5 = X L (ganglion dynamics) DFEREN I &
o L AL & .

XHRCTHEE 1213 (1) R HCT,
% u-CT,

Q) MEHRES IS D
Q) B REED Y v 7 a b u VI XECTHS
b5, )FELREICibhs 54 ZORE 2R &
L, 2 &Q)RIBmmfEEDOY 4 X ERET5.

FHH O DD o 7= DIFIRFEHAXICTREE & F 72925k
Thh, ZO¥REEMZEROFEMAREDLELL
T 5. [REEHXBCTEE & scCO, DY PR BREL 51T

EHERE L 2SS0 EIET FICE S B, WkoERE -
JEN#HIBL, —EREOHEKEscCO, &3k 5 ¥iE, Kk
UL RBPE D B scCO, # A AP Ui e 5 Fik
O—Fl%FFT 5. CTHEIR & LR & 5 A O
K &scCO, DEIFNEE #1323 H T, KUOBFITRT S
1K & scCO, DIXHRE ZEFHH O F Al 2R F.

% < OREITIIHERBREL A& KM L 720.1 ~Bmm ¥ A
2 DWMBRE S GEET 5. HEAKEscCOIRATADF
BIWAERE DB AT 5 720, Wil RS
BEWE T MOE LTI A K = X LDENEEE. 7,
W HORARTHE 2 &, FEBREMHIZ K 5 TidseCO, A3
Ak 7 DM HEP LR T 55720, ZORRKE
WIZDOWTEE KT 5. MIRE & wB)gim e OB,
HARECO,DIRAE, HEAEOFMIZIX->TE, B
BERDFIROENEHE L TCOE®REH 220G AEH
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D, ZOFEIERT.

WISy Yo b u Y BURXERCTEE i O 1 3% 4 b
N, MRMRERN T2, Yoo b oy BEHXHCT
12 & > CTEBAREOFEMA I 7 v L~ Tl X

M, ganglion dynamicsD EHENEN WD TR S Nz, —T,

EHRFACT T WMBIFOZEFE 2 BHl$ 5 Z & T, ganglion

dynamics2imm 2 - — )L COERN A REIHRE I KIS

WEERDZENRETH S.
BIRICARCHEAT L7 L ERERT.

2. REM 2 HRERENCET 2 BRER

2.1 %I EAEBFDpore &pore throat

HAPTCOREOTEIOG], & 25 VIEHEO[ AN
e L TOBRRELIRT 5.

ZIVBES O3S L OIEERER S & 2 ORI A 5 Rk
I B, BRG] & 5V Id[ 220 S FHEh %
2, AFII[ILBR] 2 H W5, ZIVEAE GRS RO
D&% - MNOHERI TR S b & DL Kilir s
DI TR ENE EDERDH D, Kilin & O
TKINF AT =B LR E %5, Ly L, @EoF
BERWARRIEIER ARG TH > 7. ZOMPIE—AE
12, AR AT AR A A &R EIRO i g
TR UK T SRR O & 83 ANJHO BB R A% 12 B
T 27D Th 5. IR0 %l EOFLREE (&84
FHRRIZ S 2 LA OEIS) 2508, IrlgEe L

THELLZLBEEADE 1320 %HTHRDOILEETH 5.

W2 )| | OHERLE TR WA & 5 ki T DR
IKDOEAOWRILBRRICI KM I 5. REEEKDOEA VD
K & DI KREDOR T DR 2 /NMEOK 12D % 728
LRI NE L 5%, B Iz T L TORKILE
RIIHFEERD T VX L3y F V7 T363 % ThD. 1272
L, K2 A+aiREIhtntZhid k2 Wliz i
D4 4 & 5 (Guéguen and Palciauskas, 1994 ; Nur ef al.,
1998). FLERAS DA D 1y b7 — 2 &g o THRKDH
BAEBKT S, B Tidas, LRy b — 238
il A X223k & Vpore & Z DR % D 7 <P BRI Dpore

throat THERK X1 5. 2 1 [Xlidpore & pore throat 7R3 [X T,

Yyru v YREXERCT (E32XIBH) 12 & 5 R
G2 S FRPER 5 % B PAAE U FLRRER 53 D A % filH U 25
U723 TTHIE T % (55, 2005a, b). poreldFiRDA
#%, pore throatiZ B2 D SCEHEDHBNEF>D., Thi
dual porosity model & I:33.  dual porosity modell3 Fii A E)
RS T, ZAES A ORI ME O T & JHEI Al
bhs.

2.2 WEM2MEREDES

AR TREAOREICE M2 uka RS 2, Fkix
Wik, Xk, @R (5cCO, % &) DRETHET 5. 1t
BN IS K RICAHET B HRIIKRIEAKTH 2705, Z

0.1 mm

11X FACHD S Dpore & pore throat. [FEAT 77 2 HUD FnT
FUBREB /M 8 % £ Tl (H =300 um, W =360 um)
VA L7280, BUTIZ0.1 mmsy & RN B
50N TVREERL Tva. poreldHH K D K Z
W, pore throatld Z N 5 2D S K DMVERSTH
5. pore throat?® K X 13 M 2 MY & DA & porefEfE
DEDEHBH. PHICHAZEH IV SN TS 7%
BTH5 (A, 2005a, b).

Fig. 1 Pores and pore throats in Chichibu sandstone. The area,
H=300 ym, W =360 um, D=100 um is projected on
the surface. Pores and pore throats are the blue objects,
and grains are the transparent background. Pores are large
caves, and pore throats are thin ducts connecting pores
(Nakashima, 2005a, b).

ho Lfhofitke OFRER/RF LT 5. DIT, (L20
WHEAMHTE 5 & HIIKRESEARERIZ[AK LT
TIKELORAEROFIE LTiE, 7ILa—LekDk
HZHWORFHRRET 20K DS, ZhoBnELD
LBRICEEFND LB -DOFiRE LTRSS 2N TE 5.
L2, KEWMD &I ITHWIZET SR OTERERIEAR
M2 EFRAR L 5. RO —ERIZAKITIET 2 23 KISHT
% FUFIEE % M3 & ik L RO RNRM 2 M R L 22 5.
H—Fifk e LTS 2 RNEM2 WA & A3 213 4L
ROKE & LIRAREICRAFT 5. BWELEDZIES
ATIEHEAOBENCEE S35 LKk E <ik107  ~107°
mDA — X —Tdh 5. FF0 IS5 1ZHpADfTHA N
Rk (VY 3 V)2 - 72543 fLB Y 4 X L [AfE
oMK S FHET 50T, Wik 2HFEARONTT
THHND. KERLscCO,DF /N TILIFH ik, <
A 20N TLE/NEVEITHINEHE —HRkE AT
2, LY 4 XAk E X2k B & RNRM2 K S
LTS . oK IRZRIT2MEDORMER R Tcok
HET (KEIZBE)ICd > TRELBIRP K E I E
D, MRA2MEAEED L LBE AN TORIZEE S M
ThH 5 2.66). scCOUFHE, RMEREANE LEST
ZLL, HHAKEOREORINIIEARDIE N IRE OB
2% (Lietal, 2012).
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Fig. 2

AR 2 AR (PHEIEA)

(a) hydrophobic
wetting fluid (air)

thing fluid
Yw-nw 9 )

7s -w Ys-nw
SO|Id ///// /
0>mn/2
(c) hydrophilic

YVw-nw / Non-wetting fluid
Ys-nw 9 wettlngf|u|d

(b) equally hydrophilic
Ys-£f = Vs-w

MM%TA\ LR
wetting fluid
R

’ ;)’s—’f :YS—W/ ///
7SS/ 80ld

0= 7r/2
(d) superhydrophilic
non-wetting fluid

water droplets on leaves
T

wetting fluid
8 lid i
R A,
0<m/2 6~0

i3, (@) 0>m2: AN (13-
AKYE), () 6=m/2: L BURIE, (o) 6 <m2:BUKME, (@) 6~ 0:BBUKYE, (20 Eh s (R &, 2013). Ve
Ysows Vews Vet 3T NN, BUKMGRABORMEGREA, BEE-BORERE, BEEBARERE, ROBOKMRA & ZimEH
PE L WO 2 KmRSITh 5 (Rl - EJF, 2013). BEEBHYWOEDOKIZKT 3 Bt LoBEhtoE
WTHD. Ty 7 ANGAT SHEMOEEIBARIEERTH, & M A BIZBEELEOMAWERIZT v & 25355040 LRI
ERAMNEEND O A, T EBKENEHE TH B,

Examples of wetting and non-wetting fluids on the solid surfaces. The wettability of fluid is shown by the contact angle 8, which is
the tangent of the fluid curvature at the intersection of three-materials' interfaces. The solid wettability for water or brine is classified
into: (a) hydrophobic 8 > 1/2, (b) equally hydrophilic 8 = 7/2, (c) hydrophilic 8 < 7/2, and (d) superhydrophilic, &8 ~ 0 (Ishizaki and
Takai, 2013). Yw.nw» Vsnw» Vsw and V¢ mean the surface tension between wetting and non-wetting fluids, solid and non-wetting fluids,
solid and wetting fluid, and solid and the fluid that is equally wetting to the wetting fluid, respectively (Ishizaki and Takai, 2013). The
right photo shows water droplets on leaves. The leaves of Taro are hydrophobic, whereas the leaves of Camellia are hydrophilic. This
is caused by the differences in the cell textures of leaves' surfaces. The tiny ciliary processes on the Taro leaves contain air between
their gaps. The wettability of materials depends not only on material surfaces but on the microstructures of the material's surfaces.

2.3 Ehi¥ : wetting&non-wetting

PR S FE OEE A - B 7o DB N &
BERLZDTINX—IREIZH D, B 2WELHEMT S
I 2 i & RS, Fi Tl BB A EO 51 B A fEAE
L, REOABT 3L F - 3WEOMAS LY TS
3 (EE il WEEIENAZERE L Titild 5
cnmmmwaml%»ﬁ-%ﬁﬁﬁ,f%ﬁ%@ﬁ%
Tﬁﬂ@ﬁmliw¥—ﬁ@bhé’&%b@
DFEMNE KT T AKIZ hé&m\%&ﬁ%iﬁ
@%%-ﬁ%aﬁﬁ<m%notb,mi%ﬁ%ﬂbw
VT ARRTNC LA 0 K & §id & o B fim () o
IUFX=METT 5. W, FARH ARG i TR
P 53 L Eid, WikEEERORTmT L E—
KEBARORHIT FILF—L D KEW,

PAD R TR TRICEHE I AE< . Zoh%E
KR (yTRID) LIEED, 1TH B LR i O

IXINF—DREIEERT. YL LTl hso
EERETIET 2 RMORERITH 5. FKiakEIIiE

IALF -3 ETOT, HOEITERL AR OFKmE
JIR R & E S WARORIEIN ST 5. RO
KX T 7 VTFLT =L 2T, BT OHMISERY 5
MO NI 53 (T, 2011) 4, ZhZhoOsm it

B & BT E B TR 2 B 22 D AR DTN EISE OB
N5, KPTOERDOWER KN TOKIED LS IZKE
DOFEOHIZAEOWENAEIET 5 L, RmOEEIIC
& DR AR ClifE A R N AR (BR) 1285 5
95, F2XILERR I OFERIZIRD Z N F O Rk
IZB W AREIRSIDENCLDRELEIBRE LS L%
R RERDOKE LRZERETOYDM L RO
ETRY. EHCK2MAOEID 2 MHTE 5 &%
DOV & RO SR MM A LT % maMES FBRE (8
2 X DK ERESE A E R & 359 5 PIBRER) TRImRII 0389 0
BVPiIRREE 5 5.

F2XOBHIIHEDOFEIN ST KA RS, (&
ORI E2% 20, FRIEIEORTIALET ST v 7 *
EHIAPOBIRMARD 72T, H b A EDOEDAKEA AL
75 F 72 R BIRBE OB OB TH 5. FEhikik
v 7 a2 TTIIE R O SRR B 2T 3
WMTEIHBIDETHS.

[ A A FEUEIZ LT O OWmKROFEN L IR L
7o & ZMHIICAHE LR WIEE & wetting, fH& LIS
< WHE'E Znon-wetting& 5. £ < OEEFMIZH L
TR A I wetting, AR IEnon-wetting T & 5 (7=
2L, ZI2IZx U TAKiEnon-wettingTdH %). AFT
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(@) Yw-nw (b) o 2
/ N Yw-nw
1 \
DERASFANEEE ’st
solid” <=2 smm )
(d) (©) 2y
Yw-nw COS Qz'ys-nw —Vs-w
7w-nw
YVw-nw COS 6 ~wnw
Z Vsnw 7 0 ssw Ts-nw_
AN /" AYs- %
A Ys-nw ~Ys-w o )%contact angle

B [EARRTOBNIZ LB HE. aw-TESEE L 22 ICw-TIEK A EN - & & O34 B ERNITR T
lﬁxi%ﬁ ETALENCLAEMI AN T —MMET L, w-iRAIEERmG L2205,

12X BHAAED T 3L F =20V snw — Vew & TRNAIREORIZHY T3 = 3 L F -2 LrE T,

. TENE D SRR R P < STV wenw cos 6 + Vsow & BRI O P JE 27 & D

(c) PHFITET 5 & 3B ORI DHEAMFEA T D D A&

(d) “FHFEFIZY wonw cos OO JT A3 Sl o P8R

?Eifllé F CIRALE LA B
HC, PHICET 5 THHNCLBEHTH
Vwnw cos 8 + Vew = )/s-nwﬁ‘;ﬁk)‘ 9] ASR

3.

(o) w-iiefs
(o) Il 221 =
SR

i<

Fig. 3

Water wettability on the solid surface. Exchanging the wetting fluid with the non-wetting fluid in the quasistatic process
corresponds to the thermodynamic work. (a) When wetting fluid starts to contact the solid surface, it spontaneously
extends on the solid surface due to the free energy reduction between the wetting fluid and the solid surface. (b) Extending
¥s.w multiplied by the wetting area.
The wetting area extends until the thermodynamic equilibrium. The work done by the w-fluid extension is the work
against the cohesion force of the w-fluid, which is equal to Yw-nw cos 8 + ¥s-w multiplied by 277, until the radius 7 reach
to the equilibrium state. (c) In the equilibrium state, the three forces equilibrate at the point A, the boundary of the three

the wetting surface. The change of the wetting energy is equal to the energy ¥snw —

materials: Yw-nw cos 6 + Vs-w = Ysaw. (d) Finally the force Yw-nw cos 6 exerts on the boundary ring.

Idwetting, non-wettinglfit f& % Z L Zh, w-Wifk, nw-ik
REFET. MIERRIZ TREEDOKERS TLnL00
T, WIROKAEFLHEIZ U CTHIKRE: (hydrophilic) & BiAH:
(hydrophobic) &\ 5 FHEE S b 5 (F2X). EEHEW
DA T FIRTOSIRF I L TARGFHY T/ —
»ﬁ(&omééni&#mt b5 EHTT IV

— Lk (AI-OH) 21E5 720 Th 5. Zh bk Hk
%75‘ GEh-BGA, BXUnEISEE L KT T (Guéguen
and Palciauskas, 1994 ; A, 2005). ZD7%=®, Z{H
HEODILBRAER DK PN & T 3 EER TS L O
EAERET, MBS S Ly PO e UTEE
TN (2.8fi).

2.4 EhitEXREERD
241 FEIRILX—
[k (s) Ew-, nw-FiiAD 3 WEZ N FNORMTHH

MY 720D DT AL X = Zyew, Ve Yem& T 5.

VIFHEMEI Y20 DORE X EEZTE LV, yOR
MIZBHENMTH 55, ZHICHEEZET S5 ENmTH
FMLHEE, &5 VIEFNABEO T AL LK 5720
IJm* B HLE LTflibh b, H2RICIERHmHEBET XL

X—DRLZZFEAEPERERIZH S & ZDRRETRLT
VAR, WITRT KD IS EHRICEE T2 2 Lick
5 T3 F —ZALOBE A 6 FHIRREETOTIDH D A
AL ZENTE S,

PIF O#W cw-Filk &K, nwifkz2E[e L, [EiE
BEHARH T A L5, HIRNEEARE RIS KTFES N
LiEA 2R & /RS, EHORBENEH T2 Z/EI0K
WANSVEET S &, ke ARORENIZy D HH
I AT = BB Nyl 2D > TR D ((a) = (b)) F1f5
12T 5 (o).

F3IX (a) = (o) THEA ((H5) A F #8122 fid
EROENROANEDD &, KOFEIIZH L TR
MAKEERORMEET 2 L 2OtETH B, FH3X
() DFERFDOKDZIRITEHER A MW H B D L3Rk
575, EFEKEEL T()— (a) DIETRAUTEIIZ L -
TR ES BIRISEN. 2 2 TIRYEFFNELE
BE U EmROEMA (0) % 2L 3 5. EHORE
BT E 21T LN K GETUE, KOFERL
[k Ficnr O A fE > 7= 20T 3L ¥ —%4810iE,
BHHROGRPENAZ L > TES B KL RO R
T TORDEEHE Ty wnw cos QIZHIL TR L 2L HFEICH

’



A BME (meniscus) 1215 H 7 2 LAKDFTRNME & 2 Weim A & KR T T .

Fig. 4

AU 2 MR (PR A)
(@) F=27r~w-aircos@ (b)
Pagm
“Yw-air COS 0_» l Patm
YS—air_ys—\Lq \ ‘T Patm Patm l
= . |
Fe o N l
* mercury )

—7mr2AP_ Vsair —Vsm

-
— water

(a) KIZEMEEE LA EEON
AP LENOWRE D FFT 5. (5 L7200 3L F -2 IR 2212 &K D Vwaw — Vsw ENEEBOHIRT L D
T, ZHidYwaw cos OICHERD R X 2nr L KiiD LR 3hEF U2 DIZHE LW, ThEEIAPY T2 6 LiZhbb &
ZzhE, EAMZONF=ar’APIChERCZEONBAPIZE AL EFOLERTH S, mMHIEHELL, K (23) »EL
115 (Guéguen and Palciauskas, 1994 # (%) . (b) KERDOLFAITER & D ERENMEO 2 0WEEAEB & 0 T2 5. X(23)
Tn/2<0 Teos VAL B D ARFFUI TG ZAE N 5.

The liquid surface draw-up and draw-down in a glass meniscus due to the wettability of water and mercury. (a) The wettability
between water and glass draws up the water surface. The energy change is from eq. (2.2) as Ywanw — Vs-w for the unit surface, which
is equal to the value Yw-w cos 6 multiplied by the wetted surface in the meniscus: the length of the interfacial circle length 2mr
multiplied by uplifted surface length 4. The force produced by wetting equals the upward force exerted by the pressure AP, which
is F = mr’ AP. The wetting work equals is F/, which equals Yw-nw cos 8(2rrh). The equality of the two works yields eq. (2.3) (from
Guéguen and Palciauskas, 1994). (b) The negative wettability between mercury and glass draws down the surface of mercury. In eq.

(2.3), m/2 < 6, then cos 6 < 0. Eq. (2.3) indicates that the capillary pressure is larger for the thin meniscus than for the thick tube.

Lo, KOS K 2R IIENTO T XL F — 28
fLicELL, UToXE%x3.

Wiet = — Ywnw cos O =177 (Vow — Vi) (2.1
FRENZFRTHMT 2 & 2R3EOEBL ML 57~
B, KFEPTIZ10 um* — X —DTEBEEF/NENED
S (BRIZA, 2012). »B0iE, —HOWwEEMN
BSOSO K IICHEE T2 EXDER2SRD B (L et
al,2012).

I F — L ORI THRREE (o) THERARD 3
Rz < HoFHVEZEMiTH 5 (FE, 2011).
Vsnw = Vs-w T Vwnw cos 6 (2.2)

A (2.2) FYoungdO X & FiE N 5. A (2.1) IZFERTTO
IRNF —DENTEROHBEIAT L EIChEhb
WENTLE, R Q) RIOHEVL L ZhFhE)
NTW5, BhEOIROENZ X 2L BIET 5
AEEINTED, BumDFLBEERIZH U TIZEE A 4
BWTHBZEMNEMIN TS CRAE - IhJ], 2008 ;
g, 2012). w27 aficid 2 7 8ilR TR E A5 .

2.4.2 XvEZU—-F

AR () 13N H T 2 #KOPITHIA L 22 R0 %
NY. H T AT AROmNEIZER LD AEL, K
MEREANEDL D EONMNIIME LAKREA AT 3.
HREKORMDEN Zyyark T5. HEIZX D KD A
STERLEHICELAE R, X Q2 DHEIEI1HEE
EHCRL, Bl AHEZNERREROKEH TR
7. R QDI T 2 ENER L 2k TH B, Zhid
271 Y waair cos @D TIBEDONMO B IZ %, Kaethk%h
DEXIZEZ EFHDE-> T BIREEZEERTS. 20
HEFETHZ, EONADRELWKKE FIZH 5 AR
BFBoOHRTERZONFCMINZOLEHELCTHS. 22
TEOMOKREMTHEEDOHhOEN (AP) & A kIR
F=nmr’ APTT, JEJNZ & B L3 EI3F & Kifi O 8 fin
EORTH S, HHFERSZZHOHEDORIZLD,
UToBE@RI RIS,

27w—air cos @ _

27 Yyair €080 = Tr’AP — AP = pe (2.3)

;
LB EFECEML 2L &, KX Q3) FILBEATREROHEI
PIZKBENERT. APEF v ¥ 7 Y —JE (capillary
pressure) &MU, TET. p.c 1rTH 255, H4lX (a)
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DOREENDOENTHME R TR EICE I, EER
INEWIFEFEWENELEE T 5.

K (2.3) Dp 3 EMEIRS L B ORI EOR L& O W
MEDWDIETH 255, EOWHIZIRAEE LM T
WIBE LpdEORBMR L MmEOEHRZET5Z L
NTES. H5VErZEONNTHENZIE T Z DK
DURDILE AT LY TES. ZOMIEHIAYE
(KEEH-4% : hydraulic radius) DEF% T » % (Guéguen and
Palciauskas, 1994) .

FAR (b) D& S ITEEB ARG B L, # 7 ZRIHK
LU TR nw-Ti iR, BV w-TifkE 5. KER LB
(HZ2H 5 VI ARFZEREFIL) OFR MO RERITIEFH L
SREWD, (@)DEIITKRFUI T 7 2 DEIA TR
L, KL AT ZDOMIZELNA DAL, FEfilf7390°
EHAD7DRMTONEITRE LD, FENOKEMm
MO & D Fizk 3. Z06E, Kz 5E
71 GREEN & () &R & 50, BIZAKERER LA
TITIEARGMNCEN R RETH B, EELZLAEHDLL
B & A H X FLRRIC AR A FTEA U TR LB A X256
T 5BRABOBERBIES NS (R T 2 Y —).
B2 TR U 72 ARG SR 2 Wik RO FKifiak 1
A QI)ITRAL, ENEEEARERTHRROM S
fii & FLIREE & FLBRIARFE D BItR23H 5 11 % (Guéguen and
Palciauskas, 1994 ; #&IZ 4, 2016).

2.5 drainage &imbibition

HAPTEL L AKBHTWL Z & &drainage, K2R
AT Z & %imbibition & FEA. — kY & GREE I [HEAK ] &
(WK Tb 278, i B4E I U CHGED BIKE A,
drainageldnw-Fit ik A w-Fifk % B 2 A TER P HENR
AT 2B, imbibitionid Z DWOBLIZHbI 5. AF
¢ drainage, imbibition% JAWVVERTHIH T 5720 T
LY. F7, bBHETEALAANEAHEAKRE S0
R HITE DAL RATR (fractional flow) T, nw-HifkdD
BIFIEE 230 1L drainage, w-FiRDEIRIE 2§ & Z1id
imbibition& 3~ 5. AR LHEDOKDZER (M) L=
g Z 11Z Ndrainage & imbibition TdH 5. HZME Tl KX
DIKFEXTE (fugacity) B BIHR T % A3, HUTHiEfk Tlugacity
M5 3 ORI A Z s & DRAND IR B D 35
BTHB. ZTZTiE, drainagek imbibitioniZFHAKDFEN
DAL T2 D& L, fugacityD B 5135 X &,
KOFFNNE T 238853 5 imbibition TI, ARARAA
HOENRFELFEF Y ET ) —E2FHT 5 TH
SRIZimbibition 3 XEFT 9 % A%, drainage TIEH I nw-TRAAD
FENDw-REOTE NI L EF v ET ) % kM5, 7
NC k> UK T L BGREROBS I 2L F -1t L,
TR A nw-i AR IS B Z 48 2 5 drainageld A6 & HiR O R
EET AL —IREEABATSE 5. HROIIFIETIE
WAL 23 L F 2L BEL LN LA %0

(Mavko et al., 2009) .

pore &pore throatDE T IIL & LT, H 7 AHEMA, BH
K7 AETDENPY, AITK, BIZZEXBA-2REEA
E25(FsH). FERPBMEDOY A4 LB & F U
BN ENSEOFAEOE X (E) IZHEL LN,
INENRTVHELIZERO BN 5T DT A v b
J— 2 %FEFT ML L, drainage& imbibitioniZ #51} % Wik
BE#hEEZ 5.

L (@) 3ED/NEWE, 11 (a) FFEOKEVE TEEH
DEMNY, EROENHFYET ) &P HL, &
DOBRPIZHREPER ENZIRETH S, 1. (a) &11. (a) T
EROENBRIC &5, 1. (@) DFDOAKIZRX (23)12&D
1L (a) DAFIZHN, KD 2EAOMIZHEE§ 5.

I (a) TRLMOIES L5 (AP) DL (@ DF v BT ) —
FEpP %A 2L, 1. (b) D& S ICHEIZZREEICM Xk
HCHE)§5. E550FMICBEIL TE, FKiumsr iRkt
EN-F F—EHE THREIT S & X I3KORMELBS5-3
bDarcylit & % 5. KROKPERE A KO MRE LD
FHLARZEWDTH S, HHNOKOHE $fx& P T
R, VFEEREVIEN—7 Y - KT XA 2 (Hagen-
Poiseuille) @ @ HIl 70 6 3K % % (Guéguen and Palciauskas,
1994, AIL.8).

Pm———— (2.4)

PIXEDOHOKE, ridiEE nidAROMMERE, dp/
dXIENOENARTH 3. X (24) 3P=p.THNIZ
imbibition{Z & D #5748 % KDHE & K4 T, ZEXMA» 5
P & ff L & B B R A 2 i UL ISR AR S h
B0 FmIBE) & ey, BEREROT L —%2{KT
XH 5. BEMOIENHADF ¥ 5 —[Epl 4375
VAU R A B THRIE T 5. ESX TR A —
DK RTIAR L ZE L TY, 2T Hnw-iAED w-iit
T H 2 KRLIEARDOMIZHEE§ % BIR (I drainage T H 5
2, WD &S RPERE DK E Dnw-i ik & AR TIZHR
WHERE D,

REHAHFIE L 7ZIRRETAK BN HTT 5 & 2BAD
S (pf, p") 3HISKOEN KD @O, ZIUEEHD
B Cow-tfR A ER D FLBR O HIE#HE L 722 5 2 4 —
ELTHET S L &, nw-iitlkD v 7 2 4 =N DS
REEOw-FAR & D& SR FLER T DK i pore throat
(&) O TS LD ESIRATS. pore throatdH
DREZNF v ¥ T ) —EIEL TOARWLERSTIE, X
12 & % drainagef% T % & imbibition} ¥ 1T L (spontaneous
imbibition), 42T ®Dpore throat?3F v+ &7 VY —[EIZET B
% Cimbibition AT U CHEIKRIKIO T 1)L F — 2K T &
®3. ZOLZOKORABLMBE (ER#EM) T
50, LTFTIIESEERNOAERNRE L, WkBE %
Darcy#itlZFRE 3 5.



AR 2 AR (PHEIEA)

. (b) water TX===<—air P+ AP

Il. (b) e

water C—-—-— air P+AP

%5 3 2 il T PDdrainage & imbibition. K ¥ X Aipore&
[RIFEE D D DF# N (pore throat) T 7 A1 >

T3, YA ZH/NXNOTEHOEEIEH TS,

I (a) &11. (a) BFERME A E O h A BEIT 2 KT
#mL, R Q3)DpLBDESME L, pi) T
1EF 3. KRBEMIHED & 2 RAOIENEP +p.T
BIIRE DO, BROENBAP ERT B L (pV <

AP < p®), FEIZAMICEEIT 5. 1 (b) TIE R

B2, 1L (o) TRAMAPIE S NS, Kis e
Rra N 3 & ZEROFBEHIL 3R ORGP R B0 SR
IN-RHEOBIEE L 4 5. REISPFEIND L
RO IR ORISR T 5 7280
BEIEE N KE W, DD X =X LlddrainageT
Dnw-FEDFIETEIKIZBIE-7 5.

Fig. 5 Drainage and imbibition, a microscopic view. Consider
two tiny vials filled with water and air, respectively. To
illustrate the connection, a thin duct links the two vials.
Those are so tiny that the gravitational effect is negligible,
similar to pores and pore throats. The interface between
water and air moves in the duct due to the capillary
pressure of p. given by eq. (2.3), and the interfaces stop
somewhere in a duct if the air pressure is higher than p.,
as shown in L. (a) and II. (a). As air pressure is further
increased to AP, this drives the interface toward the water.
The interface moves in 1. (b), but it collapses in IL. (b) if
AP is higher than the capillary pressure in II. There are
two flow modes in drainage: keeping and collapsing the
interface. The former is slow, but the latter is fast because
of the difference in viscosities.

L (@), IL (a) TEIMOESINAP LA LEDF v ¥ 5
Y — A A S ERSKUNZEE T 5. 1. () THIm
EMERR L - AR SN T2 8E THHTh
2, EohoRE (1. (b)) IZAKDKEEE FES)AE TR £
ZHMETHETS. ZokE, R Q4 TRIhHE
P E B &, Fr ¥ T ) —[EOME < P x.DHTO

KOEHHE % —pPix. & LT,

_ 7Yw-air COS 0
V= ——"t—

Anwxc (23)
LD, L TRAIE S M5 (Guéguen and Palciauskas,

1994).

Vnw _ 1r
YVw-air COS 6 h 4 x (26)

R E b & & REIZ RO Z/ & 7B
BHELid.

—7J7, 1L (a) TIRAPYP P &M A % & REEIIE X h
IL (b) D& S ITEDHERKRNPBEIT 20, B DKM
REMEN D HE IR kX 55, WEE L IET
NIBE T 2250 T EIER 04 LR LR TEX
hs.
r2 dAP
SnairE (2.7)

v=-

RSB XN D L1 b) CREMEOENNRTY,
22RO MR ED IS R 1100 FE T H 5 720 P13
TRHIEL (b) D100 f5FEE 2k 5.

R Qe ERQCNELUTOL I IZEXHE LIS 5.

_ r

A (2.6) 1 = NwV = VYwnw cosea (2.8)
_ r2dApP

X (27) 1 = ThwV = (2.9)

EB L G HARORE B ICIRTE S BRI BTITH Y L,
R 28)1FF v ¥ ) —EIZ & BAKDFEIIZ T 5 KL,
X (2.9) IFARWEAHEIE X KA ERTHEI§ 5 & &1
BN THS. X Q9)DAEIER ) HBEDIL
ES N

TTawV 4x
Yw-nw €00 | r (2.10)

X (2.10) DR FCTEHAIIT % &, r&xidpore throatD % &
RETRILA —4—,%D, KEWENOMOLHEIE
AR, o EXRHTHERTI2F v ET ) —K(C,
TEL) LI N AT, Z Oxd Bl A drainageDnw-¥it
ROBEERE & LT 5 (3.2 HiCREMR) .

2.6 xRy b7 —UFOREM2MERE
BAOEICw-, nw-TRIEBTEET 5 & %, BREOX
T IR 2T OTRENCHEE KITT. KPP
K Onw-Fi ik AR & 0+ hil, BERT
B0ETA 7 aNTLRF I NTAD LS SIS VT
FET 3 B 6XCOIREE) . Z OB I RNENRETS -
THIRABTROWEE N TH—FAE LTHS ZEH
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TZ 5. ZfUEAADNE Tlddrainage R imbibition!Z & -
Tw-, nw-FfRIEEE 6 XIBIZR§ & 5 B fLBRIZ £ /-
NEW(r 724 —) LTHET S, EROILKBEIZ
725 % 5¢CO, D43 A R IR IEIglaver et al. (2010, 2011) iZ
Ko Tt ehiz. 2o, fLBRNOTREREBIOFH
AL yru b VBEXECTIZ & > THE NI X7z,
S, 6ETHINT 5.
ZZTIEFEIZZDOOHEDOBALRRIZ IR TR E L, #
BOIRIZE-NB 05252 -5 R LZINEEE L
3. w-iiRIZENRMEIZ K > Tnw-ii A & & L CLERM
EEBBL, nw-iiiRDOF v ¥ 5 ) — &l LR
IR E#MERT 5. —H, aw-RAKDIESI 2 E T LR il
Fw-RAIc i h 5.

nw-R IR AR OA D OEHO% 2 <EKRZ 7 A
A —%fEB LY T 24— Eaw-TRIRNEROE /RIS &
Doaw-FAR7Z 1T DM D 3E (pathway) & % 5. drainagell B
V Baw-FIKOFEEEE & A B O BRI R A R
VAR Q4), EhEaRR Q7)) TEIN S,
SR (B 2V ITHEEERRIR) &R TIRMER A L <
Rl 5720, nw-IAE PN [ERLBERIRETIEY 7 24 —
DAFAEDRFEE) X = X LITE N E LD, RE32HI TR
195+ v €7 ) —HiddrainageDEEICF v 5 ) — &
IZ&Bw-iifA & ORMEOREE GESKL (b)) PEBET S
A, FEHEIE X hinw-Fi K ODarcyiit (585 KL (b)) 2
BT 30 0EEE 5 5.

2.7 BREXETIN

BRI R v b7 — 2 O CHENCBE S-S 5 55
DOWRTdH 5. REFRITEE LA OEAEOMMEET D
25, Gl XN 2ZERZMAEZ LISIE S5 DENBEIE
LA O A RT DT Tidan. FEEIZHEICES§ %
VRFE DB TR TR ORI E R R IR I DB N TR S
720ThH5.

BN & BRI AU LR A D5 Amidy—T
aL, 2y bT—IBREGMI IR LS. 22T
WRENENSHR Eh K& HD D, Thl ETESE
HOEDFHF B CYEERT EALL, ThEaRER
IR (REV : Representative Elementary Volume) & IFE&.
FIRNRTHBEOEREAREVE D K X T UL, MEAN
OFAFIIEARKIEATE 5. ZOEFOFKD
ik L — b CEAIRER Y 72 0 125N 5 (R 0134 % Wi
B, VEGARO~ 7 agl gL $huio=4AvTh 3. Vid
JESABIVP & KRBy D ISRER kA TH O
5.

F=-lkevp — 1mﬁziﬂ=—5§£ (2.11)

n n dx
JENREVP & HEVIER Y P, KE3x3DT YV IILT
H5. QT VIMEERT. LDKZVEEKOFIES

. water or brine
water or brine

gas orail

bubble pore throat

gas or oil
cluster

capillary
pressure

HoXl LIUEELTHORIBEHNTRA. R H 2 OB FLER
D KEWVWIGA (A, B). BAIEFITDI VL 2T,
AKOFIZHELAE E S ICBEIT 5 (C) (NEIEH,
2016 % oZ).

Fig. 6 Two immiscible fluids are coexisting in the porous rock.
When pore spaces are smaller than the oil or gas blob
sizes, blobs (A or B) occupy multiple pore spaces that
are connected by pore throats; whereas very small blobs
of oil or gas distribute in water and move with water (C)
(modified from Nishizawa ef al., 2016).

—JmoAaTEEhsE %, X QI)OEHO XS IZ]
WEDORE LTER S, 1 KTHETE, 3T v vyE
TREAEL &Y, FEEHATONOF®RE, ZOHHED
FEHABLdP/dx i3t 2 IRER TR T E 5. FFrDE
DA ER~ 7 aeimhd e —FThIA 24) TF
BaNk=rRExD, HIERHOENY (m) 245,
LIVEERANOILE S v b T — 2 &5 v &2 LA L
75 (HTX) TERBIL, B0 I v aniids bk
HHT B EEE LS. 4 OF R & RS TR
OBEAEE DY, RIIBFZTEIZELL, TohMmE <y
o AIENABRO e i —HES, FHNOENEZ &
IZH A B, 22T, v aniiho s R Wi
X UBRBELIC & 5 PR B O 2 AP LT 5. iBFHD
Bk A~ 0 RO SR A O 7 Sl R & 1
DELE L, mEEhTOEOWNRIEIROZN GET7IX
R WREAROZAL) & BET 5 5808 Vehme & ¥ 5.
M, APRFEIPEFEISELZREDEE T 5. ik
IDERBEIZZNTNELY, v o anidiim G
RKH) DR ELIZX URFBRELIE 5 L, FHKO
FESVAEUEIAPY/LOTH B (557IX) . 240K L 723
BRI L TR LISHIS§ 2 RS RL 2 5T 5. & H
DDA GO HNRGE LW TR L, v oo
FTEN OB (72 2 FE s 7O AR RE)
337 a BB DR P LD A E X EFNT
ML) =& 5 5. G GODO RO ES) % kR TR
HFHL, LHMEPL, THMAEP, LT L, EHE
WEP,—Pi=APTH 5. JTEIZEL TiEfFlo 0FKIE
LEYREL B0 T~ animEhmcor il



AR 2 AR (PHEIEA)

AP/L? =(AP/L) (LIL) & 75 5.

i HOEBITR LTI T OBRASE D 37D,
5 _
O = 87

@ 7@ 2 L
M€ gape (Le /L)

(2.12)

X (2.12) 22 TOEITH L THALL, R2EEETEER,
DRI LT 5. v v LFREVIS T 5 RS
n5.

1 R2 AP
|V| - _;Eshape'r2 T (2'13)

2 = (Le/ D)L/ LD FN Ml % 7R U, Tidtortuosity (FE
HhEE) L EIEh 5.

GHDIST A — 2 I3FEROYMHET S kR E, 1E0
FEVEERICNT 5T, X (2.13) 0fHU2EH
DB R (Copapet®) DVHERIHIGT 5. AAPLIET
DEBRT — 21056 I 6DEEFMITE 5. X (2.13)1F
4.4 fiDBrooks—CoreyD X & E T 5B ICflibn b, b
DFHA TR DN 72 BB OTE IR0 B L@ H B X hd,
BN D3 FEHLEhZETHD, ThEEP, p.
TET.

2.8 N—2aL—a>

LR b7 — 2 2 KRBT 3HUPB0F1L LT2&ITD
HBELEZEZ D, EHEELIZ0 <x < 1Ok
xZRD AV, EYAMEABEA - 23, BAk
W EIZ0"L§ 5. k)L Epore, 3 %pore throat& LT,
ETFEHNTh2 D20 % G T 2 L)L OFmPE A1
T OIER L zporek Ak L, ZOXIIZEHEEL %5
A, ZOTHEVWEZRIZIFO%#52%. 25L7TC, Mt
BOWFT I OWmBOMEME & HET 5. BEEHD> <&
LB DKL R DRI A, poreDHAEIZ K
%2528 =0 N0, EAMEEDES Y T 2% =0

BT BAPEE (hydraulic radius). fLBEA v b7 — 21k
B4 R WiETIR & DT v & L 5EH» SR
EHABHT 2MAEEORE SRFAET v &
LTHD. 7 UEHNOBEEIZI NS DT
»%. % DEROEANVERY O~ o v L iAR
EVIZHIBT 2K EEARD 2T R2TE T

Fig. 7 Hydraulic radius. The assembly of randomly oriented
ducts with sections of different ellipses depicts the pore
network in a porous rock. The fluid velocity and pressure
in each duct fluctuate randomly around the average
values. We can define the average pressure, distance,
and velocity values along the macro flow direction. The
root mean square of the effective radius of the ducts, R2,
corresponds to the macro flow velocity v, and is named
the hydraulic radius.

HAET D, WA DODEN ST AL —%4)85—aL —
¥ g v T A& — LIS (Stauffer and Aharony, 1992) .

HIXIF/ N —aVL =Y 3 Vv TR X —FERTHRD—
fflcd b, HHUOLLORTRAIEX, 2 X,=03972 5
X,=03961221L T 5 (KOt 6 EICRE) Lkt
DIS—AVL—Ya VI AR —pnREETS. S—aL—
VavVI I AR —REDEL EDXL,DENTII L EH,T,
ZOMAHETRRA Y 5 A & — D 28§ 2 Bl R
fil) 3B 5. B FE I RAT BIEO KT 4 2 BRI 2o i
T, WEE LT3 I3 R0 LKA L, RTHEK
ERRT. BARMEIZE T ORTERRRIC (k23
WIL) K OELE D 53 BA I & D 2 1L 3 % (Guéguen and
Palciauskas, 1994) .

BAKEGULZIBEOOEEEOZE(LIZ S —aL —
Yav s I AL —ORELMEEO—FITHS. HHIT
AR THREIZEF L 72 & 2 D IRPE AR, TH - 7=
& %, drainagell & - THRIAE 221 b & &, HEAKRIHE
DS D EG D ARPUE % Rops & T4UUE, LT Dresistivity
index Rig (3 AIFIES, DR E LTINS,

Ridx = Robs/Rw = S:\7 (214)

X (2.14) 3 AR5RArchieDERI L I 5. nDfEIZ2 & &
N3 enBnh, FEFICHINT S L E - 2ETIE
<, BIREZENOERER, K OdrainagelZ 5
nw-FitIRIZ & > TH % 5 (Bauer et al., 2011). drainage® &
EDSERDMEAE Ty b5 &, SOMANEL &
5 &, & 5HHNE THESUE A Z34 9 % (Suman and Knight,
1997). ZHUZ, LB » b T — 2 DIRE X = X A5
AL 727-0C, HARBOA A+ B KB5S
MBI E L 22K %20 L RmREANOZELE RS
(Guéguen and Palciauskas, 1994 ; Suman and Knight, 1997 ;
A, 2005). [FIREC, A 72 S 2z LB A S 5
=L =¥ 3 YT AL = Daw-KIC K > TYIHF &
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percolation

O s S
) | —> ]
& i no percolation
o)
®
=
O
15 critical value
£
X
]
=

0 |

Xcritical X 4 1

o

ll. X,=0.397 no percolation

B S—aVL—Y 3 v I 22—OHBE QRICOH). 50 x 50 DHHEENMIZ0 ~ 1 D—REELE, 2510 24T, BRI (X,)
KON AUSHIME DU %, K20 %525, LD ETFEEGOTRMI182{E M Ed L, Fo
YILEOENRD Z#HEOE LTI 5AQERD, DEN->TOAVEILIZIZ0EE A5, EELAZELIZKSTY
SAZ—WEREING. BEEZLIEEEL 257282 —PKELED, KPS ERIIOENS/S—aL -V 3
VoI ZA =BT A MOFITIIS—ar—Y 3 v 5 28— PEOBEFIEX qieald 0.368 & 0.369 DI H 5.

Fig. 8 An appearance of the percolation cluster. A uniform random number, 0 < x,< 1, is assigned to each 50 x 50 cell. Assume a

threshold value X,. Then assign the logical number "0" or "1" if X,< x, or x, < X, respectively. If the lateral or horizontal

neighboring two cells are assigned "1", the cell is connected. The connected cells are colored. The series of colored cells

shows clusters. The clusters that connect both ends show percolation. We find a critical value (Xiica) for the percolation

cluster by changing the threshold value. The example suggests a critical value between 0.368 and 0.369. Since the appearance

of the percolation cluster is probabilistic, increasing both the number of trials and cells improves the accuracy of the critical

value. The critical value decreases when the dimension is increased from 2 to 3 due to the network redundancy.

N2 L ERT.
3. drainage (C & 2 RIEZRR

3.1 REEROI/OXHZZL

HIEE 2.5 D5 5 X TldporelZ K & 225 7 N ZFNAFAE
L, pore% 27 <pore throatliZ /K & Z5 B HA79 5. 1 (a)
ET1L () 1FMTT Aipore throatd I THEFIEL, 1. (b) &11. (b)
KB KANCREE L TERSETL TS, L (b)
EIL (b) DEV IR M HMESF SN B 2 BIRE N2 2T
Hotz. LB Y T =2 OFIRESKOLRILO & 5
IZ1E M 2 s Dpore & pore throat fEMEIZ D 2L A3 5 T 5.
drainageD BFIZI31. (b) 1L (b) ISR T RA B PRED K &
BRAOBER Xy P IT—=TDRTEL S, Zok %,
L) &I b)DEL LD A H =X LN 59 THER
MES TS O T 5.

TSRS 585 X — 213 D Th b, —D
258X 210) 12BN F v ¥ 5 ) —EKC, (=nuy/
(Ywaw cos 8) TH B, FEPFLWVE ZCOHRHIA T
PRIENDBZBHEDOF Y E¥T ) —HEEXEL, 57T IER
M2 B X Mnw-TRIR DIREE TR S otz & & DRtk
EHiAXET 5. &5 5 EDarcyD EH % IRE L TWH
5. F5HL (@ EF vy TV —EIC X2 REORE T,
IL b)) RS HE I NGETH S, RENHE S
% & 2R DREPEARBUI AR D 1/100FEE T & 5 72022508
EHETHRET . 2020, FREPREZNE2E00
nw- RO BB & KiRICA L¢3,

—J7, MO & IR B & FFRE DOGA I3 R
DI X N4 T & nw-F IR O R B E R 130K O F5 Bl
L FEED V. nw-IfR ORIPERE D Wk IZ
N1 ETHNE, Darcy®H i T Dnw-Hit ik DR PHEHCHT
Bw-TERORHEIEII L D KELS LS. 2oL T RHMmA %
BENB2ENZBDH ST, drainage TO ERHEE % 7
il g % D idnw-FiA DB HRE & 5 0, F 5K (a) &1.(b)
DENIHLS 55, KoT, REPEIZKIETES —D
DI8F A = B ERHER D i TH 5.

3. 2 drainage phase diagram

3.1 81 CTow-3 & O % 8)) 3 A3drainage D B O ¥ g 2
A —VICRHETL I e BRI & R
FRBDOXTE (ogamy)), HitfliZ F v €7 ) —BD
X (logC,) TR ZHFE/ S — v O BIHB A& L 7=
$ (DT, drainage phase diagram& IFFi¥$1 5 (Lenormand ef
al., 1988). drainage TR X M B Wit/ ¥ 4 — V idstable
displacement, viscous fingering X U'capillary fingering® 3
MEHIZ T 6N 5. REMEEST L, aw-iREOWRE
2348 — v DR FEH % T (Lenormand et al., 1988). nw-ii
RO TENIIKERE, HAROREFRL 7238 =D
log(Muw/nw) — logCulXl EORLETH 5.

Fr U7V —RCONBMEILI TR E NS,

Vaw TInw
(3.1)

log C,, = log (
Yw-nw COS 6
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4 T T | T T B T
L Stable
Viscous Fingering Displacement
2 _(DLA) y ‘ o - i (a) T
g | o
_2 - 1 ) 7, & -
l é Reynolds exp #1~6
| 7
! %*/
laboratory expe;iments
’ o
6 r ’ %Capillary Fingering
7,(P)
7
8 ;//COz/brine viscosity ratio
10 1 é/ 1 1

- 0 2
log(1nw /Mw)

BN ZIVBEA AP Ddrainage TIER E N Bk S 4 — .

288 — VIBRIZIE, nw-, w-Z N E N OFRAE DR
BREE, nw-BRIADFE, KT EREBOL OV R O Kl
WANTHREDF Y €7 ) - KO BRT 5. X
L fUBBE O—FIZ DN TORERT, stable
displacement, viscous fingering, capillary fingering® 3
FEIR BB, stable displacement Tl ¥ 2 b ¥ T
L& 5 &5 KiEk, viscous fingering fES T34
RS & — 2, capillary fingering Tl HUE WK D w-iii

BD Ty TR ZNFNBLI S (Ferer et al., 2004).

AL, TR L7288 = VIZHIGT Blog(aw/nw) &
C, D % 75% (Lenormand et al., 1988 % L 12 1E[X]) .

Fig.9 Displacement pattern of nw-fluid drainage into a
porous medium saturated with w-fluid. There are three
displacement patterns that depend on the ratio of dynamic
viscosity (.w/1w) and the capillary number C,, which
is given by the product of average flow velocity and the
dynamic viscosity divided by surface tension between
nw- and w-fluids. The horizontal and vertical axes are
the log(aw/Nw), and the capillary number (C,). Viscous
fingering is characterized by arborization, whereas
capillary fingering is characterized by spreading of
the flow pathway and large non-invaded zones at the
backsides of invasion fronts. The non-invaded zones are
the isolated clusters surrounded by w-fluid (Ferer ef al.,
2004). The red dots represent the locations corresponding
to the embedded three flow patterns. Modified from
Lenormand ef al. (1988).

C,D5r Fidnw-FR A DOFEEI I P 5 KiPEHT R (2.8)) %
L, BHIRE MR X N F w22 v b7 —2
O AR 2 Ow-FAOR DT (X (2.9)) 2350
LTw3,. R (1) 0B THROEMfcos 0% EH W
Ty TCEBENZZ L& H D0, K& A B

ME OB Dcos 013 < 07U L TR TH 5729

A (B.1)IZcos 0FELLEMITHEBEL RV, £/, KR

B8 2 — VRIS I A SR R M < R ORI

BT 5. K/ V4 — VI TR &6 9 5.

(a) stable displacement : nw-¥it /& & w-TiE A& O K4 £ B D
HFE D B loga/n) 231 & D o3k Z b 22BN,
nw-i iR & w-im AR O EREIZIEIEFHEHLAEZ F T
MU LS ICANED S IR ).

(b) viscous fingering : log(m/n) 231 & O + 43/ & <,
nw-F AR DB ENRE 155K & 0 (logCut K) A1
BIHER DRI A FN D F TS (FE IR D) .

(¢) capillary fingering : nw-Jit f& O R B B A3/ 0 &
nw-FiL R OB ZEPUEF v © T Y — LA E
BE D, w-iR2 S nw-Gn R ORI AV IRICEE
BHPHENTEH E NS, HEVKROE S TlEw-Fkss
b7y FENTENT 0 GEXIO T

N & Cald & B IR B TH %5 6 LHBEE LD

FEICIE L v, HIOXIZFETORRL Y I a

L= 3 VORRTRO SN2 ROTE v b7 — 27 D

RTHBH, 3WILTE K4 — ORIk X 1F EZ 1L

L& 9 TdH 5 (Patmonoaji ef al., 2020).

3.3 fingering patternfiZEk 44 & 451

viscous fingering & capillary fingeringld, % 7 Fidiffusion-
limited aggregation (DLA), invasion percolation (IP) & & IFE
XN 5. DLARR T DEEERIEWE A O [E AR 2387 HY
L7z ZDBIRERIL T, WEHRR (MEH&pE), 5460
et D HIALE & 72Tk & 7R . viscous fingering
EDLADO—FECTT7 52 4L & LTORMERAT 3 (RX,
2010, #3F3.1, 3.4).

DLAD & 5 12 bse e Biee 7 £ Fis 5 57 B ClalfE D
R8s — VBN 5 DOIFEBIAFET 5 EROMMAN &
DENONT T T AHERVe=0TEEhs LD
WOME TS 5 (Fernandez et al., 1991 5 B2, 2010). ¢
WBAH T —EF VY v LT, VOITZ DRE TOENZET)

B EHAERE X EFOME (R L) 2K, V2
57537 VT, Vie=VVpThH5. Vip=VVpid
FEHL (divergence) Ta/0x,% N2 b ILVOD KR = AFH
XHEE DR T, B, TOWEBHLYEEZET)
BT,

WARIZX LTV = 0 D 37D & Z i Iid IRk
T(&H, 2016), WENDOENZ—ETH 5. FHEHE
RRFANTIE, pOHBEIVHIZH > THER YR O
AT S, fle LTESHTL 2DEENEH Ve
TEREINBDEETHD. T2, WAOBENEIILEIC
45L&V c gTVH=V-qk 2D, VPiZxTODH
oy R &k 5.

WMNDIHK & 7 5 e I L3 5 6%, FEvT
WRIZHE A B JEEC E R B 2 8 0 RS IRE) & 23 B
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5. PEBUIPIT T B R O 1R, IRENIE 2 RS
BT 5. &oT, V=0T KERIZx L TZEAL
LnwZeakd., —J5, HSKOL ©b) T, Flio
R DIZKOREEIZZR E NS DT, e & & I2;
NAHIEE R B, DF D, drainage® & E DFBEIEKLIT

nw-FRIRDTRE THIMOBIENE U 5 0 E2»I5 T 6 h,

Vi =04 D LD iEnw-, w-IRIRODREPEDE N &
TAROREHRE T E 5. B2, KTMEhAh
IZX9 % drainage Tidnw-JRfRDREPEHAKIZHARTH L <
INE L nw-IAD BN (k) 25K & U, FiEo
B E 72 & Enw-HiiR IZRREICENEBE L TER
% [Ol{8E UERIIZV g = 0 23 D 37D (Ferer et al., 2004) .

EEDOZIBEATREDREDHMET v 4L THD
N6, Vo=0Lu3Etuk) KEVWEHTEND
D, KO O nw-RIKRIEV ¢ = 0 & RIS i 72 38 1%
DK Z G & BIRAICEE) T 5. 64 Dnw-ii kD%
ISV =0 &7z T i eIk d 5 2, — I
ML (b) # 4 T TR EIEKRT 5. LA L, koM
IR MDBHE S NG DIE S BEEnITKRE W, F
7z, BENVO=0ZW7=ThEPZEPNEEDTH
%705, DLAZSBIN 2 fHIUIRPEER B DAV N &
WREAKE & 5 HBIBEMRTZEIL L, DLALIPOERIR
IO LS IZFIDIZE S,

IR L, IPTIRESKDL (b) X 4 7O R % 4
T Bnw-TIRDOWMN P HBES 5. WL KT F v €T ) —
FEDQZETWE D, WKENH THIm A B2 L R s fLED
IR EE T 2 Eaw-iifk 23 HAUA T, PR A3
BN Onw-RIADIENEENI/ N X W, k5T, nw-iRfk
Oiie (HEE) A/N & & & idcapillary fingering 4’ Bk 3
3.

IPClidnw-Hitfk % invader, w-iitiA#% defender& % A, K
ICEBPT OIS RATEO Y A FMEEERERL, F+
7 ) — OO 2 EIRT 5. FHLwmDETOH
A P TRAWRE,SE»OHENPBEL LD, &F 4L
BN UHIEMBULIRALIICN log NOF — & =& 75 %
(Wilkinson and Willemsen, 1983). ##D/S—aL —3 3
VF28HITRAZX I, BTOEY A O % FHN
TU I A8 =@ 50 O%EE 1T 5 O THEM K
33 A PBNOEBETH S, IPIET A NEAHEZ 5L
HEDZT v TRPELLRESBED Y Iab—Ya Y
I %2 39 5.

IPCIREHRAHEE & w-FRiR 2 PR X 2 7 AN nw-
ERPEA 228, FEHHIOF v ¥ 5 ) =S T Hudw-ii
ROPE W 2Ry 5 24 —& %5, ZORRE
w-RA S nw-REIC I 2 RBEWIRD b 5 o FHHIE A
Bl 5 (Wilkinson and Willemsen, 1983). #f 9 [X|Dcapillary
fingeringD BN & w-ii & D JE P % P £rnw-Fi 7R D i %
RSN, FUHA MR DIEROREETAE LTI D
TURMER K Z V. WEEOTIRM ZEulerff TR I N D

(Armstrong etal., 2016).

F 7z, nw-IRR ORMERE D w-IR R DRPERE &L D K
T & X IR OBIEIZBIfR 2 < drainage TOFARD YL
AUInw-TRAR DRGSR BUARAT T 5. nw-TARDFRE A K
ZVWEAICIEREBPEE I NS DT, drainage T ldstable
displacement Dtk # K § 5. 7272 LiENNDNE L, B
MRS N8 EF v Y —E MRS hbDT
N T TR & FFOIP (capillary fingering) & %%, Z D
7z HIPHIU C, 72 T IIRAF § 5.

viscous fingering TIZHLHUTFEA Tow-RAADIEA O %
FHTEEWEZDY I 2L —Y a3 YV ORENIES D %3
X% (Fernandez et al., 1991 ; Ferer et al., 2004). ¥ 2 1|2
idviscous fingeringlZ i 2 T & nw-Hitik MG X h 2 96 (2
WICD LA 1T FT CTldcapillary fingeringlZ iV VIRTE
& 72 % (Fernandez et al., 1991). capillary fingering T I
7 v TS H B 7O FREE MR I N < kD, &
FORBRIE® AT 200, 20720, ®kETHENS
FxHRZZER A RRBRMN /ST A — 4 & LTS,

DLAD 7 5 2 ANKILIERy VA AT VT 4 V7
(Fernandez et al., 1991 5 &%, 2010) THRDOFMEOFHH %
KBI$ 5 (Ferer et al., 2004). %5 10[Xi3Ferer ef al. (2004)
12k 3, () DLAL (ID) IPOY I 2L =¥ 3 VERER
T PO TREw-Fifk (FE) Hinw-FARICED B £ 7z
AR 5NS. DLATS b7 v T E NN S
AR L B/ h &,

4. HEMRER LB RERMHIR

4.1 REFRELRBORKRE

RER AT OYEE CHRARDEO IR L &
N30, RSP ERLIUTEREOGFHMEISENSET 3.
BlZE, WMAEORmMENREENTF Y ETY) —EWE
b, WIERBZADAD B FLBEISEO AT E)IZ
b3 FERIR A ZET 5.

RN 2MHEA T, ZhENDEEOFK %K L
Darcyfii CHEIT 5 L Ak L, ZNEFNOFHEEOIFER)W
ML GADORERLDITHMREENEFK IS,
L2 L, R TH7Z KD (Zdrainage TOFBEIEK D X 5
ZZ L3RRI & D e B O THMREROEE
IEHETH 5.

drainageDBEIZIE, 5L (b) 127N L Zznw-Fit iR 23 w-3it
HWEDRMmMEF v T —[Ep. LD EHVESITHEIT S
el L (b)) &S5 ICRMAPIE S N2 » b7 —
o NEBEnw-TIEBBET 256 L2 H 5. 1 (b) OFlZ
4.4 i TR X % Brooks—Corey!Z & % w-iifk D A 1=E %
#LHTAT, Fr 7Y —FEL B, TOREED S
RERERDS. 1. (b) OBFNIFESTETHITTS. 20
BAGnw-REA S —a L =Y a3 vy 5 A4 D EE
HWHRTBEIL, HKEFvE7) —RIZk-> THER S h
5.
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() viscous fingering

() capillary fingering
IP DLA

w-fluid
isolated cluster

nw-fﬁu?d G nw-quiQ
w-fluid
surface tension 7 viscous force
X2 ~
2)/ cos @ Tf %1 _ % Vi
pe="— T ik =
a A\ X]1=<— X1

nw-ii AR B AH Ddrainage L AMZ, S, 68 THAT S
AR 2D RAFNZ & b drainage & imbibition!Z & - T
M ERE % 2HARFICSE 2 Hikr b 5. ZOHAEw-
nw-ifA i ganglion dynamics & FFIX N % 27 5 2 & — D& ik
EPES AN =X A THEIL, Darcyiit & 1354 5 DTRX
(2.11) TEFRINIRERITEREE KM L v, AW
BIKTHINRZEREERTE 55, EEOHNRERIC
BRI LIS D8 T 4 — 5 HHBES 5.

4.2 EREEOESR

27 HHIHE, FAOWE AKX (2.11) O 1XKITREE ¥
5. BAHM, w-, Xidnw-FRA7ZT TREMAAL 22 & &
DiRBEZR %, k(Se=1), klSaw=1D& L, w-, nw-litkD
fIAE 2 ZNEN, Sy, Sa(=1-S)&T 5L, w-, nw-
TRDOKHRER LY, k32 2O RIAIE ORI &

R »
LT
keﬂ'(S) keﬂ‘(S )
k(w) Sw — w w , k(nw) Snw — nw \Pnw
R N M e R

1

TREFRIND. KT(Sw), ki (Saw) i & HIANE T DI
BT, ZNFNIDarcyiit

ket dp Jeff dP
qw = nlAsampleEws qnw = nﬂASHmpleﬁ (4.2)
W nw

ERELTHOLNBETH S, q, quidBHRAOHE
L=, AampelE GV O Wi RE, dPo/dx, dPa/dxid
ZNZFhw-, nw-mIKDETHETH 5. Putdnw-iiik
DF IV —ELED (EF5X).

4.3 MEXERERMIR
4.3.1 KERERIEscCO,RDBI

SERNCE D, K, KVOfE Ty P Lz 0%
FERZZE M%7 (relative permeability curve) & RS, 2511
MiZZERER TETICAO I REXKIZE SR
RA2 TR DR E R OB T H 5. HINRER

’

IO T4 v HV Y8 —=2, () capillary fingering
& (1) viscous fingering. capillary fingering TiZ 5%
DR R 7= 5 23, viscous fingering TI S
BAHER SN, nw-TRIRORE S REHEDT 2 £ U
5. %7z, capillary fingering T3 JE 23 nw-Fi k12
F E N 7zw-RIRDIL 2 5 2 &4 — BN B (Ferer
et al., 2004) .

Fig. 10  Capillary fingering (I) and viscous fingering (ID).

Capillary fingering is the movement of the nw-fluid
retaining the interface between the interface, whereas
viscous fingering breaks the interface because of the
high velocity of the nw-fluid. Capillary fingering
leaves the w-fluid clusters surrounded by the nw-fluid,
like worm-eaten holes (Ferer et al., 2004).

HAE E S 5 & THAMOIIHT, WISt TOMFNR
BEROMANI1 L0/ SHEISHEAAIHIT 3. Zhid
AEAFAR DS IREZL MO AR T H 5.

FEXHELZE RO FHENZ I DUT O 3T HO FE2 Ml D
ns.

(1) drainagelZ & - Tnw-Fi Kk 23w-Fi ik & B § 5 BR D
FrE7 ) —ENREw-RAOPHEEL — MK D
Jitk.

(2) —EFEL — b Tnw-iiRIRDdrainage & 171, XHHCT

THBINE O NS LB % ET 5. nw-Tit kD #Y

MENEAEFISEL 28 Z, nw-iRfkOFIRIE I

S F v €T —E 43255 13 XD RIAIE &

F v €7 —EOIH) 2> & nw-itR D A)EL % K

»5. Wl — FEEIIow-TRIKD B2 T iRER

13 Cnw-TiA DM NIRE R & R 5.

— B TERA U low-, nw-FilA D 2 HRAR & 58

IZHEAL, SABNESORAE S ERISEL 2IRET

BARIE &w-, nw-TRIR DR & OB tRA2 5 MM RE

L2159 5.

(1) iZBrooks and Corey (1966) 12 & - T B & i 12 %
ARfLENTHD, BERPEATHS 2SFHE AT
%. (2) IZPini and Benson (2013) 12 & 0 218 & h 7= Fik
T, nw-itROmELY — 2L E, EFIELLE
E O NEIZNIGT 5 F v €7 ) —FEHB & nw-Hit
ROF L & HANRELZ KD 2. (3) BXHCTH E
Rt 2l Tkl LTHibR TV 24, Fis ki
Z N ZF N DDarcy®R B 1FAET % b Tid 21 (Perrin and
Benson, 2010 ; Reynolds and Krevor, 2015 ; Kogure et al.,
2017, 2018). L7285, FERMumsMnIa A IS L 72
EBHRE L TORKIGZEZ 2 WAEHN®RIES 5. 7277
L, WHIZYS 72> TIEME LA ORI TR T 52
Wb B,

XARCT % fiff 5 F rZA0RHA R o S & fiHLIC G T
XHILTHDH(HsSE). ko2l nHiL T2h T
NEFET 5 T (Kogure ef al., 2017) 12K 0 IERfEIC
BAONEBORHE SRS 5D, (3) IZB L Tdmdr ]

=
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water-gas system

(R) (R)
knw e kw I
1 < SC _Sirr > 1
residual water 1W o
< . < “Pw
irr L e
2 Sw 0 SuSU e
% eff _ SW—S;‘/T S
g™ " i-sim S
@ 5
o residual gas
B SRR
® - ki k&l,{;
[} .
ireversible water .. Sy
saturation gir . S;:V:\i_lsg‘r”
O ....... O
0 water saturation Sy 1

BN HhRERI - 2 UEBE I T 5 K-KER

D). K- AR TIE, residual gasDmEiF/HX <,

irreducible water saturation CDZKEIHIE A K E /=

B, MRERAMBR KM -> TV D, —7,

ARAMRD K I, w-, nw-FRAESISEATH 2
& F MDA R R ALATE 12 B U TIRIE R
Wi e % 2 & v (UNEIE D, 2011 D—
& ).

Fig. 11  An example of a relative permeability curve: water—gas
system in porous sandstones. The amount of residual
gas is generally small in water—gas systems, and the
amount of irreducible saturation is large compared to
immiscible liquid systems such as water—oil systems.
Water—oil systems generally show symmetric curves
(reproduced from Kogure et al., 2011).

BUL XN ABEIA H =X L5 F B TEHBRT S

2) T, nw-HAROFHEL — b quDZELIZR L TEIM
JESm M EHIZE L 72 & &, nw-RIKD T A BLdP,/dx
PHR @IV BEENE. ZOLEDHEND
nw-Ji R O ZE RIS A & BRI O AR TE O 25 Tid
<, HEAMOFARE & PE O TR » & = AT (%
W) EZELFIWAETH S, ThEMERIRICHT S
HHIE & UER, ki & han(Snw = 1) & DT & > TE™(Sh) 53
fFoNns. nw-FAOMHXHZZE RIS EIAE S, =0 (Sy
=1)OEHEIShGE S LIRS v, FEEIEnw-TiikD
W= =3 v o532 -2k TEKEh, FIX
IR L2 TR S Wil A I E L 2 & & 0
BARIE 2 & FHARZERE BRI S B,

(1) % (2) TIHEIMEST Tw-ik DA I F D, S
DEIRE 2GS B w-FiR 2 aBHZ IR 5. AKRHEK
DIFAST % irreducible water saturation & &, ST OO 13
nw-SE AR DRPER B () RFER L — b (quw) ITIRAET S
(432 TRER). F v ¥ T —E & faME ORI A A
WEDILBED BHIZ L > THRED, b SHAEFHIT

FrESY —FRRMIZKEL LS @3 2HDE13X).

Z D728, drainageDEEDw-FifA D EIRNE XKD 4.3.21H

THRTREARD D, ZhASTTHB.

nw-F R O REPERR B 23K (FEA) I2F LA KE TR
1355 9 [X|Dstable displacementfiig & 22 1), w-iiAH EH
M9 FENEP, FIEEEIInw-RETEBR I NS,
2D, MEREOKRET I TIESIE ¥ allin &
5. WROPNENTW-IRIRDN X NS T 25—
BEWIRIZFEEL, capillary fingeringfEIR TSI Ik %
{75.

nw-Fi AR 23 XU R R ARIR D 55 A 12 13 SIE, % reidual gas
LIRS, EFESIIESY & D /N E W, Valavanides er al. (1998)
WBHHRIZERILS, (b 50 ESy) OB Tidhune
L, ZTOMOBE T 2 EHMEBHESIZE L. ZOZ&id
BORKIDFIE/ S & — v DE N5 QAN SN D P, A4
WO EME L 2T 28 e Btk T 5
ZERES, 6T TRT.

4.3.2 mEZR & J-function

KRR E, KR IEscCO I & 5 REM 2 MHFRIA S
ZHBEELDOAT EHND & &, SONERTOnw-Fi ik
DHESVABLAP /i3 3 7 GO 1 A & T D3
ROZEFE T3 22 <, PR T Onw-Hi ik O I Rh R
JE (pe : end pressure) 25 LG W28 DTH 5.

drainage® & & Onw-FAD WL, 2 6 [XIBDnw-Hifk
Do I AL —=REKRLL THAME PEH % A L 7
nw-GiRD/ S—a L =Y 3 Y 0T AR —TH S, ikl —
FARTE SV Y g vy T AL —IFEBAFEL
At EROCO, Mg Kx< x5, HRKIIOL
EOMGGIOIRIT, FHIX DR DOAZEHFEHIL,
BTR L Z2nw-IRIKDRIBIEE TO AN > T D, &
A (£2) ST Onw-FR R DFE I & > Taw-E1 R A
ERMGT 20, NP EART S ERAFEOILETF v
Y5 ) —ER—FERWAD, I Baw-FKOE ARG
mEhb. BARBKEOF v 7 ) —E%#EZAE (entry
pressure : pe) EMER. EAMODIETI 2 ERFTIULEAVI
ENILERA 5 & nw-TiERRAT 5.

Pl (F5) Tldnw-AD 7 5 2 4 — I3 E HEw-R ik
L, We ko Tw-iitiRAihE s, 5T
drainage® & & Onw-FRIKD LS IIw-TRIKDIETT & 0¥
IZE <, nw-iRIEROBEIIWEDOESZE L LA D%
<'pore throatDIEIZ KL INB I & &R L7257,
drainage C (& k1 Dnw-F 7R D 17138 B O w-it f4 D
FEN Lo EICE W, EROnw-REDOF ¥y ¥ 5 Y —[E
Epn T 5. LhoT, ARNEOENAERIZEA
il & Pl O BRI DZETIE 2 <, FAE L PO
Pext& DZET & % (Pini and Benson, 2013). FAFIZFER
THMNT2ENTH %5, PRI KOENTHS. L
72 5T, nw-FARO MY C O fLEEE O 2 IEnw- Ak D
B X N2 ZHEA Saw-TiiE 23 PEH & 5 IO FLIRITE %
ZELGINT2bDEL D, peddInifl {33 O FIHIEEIZHH Y
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drainage in core inside drainage out
T T L WO SR A T 7 ORI & B B nw- ik
fluid 1o/ 58 TR TOF v €7 ) —ENREEO (FEOAE V) LA, S BA
B UEH R MhhE S, ZOENMRALETH 5. vl ¢ drainageD &
SEEEEE B 8 ont X OPMMITI, HA OV Onw-Fk SR 12
e sl ¢ 2 BIFYETY —[EpDIRETH 5. FIRIE D LRI 5E
"\)/'oarg {7 5 Bt o B T 5 &P Onw-FR Dpeldpend =75 5 ARET 5 &, ikt
1n ek, L= bk E L& BRI TR s F v ¥ T ) —E
Pent ¥l d T AVEL 3. RN Onw -Gk OE N WRIZEABOLE
beel 85t e T S Pt Op &R E L 728 DTH 5.
T a0l . . .
ig o 0Mio 00 9 o ol ni Fig. 12 End effect. The nw-fluid leaves from the lowest capillary-pressure
ED S S —n§—> pore at the end of a core sample. The entry pressure is the lowest
L sefoa S_E_T\ﬂ capillary pressure at the end surfaces. The differential capillary
i“’ z Z p g § § 3 2 2 ; 8 §i poar)é pressure of nw-fluid in the core is not the measured pressure
Eg ol 530 8f5 5 2$E—>pent difference between the outlet and the inlet. The entry pressure at
T ool AR 1 the outlet should be subtracted from the pressure difference.
(a) g irr (b) Leverette J-funcxtion
w
30
core-flooding 2 07 fluid data
® scCOo/brine 5 | ®scCOp/brine
@ 25 - !
3, AgasCOp/water| § 0.6 T 4 gasCOz/water
— m gasNo/water 2 X = gasNp/water
D—_ 20 S 0.5 l x Hg/air
g 8 !
=] £ I
215 < 0.4 :
e @ |
o - 0.3 :
£10 z !
= <8 i
= =02 I
© o 1
Q 5 0 i
o a O mercury injection Pc  scCO» 0.1 '
—— Brooks-Corey fitting entry pressure I
0 j v 0 !
0O 02 04 06 08 1 0O 02 04 06 08 1

Water saturation, Sw

Water saturation, Sw

F13 capillary pressure curve & Leverett J-function. (a) N, CO,XufK & scCO, DEIFIE & F + ¥ 5 ) — LD,
FEF 13 Brooks—Corey D2, (4.6) 12k 5. (b) Leverett J-function. w-FfA TRIF & Mz B N Dnw-FitfkiZ
& B drainagel3 S A DIBER, ILBEE, KOw-, nw-TRABORER 2,85 A -4 L ULzBRIZEDE
THEl—Hi#RIc# F 5. Pini and Benson (2013) & 1.

Fig. 13

The capillary pressure curve and the Leverett J-function. The value of Leverett J-function at saturation of wetting

fluid is a function of rock properties (permeability and porosity), fluid properties (surface tension between two
fluids), and the capillary pressure at the saturation value of wetting fluid. After Pini and Benson (2013).

T5F ¥ BT Y —HE%WITHRR B capillary pressure curve
» 5 #EE 9 5 (Pini and Benson, 2013) .

5 13X D 1 Pini and Benson (2013) IZ & % Bereal)
FIRT 5 BFEKR & scCOL 123 2 1E K AT (Bih)
& FLBRIE (i) OBAFR T, capillary pressure curve & FEIE
Nn3. bEThixz&512, SANEOF v 7)) —JE
IIEFEARE D N EITNL 7 2 LT 5. Ao
EOHRDT — 2127 4y b EE72iif 344811083
(4.6) & VI (4.7) Tpen, A, SSHIH LE2RITRL
7= EciufE A 545 572 6 O T d 5 (Pini and Benson, 2013).

KRR scCO, TZ N2 N 75 B capillary pressure curve
DNENZ DR MOKRMIRNI N ERLE 5729 T, penDId
SRR TR L 5. KR & Eifm, =2E%, {l
B ED/3 T 4 — 2 &SR 2 fEdE, 28 131X (a)
DE 7 2 IR A TRFHIBICEF 5 CGE 13X ().

k

¢

J(Sy) = LB (4.3)
Yw-nw €OS 6

k, ol hzh, RiER L LT CTyyaw, cos OIEFRA
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2k KRN, CO,y scCOUTHT B (4.6)D/5T
A — Al

Table 2 The parameters of equation (4.6) for the gas
phases of N, and CO», and supercritical CO».

Pent kP2) A Sirr

gasN,/water 8.13 274 0.342
gasCO,/water 6.80 2.67 0.340
scCO,/brine 494 236 0.325

REOREHRN & EMATH 5. X (4.3) &Leverettd
J-function & PE5 (Leverett, 1941) .

FBXTIEMEOREAZEICH L TRy BT ) — D
SIS 2 ML FET 5. ZhidF v BT ) —
JERE L 55 Law-TiR2Aw-ARE BB L TADAD S
BRI E < 2 B 28, /NS WSLBRIZ RIS G D 5 Ik
A% < nw-TAR D EIFIEE 3B L 728, capillary
pressure curveld IR L TRIRICT B L2 5. 11
KO HRERI TSI BN B HKTH 5. FH2ED
HZIST A= ZORTHEANDOERF v ¥ 7 ) —JE (p.—
Pen) & FRIFANE (SST) 2 W 2 h o5t xRk E L
TR IUEAMEZ IZHY T 5.

4.4 Brooks-Corey®D=,
4.4.1 Brooks-Corey=XDEH

Brooks and Corey (1966) IZ & 5 xR ZELE OB GHAIT
RAETORMICBE L TRE SN, BETY HEORK
Beh AR AS RO ERD -2 TH B (BRI
Hy, 2009) & [RIFIZ, drainage T & 1 5 KD IS
IZRT 2 AKOMNRERREIME L F v BT ) —EED
BfREmdTRE LTHWE RS, AIFE % XET 5 DI
aw-mADF ¥y 5 — T, KIFEBRT 2aw-TiikD
Fr ¥V —EOHEIZL>THL., IvukhETLE
LTORFLWERBHREFEIP N TN E 00, FHiik%sEH)
PETENEHELRF v ¥ T ) —FEOHELE LTEIrNTE
D, HBSHODL (b) D &S IC R AR S E) % EE
LT3, Fy 7Y —HiZMaAEORKTRBIEN D
(4.3.238) O THEHZZE RIS KO EIRE ORI E % 5.

KA s E < Lw-, nw-RIARDHIXHZE L,
U ToORTEE NS,

kizW) = (Sivff) (it (4.42)

K = (1= 852 1= (5O aab)

ZZ27T, StIAOMAESIIHLT, FUKTRLE
S %t B FEANEINE (drainage FRA FIFI S TR AL
L7-f) TH 5.

SW _ Sirr

Seff — ‘
R

(4.5)
ST BKOF ¥ ¥ 5 —EDZ ERE TORRE
I % Bkd 5.

S L p DBRE L TORTE 2 3.

P
Pent
sl = (—) 4.6
w e (4.6)
In Sf‘Nﬁ =—Alnpc + A1n pey (4.7)

Pt <P T B 5. pentd B 8 T b X 72 12 A JE (entry
pressure) T, nw-FiifA & TIER S L OEMES TOR AL
BRICHHG L 22/ NF vy €5 ) —ETH 5. pdsStiz i
FT5Fv 7 ) T, KEET YA ) =T
ERDIL, aw-FIEROF v ¥ 5 ) —FEICHT 5 &R
e iMEER Q) 1SR BZENTES. F72, 2
TN O LR, BRSO S E ARG
BT, pelpan®DLDOAFHST L 5 5. WHETEEIL,
ST DIn& pDInIE A E - ATHIZBRIZH D, In $T=0
MIn pen TH 5.

WEDZ <1E, 2.1 8 TuliX7z & 5 IZpore & pore throat
D2FEED LR A &R o2, NETRETHMOEN
FHEEPAZ T THEMTE S, REOKS RO
EOTRFR DL FED XS AR AR D RARIE D E )
SRR 2 fLBRE A DENWT H B Z L 21 % < (Bt -
Hett, 2009), FLERA3pore & pore throat? 6 F 5 Ly 7z
I ABEIE D IZAUT B L 0.

Brooks and Corey (1966) (dw-, nw-iit &k 23 557X T/~
U 72 il & Darcy DA HENTEEI§ 5 & LT (4.4a),
(4.4b) 72, T & = ZIVEA AT ORI RIAE I
Fr I Y —EICKEEh, FI3EDS, -p DB E
Wi 7z T EHIIRREIZ B 5. F 72, nw-TAOREI RSN
TARLZL (b) UL (b) DE B 512 % 7= 5 2 dREIZ L
4, drainage D FEEE Tldnw-FifkDHiE L — I Tviscous
fingering & capillary fingering® £ 5 & M S 5 23 &
5. X (4.7) &l 728 Of5E %2 DU IORT.

LIVEER O P& RN S w-FR O TG VIS, 8
JE%Ap., RHUEEEEALE LT,

R? AP

@ ;@2 L
M€ guape (Le /L)

[v|@ = — (2.13)

b, IO EHESKTRLU 2225 DT
pore throatD F ¥ ¥' 7 V) —FE 4@ A 7234 T, nw-Hitlk
DOFIRE RN EP TR 72 & 2O R EHFBE§ 5 bk T
(L ) ISHIEd 5.

pEALL & ZEROBNE ALIZEB T BED
I (4,) &R (6,) OUINE(Ld4, & de, 2B L TR
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HREF v EF ) —[EITIBT OBIRA K D .

dAp  ywawcosf

dAp = Yyawdf 0 —
pcdAp = Yywawdlpcost  — a, e

R (4.8)

X 4.8) 3R Q3) DHEFRORP SHBOR S #RL 72
LDEFEZNTEL, RIEOWTR & & DRFFHED
T, fLBROERBEE NmERE DOIZFEL L, BIREREE A
% (Guéguen and Palciauskas, 1994) .
ERX N KBBET S L EORD2FEF-H % R2 T
FT L, MNEXALOWIE TOEFESIZ3T 2 R2 1
I Y2 o €OS2 0 /S‘," dSw
0

St 2 (4.9)

Thb. MMOENDASIES Ep. DR GE13K) 12k 5T
SyEP DR ETHIENTE S,

X Q13) EWMETEL, A2TERERL,IHYT 5
WoyehEiye,

— ¢SWR_\2JV Ap
I
" lecshapeT2 L (4.10)
9SuR%
Kapp =% (4.11)
P Cshapc‘r2

Th5.

N @.11) Dcgupe T TRIFIES, DO EER K E VDI
tortuosity T CdH 5. T & RIFIES, OB E LTETIZIE
BUGHRPFER > 6 W D2 EEE E TV 5 (Carman, 1937)
73, Brooks and Corey (1966) iZRDA A FRH L 7-.

2(Sy=1) (Sy-Sm\*

2(59) ==( 1-ng) =(Sy)" (12
K (4.11) D $SwRE/ (cstape™) W w-Hi kD 52 4 KA T 13
Sv=1, &->TX 49 OFGHPIZONS51ETL LS.
Conape AT L 50 & Ao i, M ER 4 KT &
TS DIST 2 — 23 THERT 2. X 4.12) 25T
Sy=1DIRERLDILE & 5 L, w-IHRIKOHNRER

S 1
vl 1
szwﬁﬂ/ —w//'—w}
R w 0 pg w 0 p% w (4,13)

nEons. X @131, X @) oBBRERALT,
pASTCRBF UL, KO EST OB Y LTEBT 52
LNTES. SV TORRER,

seft 1
(S5 = (5517 [ [ smasy [ (S&“)Q/*dssf}

- (2+30)/4
= (s (4.14)

D, X dda) 25,

nw-FRIZ DWW TORHRIE R i Znw-IR KD i 5 HiFH
THIRALT 20 TX (45) EI3ELED, F1UNRIZRL-
SS(=1-Sh)&HWWT,

of _ S5 = Sw _ . Sw—SY
nw ¢ _ girr - §¢ _ girr (4.15)
w w w w

TRMOFR Z1T 21X Ko, S BEORGHiPHIZE C 72223,
O HIPHIZS 2 5 1 £T& % 5. Brooks and Corey
(1966) D7 7 11 — FIIWPER LA E A7 28 12w
TR AR EELGOGE EHE L T 0TS,
WMl E A B Sy=1&LT, X @15 OHLED IR
%1-SML %323 2 & AT % % (Brooks and Corey, 1966).
Z DFER,

1 1
sl = - s | [ st [ s

= (1= 5172 (1= (55 @) (4.16)

PEoh, K (44b) L%,

LI A3Brooks and Corey (1966) 2378 U 7z HHxHZE D
M TBEZ TE L DR THDA TS, 22
T, ¥4 ZORE B AEPEEIZHML, EDOHIA
A Rtortuosity D A B IH EFE L T&E 2. LarL, B
FICEAERTAEL, FFEIXTRE LS ITREM
2HRARDOREREILE F v €7 ) =BT &k - THHE/ S
A — VAL . drainage Tldnw-IRADHEL — b
12K BMBEDTEROEACICEE T 2 LELRH 5. viscous
fingering D fHIK TIXEIRIE BMEWEEICIT v 7 v hfiih
(2% 5L 28\ dead end 23 iR (C 2 BUFAES % O THRIFIE
IR RS I3/ & < %8 5. Brooks—Corey®D i3 &
HWH R RIEDEIREZBE L T W, HINEED
S22 OB ET 5720 T L s lEEEAT
W5, L7225 7T, Brooks and Corey (1966) T & f17=
X RELRAR OB G 7 7' v — F 13K 5 R Fr g D
&9 RPN A KRBT 2 DICE L = FHThH -
T, BHEENORNEN 2 HEEOF N % FEilk % 12134
BHOWRREZBEL = FELBETHAS. ZO2HITIE,
RYBEEZEE LY I av—Y 3 v ETHADr — 2
IZHR U THANEBENH 5. drainagelZ 51T 5 A HED
WBILES, 6T 5.

4.4.2 7Y BILETIV

A (4.7) Bw-FR AR D EIRIESS & p A HH ISR B T
H%5ZLERT. ST AT w-iA2 50 5
KEOWETH 276, nw-HiADOBELO LA THE R
ENT-FLBEREO BB, SEHETE 3. KXW
FEBMRDEL, NEOLBRIZERRZWEE L, &
BT & LB E re& OB (X (23)) 10k D, fLEFE
RRALBRE OB Dlog-log 7 & v MIFERFRL & i,
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ZIZh6 772 4NWRILDMKE 5 (Katz and Thompson,
1985) .

Li (2010) i, #HBOBMEIZONWTOKEART > 4 b
V=F =467 52 ZNKRILER 4.7) DADOBTR % F
N7z FFErpeeD LR & 7 D LR DB N(rpore) 28 7 5 &
2O DBIRIZ & S,

-D
N (Fpore) & Fpore (4.17)

A D, Li (2010) 2B 2GRS TEL &
A=3-D, (4.18)

L0, AR D T 5 2 2 VEICE BRI S Z
ERTEXS. LaL, EEoOMERoE s
DD B R K % < ST 23w 2 85 DRI A K 2 0 (L,
2010).

5. EERAXFECTREZAWVE
NEMRAHRENKER

AN 2 BRI 2 DB BRI 4], Tt o]
I¥ (EOR : Enhanced Oil Recovery) & H ) & L Ty 72 28,
B3 CO, 1 T iR (CCS : Carbon Capture and Storage)
SR 28O0 L0, WNRE & %Kk i3 T 1000
mEDIEARE GLEE X IIRKEAK O L IVBEEETH 5.
M O3 T L TIXCO, IR A (7.38 MPa, 31.1 C) &
it Z R AIRRE (scCO) TH 5.

KRG DscCOT —ERIEARICEMRT 25, <&
BAKEORNEM2ERK L 5 5. HsHELHEHETII,
scCOMBEBOH XL BTV 2 —% - b EY
7 7 4 — (XHRCT) 2 & H 7= B & 2 ORER KT
fEFUCHER A M TS. &k, SAERE LAEXHCTIC
B9 % AT ifir o0 REMI IS FR BT IS 4> (2000) 125 L < BCid &
nTn3,

RANZmmY 4 ZHi% D5 HRE Tw-, nw-Hitk o GaHE
Doy AT % FHIY 2 R XHRCTRE IZ K B /F78, KICHK
/N0 mmAT W RRE A RO 2 v o m b s U
CTIZ & 2 FLBEIN D it f D FL 8 X0 18 2 % X % ifF 78 % i
9%,

5.1 EEAXBCTEEZAVWAEER AT LA

KBRS 27 A0, REAXHBCTHRE L AR, KU
scCO, EKI (ol ) W &) KB ERD ) VIR Y
TEOFHRGIEE R & B RE TR S h 5. Hkou
HEENEHETE2002 ) v OKRY T EESEEE
PHZERE L, BIEH v — & — L W8kt TR LR R
2 A EHIRIRRE & LB N DscCO IRBE A HER 4 5. 45 14
X0 R BR B B SRR T ZE RS (RITE) TOFEERIZ AW
CTRE L ENEROBEG 2, 5515 XNIZEE S OB

Y. ARORE - FEINEZ M ZFH40C, 10 MPaTH 5.

5.1.1 EERAXRCTEE

XA I E % FREEx mmiZE 3 5 & BRI Alexp( — ux)
TIRFE T % (Lambert-Beer®D BEHI) . i3 #7 I £R B & I
W, XBOWREWEIZE > TEARE S, Z0IED,,
BEWNRR S EZ S 55 (BM, 2011), LLTFOMR
TR & B iR % O CIRINR B D E # IR S L
. BRI B IBROAR A OXHRE T — v ¥ — AW
S, EHEREEEZB L 2XBARNERICET 3.
CTHEEAN) I L ZF v Vv HRT, BEHANY FAH
VY = (BRIEE B A DG L 72 B — o BIEE) O
T A —E FREERE B3 5 AR & B gs At 1 Os L,
{357 2 S B L 72 B3 & O XEadaE 7 — 4
AR XN B (hE, 2012). Ny R LEONRMOBE) K&
U & Bt Es O IR IZ K > TES M a O % 5
HARIZE S T TXHRIE D ilsk X h b

N T—23EXEOT— VIR -2 088 #® L 72
oy DRR SRR D i A KL T 5. 548
AARIZ DGR X N2 TR RS 7 — & 2 il )5 10 D R Bl A %
BEXLd3254 2RO T — 21248 L, 3 7IEIC
ST 2 IE % v #l GEEES12x512) L7222 7 4 AW
I {5 2 PERE R 3 5. T 1A 5 0D die /N LT % voxel & I
K. WRE TR E M b voxel M4 X3 7 DK & X2k
L, 294 ADEXEFHL T LICRL B,

AR TARTHEGRDL < FRITETDHEER T, XEHEL
BIE L EBHIL120 kV, 150 mATH 5. NEBIE Mo
IR TER WY, REHEHRICZ =7 ) v oS
FAF w7 BHL, Bl K BXEOWBIL A Z T
5. B & N zvoxelld il A% 0.5 mmD)E X T F
4 Z U, Wi & Wik % 0.068 x 0.068 mm 1E /5T
FELZEDOTH S, EEHCTTIZEI{RELEKIIDICOM
(Digital Imaging and Communications in Medicine) & IFEl¥
HHREAET + — vy P TRERSN DD T, DI %
et UTITICRI T 5.

5.1.2 CT{E&LEME

FERERR & M7=l 15 TIEXHR O FBIBUR S (DIF, WRIX
FRE) BCTI & MEh 2 Bl TRBLE N 5. @ IE
{37 & % iZHU (Hounsfield Unit) #ff L =i TR X h 3.
CTHEIEXHRAE M L 72 W' O WIEREL (ptory) D KN KE
B L, RIS IEvoxel NIZTEET 2 B DRI
oM U 2= AR A RS, CTHE I3 WU AR B & L3 R B
Y, BED DT 1IKIEDERDCTEE -1000 & LT
AROWIAREL (Uater = 0.02 mm™ ") & D25 % K DOWIUREL
THIREILT 5.

CT= looo(ﬂobj - ﬂwatcr)/ﬂwatcr (5 1)
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Fig. 15

CO2 saturated

12.5% Kl brine 1 C
CO2 line i syringe
. Thermocouple E
= water
current return ~ Patient bed
: P
’i heat curren T

AN 2 AR (FEEE )

14X REEHXECT 2 -V By s, TEOR G (L) L CTRE, KON, BEM~Ny FICIE
NEGEEEL, WGPy PAEGAEICHES 5. FEmEgAHIES Y YUKy TERD
7o ERE,. TEIA S & B34 T40 CIZfR7zh 5 (Zhang et al., 2017).

Fig. 14  Arrangement of X-ray CT experiment. Upper: A close-up of the pressure vessel in the gantry of the CT
scanner. A hard-plastic pressure cylinder on the bed moves along the gantry axis. Lower: Syringe pumps
were placed in the constant temperature boxes. A carbon-coated film and thermal insulation were wrapped
around the cylinder to control the core environment's temperature at 40 °C (Zhang et al., 2017).

CO2 saturated brine 40°C temperature control

40°C temperature control

CO2 or super critical CO2 pressure medium
two-phase fluid

brine line

i vacuum pump

thermal insulator {detector| pressure
carbon film heater | | 1 transducer

2
_% oil Eé

100

Qurce Pump D Thermal
pressure circulator
transducer Gantry

CO2 Thermal Pump A Heat controller

circulator

R C TR & F O 22 NIRA 2 MR AR B 2B E O 5. AT XUARCO, THIMI X M7z 12.5 wt%DKIKET (F 0
S4V). sccozai40 CIZR7=hAD DY //1%"/775)6%6%15 (FDF4 V). W4 VIZEME) R e -2k
Wit CHRE AR B IRE S hikFHI R 6 h B (RO 54 V). ENEHIZIEY—2 (PEEK)RKY 7 I F4 I F(PADDT
VOZTVUETIAF 9 IDOMET, TIAF I T AL IRV ETI—TF 4T LI — 2 EEER)A
I NTCHUATERE T v T LR EENT 5. ENESIOEHE L TEAM & PEMANCETIEPL, P2 2D (M 2%
RS 5. HEIZ12 MPa, EAREOSLRE L 10 MPa T & Bl L 723258 2475 . EERICH W 3 I 73U O #Efi T
JIEiZJiang et al. (2016) & &1,

A detailed description of the fluid injection experiments by a medical CT scanner. The brine is a 12.5 % KI solution with CO,
saturated. In the mixed-flow experiment, the brine (blue line) and the scCO, (red line) are mixed and flooded into the core (green).
All the syringe pumps and the fluid lines are in thermo-controlled chambers. The pressure cylinder made of PEEK (Poly Ether
Ether Ketone) or PAI (Polyamide-imide) is thermo-controlled by a carbon-coated plastic film heater wrapped in thermal insulation
polymer. Those materials have high X-ray transparency. The pressure transducers P1 and P2 were attached close to the core holder.
The confining and pore pressures were 12 MPa and 10 MPa, respectively. All the experiments were under rate-controlled flow.
Details of the sample preparation protocol are described in Jiang et al. (2016).
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X 5.1) 25 KOCTEIZ ¥ u & & D, CThlidvoxel NIz
{EAET 2 B ORI L T2 T 5.

16X A G N D B —voxel TDW'E 55 4 % 8§
voxel DfLBRHE A p L 3 5 & [EHRK 575131 - ¢, LMK
i3 Th 5. 16 KUIIEARHADFEINIE Dvoxel 7R T .
(a) 13 HZEEIREE (FLBRODCTHE = —1000), (b), (c)iEZh
Z KRBT & scCO, THIFI & 72 IRKE, (d) 1 FEBR I
Dvoxel THLER A IZKIZKIETE & scCO, & A7 5. (a),
(b), (c) DACTHEIZLLT DEIZ 1000/pyae & T L 728 D
ThHb. Iho6#FICCTHES 5 CO, DEINIE 254 5
(Akin and Kovasek, 2003) .

(a) FZHEIRTE = (1 — ) hgrain + P lhair

(b) IS MEEIRIIREE © (1 — ) ptgrain + Pli

(c) CO, BIFNIRTE : (1 — @) thgrain + Plicor
Z 2T & 7 grainld L fUBE S A & HEC S 5 [EARR T
KUZKIAEW, CO213scCO, & BT 5.

L OZuDHFTCTIEE K E < T2 DI phorin & i T, i,
o W ICTIEA/NE < $5. 16D (@), b)), (), (d)
DECTH % CTyy, CT, CTegy, CTaws& 5. LftED
satiZFLIR A Z N Z L O A THIA & 7z RBE (b), (o)
IZHIBT ACTIETH 5. (a), (b), () SMHAEMDEZ
oain 2 R U, 2EHHMEIZ M3 2 CTIE O 2213 B A DS
HAR & I3 IEBITR T 5.

FLRRARIE

p _ C T]?t = CTyy
pore CTx1 — CT (5.2)

Lisb. R (52) FREDOCTq, CTaD i3 SEERRTIZ3A
T AKIERMICANLMWSE, KIZX BCTHEDORKIERE
(CT=-1000) 128 5N 5. 3T IZFEEKEBT D — @) ptenin
ﬁ‘*ﬁﬁ(& [/, ?Llﬁﬁkﬁﬁf(ﬁ(#m *Mair)&i =D ﬁﬁ%@um -
hair & FREC1000 SHHFE Lo 72 1T 23 5% %, BvoxellZ i $ 5
i AYE B NEBO FLBRFE D 534 % R g

HKvoxel DCO, RIMIE 1

CTops — CTR

CTeg, - CI

Scoz = (5.3)
oo h, SRHEEhZHILEAFIA & L THIKTLE
L EDEDETHD, WEEL L TDscCO, DCTIE
BAETH 5. FIRE O FERITFLRAGRIKRACO, EKI
EIROANRM2 TR D & 212§ 5. FLERER A
BEDOWRXEDEA/NELSTBI2E, A (52), (5.3) D4R
MAREWNIZE) A&V, KKBTRIXIOMERA K E <, b
FIMEE & NaCIRKCIATRIZ W Z & A & FERIF DK &
LCfiibha. KIDIENIZEKRE L THEDLNBSPT (R
VEVITAT VBT P ) L) OFHERESINATED
(Nakashima, 2013), beam hardening7’ 4 72 W 2345 5
N2 7-0141% (artifact) DEIKIZZIR 2 S 5.

sat
(@) cTyy (b) e 5., =1
(7S T 7S T
AY d) ;,U%ram//
grain’y| Hair Y T\\\\//i\:m
| air -\, 2 solution
grain | or /I ZE
p=v7 2| vacuu A
\ =S \ = S _

(C) CTCos Suw=1 (d) CToy

ST

Ly = A

| Hgrain”, Hco2 s Mgrain’E Kl

\\/ =S = 2 VES 2 solution
W Y'SC LANN

L\ g , 2 \\\\//// 7

O A% A

A 0 co,
== = 1

16X voxelNOWE OKIfE. CTEIZvoxelNDYPIE DK
FEIEERIARAT U 72 B/ B u, & 22 9. voxel D]
R ORI ZEL L v THREROCTIE O
ZidvoxellH N B [ERRFORE KT 5.
k5T, CTHED Zvoxel D FLIRAICIFEET 5 =
D DFAPE DARFEIZ LU U 72 W iR B D 25 % 2%
¥, voxel &R A FLIE T & PULC T IZKIKIE K &
Z2RDCTIEDZE EZ L < & 5 hivoxellZ FLER A 7«
FHEEPIRFOCTIEOE L ¥ a bk b (X
(5.2)). (a) ~ (d) Tvoxel DCTH DL [EATL 5D
R ZEBBRTH B, scCO, LKA TZ
NENFTEMAEN7ZCTIHOZE A 58 ((©)-0b)),
DT EBHIX N-CTIEA 5 KA Coafafl  h
7L ZOCT %5 % ((d)-(b)) Mg Dt & 70k
P DscCO, DEIFIE AR E 5 (K (5.3)).

Fig. 16  Materials in a voxel at different stages. The observed
absorption coefficient in each voxel is proportional to
the volume of materials in the voxel. The volume of the
solid material in each voxel is equal; thus, subtraction
between two stages indicates the CT value difference
due to the difference in the CT values caused by the
fluids in the pore space ((b)—(a)). When all the voxels
are filled with fluids, the differential CT values represent
the differential value between the CT values of brine (a
KI solution) and air. Based on this differential CT value,
we can determine the pore space in each voxel; eq. (5.2).
The CT values of 100 % saturation core with brine or
scCO; represent the differential CT value between brine
and scCO, in the voxel pore space ((c)—(b)), as shown
in the denominator in eq. (5.3). The differential CT
value between the observed CT value indicates the ratio
of brine, as shown in the numerator of the equation.

(5.3).

5.1.3 EHBEFBEEDHIE

scCO, DRPERE R Z W R INTHE - [EIZIRET %
R 75 i T e & RRER 2 HUISIZFR &5 4, 50 MPa
P O E TS A 43 T WA T LR AN EAE &
N, SRENEBOFEKRORIA RS 5 Z L3 M e &
%. scCO, LIEAREHWZEBRTIEZ K DA, R4
~50C, EJ120~30 MPafEEN T 5. ZDOEKHET
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DFBU IS E G B XIE R VI o7 2 B 50
B LR AR O Ty V=T )V VST I AF o
F|T& 5. PEEK (Poly Ether Ether Ketone) I 21, i
SEaE, PR, BXWEREEICENNTEES TS
5ZLn5, MERHODIEMIHDLNS., H—KVT 7
A 3N —THRAL & NZPEEKD A E & 5 I @ W EMEBE
%4  % (Jiang et al., 2016). PEEKZMITZEE FHOER &
k2 < + 207 7 (HPLC) OB M & L T T
CADZOHE S &0, FARREIEE 2T Ta<, W
FeBih O HARET,  MOPEIGER I 2 & YRS & R F W RE
Td 5 (Liu et al., 2015 ; Zhang et al., 2015, 2017¢ ; Jiang et
al., 2016). scCO ML RIG A IEHE T 5 D TEERET
EAICREEEACIAD S Z L3 LW, (LFRKIBA
ZDiIc K RFEEEDIRCIE BIAE, T3—74
SHAVEE =Y 7> :PVDC) THEAE Y —LTh
EscCO, & RIFHEFNICPHUIAD 5 Z L3 [BET B 5
(Jiang et al., 2016 5 Kogure et al., 2017).

5.1.4 MEXMREFFHEE
MHRERGHINI LI T OFETIrbh 5.

(DR TR X725 RIC, EREL — b Tow-FifkE
#A (drainage) L, %‘E@Eﬂ*ﬂﬁgﬁ SEHRREIZE L 72
HRHE TBrooks—Corey D i & TR 5.

(2) w-Hitfk &nw-FfA &2 RA L THA LS D RIRIE H

TPHRAEIE L 72 & ZH DR & 2 5Kk 5.

(X IZHANEREBTIT A BRI SR H 5. 77, HiE

L — b DKRZEWIRE ({IKC, : viscous fingering k) TDH

B, QURFHNCET 5 E TR 2200, RS

nw-TiIRDREIVNE N E 23 E RSB emP 4 XD

ABTEH~10HBEAEHT 5729, WMEOEELE

b &8 THIRE R % KD 2121, scCO, DR ME

PRSI R 2 2B AR T Y T ) -

T& % (Kogure et al., 2017). Bhh & Dz, (1) 1341

HEEEDCOIREDE N, (2) 133 A & ik 7= 35

TEVWH TR FEET 5SS T58EL 615,

5.2 BEOHMEEE

TR 2 HRA ORI FERD £ < IFEE20 ~ 50 mm,
R &50 ~ 100 mmfEEDOERHREEH WS, BEDES
FERRINIZmmN AR OIS AT ET 5. 2D%
ATV T OHERERF ISR & W 2 kARG T, HERERED
KRIFEEE OBNTRFET A ZO 0N RES. K<H
W55 DIdBerealh s (Prasad and Manghnani, 1997 ; Ji%
H - EKG, 2015) & Bentheimerfb 5 (Peksa et al., 2015) T
& 5. Bereatb 12K Z M4 < (0.15 ~ 0.20 mm) FLE&
FITN15 ~20 % T, HEFEBREE & R L 720 R+ &l A
WRIFDORE AR D R TRRAEE 2 HD. HukiTFo%
WERSF TR D ER 73 12 JRELBR R 23 8%k & 1 (Zhang
et al., 2014). Bentheimerfd 5 D fLBRZE T 22 %FEE THifE

I3Berealtb s & DIAN D #FF DB Tdh 5 (Klein et al.,
2001 ; Baud et al., 2006) .

17 XUIATE THUR§ % F2ERIZ A 2 Berealib s D £L
BT, 18 KIIAITE DK & % 5 mfLRHRE &
IRSLBR =R D FLBR R D 73 A 2 8. FLBREE 53401520 pm
0.5 umfhHEIc¥ — 27 2 F2 8 DIz nh, ETh<
5.5 41 % double porosity x T T 5. T 5 IZFREIREIC
Wik % 4 Bpore & 2 6 % MifE$ B pore throat DI
MR A RS T2 CE1X). SRR &KL R T

IBALRREE0.5 ~ 5 umD A AR 2 D, SRR T3 AL
FREE DK & Wapore throat DM LW EENEWZ L %
e

5.3 BREICFEITAARm TOREERK & xR ERETA
5.3.1 scCO,BitHMDdrainage & &7k Dimbibition

LUF O ffi & HTCO, 134 T AIRGE, scCO,TH 3.
drainage

519 XU (KIVAWR) THIM X 1 72Berealth s D e
WP It a 73RN Co A IEA L 2 & &
OB O EIFIEE W T T & % (Zhang et al., 2014). PV
(pore volume) (375 Ak Bl D B FLBRART L DILHEZ R L,
RIS DIREHITTHEA L 2CO, DR TH 5. EhHE IR
35 - oomERWimm (L 3 7oz, Tl a7
filhz &) 2R3, B9 b)) ~ (@) XEILEFEREIC
COPHEF DMBENBR I NI ERL TS, H)
iLH@Tﬁﬁ‘@<ﬁ£ﬁ«@ax@%¢uﬁ6hﬁ

. ALBREDR N E N2 CO DA IEF v ET ) —

V@& IXBEhEHORBEIEATE 5. EREO
CO ¥t L — I 0.5 mL/min% &R M% 35 mm Toiidtic i
HE2LC=10 “FHETH 5. KMEREILONEEE
& U T 9 X IZdrainageD FH S 2R 9. COEHRIC
WE K ECO, DUIE - [EIINZ & 2 PEfid kAR (2004),
FmARE I OFHANE I Chiquet et al. (2007), Kvamme et al.
(2007) 12 & 5. FEBREMILEE 9K Dviscous fingering® 5
capillary fingering | ZEMS T A HHIKTH 5.

520X 1% (a) ~ (d) D & BRHU 3 55 $ O Hi{§ O CTHE
DELEERY. 19X (d) LBROBEBIZELS RSN
9, 0.5 mL/minDFHEL — MIN L THRADER & &5 -
72ZEERLTNS, BRRIISHRE 1.3 PYOCO, 2 EA
ENB L HMESMIENLAEL LDREL — MR
B O WMIEHTEKT S, CTIEDZAL & voxel D fLEZ DK
INE T B L, FLBREE D K Z \Wvoxel D CTHEL A J6 12 0%
HPLTHEDCO,MWHEEF ST L AR LTV (Zhang et al.,
2014).
imbibition

5521 [Xiddrainage 23 i FARREIZE U 7z Berealth 55 123K
(KIZAWE) %A (imbibition) U 72 R¥LAE /R Y. drainage&
F75 D imbibitioni3 A & Sk OFENEIZ L D COo, &
KBANEDH B DT, LN TOERIZIEEVET) & 4
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. Flow
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17 Bereafd s I 7 iBHNER D BAEE. BerealhSldmmy 4 XDJE X TILEDOR L 2EEE G L, 18

ORTIBRES MRS R 5N 5. G I AR 2 M RO E!

=421

=]

=54, KEREICE

TEREDO DD HAITIEIEL Bk 258 A 7 = X 458 < (Zhang et al., 2014 5 Kogure et al., 2017) .

Miniscale porosity distributions in Berea sandstone. Berea sandstone consists of two porosity layers: high- and

low-porosity layers (Fig. 18). The layered structure gives rise to different flow mechanisms of the two-phase flow
between parallel and perpendicular to the layered structures (Zhang et al., 2014; Kogure et al., 2017).

Fig. 17

x10-3

8 S04 S S 344 I 4 -
5 _ | — HighCT (LowPorosity) [h
S 7 | — LowCT (High _
° : . . .I'| i
S b IR =L
£
35
g
- 4
GNJ 1
'c—é 3
B 2 L ARRES SN, - BT
C

1 )

o e ; I L

10-2 101 100 101 102

pore diameter (um)

181X BerealhH DREHGE XS 5 fLKRIEE 4G, LR AR
DIAIEIZ 2 2 FTFEAEL, dual porositye A 61
5. Zhbldpored pore throat (55 1[X]) IZxHB L T
0, low porosity & high porosity® & D&\ V& FLER
1 umfHEDpore throatD D E A& KL L T
% (Zhang et al., 2014) .

Fig. 18 Pore diameter distributions of the two layers in
Berea sandstone. Two mode values exist in the pore-
diameter distribution. This type of distribution is
called dual porosity. Two mode values correspond to
the pore and the pore throat in Fig. 1. The difference
between the low- and high-porosity layers suggests the
characteristics of the differences in pore connections
between the two layers (Zhang et al., 2014).

BEL U\, drainaged T EBIZRIRIESY 1M 5 5 5%
WAL S 728, HWASTREE K EZ g Ee LTREL,
WEL — FAVNI W ECO, DI E v, HAKDF
WL — b AR LRI K2 TIREAK O i A ELR
TEFCO & EFLLBRIC L WMAAACO DHE A Mt £ B
imbibition AT 2 KOWNMED A THEITT 5728
Fy 7Y —FEOEVIEEET, BHEEAEEIIES

L, LaL, BAKICERE M NDS A (24)1280
BORrNKENIZEETIZ L BHEAKORBIHE K &
V. 2O EOKE WERROEAIZCO, FREE O H
IZ4EZm DA A, 22 KIZ/R §snap-off A 1 = X AT &
D EBRED/NZNCO IR I NTIML s 7 24— Lis
5. 7z, CO8EARE & BITHET S LPRFLBEIC b
Ty TENBZLEHb.

Pet A de & S, OME A8 UKE KD IRER A3 A 5 O T
KROESJHEAE T L, FRECOo, #5842 IcHit x ¢ 51
BHEAKDTHRL — M2 X5ICKELTHILEND S, W
H%2.0 mL/minlZHIML, BHEEAH 2.1 PVISEL 2 IRE
21X () T, WANTRITIRIE L 72%12C0, DKL
27 AL —=0KB. ZHUSKHIRT 5 CO, FaRIE A2 111X
DS TH B, IALERHF DCO, 1Ep Ay B IMEDpore
throatiZ Pl E T 5 728, HEIC b hp &0, 2
NhMetz et al. (2005) DFigure 5.9 1278 X A7z residual CO,
trapping® X # =X L TdH 5. nw-Filk A SITIZMHY$ %
RIE THURE I FR & 2 BRI K 5 TIEB R A
W ORI OB 25 E IS HSEORMETH 5. LRI
B & 7z D B S G M A & A 72 K & S D,
KRN E TT Tp K F X E 28R D 5.
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Fig. 19
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(a) brine saturated b) 0.5 mL/min 0.19 PV injection

CO2 saturation

region
far Fig.7,
Fig.8 and
Fig.11
-Fig.13

o apenggncey W e N

10 20 30 40 50
mm

¢) 0.5 mL/min 0.27 PV injection

scCOy 12 & B drainage. YE/KAIHN & N 7zBerealtbi51scCO, #1HA. PVidPore VolumeZ EK L, &FEAEES
AOIRERR L DI (PV) T/RY. HEAL — MIES70.5 mL. (a) A TEHM S A 2=0IHIRE, () 0.19
PVIEARE. fLEERDKZ VEIZCO PR LD 5. () 027 PVIEAR. 27 2&E8 T 2 WA HNS. (d)
13 PVIEARE. FLBREED G E O —E A EIRNE 50 %1232 F 5 (Zhang et al., 2014).

An example of the drainage of scCO, in Berea sandstone. scCO; invades into the brine-saturated Berea sandstone core.
The unit PV denotes the whole pore volume in the core, showing the total injected volume. (a) Initial state saturated
with brine. (b) 0.19 PV injection. scCO, concentrate in high-porosity layers. (¢) 0.27 PV injection. Percolated paths
appear. (d) 1.3 PV injection. Part of the high-porosity layers were saturated up to 50 % (Zhang et al., 2014).

(a) brine saturated + 3 min diff. (b) 0.19 PV injection + 3 min diff.
. = T :. & "Jj:'.-. £ o e 4 150
Sl e A 100
ey o e s i E

. . . . . 0

(c) 0.27 PV injection + 3 min diff. (d) 1.3 PV injection + 3 min diff. -
P --~.~r:_;;.=__j,*h_‘-,’— -' i R b (o
shensao s Wi o]
e s oA LA o -200

F20X F19XID (a) ~ (d) FFHH3 3% O HI{RE TOCTIODZE 53 1Hi{%: (Zhang et al., 2014) .
Fig. 20  Differential CT images of Fig. 19 (a)—(d) with the time difference of 3 minutes (Zhang
etal.,2014).
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(a) imbibition start
Tt D)

CO2 saturation

HE 4 .
0 01 02 03 04 05

21 2519 XD drainaget% Dimbibition. drainage ¥ EHIRREIZE U 2294, KD AZEA. (a) drainagef® THOPIHIREE. (b)

Fig. 21

HEAL = }02mL/minT0.15 PVIEAR. (c) 0.5 mL/minliZZ 5, 1.2 PVIEA. (d) 1.0 mL/minlZ& 5, 02 PVIEA. (e) 1.0
mL/min% #kE, 0.8 PVICEBE. (f) 2.0 mL/minl2Z W, 2.1 PVIEA. (@) — (b) : EAKIZESE L 7230+ 2 -0 251k
MEEAERSEhEN. (b)— (o)  HAFRELY — b 2382 BRI LIIMIIE KBS D RS TS, (o) — ) :
EHITHEL - FAWAERSCO NP X NS, (d)— (o) : HEAFE L — b 238 X EDBFHM LS EA D R
PIEKRT S, (@)= () :FRBCO ZHHTAICII S HITHEAR T LENH 5. imbibition TIXIFAKDFEEIZ I FLER
HOBEWNIEEL T, scCOIEHEDEE L2 &V, (b)— () : imbibition TIdAKDENIEIZ & D I pore throatZ
& BRMIZIEADME AT B (Zhang e al., 2014).

Imbibition after the drainage in Fig. 19. The imbibition starts after the drainage reaches a steady state in Fig. 19d. (a) initial state
after drainage. (b) injection rate 0.2 mL/min, injection volume 0.15 PV. (¢) changed flow rate to 0.5 mL/min, injection volume
1.2 PV. (d) changed rate 1.0 mL/min, injection volume 0.2 PV. (e) continued flow rate to the volume 0.8 PV. (f) changed rate 2.0
mL/min, injection volume 2.1 PV. (a)—>(b): Almost no change of the CO, distribution because brine keeps pathways with enough
percolation cluster. (b)—(c): The brine pathways appear in CO, clusters. (c)—*(d): The increased injection rate moves the left CO,.
(d)—(e) and (e)—(f): More brine injection increases brine pathways, resulting in the movement of the remaining CO, almost
perfectly. (b)—(f): Fluid displacements occur, crossing the boundary of the different porosity layers. Imbibition suggests that the
porosity difference does not affect the flow paths of the brine (Zhang et al., 2014).



AR 2 AR (PHEIEA)

. . g \,
imbibition
trapped gas i
T trapped water drainage

5522 KRR FR Dsnap-off (pinch-off) & Xifk2 7 2 & —
Dcoalescence. FEA/NEWFLEEOFOSAEEZL

iz, KoficF vy 5 ) —EXRETH 5.

FEDIR Z OIRES 2 SR A DI 0 Sk % i
L g &, oM OmEOTKIEEVE Y E S
Y — DM IR R TR PR & 42 <
KD, FIyTEhB. 72, JABHOEDRE
FUIFIK D KIIFRR XA EBHL, Ty
T EN KM & AR T B (coalescence) (Guéguen
and Palciauskas, 1994 & ) —B % %) .

Fig.22  An example of snap-off (pinch-off). Water and gas are
bound by capillary force inside the smaller- and larger-
diameter pore-networks. When pressure increases, water
flows from the left to the right. The capillary pressure
difference between the smaller- and larger-diameter
pore-networks results in faster movement of the larger-
diameter pore. The exit of gas (S) is filled with water,
resulting in the trapped gas in the smaller-diameter pore
(reproduced from Guéguen and Palciauskas, 1994).

drainage CIE E N72CO, D7 T A4 — % HET 5 &
H % 1 |Zimbibition* ¥ 17 9~ % (spontaneous imbibition)
(Zahasky and Benson, 2019). 8 5XI1.0 & 5 (Z/MEDpore
throatN DR RPIFK AR NIEZ & > THFEH I ZporeD J7
A2 5. 5K (b) D& S IZKFEDpore throat TldiEN
2L F v BT ) —EARW 2 AKEIxIZ< <, Bh
I2&5F v 7Y —EDKEVIMEDpore throatld iE N
PEIZ & > TRBBRIT 2 EESHIL (b)), MFHEDZEIZ/NE
WDT, FE21XDIFEARDIRANIIEDE NP A
V. 29 LT, BARCO, (aw-iitik) D7 7 2 & — hil
S E B, imbibition!Z & 2 (MR R DOnw-it ik 7
7 2 84 — O IZHMEGRE SBT3 Z EARIb N
T\ % (Cadoret et al., 1995 ; Zhang et al., 2015) .

5.3.2 CO,Hf{fMDdrainagelZ & 3 32 EFRETA
—EFiL TCO, drainage & 17 9 & GFBHAIZCO, AL
B FEE L, COIFRETIE#ZR LEHREL 55 (5
19Xd& 5 200Xd). EH %, ABHTIDCo, D s
Darcyiit TH % & 3L, &5 THAE & FATHCO,

FESAE & OB (4.2) Gl Onw-Fi & DDarcyBl 2 5
R OMRHEERE NS 55 (Pini and Benson, 2013 5
Zhang et al., 2017b). Pini and Benson (2013) {3 &5 12F
T 75 Berealtb s 2 7 % Y, HaZWEL — b TCO, % 1E
AL, HFmEOMt &S X DCo, DEIFE & T
TR AR, X Z & IZDareyHl) % @ U THNRE
iR 2 KD 7. ZXHETODarcyHiIZ LI T O TH &
ns:
A 45

9= dx (5.4)

Mnw
4, kKM n pe X3 FRER, RBWER, HH
DIELEHE, CO, (nw-Fitk) DMHZEHE, nw-FRIARDRME
BE, 7V -, KOABNOEARD S O
Th5b.
X (5.4) B L TR ER (REL) TS T % &

L pevt Akkg™ (pe)
/.mk=—/ —=R ——dp. (5.9
0 2

c,x=0 77nw

Pex=0, Do JFEADEHHOOF Y ¥ I Y —ET
HbH. I IFHEBROD@E TR L 72C0O; Dcapillary
pressure curve (5 13[X : AARIE R+ v & 5V — [l
B DR AT % 25 L5172 855 23 5l N8 ¢ B g 12
532720 CThs. %72, ki (p)RABNORIEY 2
XETOCO,DHMNRELRTH 5. 4, k, nuldFHESF
oz BB TH 5. wHkETIE, R (G5)
DEMTABE2HEN2HEOEHEL — b gl TH 3
Apei =pe (x=0) = pe (x = L)AFBHA Onw-iit i % B 2> ¢
Fy IV —ET,

Ak [0
qiniL = _77nw '/Apm kg (Apc)dApc (5.6)
LD, Ape) BEENETLELERZ L1235, X (5.6) &
785 qiyZ & AZEHIN U TEURIN & ST L O % Gl
T T OBFRAE 6N 5.

dgin; _ Akkﬁw (Apc,)
dApc,l Lnnw (5'7)

R (5.7) OFEAONEIZ R 5 5 L — b TCO; drainage#
TV, ZOoFHELY — P EEMEFRORB2» /LN 5.
GV ER N FERNZETE OB TH 5 Z L 2T

Pini and Benson (2013) i¥scCO, 721} T7 < XA DCO, X
N2 EISH LT FBRERTR 21T > 7208, FEHITBrooks
and Corey (1966) DR & IZ—F L ., 51X DORER
12D C, Brooks and Corey (1966) DI 4#]% 5 Berea
WEOHMRZEFE 2R TE CEWED, A3t
FHEENEZLETHBE L EE %< O848 Brooks
and Corey (1966) DX & D & FERRLBMNC & 5 BB A
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b T35 (- B, 2009) . Brooks and Corey (1966)
DR i tortuosity DI % (SSHD 2| THE L TV B 25, FEER
12K B85 TR Z D EB o & FEHNE L VE TR BT 5
(B - HBUH, 2009). LA L, R (57) TR FRER
kM3 Aper 721 DRI E LT %4, FZBRIG O gy D
BENW2DF v 7Y —FCIHMEDTH G IAL<, e
L ORI R 5. IR T2 B i Tl IE—
EEE SR,

TR RO L L an ke &, SANHONE %
WA 5 FHAIT X2 AUSnw-IRIEK OB & {2 T X 5 720,
FEEZACIZPE S faFE 2D Saw-TRIRDRE L 755 5.
Zhang et al. (2017b) IXfLRRIEDEH) & Hig» 5850 3
ARG DZEA A & nw-FR D Wi & GHll L xR ER %
HeE§ % PEHEEIREL TS, $9XIDOEE TlogC, A ik
WHIPH T H LRI ROZEH NS <, HANBOL
FIEE DUEERIZEAL, & D\ VIZIRER & EUR B O B %R H
5, FAMIEZALOF A I HExEE R 2 o 5 Z
EIITTEES  LiZso,

5.4 2#REAV-ENRERSTE

BORKICRTREMERNIBEILZ<OMEIZR OGN
5. Z95 LEAYEIXCO, ik Ddrainage/Z 1 T4 <, 2
FHEE 2 O 723288 C & WRERIE R IZ K & < 28 5 (Perrin
and Benson, 2010). /K& CO, & DRES2HFEIZ & B EF
WTiE, HHZERMGRO K & kg™ & B FRIZE S 1
5. £z, WBHIFEAT AEAKECO, DI AL X &
L, BNDIEK ECO, DEIFNE EZfbEH 5 T &
T & drainage & imbibition!Z X} U T #& 4 DHxHELE Z AR
255, drainageD HHXHIRE R RIARITS, D K E Wl
rofFoh, ZLOBRIEIF NRITRL LD LM
IR % #5D (Perrin and Benson, 2010 ; Z/NgIE A, 2011). L
L, BUKEEELZBREROHBEEMONTE
D, Reynolds and Krevor (2015) i3l 5RO E % B L
7o, AEICIRRA2MHWEKIC L 2 ExiRER L, HKE
BAZKE B2 A E OB A iR 5.

5.4.1 EWBEICFITHROEMZERME

K ECO, DA 2 2 HEA U THINRZEZR %2 ],
® 5 FHEIFEBEAHCTIC & - TEBNERO BIHE 2 5
Bhicfiohs Zens, HEZSOMELITDN:
(Perrin and Benson, 2010 ; Krevor et al., 2012 ; Reynolds
and Krevor, 2015 ; Kogure et al., 2017, 2018) . IRAWAD
RAHEWELY — P2 5 2HOME L EEZRD, Hh
NEBD FIHIE A B FIRRBISE L 72 & X ORI IS T 5
AP HREREMRD. CO,DZETITEAM & P04
E2SCODRAEEZZELGIVZEDTHS. EATS
TERDRELEEZ 72 & EDCO, & 5 W IFIFEARDFIHIE
DY A % 17 Nidrainage, imbibition& 7 5.

Perrin and Benson (2010) I3{EAIZ & 5 F1 TBerealdh

HOBREEIZ AT 2 A TODCO, &IEKDOMHMRER %
FHHIL 7z RS, ADNENZE A (2011) 12 & B HIRARE O
HIZ K A HRRERIR L R —3T 5.

Zhang et al. (2014) DCO,E A % B [F k& (2B 19[X]),
Perrin and Benson (2010) DIRA 2 HFR DO FEER T & fLIRE
DREVEECO BRI FN TS, 2 7 RN
I&pore=Cpore throatE D 73 AAIZEE 18X T/ L 72 3B W A3 7
555, FHSKTRAZKSIZ, FLBRED/IN X Wpore throat
X v €5 ) —EAEW 72 ®drainage® BRI FE il 25 HEF;
ENRTL, WMAROBENIIAKORMICKR NS, —H,
FLRRFE D K & Wapore throatiZ A H D F v ¥ 7 ) — LMK
<, RHIECOIT & > THIED K Z ViporelZIHIN X N 5
MR XN B 72 ®pore throatid CO, Dk & 2 D L34,

F72, HEBOIEE DR NWECO,DE KR T 2 4 —H
B Eh5 L, ZZIECo,DHsE 5%, CO,DRiMELR
BUIAKIZHER1/100FEZ &/ X <, CO I EE TRE)T
519X, FHSHODIL (b) &11. (b) iddrainage® I 7 1 7&
AR ZXLDENERT. &L, LEEORNMIE AR
EBE B/ INE L, pore throatfRDEWAVNX T HUL, 5
TRLEREOEH X, 1 (b) LIL (b) DE S S HET 5
2, R TORMES L CO,DENDENTRLE NS,

Reynolds and Krevor (2015) &85 W AR E 2 H 3 5
Bentheimerfd 5 & VYT 2 7 O IRIFIZ AT SlogC, &
log(Muw/Mw) 3 2 72 5 55 T2HIRA R D 2 7 NER D it %
L HER & X 7=, Bentheimerfib iZ fLER=E 2 Berea
HEDHUKEL (Berea: 18 ~ 21 %, Bentheimer: ~ 25 %),
REFE S ML EARZE WV (Berea : 2x 1074 ~9x 107 % m’,
Bentheimer : 1.5 ~ 2.7 x 10~ "2 m?) (Reynolds and Krevor,
2015 ; Peksa et al., 2015 ; Russell et al., 2018). Bentheimer
WED X BPOARTEEROHETE, FMHFICk-T
19 XU 72CO, 23 - 7= TR DS TER E 41 5.

Reynolds and Krevor (2015) i385 [0 DlogC, & log(aw/nw)
23NN IEICEE Lz, BB 23 XD 9K D
viscous fingering & capillary fingering®D¥ 51T, logC,
DKENIE DXl AE Z R ZF R, VL (viscous limited
N id viscous dominated), CL (capillary limited X iZ capillary
dominated) & FEA 72, VL & CL T & Mt RE R b ##
24 KITR WA N K& B D R
BEH () 32 r —LTcF ey LT3,

2 7 Wit D FARIE 53 401X CL TR CO, AMRAE L 72 3l %
RL, VLTIR—HETT ¥ 2 LA 0 2B A DA 72
TRk AN T, MHERE AL, CLAS, 23 0.8 LA R
Mo T = AR5, VLTIESA0.6 ~ 0.7 TRYIO T —
206N %. HNRZEENFHITE 2 720D/3—2
V=33 Y77 A8 —I3CO MM A RTET % CLTIKWS,
FIFE 2 5B 5.

5.4.2 IAROEE
Reynolds and Krevor (2015) I&CLE VLOEWAEH N 5
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3 DidVimovsky et al. (2004) BEE L 72 RATEHEK SN B
viscous limited exp 1 A REOF v €TV —BCODENDFIK & E A 7.
V exp2 @ AR 1)
B exp3 @ AP e (fw
i 2 e$4 G =— / - (5.8)
= capillary limited B exp5 L, HIZhZFhoiAmeicERd 5 haoE&
exp 6 T, AP, APY(f)IE T A B I D SELE & il 5
v T3 HEOETET, fuldw-, nw-RiKDOEEE S Z
NIHH D F v €5 ) —[EAPDOHRAF Onw-HifkD
'4_2 _‘1 0 A (RSRMICEENE) ISR T 270 THhH 5. A
102(Nnw /Tw) 2RO, Mz F v €T —EE LD
AR REARKRTIMABHOIEI K r T ) —
23 Reynolds and Krevor (2015) DFZER Ti¥7E & L7zl JEOMBENPKEN-DTH S, HlAE, FE19XDCO,H

FHCHE & RPEREIL OB scCO, DIl - JE KROTEAT B IEARLETOF v EF Y —[EAKZ VD
NORGE & Z B T & CRIET ORI R

SR 2L oy 23R (tr) 23
REOHE %A COMA B X ET1 S, SRR DREL DRI AR S ar AR
Fig. 23 The capillary number C, in the axial flow direction and 2 <_’ T DT CIAV ) _< =D 1"J?5ﬁlijﬁ v Fﬁ; .
the viscosity ratios of scCO, (nw) and brine (w) for the RSBl S NS, F v €T ) — R EET 5 IREILE S
experiments by Reynolds and Krevor (2015). Changing KDL O) ISR T A A =X AICHYS L, RmAaHEEh
the temperature and pressure, combined with the brine B7-0CO,DE X 1ZADOREMEIZ KB X NS, FB1IXD
fali?ity, gle.expf;:trimelnts tr)etalizedbv.ariou; sucrgace drainage CHLE 3 JE~DCO, DFE)IL L TLIUE % 58

ension and viscosity values between brine and scCO,. .

VRO VSR DA ? FEUEASHD, ZOBIEF L ET) —IEIZES 6D
M B, 5, HUEANO BB E LR T 0
CEiDviscous fingering& 22 N G ETHEI§T5. 2D
AP 2CO R EmIRERICEE S, 20k

(a) capillary limit relative permeability curve (b) viscous limit relative permeability curve

Sw=45.1% Sw=45.9% SW=-\5;,9'5% Sw=59.3% 10° i
A By

log k%)
R
-1 m&]&\ .
10 -
%
2 i
s, 10 S
100 // log k™)
' /4 & R
80 ¥
ot 107
. .7 i *0Exp1
A 40 =0 Exp3
20 " +aExpb
0 L L L
0 02 04 06 08 1
Sw

Q?“é;

Sw=48.1% W

60 10 e T
40 log kgw)\K

0.2 0.4 SWOﬁ 0.8 1

H24K IAFRENCF v 5 ) —IEOHIRA D B354 (capillary limit) &R & B HIBRAIND 254 (viscous limit) D3

Fig. 24

ZaRdIXl. (a) capillary limit : BT D C, AN X W & CO, DRIFIRENZF v ¥ 5 ) —[EIZ X 2 HIRAME X RIFEHIZ &L %
CO, DIRAEL 72 & 5. (b) viscous limit : BIATHIDC, 28K E W EFHMAIZF v ¥ 5 ) — L2 &K A FRE O
HIRR A < 2 > TCO, DRI IZMST N B 23 0 H AW AR IZCO M EA 5. T O IS ELE R IC Blh
capillary limit CiZCO, AMRAE L 7285 IFIFEEE % Fih 5 72 D CO, BIHIE DR VIRED & PR IO/ S—av -2 3 v o 5
28 = B E NS, DK E WA S HHREE NG E NS, viscous limit TIIFBIEK A 7 v 42 Lk D, WBE2H
=TV =V a0 722 =NPRENDEDDSJIINEL b, AR 2 Sofh i3 G 2 ®E AL 5 1m 4%
fifi & 9~ % Berealb 5 DIGAIT & K, viscous limit & 7= fHxHZE R hi#R & 7 % (Reynolds and Krevor, 2015) .

The cross-sectional images of the water and scCO; distributions, together with the RPCs for the water and scCO, mixed flow under
the two conditions: the capillary and viscous limits. (a) Capillary limit: when the C, in the axial direction is small, the scCO, flow
in the transverse direction is weak. Then, biased pathways appear. (b) Viscous limit: when the C, in the axial direction is large,
the scCO,-brine interfaces will be broken. The pathway for the scCO, extends in the transverse direction. The scCO, pathway
extends all over the core section. The difference affects the RPCs. In the capillary limit, the RPC data appear around the small CO,
saturation values, whereas in the viscous limit, the data appear around the large CO, saturation values. This difference in RPCs
suggests the difference in the saturation value Sy, of percolation cluster formation (Reynolds and Krevor, 2015).
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WG WHRAF ¥ ¥ 5 ) —EIZ & > THIBR X 5 &0 5
CL (capillary dominated) 54 Td 5.

WO B A X R F v XX SOOI (b) D &
HNZCOUTRTHHESNDF v ¥ F Y —FIZ K B HIFRIE
55<, W5 1A Adviscous fingeringfEIHIZ & AUX G B
viscous fingeringfIITAVVF vy ¥ 5 ) - L&D, CO,
DIERT 22 e h<H—T5 Vv ¥ Lty VT =2
M AR T 5. ZIHMVL (viscous dominated) T H
5.

Reynolds and Krevor (2015) iZCO, D ik )1 & HE -
JEN R ORI T (b X 8, iimofhoF v 5
) — R s 218 % 5 % CBentheimerid s 2 7 3Bt
DCO, Dk & RHZBE R % 2 TH ANz, F23 XN
Reynolds and Krevor (2015) DFEERSGAET, Ml /14
DRAIHT2F vy T —BCTH 5.

A2 TlECo AN X WA S, CLEEKTIE
COx WMRAE L 723 3K & h, AR OCO, FIFIE D/
T (SR E V) IREES & IOANDCO,/S—a L — v 3
VO IAL =R ENS. —F, VLTIEHEKIET v
gukiel, FEAULSPHEICESC0,D/ 5 —a L —
Va v T AR —BRICRELRNE L %5 £ TCO,D
HEAFHEIY, MET— 208 ohin. 20k,
drainageD BRI ANREE NI 2 L 5 & =2 ORI AR
DCO, FIRE IZVLT A & < (S/)N), CLT/hE < (Suk)
5.

Sy 60 ~ 70 % TCO, D & %85 27 T X 4 —BIBIK
ENBVLEMTOMFIE AT I o 5 B RIZEE 12
B9~ % ArchieHI| D FHFR A2 35y (Han et al., 2009 ; Hunt
and Idriss, 2009 ; Li et al., 2015). ZHhi3 T v & L 5Lk
3y NI =2 TONR=—aL =Y 3 Vs 5 A8 —FRDE
e —3%¥ 5.

A (5.8) TEHE X NS CWIIEBHEICEE A ST TO
CO, DI T 5. EILBER & ih % il 7
PR ARG 12T X B 728, TEALE TlZAP™
KR, L S MEANOETEAPWY BN, Lkb. Z0D
LE, XGYDLEHDKE XZFFUA -4 —Tdh 2 H»
5, CWDMIZAP™YE AP DI TR E 2 720 VLEMN &
%> THE ORI A B 5.

W 3 7 AR O Ml S A SR 12 K B MM AL %
DTEHEZENA by TLEETEONEHEANATE T A
&AMl LR & R OB 25k 0, % Z212C0,
D72E B EAPIZIZRAEpa T DINA T A HZE LB H
WXL 5., 202D, APYVIZEI/NXL KD W
BRkEL AS. FHZIRARDCO LRI NE WL & (£,0
Se~DIEF ¥ ET7 ) —[EDMEI/NE 0728 GB 13X DL
) APIZ N Z D7=HCWHKEL, VLR E & >
TR WA R L T 4 LRBORBIZCO, - DT
<, Ml 6 BREIZCO, 2RET 5 (Kogure ef al., 2017).
LA L, MEROREZCODEN EENZIL > TED

5720, IREMOCOLENKEL £ B EAPTINKEL
%0 P OMEAME T L CTHIEANDCO, FBid 7 5 h 7 <
7 % (Kogure et al., 2017) .

BRI AN D CO, T A\ > & k3 2 1 IR0 BORHI
D FLRRIZ 32 A A A SLBR % 2 < PVE T T D 1R ATEpen
TP &w. iz, pvbDe GRU =) FV)
KER FERE TV I5T 92 R) oL En
ARBHIE R BT 5 Fihh b 5 (Jiang ef al., 2016). &
512, SBHERBHIKEEAT 2 T F ¥ — 2 DA
TOMHNDIRAVESZ ENBETH B, ZhiZiE
iAW — FY V7% BD HF ¥ — v § 5 (Jiang
etal., 2016, Fig.3).

543 EREICEELSTRATORE EHENZEEH
7 2HEER
drainage

Kogure et al. (2017) 13CO, &K (KIIATR) O 2 M7 (&
WE L — b0.05 mL/min, C,=10"° ~ 10" ") & T
Bereafth 45 D fg i3 | < T 1 72 J7 1] Cdrainage D BE D X412
AR AL 2.

%525 X drainage TOMNIRZERMH 2R T. OTH
U 7= 45 SR A Rt 2 TR 2 5 i DA RE SRR ¢,
BAr—ncsay b LTH3,

drainageldD1 (CO/KIVAWE D & 10.1/0.9) 7 6 i, D2
(0.3/0.7), D3(0.5/0.5), D4(0.7/0.3), D5(0.9/0.1) & i &
2HECO,DD6 T 5. MHXNRERMBRD T — &4 135
5N 5 I B IS TATE BE AR TRE S £k
5. 2HH%E % B 7z drainage TR &t 72 R RS 3E 12 AT
FIEDOWAU KT 5 M3 Z = A8, Perrin and Benson
(2010) ([J: drainage) & /INeEE A (2011) (O : drainage, O:
imbibition) Z 7R 3. “PAT A F AL TIXIE K O FORI S, A
KEWMED SEHINX N 25, EEAF N TS, ~ 0.63
(CORRIL0.1IZHIE) 2 5 L 2 EHHE 28 & o,
imbibition T3 KR D ¥ A K U T & HK BB 1306k
LY, CO,DHBMYIME & h T ILBENDCO, 7 T 2
A —IBBEFITHR S TNB T L ERIET 5.

JEREE IR AN TIE, CODHEIE AN E W& X
HIAFHMESBREE OO F v ¥ 5 ) —EIZ K DREN
i eh, KILRKERAEIZ/ S—aLr -2 3252
H—BRETDIETHHNREI BN LD TH A
5. ZHIHL, FAARTIRENF ¥ ) —ET
IR=aVL =¥ g Vo T AE—HEILRRBIIER X nS,
DIEA K EWVIRED 5 CO, DR A TFHET . ZD720,
FHAOAEROEITE AMENIRED 5 CO, DIRIE B & h,
MREERFHlEh 5.

JRERE I TR 2 7 O I TS FLBR RS & K AL
BRERE A 0 3 728, Bl A 1R 2K FLER g D & o
Frbs)—ETTuy s IR, X (5.8 DAP™H KX
v, 1 (5.8) OBIFTEZEE AP AN X vk e Ak E <
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1
. Drainage Relative Permeability
kbnne .
R © B ¢ brine
€0 o @ o CO2
R kbrin ¢ o
01 | o L7ke
) ” _kbrine
2 R
=
@
[}
£
g
o 0.01|-
=
T
o
B [ Perrinand Benson (2010) #2
©® <© Kogure etal. (2011)
@ O Kogureetal. (2017)
0.001 | o | | |

40 50 60 70 80 90 100
brine saturation

25 HE7K-scCO IRA W Ddrainage TRl & 17z g #EE
2T (O, O) RUEE T H (O) Ofduizxd§
B AE (Kogure ef al., 2017). FEREEIZ
AT AT TIRAN (S, K), EHEZARATIZAEM
(SN 1= % .

Fig. 25  The drainage relative permeability curves (RPCs) of
the brine and scCO, mixed flow obtained along the
flow direction parallel ((J, <) and perpendicular (O)
to the layers in Berea sandstone (Kogure et al., 2017).
The RPCs appear on the right side for the parallel
flow, whereas the RPCs appear on the left side for the
perpendicular flow.

0 TR A R L A & 0 BRI D COL IR A I
95, FRCEANEO LA HEE ST Th S L
AP 3R A pen& DL T 5. IRATEDCO, LA/
XNEX I T ORBORIAE /N X V720 AP I X
SIT/NXL B CE13X). Z5 LTRIERDCO, Dk
BEFL, EXEEH» 5 ZEOHLIZCO BtiAL. L
2L, BREOFBMER L35 LHiimo/i—aL —
Va3 v oI AR =KL THIG RO CO M AR &
NCO, DEl AR A Z 5 (Kogure et al., 2017) .
RARDCOLENBEZ B LBOAPWOHKEL &Y
MHFEERPT 2. 2T/ —aL -2 a7 24—
DRET B LEIFAORE L FHEPIEK I hCoida T
O RN B LM RER S X 5. Effic &
23 LKILBRERE D CO, fafl & 1K < F LB & D COo, £
MR E. ZOEKIZ T 7 R OWRR R & fLk
LRFIZCO, TR BB e fafIE DL EDCO, 4% %
7207, BILBEERFIZCO, = HFICHH LT3
26X 2 #HE1Z & B drainagelZ 3513 5 il F &k D iy
HIEE APl B8 D < FHEDE AL & O ED 2+
(AP) DIIZEBTH 5. CO, EIEADILEA 111U
IZEELEDOEHHRRE . CODHMNTY 724 —%

B, 75 24 —D%EA (coalescence) & <[ (snap-off)
12K 5> TCOMBEDIERENNE T TS Z & AR
5. coalescenceX*snap-off2d Fit f& N T U B IRFLIE > v
71 ba v BEEXERCTIC & 2 Hif§ic & > T2010 44X
IZTERR X7z, £ 7z, Haines jump (Yamabe et al., 2015)
RN B KRR BRI E S B2 X 5 Tpore
throatN Tw-Iii ik 2 B L, 7 D% I KA X0 A
TWROENMET T 28R E LI TS, Bl
NBENEENILE A » 7 — 2 DZJr THaines jump®
&£ 9 % CO I & BETIZEE) & coalescence X snap-off & 1
WLBEDBSCODBELTWAEZ L AERET 5.

F2TXORBOIENIFE 26X D ZEEE &) % H 178
iz L, RV 4 ZTOREZEKD2METD
CO, drainageD fE R L L 728 D TH 5. H24X D
Reynolds and Krevor (2015) MCL, VLHEIK T D &R &
Perrin and Benson (2010), /NEHE A (2011) O fE ki 12 F
THERNICEDMREFETER LTS, BFEEIC
AT 2 FA TIECO, BURIE DK (S, ~ 1) IR 6 il
RN DOFREE TR & M FEE A BLECO, faFl B 23 88 £ 5
E LB LAT A0 Z OMEIT RS IS TR AR
ANUNE, JEREE IS EE AR TIECO, BIRIE 2349 0.35
a2 5 Il E TOFRBPTEKT 5 B EFRITKE L,
drainage 1T L TS W/ N E K 55 LEBIRE N &< &
5. [ABkODEIAILReynolds and Krevor (2015) D VLAEIHD
HE (HRBOF v ET) —HBAKREN)ICEHRON
F2aNR X N & DI, ZOMERTIXCO FilkiE T v
Lty NT—o kB,
imbibition

Kogure et al. (2018) iZdrainage® [E £, 75| % %t ZCO,
HIL O K & WIED 5 drainagek W AIZIKRD ¥ 5
imbibition% 171, I ICKIEWRD A% A L THRIECO,
LA DM HE D734 2 Xt L 7z, CO, DIRATH (5 11
XIDSE) AL DR FE T A Z L,

F8X TIFHARIIR SN KL FERFICIEF v
7 ) =DKW & £, EMNIZIEReynolds and
Krevor (2015) 23§84 U 7z capillary limit (CL) IZ & 2§
NRAET S, D728, drainage TIXFENFRIZCO, FiR
DIRTEALAFEE TH 5. imbibitioniZ A% & CO, DR
A3 2 IR S 5. 2 hidimbibitionDHEFTIZHE S
HARIZ & Bsnap-oft MWz E DEF Z 5N B, snap-off
A< LCO,DFREAWMB AR T IEKRLLZ2 7 A
g — i3y, WEEWIZaw-IRIED 7 v T ERh TR
SLU 72 R & (B 221X) Ml 2 CO, 7 T R B —h3 oy
fid 5. imbibition TODCO, 7 7 A & — DML FEERE
DOMPEFGE R FEER T Ll S, 2ERORIAE2E T T
0 I 28—l b s L HIEESEE AN E < kB
(Zhang et al., 2015) .

imbibition& #% T L 7= & & DRI LS A 1IZR S
FCO, DEIRIE (SIT) £30.098 (FHIHZZELE R X T LD T
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13 14
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2 VR A TR AR D drainage THIFIEE 73 F-iy 12
F & F OFAM & HE O ZE T O iR
ZH) (Kogure et al., 2018). 2HIRA LM
AT % LEEOLBMESENT 5. &’
AL 1D L IZEEO R B
REREV. ZORRIZELEDRRHZT)
LR 2 fARIERE S ¥ OBRERIE L
Tk D (531X, ganglion dynamics® 5
BTHH.

The time fluctuations in the differential
pressure between the inlet and outlet of the
core during the mixed flow imbibition at the
interval around the nominally equilibrium
state (Kogure et al., 2018). In the mixed
flow, the differential pressure fluctuates
when the water and scCO, saturations are
in the dynamic equilibrium. These strongly
suggest a close relationship between the time
variation of differential pressure and local
saturation fluctuations (Fig. 31). This may be
caused by ganglion dynamics.

@ Kogure et al. (2017)
2000 A Perrin and Benson (2010) T
| A Perrin and Benson (2010) #2 1
- @ Kogure etal. (2011) .
F Reynolds & Krevor (2015) Exp1 g
LV Reynolds & Krevor (2015) Exp2 . o i
1500 L ™ Reynolds &Krevor (2015) Exp3  m| VISCOUS limit ]
e | Reynolds & Krevor (2015) Exp4 ]
3 | ™ Reynolds & Krevor (2015) Exp5 |
% Reynolds & Krevor (2015) Exp6 + +
..GC_). | _
- [ _
£1000
[ F |
—
> | + |
[0
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>
2. . .
0 500 é capillary limit
[oN H A 1
I Em v A ®
A, g P
r L V'S V. A
L J N A_ ' v L J i
0 [ L v A A
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brine saturation Sy,

527 YK —scCO, IRET TD T & AIFIES, DBIfR (Reynolds and Krevor, 2015 ; Kogure et al., 2017). Reynolds and Krevor
(2015) i&Bentheimerfb 5 (F5\WVAYI'E), Kogure et al. (2017) iZBereald s (BREEAYIE) & H W T K—scCO, IRATR
12 & % drainageFZEk % 17 5 72. Reynolds and Krevor (2015) iZviscous limit5_fFTF v & 4 kil % FB L, Kogure et
al. 2017) 1XBREEICRE AT 72O TEBNICT v X A KA FRB X 72 li#O34EE & FIRE ORBRIZIT
BD, RYIORPST — & NS EIHE RS, = 0.6 U TH 5. MEDHPNEZ T » & L 55 TH L ZRPSOFHH
L, FiE)A A =X A1 ganglion dynamics 3B 5- L TW3 Z & &2RIET 5.

Relation between the differential pressure and the water—-scCO; saturation during the mixed flow experiments (Reynolds and
Krevor, 2015; Kogure et al., 2017). Kogure et al. (2017) conducted an experiment in which the flow direction was perpendicular
to the layers, whereas Reynolds and Krevor (2015) used very weakly heterogeneous samples, but under different C,, viscosity,

Fig. 27

and surface tension. The saturation images of Kogure et al. (2017) are similar to those under the conditions of the viscous limit
by Reynolds and Krevor (2015). The first saturation data appear in the RPC of the mixed flow experiments at around Sy, = 0.6
for the experiments by Kogure et al. (2017) and those under viscous limits by Reynolds and Krevor (2015).
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v 7 A

O T e
0 02 04 06 08

$28K scCO, LA (KIAHR) IRAHIC & Ddrainage — imbibition i FZER D R ATAIE 4 X — 2.
HEAHA 5 35 mmiZ & 2 IKFLERERRE Wi D fIRIE (Kogure et al., 2017, 2018) .

Fig. 28  Saturation images of the scCO,-brine mixing flow during continuous drainage—imbibition
experiments. The section is 35 mm away from the injection end (Kogure ef al., 2017, 2018).

TR TAEW), EAKEREA0902L %> T b,
F 72, CO, &HEAKDIEAH0.1/0.9 DIRAE T & HEAKEINE
SuiF0569 EIKWEETH 5. HHA/NX L CAH 107 FE
20T, HAKIZK Bsnap-off L U T & IRAW A 6
I NBCO, THIDW AT DCO, 7 5 X & — Dceoalescence
MECTCO,DEMEME TS, F+ 5 — L%
HLTWBDTHAS. ZDX>550 525 —DYlFE
BIEITOI TS Z LITRAH0.1/0.9 DIKET DT
BEPHBRIRE L TREWTZ & (Kogure et al., 2018) 225 &
MIEX NS,

5.4.4 EBREICEELZTRIORE

Zhang et al. (2017a) 13 JEHEE ICTEE LRI T, CO,D
HMEDR & AR & DRAEAFE U0 2 HF D54 Ddrainage
12X B HIAE ORI & IR L 72, FEBIZ2MHET
DCO, drainageZ’ & T U 7212 ICKIE W Timbibition & 1712,
CO, WM& A 5D AN 7= ICH U CO, Z I &AL
72, ZORETSIIZH Y Sow-iRES R IR T W3,
Z DL EIID1 ~ D6 D 2T & F 7 ) CO, DT Hi i IF
& A EHNT BB R SRR HRRE I S—aL - 3
VI I AL —EREIETHERELY — MIRA S CO fafl
EAEBEHRL AL S 70 v M MED GE30X). &M TH
HL—MIREI S —aL =Y 3 VoI 24— DR X
NBLZOBIZFTR I NFEBEEZCO,NBHEIL, FrLwn
TRHEISTERL E s,

TR L TCO, &K E FILRTRA L2225 T
IR IEIERT & & B IZE L L, HEK & CO M A I B it
LahoRET5. H31K3EAKECO, ZHELWILERT
RA U 72 2 M5 CRIFIE AP #E L 2 REBD S 2 &
OFIFEDZESFHERETH 5. 0.1 FEE ORI EE T »°
AR FRE L T 5. [AIMROZEFZ B IdReynolds and
Krevor (2015) 37 L 7zviscous limitiEI TE R o 5. £l

FIEE DZE B S FLBR RS TR & < IRFLBRHRE T3/ &0,
LR REIIE KR CO, % 720kt &4 v o & e DRSLER
RNIFHEZ T 2T 2720 TH A5, ZOFOANERE
FIFRAAR O B A P S FENZ I B R 2 BEHEXHRCT T &
DEFI A BB DTS, EREMES X A =X A
ganglion dynamics & FFIE4, KETHS.

6. BIRELEE) & ganglion dynamics

BIF T, REAXBCTICE > THL 2 IZEh 2
K &scCO, & iRA L 7= AR M2 M itk O ji #h R vk &2 7
7o, BURUEZVER & A RETIE, 1) 2 OWAkDH
B AIEREIRIZ 2L U 7\ pathway flow & (if) WA D HEE A
BRI K D 23 B displacement flowD 74L& RIE T 5
MRAH SN2 (@)IEFEY v oo b e v BEXHECT
IZBg 20N — F &V T M OMESIZ K 5 TZ OREMA AT
ftxhrz. Z2ZTEY v rua by REXEECTORE
displacement flow® X #1 = X' 2 T & % ganglion dynamics %
HIT 9 %.

6.1 >>70MOCKESEXECT

MBREHZ & > TETREEELS ETHEL 7 ¥ ¥ 2
L — & (undulator : fi#i 73 28 HIZ B & M7=k AR A1 7
VA) L TEICIRITHIEEZ S5 A % &, HIE R
12 & D ERE & SR OXHR A S 5 4 % (TOMCAT :
TOmographic Microscopy and Coherent rAdiology experimenTs,
A A4 A, SPring-8 : Super Photon ring-8 GeV, H K7 &,
Iglauer et al., 2011 ; $ARIZA>, 2011 ; Madonna et al., 2013).
Z DM M TR O N B X & Ml & L TH T 2X#
CTZ Y Yo u bua VREXHRCT & WA, @ XHR 35
W TR A X BB E 6 h, 7=, SRtk
FREOROE - LA5EZ 2 EAMHRTH 5. F32XIT
Madonna e al. 2013) IZ&k > T & L 65 N7z 3FHDCTE
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1 —9
drainage end oL
> & imbibition start ~__--_-+7
g imbipition _KR(brine < S
£ . i i
2 0119 /:‘ .)/dralnage :
o \om E
= \ krco,) ! KkRbrine)
® ‘ » ® drainage e
0.01 i o [ | |mb|b;|t|on [ |
A\ Vreo i
.o\ W \drainage !
imbibition !
/= e noCOzpathway!
0001L— L olg 1 1 |
04 /05 0.6 - 07...08 09 1.0
0.0 {. S'w brine saturation--- m * 0.0
F2X 2 IR A W 1T & BHdrainage & imbibition® #H X

Fig. 29

123 il # o b 8 (Kogure et al., 2017, 2018 D
FE & D). Olddrainage, []idimbibition. 7k
135cCO,, T idbrineZ 1L Z 1 D fd Fl & & fH x¢
REROME (N ). scCO ML # (ddrainage
T0.1—70.3—0.5—0.7—0.9—>1.0 ; imbibition
0.9—0.7—0.5—0.3—>0.1 —~brine = . imbibitionf¥
TIRED Sprinetd 0.902 & 7% 5 TH 1 0.098 DscCO, A
ERRIZERD, 2RSS 5. drainage®
T A8y =0.630 5UiE % DId T DRIHIE £ T
scCO, D LB/ —aAVL —v a3 V2T AL —
DELAMIZAE LT TOAENWTZ £ &RT. imbibitionT
138, = 0.57 DEIFIE 2§ & ZDCO, DIHFHIZ0.3
T, GANICIEELZEDOCO, K I N T 5.
RPC of the drainage and imbibition for the mixed
flow experiments by Kogure ef al. (2017, 2018). The
symbols O and [] correspond to drainage and
imbibition, respectively. The colors red and blue
correspond to scCO, and brine, respectively. The ratio
of scCO, against total flow changes in drainage: 0.1
— 03 = 05— 0.7 = 09 — 1.0, and in imbibition
09 - 07 -05 —03 = 0.1 — brine=1. The
Shrine at the end of imbibition is 0.902, and the residual
scCO; is 0.098, which equals Sf{vrv. The first RPC data
appears at Sy, = 0.63 in drainage, indicating the first-
time generation of the scCO, percolation cluster at this
saturation as the pathway of scCO,. When the brine
saturation is Sy = 0.57 in imbibition, the ratio of the
injected scCO, was 0.3, indicating that still an amount
of scCO; was left in the rock.
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28 X DI ~ 16 F2ERAE T 1%, MK LscCO, B 7
MR AEBRX B2 & 2 OWmHER. 1654 T %3S
TN &N 5 EIFE DscCO, 2T 5. (a) ~(d)
28X DD1 D & 5 12 JHIERIZCOy b ik 23 S v
Jstable displacement BIDEMMBAE L 5. ZHidl6
DHOFEECO, WmEEEICHHE A TnEDT
HAHH. (e) EHEIRFEIZ A 5 & R¥EIZCO, DI
132 b U 21 (Zhang et al., 2017a) .

Vertical sections along the core axis. After completing
the imbibition experiment shown as I1 ~ 16 in Fig. 28,
100 % scCO, was injected again. The residual scCO,
amount after 16 equaled the irreducible nonwetting
phase saturation, S, (a) ~ (d) No concentrations of
scCO; in the periphery of the core like D1 in Fig. 28.
In Fig. 9, the distribution of scCO, pathways resembles
a stable displacement process. This suggests that the
residual CO; affects the formation of pathways. (e)
Differential CT image in stable flow state suggests
stable scCO, pathways (Zhang et al., 2017a).
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5min interval AS con

r"-‘&"" ' p,..,,“.,'-?_f‘a.‘."
Qi S

F:_:_-»;. "“‘ll -
= A "

31X 4528XID3 T DscCO, & KITE Wk D 2 M Wi 1 A FE Bk
(B160.5/0.5, #iEL — 0.5 mL/min). @i
JREEIZHE L 72D B 543 [k T DRI D =& 4y i
(Zhang etal.,2017a).

Fig. 31  Differential CT images (interval 5 min) during the
nominally stable flow states of the two-fluid coinjection
(scCOy/brine = 0.5/0.5 mL/min: D3 of Fig. 28). The
images show time fluctuations of local CO, saturations,
suggesting displacements inside pathways (Zhang et al.,
2017a).

BT U 7230 4 XL R DBITR T, S fRRE Idvoxel
DREETRT. B3RO PHEEKE 7/ —F 5 EEH
XHRCT (Desktop micro-CT) TE MY A X2 KBH I LT
pore’?’pore throatDTZIR # R T % 5 2%, FEEEGE OIS
VZIREH é’%‘@‘ 5 Z & h 5 IR B coalescence R snap-off
D & 512 Fpore throatifi 73 THIFER TH: U 2 Wik D E
m’i’ﬁg’cﬂﬁ'ﬂ‘% Z I3 NEET B B (Andrew et al., 2015b) .
AR, XD 2 AR ORENEL, v
o b u YR XERC TS D S5 I ) 28 KR 1 R X
1, 208 LU ORI IERFE T 2 FUE SR NS O BBk
MOZEALERTIKILT — 4 OHAS B ABE & 7 > 72 (Berg
etal., 2013 ; Andrew et al.,2015a). ZhIZ &k D ARERM2HMH
TRARD B E BB L L THEHME &, w-iRAR & nw-FiE
BT DOHR THWIZANE D ST 233K THHE & L

A
1m)3
o (1M Medical
% X-ray CT
s (0.1m)3
el
8
> Desktop
% (10mm)3 micro-CT
- ‘
@ (1 mm)3|; Synchrotron-
:E, based X-ray
K} tomography
~ (0.1 mm)3 ‘ ‘
3 »
A0m) 1 10pm 0.1 1mm >

Resolution: Voxel dimension

H32K KHCTHRE TH I Y v AR GiEtf) &voxel
P4 X THE SNz EE () (Madonna et al.,
2013).

Fig. 32 A volume vs. voxel size diagram for the CT systems.
Dimension of the voxel (horizontal) and the volume of
the sample (lateral) (Madonna ef al., 2013).

T % 572 (Andrew et al., 2015a 5 Rucker et al., 2015 ;
Armstrong et al., 2016) .

6.2 coalescence & snap-off

nw-Fik 2B D FLIR A i 2z L CHIR D 2 5 2 4 — %
BT 5 L&, nw-ikDME 4~ DY 7 2 4 — %55 Wi§ 5
w-ik nw-ik & ANBE DD 77 24 —DNEKET S
BR L, aw-HitkD 2 7 2 4 —fEEBIZw-TRIKSIRA L
T 728 —-%YM§ 28R % ZFNhZh, coalescence&
snap-off (pinch-off) L IMERZ LIXE 22K T/RL 2. 831
X TR & M7z R 12 TRIE 2 7 IS i B 2 IR AR D
FAFN I O RERZE (LIS FEE P T DR & scCO, DE R % TR
B354, FEEIZHEI3XD KL S Lsnap-offiy 7 1 b
OV REHXBRCT TR A 5T 5 (Berg er al., 2013). %
7z Armstrong et al. (2016) 1I3FUEY I 2L —2 a VIZ&kD
coalescence & snap-off 23 & T CIRIBFINIZ AT 5 Z & 4R
L7z,

333X iZnw-F A 23 (decane) DT B 5 A3, scCO,
TEMABRLEBRNELHLELONDS. 72721, s5cCO,
WEAREEREAMRND T, BRE XD EETEC S -05
HIFRE O Z EnHEEN S, coalescenceDFMIE T dH
% Haines jump (#%3h) 13D OEHGIZ K 2 fHkk THE A
57z (Tekseth et al., 2023 ; Tekseth and Breiby, 2024) .

WHEO—T5OFINE, Syd BV IESWAREVWEE, £
NEFNOFMEKIZ Y 5 2 2 —HMEZ A DR (pathway)
ERET 50, AFEO/NSNNZINLI Lo 5 2 4 —
MNEET 5, KITFENEC KD LBRICRA L THE %
fE2 78, ERscCOUFF Y ¥ T ) —[ETI T AZ—D
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5533 Yvzu b VEEXECT T i Zzznw-Fifk Gl © decane) Dsnap-off. nw-JifkD A - 7zporeXpore
throat ARG T/REN TS, (a) ~ () IZMERIRIFE18.5F T L DA X =D, (d) 13 (¢) & BERAEAID 12 [H]
L HECAOmA» 5 /728 D, FHREKEITHR U 2zpore throatifB 53 1 Zsnap-off 3 74 (FRH) (Berg et al., 2013).

Fig. 33 Example of snap-off image from high-speed synchrotron-based X-ray computed microtomography. (a) ~ (c) The nw-
fluid (n-decane, shown by red color) in pore throats was replaced by water (no color) by snap-off events. Time interval

is 18.5 seconds. The pore throats filled by nw-fluid (red arrows) were replaced by brine (blue arrows). (d) Rotated
image of (c) seen from the transparent yellow faces. The broken line indicates rotation (Berg et al., 2013).

JEIK %R D 7z ¥coalescenceld ¥ ¥ ¥ 5 V) —[ED L7 %
. ZRAERscCO, D7 5 A & — hicoalescencell & - TR
T2 83 L2 b U T LAl & DK & 2 285857 4
HBT 5. 2 ZIZKRPMMRA L Tsnap-oft B3 FE$ 5 Z &
& H D, coalescence & snap-offIZAHARINIZ HA T 5. XA
RscCOx 137 T A 4 — Dcoalescence T & L 7zpathway
& fIBRED SOl SR UIANEE§5. 20k
12, ENWEHE 2 T 28 —DIREH) % M 5 Wik BE) £
71 = X & Hhiganglion dynamics Tdbh 5. ganglion& VY5 DI
[ ] & BT 228, w-ifk 2 5 idnw-Fii & A ganglion
T, WEFRILTH 5.

SR Rs5cCO, D FE J1 % ) % £ 5 # ) i3 Haines jump
(Haines, 1930) &I H, Yamabe et al. (2015) & EI12k 3
Bis I 2 L — ¥ 3 V (lattice Boltzmanni%: : LBM) TV
TR, FEBIZE OFE DR 2 r — L TR
TEINEAE N ThDP 72 Yy ru b a Y BUHXHECT
IZ & - THaines jump 2 IEFIZFIVIFRITHE L 5 Z &4
MR X, BEHRTH 5720, 3XILHR TIZ A<
2T (2 b uRBE) > S #E O fLIR THRIZFRIR A
AN D B Mer RS & 7z (Tekseth et al., 2023). £ D
%, Haines jump23ESIZALIZR L TRAIWMHR TH B Z

G0, AR 2ERICr S 2 5 3 RICEIS % 7
M5B U 7z (Tekseth and Breiby, 2024) .

6.3 MBOBEHSLEEH
SARIT2MHREAMEHFRILICED S LIENL#HRE
FNEBD SR T e BIFNE LB K E < 55 T & A7z,
Armstrong et al. (2016) {33 & KD 2 MRATRISH L THE
BRELBMY R 2L —v 3 VIZX Dnw-fitkD 2 5 2 4 —
+ 4 X (gangliondD 4 X) & C, & DBk, KT, nw-FHiiA
DGl DM S #Eulerfi i TR L 7. EulerfEUIIFi
DIUEM 2R THETIIRE GO (XY P T -2 ND
2RED RSO N L V) IZFEEDENKREL &£ 5.
Bl Z1E, 59X Dviscous fingering Tidnw-FRIKIZH Eh B
Ew-TRARBINSLAL T B 23, nw-Hiifk2 & /5 L DT
FBMIZARE L %5, viscous fingering TUZHARITHLA 5 i
P Inw-TRIRDRIE N D e Z (S, 1TV & %) i
T PV FOFEEN % S TURME/NE W, M5k
Mo PRI D 5 23 B LR O TURMED B U Bulerfs
BB TWAT 5. —J, ILLTOEA 5Ty
27 28 =h s IS EulerfEISIEE 5D, &2TDY 7
ZA =ML TWBEXITI/—aTL—-v 3V s 72
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2 —3FAE L0, EEPLBMY I 2L — 3 YORE
S DA/ E < 7 5 & Bl DEulerfE B DA A3 L
TR AR

FERNEHOKRE X A2 200 TOBEBROEE % 3%
FTEAEER, S4FTHEZ LSS, 2HEATR TR
coalescenceXsnap-offid S, DA & & S IZFAESE 8K
5. H29XIE 2 IR A H Dimbibition TS, D FIHIEE 73/
I nw-RIERPERRE L TEL K-> TWBZ L ERTH,
ZEDOEBEES 720 LR TO 2D ANE DD % 1F
S EFHTH 5 (F31X).

7. ¥&D

7.1 drainage &imbibition® * # =X L

SRR scCO K F D drainageD X /1 = X L% HELT 5
DIFFESHNIR L 72RO &, KORMOWIETH 5.
I Tldw-, nw-TiAOMMERE & mELY — F (i
M) BWEBE A HE A D, drainagell B 1) 5 XA RscCO;
L2 EWARIZ K B B O Enw- G AR ORGP AR B
DENHREIKTH 5. %72, imbibitiont dw-i kD
RHIZ X % sdiilimbibition & FENED A TH U 5 A FEM
imbibition& 23 5.

AR scCO 1ETFRNFLER (pore=Cpore throat) D A % 58 -
TBEHT2DT, Fy¥ 7Y —[EOEVVNMEDILETIE
R MREE S UK ORPERECTIR £ 2 K88 OB E) 2 5
g5, KEFEOFATIIR 24) 12K D BOEE TR
PRET 55, H5VIERE T O E DOHIHIE X N THE
RscCO B EHEIZE A 5. KRIFAIZ KA R scCO, D &
I KRR B DA snw-FiE Ak & T A U 7z drainage Cviscous
fingering & capillary fingering®\ VA BIN 5 ik, fLER
2y P 7= HTHESKOL b) 1L b)DEBLD A
ZXLDEET B0IZL B,

silimbibition TZKRIEARD T 23 5K R scCO, DIE
J1& &L, KA Darcyfit & L CHREITS. 20D
& E, BHMEOREZTVNILRORRLIEARDTEH K E < 7%
D, F2XD &S Ksnap-off 34 L 5. RMmrAF v 7
) — DAl % iR L TR R scCO, 23K R & e fF
T HITIEHIZRIE R scCO, DIEN AR ADIES & b
L BT E LS m0R, EHIMET 5L, KK
FENMEIC K 5 THFEMimbibition 2 4L, CO,D 2 7
Z 4 =it Ehns.

7.2 pathway flow & ganglion dynamics
BADRERIIFEBE % XET 5 A YIELE
ALNTER Lr L, REROYPLN IR A W 2
BaEEEET v e E, X (211) TEBLTZ % Darcyiit
DFBAETH 5. NRM2MHEFAR D Z 12 ML O FE ik
(pathway) & +§5, FiEEARRIICAZE & £ RS h
TOWAURRIERIT T O FERIWrRIR I IR 3 2 28, W
DVEEEDTURMEME S AT IZES 20, W

FTHhOFMEERNIZL K KD, KR RscCO, DI IRE
X, AAOMEORERIINT S nw-Fi ik O IR O
WHRERT., ZOLE, nw-ikORKIZIFyET Y —
FEIZ&k > TR S h, fafIEE F v ¥ Y —FEE& DR
ARTEOPHEBETH 5.

—77, ganglion dynamicsiZ & % ¥ & B iIDarcyifi &
I35 7% 5. ganglion dynamics T3 fLERAFE T DA EFI2
MR O E B4 T C2MFihkD s 724 —DKRE &
WAL L, [FRIZHRE & 251§ 5. ganglion dynamics T
&2 7 28— XRITIZ 285K Z L2 Dpathway &
50, K & & 8 IZpathwayD UJWF R dsi 3 FAE L &
7 A8 —DIERPZAT 5. 72, aw-iks 7 24—
Dcoalescence X snap-offid Jaj it iy 28 T 1 )L F — 280 & 4
U, FRECHAREIS K298 F84 LT 1L ¥ — 1P
WA RFF S v, BE2Hm TR T AL ¥ —#IZ R
WE R IRETHAEATEE L, & Hcoalescence X snap-off
WA K> TRINICZT AL F -2 KT &
5. TAOLF — KT O Enw-Fiik D2 B % 15
Haines jump% &0 728, Jk D& THEAZLEH » R4
L, v ulyLEZEL P EN5. RANOFKRD
WMATH LA LF - FEATH, ZIEAAITT
L¥—D@EDEE L TH M2 5. 2ok,
ganglion dynamics{3REMHRITIC & > TEHEWIZHE) T +
X — % AEAIT B Darcyfit & B4 0D, nw-FEIRDIRIAED
1 (Haines jump, coalescence), hALIEIC & 2 R T
FF —DFEA (snap-off& nw-FRIAD + T v 7) & EXA
NERD A THEL D T 1L F —fR M & 1S .

ganglion dynamicsi= & 3B & iluk 4 % & %, FiEH
Z& B vrukild FREEELZ MLV, L2,
REERRYS T 4 — s & L TOMMRERIRIIERTE 3.
7272 L, ZOW%EOMHMRERIIERNEBONEE DR
XM OB %), 2HEAWMOLEIXRA IERIC
AT L, drainageXimbibitionZs & DJEREDE L Z1F
L5ZLEZERLETNERS W,

SR RscCO, D IR A Wi (fractional flow) D X 5 1Znw-,
w-i R ORI EREICE BB L &, F+rET ) —KC,
2N X WA 1T i ganglion dynamics TEIR & h 5 B g
BRET D, RIS, CA/NSVFHIBTOFEEBRTIZE
W02 U 22 IRRE 2 Wil § 5 DI 2322 22 % 720,
pathway flowD G D & 5 12 K FHSAE T DG % 38§
DREZTII BV, £z, BEORELEZT 5 -0FEE
13 pathway flowDIFEITHR K D EMTH B, 2D
T DOIIFRITIF R OFEERFRE & LTIk 5.

7.3 CCSRUMbDMIRFIEDSEFADER
IPCCACCS%& KX HCO DHIIk Tk & U THRR L 72
Z L2 & D RREM 2 AHFR RO FENZ B¢ 2 22 h R L
72 FEERBFZRIZC,OK 2 W TR KBRS G 2 71
scCO, 721F &2 1EA T 5525k (CO, flooding) BEFHTH - 7=
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A, EAECO/NENMINZ B IR D IREWMDO RIS D 5
Z & CANEM 2RO WENZ B3 5 1k 4 il 238 &
Mz E N7z IFREOHUIEEIZCO, floodingDIREIC
R, HEN B ITPENMECHRAE B D, S HICHEA TR
BROFKMHFIEDILSTH A, U EORRIE, ¥ 12—
VaVTOISTA—ABEDEEL LD, i, o5,
Bl Z X AR T I B 5 XU & 23 KOEK T HR=e, Hb
B Kl coXoBEi s E, ZIESHRENE
DOHOFTARBHIOMEEE L 5505 E Lk 5.

L2 L, scCORFTMAD &S HRiMERE D/ & Vi
RIZBY U T ldHaines jumpliZ DT O H 2 il % B ¢
i, FraafiRizEZBohTngn. Led-T, R’
B TREPE R B D /N & D AR Dsnap-offnw- i & D
coalescenceD FEHEN 3R XN TV 2 DI TlE AW,
ganglion dynamicsiZ &k % RO BENMEIL, BERHAXECT
EHMRALZ2EZR CENEYR NS LT 5 E 2L S5 T
EHURETHBDT, Y vra b a v REXECT% b
TLEHIBMEOHMAIMEONS. I 70 L NLDFEER
EAT LT, [REAXBCTIC L 2EBEORERIT 05k X
hTns,

HERB 7 O 2l 7 B Tl T ik 2 B 59 2 Bigd %
12725, AEM2MHETEARO BN 2 wFgid kil
SRR A A = X LD e 8128 SR OIS A
FTxbd. 72, BEARFETEHARKAED LS ITKROFF
ER R S N B RRE S h OFRE OWRIC & 25
LB THAS. HWERFIER T T Z OO RN D
BLAEESZ L 2T 5.

BB ARIZEE S (ON, TK, YZ) 2SBHEIE A M ERBR 5
BEERTIEZEBAE (RITE) IZFTE L T 2 EHOH T % 5
I L7228 DTH D, ARO—HIZEEZED A (ON)
A, UNK¥ES—R Y =2 —F T - T 3I)LF—[FERF
TRANCIERE L - L ZICHEAD, 51220246 AR
MWENH S > v R Y o A BTG T O % I Do
DOFNHINESIE 2 A 58K X B 72, WFZE0 kS & 3R A
AOHEHEZTHWE @E8dE (B - ®HR0k), UKy
AT EBAEBTZ, FHOB AT T 2220 il
X (ENEOS Xplorabk X 4l), BEHEEMRK CRBEEMK
Aath) I2EH 5.
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