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Abstract

Carbon dioxide geological storage is one of the important ways to realize China’s
dual-carbon strategy of “carbon peak and carbon neutral”, and accurate prediction of CO>
flow and transport behavior in reservoir media, such as depleted oil and gas reservoirs
and deep saline aquifers, is crucial to the safety and effectiveness of storage. However,
the prevalence of multiscale pore structures in reservoir media poses a great challenge to
the study of microscopic seepage mechanisms. Therefore, this study aims to develop a
multiscale digital core seepage simulation technique. Carbonate rocks with representative
multiscale pore structures are selected as the research object, and an efficient dual-pore-
network mathematical model and solver are established. The prediction ability of the
dual-pore-network model for single-phase and two-phase seepage parameters, such as
absolute permeability, capillary pressure and relative permeability curves, was
investigated, and an optimization scheme was proposed. A simulation study of two-phase
seepage of CO> and brine in the full core was carried out, and the effects of heterogeneity
in microporous regions and different contact angles on the capillary pressure traps and
relative permeability curves were predicted, and the mechanism of the influence of the
multiscale pore structure on the CO» capillary pressure traps was revealed. The main
research conclusions are as follows:

(1) When a homogeneous microporous region (uniform average pore size) is
assumed, the dual-pore-network model predicts absolute permeability and formation
factors better. However, for real carbonates, i.e., microporous regions with heterogeneous
pore size distributions, the dual-pore-network model underestimates absolute
permeability by more than an order of magnitude. To improve the prediction accuracy of
the model, we tested two methods, including solving for unit-averaged pore size based on
arithmetic averaging of the number of voxels within a microporous unit and classifying
microporous regions based on entry capillary pressure. Both methods significantly
improved the predictive performance of the dual-pore-network model for absolute
permeability.

(2) The dual-pore-network model optimization method, which classifies
microporous regions based on entry capillary pressure, significantly improves the model's
ability to predict two-phase seepage parameters, i.e., capillary pressure and relative

permeability curves. The curves calculated by the optimized model are in good agreement
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with the experimental data, which proves the reliability and applicability of the
optimization method.

(3) The results of numerical simulations of two-phase drainage, imbibition of carbon
dioxide and brine show that the residual carbon dioxide saturation increases with the
increase of initial carbon dioxide saturation under water-wet conditions. In addition, the
calculated Land model trap coefficients based on the dual-pore-network model
established based on the heterogeneous carbonate rocks in the real microporous region
are in better agreement with the values calculated by empirical formulas.

The efficient and quantitative dual-pore-network model developed in this study can
assist laboratory or field experiments to carry out studies to predict single-phase and two-
phase seepage parameters in multiscale pore structured reservoirs, and provide a

numerical tool for carbon dioxide geologic sequestration studies.

Keywords: Dual-pore-network model; Pore-network-continuum model; Multiscale

digital core; Porous media; Carbon dioxide sequestration
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Fig.1.1 A general characterization of the evolution of trapping mechanisms over time
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Fig.1.3 (a) CT scanning system and core CT images; (b) NMR system and core scanning images; (c)

SEM system and core scanning images; (d) FIB-SEM system and core scanning images
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Fig.1.4 Flow chart of constructing dual pore network model
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Fig.1.5 Schematic of dual pore network construction with micropore filling
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K 1.9 B4NE AT E 28 &51: (a) Brooks-Corey #57; (b) van Genuchten 1574

Fig.1.9 Capillary pressure and saturation curves: (a) Brooks-Corey model; (b) van Genuchten model

B AR R R B 1Kk, BEAAAR N IE S AH AT BE, AT RLE i, van
Genuchten B LY Brooks-Corey 8 % | —MULE 24, I H Brooks-Corey 154!
TEVIR IR B I 46 P B AFTEAR AR JI1, 10 van Genuchten #5284 MBS & 2
B, ANEERNIEST, I BB AR 8 T oADK B AR A BE, T T PR
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A BARZIE AR i H A 1 X 51« Brooks-Corey 152 [ 3R I8 X M

s :{(ahc)_i ah® >1 (1.1
1 ah‘ <1
Hrh, a[ULVRBRAEIIKCKIEE, MV ANSARS MK TLENSE, 2t
EIKk, S»RETEBAA RMANE, SR RAKIEME, BIIRE Rk ik 2 1L
5 N AR AR B A . van Genuchten AR R IA AN«
Sy =[1+(@h)* " (1.2)

Hrh, a [VLIRSRAEJIKCKEIEAE S ZH, N & — 554000 %0k
ENSE, MEFH NFRR, B M=1-1/N, HihZ%5 Brooks-Corey #& Hh 2%
P& L —F. M ERREAXHTTLEH, VG BRI BC B BGHE Z &
B, FOAEH —NESMIINE S, IF HAERMN Vo B L AT .
AR B LS b 2 — iR B B E AR, BEETEALRRR

BT, CO» B EEZHIG N, (H493E T 1ILJG, #5; CO» W AisR I A A
FLBRH, TE R E EARIRES . IXMALSI 2R A AE Z AL B 40/ NLBRH, CO,
WA AL FE [ 2, Toid H sl . LandP2 R AR & N B 72 BBl PR TR,
KB AR 5 B KW IR R AR, JREHVE2 B AR # 2 5 T Land
BERTF R 26T ORRIIKIERD 25 5 O S , B T DAIas & A
JEE R BR B BB P S R R SINAR T 53), FE Land AR A, 4z Pl PAT 1) S W AR L RN
FE Rk AN

R

S, :1+—Cg'S;. (1.3)

B 1

(S e

Hrr, 82, 80 RS, BN RRIG & AL . A ROR A & SN A A
KEERES WAL, C 24 Land B8 PE PH R4

CO- /KA T 534 — A KBS HON NS E R M 4, XS Z
IR T CO, FUKHIAINEIE R SWMEZ MR, BT AT Z LA
R ITLBIRE /T o FHXEIE 2 M 28 B4 AR R Sl B, kit 2k, T DAYE
fii CO2 NS AR P A TR IR SRR, PRATE R AE /180, [Hi, wT A
TR COx B RMFISE (BRI COx B AKABIE R AILLAG)D , IR VPAGEAF R &
TSR,

ZAA B R AKEAAXNSIE R SR SRR T B Al 40 248, H

-1 (1.4)
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AT EEER RS BERRRES SEI0 VAT AE RS I R e i 7Y 1941 4F, Leverett
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AR ZAHAERBIE RS e BB G R RE, M THENUBRE AR
ff15 J&, Perrin 1 BensonlIFIH X G & it EALWTZ R 3KAS 7 AR B e
TEFLBR A o0 A0 EIMG, IF Hasid B 71 2 A& 50~ St 5243 B AH 3 #h 28 . Di Hel®!
SN LR R T E RSN /1% (CFD) L, B 708 IR 5t — ALk (scCO) FE
KM Z AL B rh AR B AR, TRAEARR Bl A RIK 1. BT CO»-
IKAEXIBE 2 M2 70 AT o BFFEEE SRR, scCO IR B /K BT A2 R I L B B R R 3
511, scCOx fLEIE RALIRA miE & R IMIE R S) . 2L, BE G FE 3
B, SEOKMME, WRBRRAKBANE, JFHAEREANRET, M5 ES,
scCOy JTERUIR M S AEARENERT, BEIIEET, scCO 73 AT A

A IE RN Z AR 2PN, H 2B (GBS IR I 3%
) A CRRIAERAR 2 R ER R o3s) sk . fLiesafn G
MR A MEJRRE . 25 Bk, it BE it 2 s, #2
CO-/KAHB M SR FIREESEL, X COp MR B AF I R RCR . A AR
et BAEER N, RFEITRIA.

1.3 FAEMEZE -

(1) 0 FLIE 1] 208 A A B T 5 77 )P 7 BB R R

BRIR th e BT SR 2% 22 RUZ LIRS M, SLRRSRME = 24, flinsZESLRR. Ik
LR T R RIS LRR DA S SRR FLIR S5 s[RI BRI £ IR AL IR 54 B A R 25 10
% REHRFIE, MR B BRI A JF Hoa A WL ETE R 2%, (R
ARRI B LA AT M S5 5 — R B PR 2K S B AL BR S A M LASRALE - I ARk, XTI
Fh e R SLBRESRITT R T = FhRALIB S, B ROES Y AR XU LR R 45
A DL K LR R 2% -2 B AR, A S T R FU X FL R X 2% A

AT T IR AR S O AL PR R ) 705, IR RS RS AL A B () S0
REIRATHE D MW e AFETUH, DAL ARAL A I FLRR I 28— 2L A TR T Dy
SHEMR, SRR O 2 HRAUE R S0 20 X b as ik i 5, IRFTE AL
B2 19X 28 AR R AL IX AR 3 MRS S FLAR AT N IR S A A S i A sl it
HERWEmA 2K, 2P 7L X AR S A s N, 5 e O E FL R ) 2 A
AT GE ST T8 o
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(2) 2 RUEALERESF T BRI s LER AT 78 B ABOR Bk

T2 REERRIR Eh A il 2 34T — SR s 7, R T Il 22 RO AL R S5 4
ORI S L 22 0 2L PRI, 2 RO LR ES A ORI s HLE 2 — 0 &
B ZRM5K AT IR . 2 AR EAT DL K FLIRS 90 45 T2 30 1 55 1) 52 2% 1) el
AR FEIRFTH PR 0PI S, W B0 A B DL X 1208 22 il
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BRI 28 HE R A ARIZ T, BEAT COr B I TT, O — 8 AR BT 6
FRAFERIR S,

1.4 ARABTFFEAREEL
141 FEMREAR

AR ICEF R 22 R FLBR S H rh B BOW S KRS [ A, L2 R Estaillades 1K &
IR FER G, ST T FET G WU FLIR I 28 B R R oR g, BIE AT T %A
B UL K RS S S TN G )1, TR R R T SR EE RIS R 25
(IR 9T . ELAASHIF 0 N 25001 -

(1) MRt E 2 R FLIR S5 M I RS 40 R AT

JET0 CT BHE, BFF AT A FEFLIR 5 0 A W FLBR I 4% (A1 43 AR R iE , 2% R LR
LR AL AR B, T LR OB B RS M aimisE R, iR,
SR ST R0 2 FE LI X SR U 5 B P B TR o SO0 AL I 2% B i A

(2) XU FLRG 0 2% B TR J7 1537 5 0 o T 6 3 F 9%

I U ER LR ) 2% R0 T J Bk R AR ST 72 S5 A5 B K BAR B R S 8
IWNYE 0515 R AR T, 55 A5 RS20 K oxt LLIGAE, 24 7 LK B35
BRI B AL (AL 7 1. I, 35T R AT T R v S I s A B IR R ST
I, 5 S AHSLIG B X LIS IR v R A5 2 B8 ST th MR EE Rl £, it
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(3) —AAABRHT B AE T UK R ST 7E

HETRAL G A 0 R ST IO E LB Y, 15 CO—/K MR BN I B 77
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B 0 25 A KSR g, I RAFLBR I 28 - S/ BB g 2B R0 L BE, SR A
RUE A ARSI FC P T RE 77, S HARLOLAL T, JF &+ S b
BHE N KOS HL D 7T, 9 A i s A SR B PR 4R & o AE 22018 SO
SRR, JFRENEZSY TAERES LR 1.2, MERIBORE A 1.10 fis.

1.2 WICHEFOIT AN S8 U F2 EE S T AR &

Table 1.2 The main physical workload carried out and completed in the research paper

FFs NN SR HE
FISZ AN sl 5. 2 RS- E OSBRI 2 oR
| 300 Rk
(D X H L
2 B G810 SCHEAT [ BRI 390 it e S5 A SR VA 10 1%
3 [ N Ah AR 2 R T R s 3K
4 Z 5T FEURGEUAH S r) A ] 350 H 24
5 XUE LI P28 B AR AR OC HAR S AR SR A U 2000 RAT
6 WUE FLRR N 2% 55 VR S AR A G U 4/
7 DA BB A b 3 2T
8 R FEURARIE SCT 8 SR LA 25
9 HUEBAIERE 2 2] . BRI BT R . B s BE A 360 S TARR
WX HH BRIR A 0 B FLRR W 28 AR 5 S0 Sk S sh At 52
i W EE 2 RGN — SRR IR S H P i
LERERE A S RE LIREARMBREBL 5 .oEMEmbREE
BREEM S SRAE REBNTBWENTR TSR RN
mai DG el IRED SR RN e el 3
DPARNINE /R sy EUCENE ¢RI L Y
,,,,, S I R TR e | R
> R, KL B e e
> R FILILRE AT BTN AL % > PR AR
LR ILB 4 i @1%%}%%?55%%%;3@/ :Eémﬁ)@bﬂ;ll;ﬁi?ﬂméﬁ
; O Car LT e P |

K 1,10 BoARER L]
Fig.1.10 Technology roadmap
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2 BRI AEZREHFE VHEERIESNEFLEREMEEIZE

ARTVE A T BRIR thoa B ok 2 RO SLRR A CEL 3l Mgk 21 E K 2
HIFLEEIRAFAE ) 12 RBEE ISR B e % 5 MM AL % . |G, 1Rt T
BT A O CT BRRIVEASEA LG, WnfLBR . BRI R UL scie SIS
WS 5, BB 1AL R LR AZE R T ik B, VEUH]
T A O CT BB FIX 0 ] 70 LB CRAL) « S LBR (L) A
PRIX I (EICELA b, AN B SR T ARl B X ] 2 BRI 2 LB X8, 45k
I FFRIC 70 7K 73 BV 2 BB SIL LA PoreSpy THIRE 1T, 735l
BT AW FUR AP 2 ROBEIS SR A (0 T S A%, BRI L Gt o 4 A5 R A LR
W28 LS AR o F SR T 55 R S E R 40 K A A T 1 5 80 0 JEA T TR 5

2.1 WK CT BESHILXFLIESHITE
2.1.1 K CT Ef&
BATIECTE 01T s Chttps://www.digitalrocksportal.org/) _FiE#E T =Mk

TR ER e, EATE R FER LR LS A ANE . IR ERE F 25 NA K S
A A R RIO, s BB IRES T WA R, W7 i AV D=3 ), 1
Az i FEONRIREEN WA, WH A%, ARCHIERET = AN ER £ 7 =&
99% ) J7 ff A RO, B 2 RFEEFLBRZE ), Rt BARRI 534 Estaillades £ K
o EAAE L =4 CT BUER B BA LA XE A0 1 0] 43 #f K FLAE 73 F kAL
LT EUE R 2 T RIFLBR X ) (64671, 50 UG B s £ P AR 7 K 2% X B2k
EHETOHECK CT (BEMCT)HERPGREENSO), %95 %2 B ATt 5 E it
1] CT Hffid &, 1S3 EGEdE B, 2 T3 a O M sk =/
Estaillades A K A4 i 2 46 CT MG - 2.1 Fios.

V= 500 pm |
—

(a) ES3.1 (b) ES3.6 (¢c) ES6.5

Kl 2.1 = Estaillades f1 K% CT K%
Fig.2.1 Three Estaillades limestone CT images
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MEAERE CT BUERTRLE 1, BRI 2 REERISLBREE A, FLAR RN A )iz,
It HM CT BRI R B A 15, BEKEAE RN SV BUE A G, KL Y,
WA AR, T AR i, R skt DA OR8] A X ) PR e NI 1)

R 2.1 HIH T AHE 5 I = Estaillades A4 KA HIZEAS S, FHH, B
kA PE DA, W BOXE =N KEFEM, T HREANFR S HE TS
FIHA O CT Hi R PR IIEEA R T 58 M 2 RES RPN EE, JF A
R [F] — K A I = A R 73 H T B, AR T 0L LR ) 2% BT T e
BG4 2RI J 2 TR R 5

% 2.1 =" Estaillades £1 &K% ) EG P S 41

Table 2.1 The image and physical parameters of the three Estaillades limestone

e B3 BB R~ B LR HXBER (mD)
#E (um) (voxels) (%) LRE
ES3.16Y 3.1 2000x2000x1725 25 260 + 60
ES3.60%2 3.6 1000x1000x 1000 29 /
ES6.5013) 6.5 1316x1316x1087 25 202.4 £ 86.9

K F & 7k #2:(Mercury intrusion porosimetry )l i€ T ES3.1 £/ (ES 4 Estaillades,
A HERA 3. pum) WU FLFREE, SEVEIE R M 5° om® P _EAEH Tiny
Perm IT {4 sUIREHSE RIS 15 AN EAEBCFE R 2 1P, ES3.6 K
FLBRFE 2 AL BT E , 225 Sk ok 45 3% %45 B102], ES3.1 Al ES3.6
B AL BR X I 8 R S B SRR R RSB RS R PR, T ES6.5 FEfhiET
PN 3R 7K GRG0 AR, WP RALRR X Sdh AT T ARSI RAE, I Had
T FLBR 24 HERR N 43 S B P T 43 28 5 1 0 AL B X b AT X 3Rl 43, Jd i
WOB SR SZIEE R BUE N (202.4+86.9) mD, 1E 7 HUE A K AL 8 A & 17 4E
5 2%

BT AR CT BUR, Hh7E BUE o] LS 7 HE 0 FLBR, BIRFLIX 1
TBENAT AT LA Navier-Stokes (NS) /7 FEHfiA,  MfALIX H B MAEELSE AN, KH
T ZESL A AR CAiATa e ) RIIR IR T R, H AR a7 vnr Uit
GET-FI IR IER o R, TR B AL X I RAE S B UFLBR R . BB R AT
T
2.12 WFALXFLFEETE

T AL IX AR5 Eo 2 FLA T, 30 B FL RN A [ AR 5, TR A FL

16



HPRKA AR S 2 RIRER A 2 RUSEUTE oM AR AE S U FL R M 2% F2 L

R EA— T ILRE . FEASCR, BT CT BRI A 5 FLIB = i 1E He 3 11
RERBALARALBE, A TE SCRFLXIR LBy 1, [ 44 X FLRR
10, ARAEFLIXAR R FLER R N Sy 0~10314700 o £ X MR R FLB R 5 A N :
I
& = TS _77
Hr, o RRWIUAR k MFLBRE, 177 NILIAER kI CT BUGKFEME, 1° M
PRSI P K BEAE, T N RFLKIR I KB . VER, EASCH RN =
ANEREF, ES3.1 MES3.6 IR 225 3CHR T R 4 AL X SLBR R 0 A, R
M BRI R LIXALER, 456 B O L FLB 3 M 1521 5 S R LB R %
H, I HAE AR ERE 5K 2.1 PARERLGBUA LA R 1T . 1 ES6.5 K il
FLIX AR ZR LB Z 0 22 SR e A SR K -TF R BB 1 22 00 g 8 3. 22T iR A
T FAF B S DAL R A s = B A& 2.2 fos. BIR AT BLE 2], RALIX LR
HR 1, BARXIEFLERRE R 0, SALIX AR R FLIR AL T 0~1,

2.1)

K22 (a) AOKRERIE: (b) MALXAER LRI

Fig.2.2 (a) Grayscale slice of ES6.5; (b) Voxel porosity distribution map in microporous region

2.1.3 MALXBERITE
ASCHTF Katz-Thompson! VA s HMILIXBIER, HEANXW R

—2
K = ;"22 i 2.2)

Hrp, K FRWER i BER, o Fonhx i LR, 2% 2.1.2 M rit 5
N TR D PSR, ORIEMEE, FEASCPIRENEEL 17577 WA
AP ATE Y, RIFEEIE R —— D RANSHOV T2, L XL AE ]
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PLG3 R4 — I3 5 R~ S5 FLAR ARS8 BT (1)~ 3 AL A o 6 T35 B ()~ 3 FLA , JRATTHT
DL 7K #2801 (Mercury Intrusion Porosimetry) SKit5, 5%, X145 2 1) MIP
2k, il Young-Laplace 77 F244 EAME K 1 W NFLER AT, 132K MWAME 551
Bk Rl d, Wl 2.3 s RE, RAMBRRAN VIR THRERS (RIE
B3 #EE0 WALIRE THALIR . FEABE 7, il 2.3 7R, 3.1um. 3.6um 1 6.5um
Gy AIRERL Sp So A Ss IZRIBANEE . Sp o BIRN 0.98. HJa, 5PN
THEAN:
J?R(s)ds
r=—"——— n=123 (2.3)
SO_ n

Hrr, v ATEAERBFILAE,  R(s) AR EEAFLB AR R R Z& 1S H .

L0k

08

TR

00

0 1I0 2I0 3I0 10 5.0 6I0
LB (pm)
B 2.3 RS R IR 5 LR BRI R

Fig.2.3 Relationship between mercury saturation and pore radius from the MIP test

EPRTFLIXCR AR LA A0, X T ES6.5 Ffdh, ET P EAE
Y0 K /7 (Entry capillary pressure map) , LK S0 2 I 5K 7 R0 fisk £ 500908
454 Young-Laplace 7712, THEAF 2SR K542

20 cost
2.4
P (2.4)

}’;:
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Horp, 7 R AUIA R T EI5UR, o NseiRRim gk 77, dE K/ 0.0483 N/m,
O M, BRI 0 B, PONTELIAER @ AR AR N BAHE 1K
RNTBAHE I 7 IR AU L AL IX AL AR e A s B B A ] 2.4 s

0.40

e 2 2 = = @
S & 8 &K 2 &
Entry capillary pressure (MPa)
=)
Pore size (um)

e
>
b

2.4 (a) ES6.5 % FE) 400x400 WK FEEME Y s (b) ALK NEIERE: (c) RIBENIE
T E RIS LA R LA
Fig.2.4 (a) A 400x400 grayscale image slice of ES6.5 rock sample; (b) Invasion capillary pressure

map of microporosity; (¢) Mean pore size of microporosity according to invasion capillary pressure

i Eprid, HPILIXCT RS R T R HORE, RAE A 2.2 tHR LR RS
BER, FEWMAIRRILBRAR, N AR RGAL X T SRS (LI 2 B A PSR (i A
filfo

22 ETEIUSRHINEFLBRMLEHZEL

T 2.1 A3 2.1 h=DAE 22 B3 T [ Estaillades 41 4K BIGHE, R
46 CT BURHEAT FlALEE, B EMRUE A M . Micro-CT & A A i
I, BT HS REEREAAR G IR, 0 BUR AT RE S IS . DhRE . RTELE
AN LR BRI, A0 CT A BRI E R IR B 5 T IR @S 2 REBIR
PRETR T RE 0% S WL LS A FLRR 2 [ £5 4 o IR, o 5 0 CT PRG3R 477308 ol R e g ek
P, AT DAE R BRI A IR R, G 5ROCERFIE 0 EL RS, IR AT Re AR B EUR A5 15
B WA F]FLBR X TR R R PN R R, 9 Jia 2R BB AR B 37 i it e o B 3
PRI o — M FH B UE S BOAR N = B8 UK (Gaussian filter) F1EE 5 B35 E 38 (Non-
local mean filtering)

FETER (Gaussian filter) B EVF2 M, QFREIGHE. WIEMEIESE, RATEE
EUE Tt ) g, FR 002 R (Gaussian Blur) , & — A ey I I8
Hod e G s sy (BT , PR BRARS Sy (BRI IXIE0
PR B BEAT i R J5 . MR 815 LU o e TR i SR B A o7 |2 DA
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MEER RO, B 3x3 XN BT (8 3K AR AN S4 AF  hl m IR K
{6, BR BB A RUBCE UK, B RO (1 RUBCEE DN, 5T _E st M R s 34 R 02
JS ) i A (g Bt o PR EAT B AR R AR . — A Ry i A1 R 0

X +y?

e 27 (2.5)

G(x,y)=

2
2no

H, x,y)RmmAME, o RonbriEZz, EiHEAME RN, #HE2SH0F 0 5
BVEAFRIR 55, FTLLESIME =0, MR AL TH5

Ik 5 E P 3> (Non-local mean filtering) 5 = iy A — & AL Z 4,
2 BGK FEAB AR 8 S i A ABLBE AT DB 380 5 43 B8 O AR FE AR, AT A 73 98 0%
JE BB R =, I EAE R B S mIEE AR, mlnEiddg R
R PR S T RRLER T A SR R Y e ik B 1) (AR AL T SRR .
W5 3AE 23 0] - SR (R B B s = B 2.5 s

A \.\\\ \\\\\
BASER o
RERZERE
6] B B8
(a) (b)

B 2.5 () mlirigd s AR RS (b) JF R E iEp AR LU

Fig.2.5 (a) Gaussian filter space distance; (b) Non-local mean filtering similarity

AR JR FR A D8 e B E 2 A F] MSE SRt SR> BB AR ALBE o AR AT
SIAIRE, B899 m AT n 81, A4 MSE BIiH5H a0 H

MSE(A,B)=—— 33" (A(i. /)~ B(i.j)) (2.6)

mn - j=o

Hrb, AG, DR A BEBP T REG HIBERE, B, )N B &sE AR R AL
BRRGRE. WAEET AR 0BG R R W 2.6 fs.
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() BT I 5 B B AR b)FIHER (o) FFRERLMEIETE I BB
Kl 2.6 J5dag 0 CT KGR R g7 SIEE S H %
Fig.2.6 CT image of original core and image filtered by two filtering methods

ME 2.6 HRTLUE H, JERER B DR = (6 13 MR SE RN, IRes 5k —1
5 R, HRHREFREIENFIER IERA TR 7, REEHSFAM.

NG HHAT AT Y J5, #4759 0 RG AT R 2 B HEAE, BT CT
B i AN R A B 1) 2% FEAS 6] 5 SR B K FEABL AN [R], e BV IR S Bl £E P8 1 B
GREFEANIE, TR e o AR 2y R S o AT HE LB X3 (BRid ol 2) o3
FLBAX IR (FRich 1D« BRI GRIEA 00 o ES6.5 K b A% 14 Bl 225 SRkl
HE AN K- R 1 2 2 UG 7 A3 BIRFLIX 38, T ES3.1 A1 ES3.6 Ff iRk $2
LA ER K U, SR A BHGOK B 5 FLBR A R FE 0GR, 3R HH AL X I L R 2,
B IMAKAFLFLBR R 5 LI FLER AR AR VTS, 3217 58 DOk 0 11 7 BB FLIX 38k, BARgn 12
I 2.1.2 /N AL LB 55

ETHEEM=HM CT B, S5&IFREAF PoreSpy, 53 7% Al 43 3 FL IR X 351
053 HEFLBR DX IR 3 T AR 10 1 53 7K UG 4 B By 03384576770 R i T m] LA il B AN )
KALRGLFLFLBR X 3k, ST A LB @t (RIMZE) o R, SRAET
PRIC I3 7K UG 7 B BT, Hor — LSS B S 4 (191 vy Wi i e 2% 0 S 4 sigma FES
AR RN DL B R WA R B KA ISR TR, S5 3G Bl ik
& sigma 79 0.35, IFEEARKINN 5 AMERE WS, (HREREARCIRI, 4 MEREN
I RKANRE R AR A& [FIR, 5T BRI o] S B FLBR AR . %
R ERCER WTEAR, BLAAHARIANFLIR 2 18] — 4k 5 Rk i A3 . o)
By FERCE R . Ba, WE TSRS TS A& FLBRIEE MK
FLAGHFLRCFL I 28, RIS FLF X 48 R, RS 5 Do s S ) e e T PR P 2.7
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®
B 2.7 T PR 0 R0 L ) 245 4 A AL I 5 - R A AR B o B AR AR R R e (a)
ES3.1 [1] 400x400 KN EEEG Y s (b) BMESHEIER =415 (o) FLBR=EA (BPRAL
B FBLFLER 4 E 5 i A FLBR; (d) H PoreSpy $RHU AN E FLER ML ; (e) FLERINL%-3%E 4t
I AR B TH B RS s () THEEMIRS AOBOR

Fig.2.7 Schematic of the image-based extraction of dual-pore-network and the generation of

computational mesh for the pore-network-continuum model: (a) A 400x400 grayscale slice of ES3.1;
(b) The ternary image after threshold segmentation; (c¢) The individual watersheds of both void
spaces (i.e., macropores) and microporosity; (d) The extracted dual-pore-network by PoreSpy; (e)
The computational mesh for the pore-network-continuum model; (f) The zoom-in of the

computational mesh

Kl 2.7(byrr, BEECHER, KO HRRILIR, SR ynl 7 #EfLR:  2.7(d)
W, RALRRFL IR AN S BN ZL i B 2.7(e)H R AR L B A 35 1 R KR AL
DU/ TR, FTUERISE =REFHAZE, 1X1 RSN
8 X 8 MM MK .

BT PG IR B E FLIR % I, W1 2.7(d) T LA o A FLRR R A28 1 it
BB R, TR AR ARG

BT 212 MR AR 2.1 tHEARBMILX AR RELR SR, YL &
BT HRC KIS B 5, B MILRTE S AT MER M, B, B
FLETCH AL B 1 BT A A 2R I FLBR 2 SR BT A iz L o i FL R %
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Fig.2.8 Schematic of the porosity calculation of microporosity watersheds: (a) A 400x400 grayscale

slice of ES6.5; (b) The porosity distribution where 0 for solid, 1 for resolved macropores, and 0~1
for microporosity; (¢) The 185 microporosity watersheds; (d) The mean-porosity distribution of

watersheds
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Fig.2.9 Schematic of the fusion of the pore network of macropores and the computational grids of
microporosity: (a) Watersheds voxels, microporosity grids, and their connections; (b) The final

computational mesh which composes the pore network and the microporosity grids
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2 B TR EE FLFR X 25455 ( Dual-pore-network model, DPNM) X 4 %5
175 FR N 2 DR 7 CREARLAA FIT HL A 1R 22 FLAY ot 1) P, PHL 32 5 12 A 1) P BEL 3 1) B AR 1
Tl ge /1, PATALIX AR 38 R 4 0d 2 =1 G AU AL 1 FL R X 4% - JE 227 AR Y (Pore-
network-continuum model, PNCM) HZ A HEAT IS LI . B, e T ELL
S50 DX 288 RS TR S0k 2 X6} 32385 AR NI 2 R 1 AR BB SR AR ) T A, LR IR 2% - 29 o
R R SRR W S% Do 285, M AABIBL AT g AT X b DL R S R (R BiE, 43
SRR EE 5 B, a3 i B 5 00 L B P 2 AR R T e 0 e Ak, RIS 4R 7T T 1
1893 #EF0 BT Y2335 A2 TR0 FA) 50

3.1 WEFLRMLEIEE
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i (ECALEL, Oy [mY/s] Jvilid FLME AR &, Ty [m*-s/kg] PANFLER A (8]
I EfE S5, p[Pa] AR ). TEFRATHIBE FLBR Y 4 158, R [RIFLERIX 382
[AAFEAE =M LTI, BERAL-KAL RAL-TALAGAL- AL Wil 3.1 B, i
BEREAN R FLECUFL R AR ER FLBGART 2= F LM A 30 2 AR (3=, LR T i AL
BRRBFLIGE R 2 X B, SEhR B2 LX) o S—FflkE TiEE
I RFLEG LR T VER, RAFLBES T TR, FLMERI R T2 T % & HikH
7o

B 3.1 rp B AR L B R LIRSS S 250 CT HI IR IR B FLE (S S, AT
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FLBR DX 3 22 0 F MR AR 3 RSE S AT DR A LB X 3 A4 AR, 38 1 mT DASR 451
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Interface area

(c) (@

B 3.1 00 LR R 2 A5 7R o A P ) BR AR FLBR AR AT LI & ) — s R BT (a) FLERAR i A,
EATRSERCEARM TR A I EE B A7k PR L FLBRARRIALIGR A — . 4L
WRFK 55— ok B 0K I (b) P RFLEERLMIFLB AR AT AR (o) KAl G AL
T (L) JEREAISLAMALIE: (d) PSR oI R A FLAA AN FLI
Fig.3.1 2D schematic of the concept of idealized pore bodies and pore throats used in the DPNM: (a)
Watersheds i and j, their equivalent radii, and their distances to the interface. Each watershed
consists of two parts: pore body and half of the pore throat. The other half of the pore throat comes
from the connected watershed; (b) Pore bodies and pore throat of the two macropore watersheds; (c)
Pore bodies and pore throat of the macropore (blue) and microporosity (red) watersheds; (d) Pore

bodies and pore throat of the two microporosity watersheds

T 3.0 AR ALBR ST R, TR A I 31 R S R RS-

T, = a4,0,4, (3.2)

i
aa;a; +aa;a, +aa;a, +a;a;a;

o, a M1 a; 3 HIORFLRRAR @ A0 j KK AR 25 af J9fLMk ij A =EK 7176
RHL ARRKIE j I8, FIRE ap J9ALWE i 2R IIRDK 0t S 258, 1B
IKUE i I —8 53« PUANIK e T BB EAESR 3.1 o, Hrd ko f kg L
TG i M IZEREER, R AR 73l 9 FLRRAA i A j BSR4, Ry NSLIR i 14
ROEAR, LA L AU @ AT 50 B LI T Co I RR EQFE B, w0 B TR
HH T FLER BT i B AR AL, e ) A A USRS (B-Ris [-Rp) PTRE2 IR,
e BGAR R RS E N Z K B R BR « ZEAR AR, FA14# H Katz-Thompson A
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THEMALRITTIBESR, 2% 213 ML iERB AR E LA 2.2 i
FLEIGBIE R . FANEE R, B T Katz-Thompson #AY41, & n] DUHEH HAth
— UL IORIN, 1 Kozeny-Carmen BB RBIER, S35 2.2 Fl1 2.3 /N A
B GAL B TC IR — R A 2 FEE R, RIHIEE AR (R 58 F A e e 32
fiT% DPNM Fl PNCM #EAT FLACIK) = 224518

# 3.1 A3 3.2 M 3.5 £ SR EARIK LSRR H S REL

Table 3.1 Hydraulic conductance and electrical conductance in the calculation of transmissibility in

Eq. 3.2 and Eq. 3.5

EFRRY KA IR
KIOERRE
a, 7R/ (8uR) kxR’ /(uR)
a; 7R} | (8uR;) k,R} 1 (uR,))
a; 7R} /[8u(l,—R)] kR I u(l,—R)]
a; 7R} /[8u(l; - R))] kRS 1l = R))]
SR
b, o, R’/ R o 7R} /R
b, o, R}/ R, O'fof/erz /R,
b; o, 7R}/ (I, -R) ol 7R/ (I, —R)
b; O'WﬂR;./(lj—Rj) O'fo,C.ﬂRUZ./(Ij—Rj)

T AL R TG FLBR T R A2 25 2.1.2 T 2.2 /N A0 2.1 A1 2.7 1)
THEARE, 46 2.1.3 2.2 Ao T ifL s o fLAETHE., 383 Katz-Thompson
AFTHER BRI THEE R, B RSP kA &

BAVEFL BN 77 et sk 1 33 B kA, HAail o it n G 7 264 R )5
RS ETE, BAa3.1, 531 —4RALEAE K S EARETE, ATAE
IR R R S 3B (Bigen) « —H L1305, FRATH AT LAMS BN M8 H
CAEME. ffa, RYE Darcy TG R T4 A K AXTEIE R
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K = 0,uL (3.3)
AAp

Hrpb, K[m?) AXHBER, Qn [m¥s] NANIDMERRE, L[m] NETFE AW

WA MR, A B A AR AL, Ap NSRS IT IR .

HiyJZ2 DR (BU821 5 SR8 A0 A TR ) 22 LA 5 A4 b BEL 6 5 3 78 L AL BRI e A
HLRH R B3 Lo T4 2 TR T IR R A, FRATTSRARXCE AL IR P 4 A 70 vh (1) L34 37,
TFE TR T

Ll =2 LT (Ui=U)) =0 (G4
Hor, Iy [A] @i LW ij FEIRL, 70 [S] APIANLBR IR Z BB L 5%, U [V]
N BT AN 3.2, FAEH THHEAR 3.4 PSR — KA K

bbEbRb,
B = b v bbb, + bbb b (3-5)
iUU+ifjj+ifj/+UUj

ok, by by AR BINTLBRAE (R RIS, of M ALHE 5 AR 8, RSk
J U, FRE B M TLIR OIS, A { 5. TSR
WEG SRR 3.0 B, Forb o, MAKIIL S, o Ik Bk R ALt
AR SR, HAR Mot = g /7 it HF.

SRARA TR 3.4 ST 5 SO B A R OB AR S , — B3B38, e Bt
B A B T A A B

IL

Gnetwark =
AAU
o, L ANEEHN, AU NBMERIXE B ZE, &%, MERTRITEL

EWAE

(3.6)

FF =—"» (3.7)

Hrp, FFORMENT, 0w NERIKHEFR, onenore NEUT 5 AT AT L5

3.2 RESTLLIRE
32,1 RBERSTENESHRE

ST TS IR T T FL R IR 288 X a6 95 55 R A2 TR T (R BN B . AEARSC
H, B R R FLBR 28— S B A T SRR, AR 2.1 TR AT R R AR R
R 4003 14055 K /NI RE 53 )32 S XU AL I 0% 1AL ) 28— e A0 SRS R . 22
P GBI A R RN, 2 TR 2% - S BRI SR PR, R
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AIREVIA R REV R, (HR A2 BRI xT b, AR AR R, A 7 B it
XF b XU B L BRI 28 Tl L XS 3 AR s e, AN R AL IX i B — A 4 B AL R Y
BBH, MR RPN 4 MEER SIS 28 22 sigma 9 0.35 BL & SNOW
SRR RIE IR E Y 20 55 oy, KPR KN S8 A LR RN A B
U 3 B UIR O, R 2 AR KBl (/N AR 2238 B AL BT 40 B B AN HE I« 72
HATH T ARG )70 /KIE 73 32 5, AT DU BR 40 K 2 IR 5 70 B EUR AT X T B, )
W LR 5 Ak 1, b T A L PR T B AR RN

325 T HIAE AL (DPNM A1 PNCM) $2HL 1) FLER BB M it A4S B
AILLEH, /& DPNM H, MHECT RIG GRS, RALAF LR o B E AR
Kb, ATLUERISRE TR, I HAE PNCM 1, LR R 2 JEBHAL
KRBT 85%LA EHITHE M. K 3.2 4 ES3.1. ES3.6. ES6.5 X =74 A
MK FEFEG . T UG A E ) OUEE LI I 266 1 FLBR X 45 -3 B/ o v SRR A o AR AR
JE 46 A B MG AT LLE B, AN [RIIX 3 0 2K FEAEAS [R5 35 BUER R BRI AR FEAN ] o 8 T
G0 FEE PRV A B 79 o A 25 1 U B O 0 ke 2 AR v ) R LR AL IX 8, i
EARRIRI RFLILBRM LS, Lt L. "TULEME R, 78 DPNM H1, oL
FRMUASLERM 2% BT, TE PNCM Y, SFLBAAR LN o, JF HON T i EH A
R, WA R R MRG AT T 2 S . RS SRR [ A4 X I8k BN &,
I LA 3.2 Fh PR AN 1 SR A v R 7 AR X 3k

R 3.2 =M TA A R R A R AR R AL, DAL I A BB A 2R P L B AR SO T 5 X ek
Table 3.2 The numbers of original voxels in the three simulated digital rocks, and the numbers of

pore bodies and computational grids in the two numerical models

iR LR FisEGHE AR WEALRMNE  FLERMNE-ESL
4003 " B8 (%) BER A IFHER b
£S3.1 KAL 6332318 9.9% 3569 3569
ML TT 21562493 33.7% 8375 3929815
ES3.6 KAL 5040267 7.9% 2172 2172
AL TT 32676964 51.1% 13228 4494989
£S6.5 KAL 3694907 5.8% 3827 3827
AL IT 40618405 63.5% 7930 4147069

@ XCEE AL 5T R 4 A AR BB R S LA RS L A e R
b LI I 2 - S oA 7R i B R AL LB AR A B MR 5 AL I e iR
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ATH
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AN
3

(b) ES3.6

(c) ES6.5 | SRR

e E
K] 3.2 (a) ES3.1, (b) ES3.6, (c) ES6.5, =R A E T A ARIKERE (400°) | BUEFLFRMN
2% B AL I 2 3B B A UL TSR A o AR AL, L EBAUR AL
Fig.3.2 Grayscale images (400%), the dual-pore-networks, and the computational meshes for the
pore-network-continuum model of the three digital rocks of Estaillades carbonate, namely, (a) ES3.1,

(b) ES3.6, and (c) ES6.5. Blue for macropores, red for microporosity.

322 SERBYERIE

FEHAT IR LU AUE TR 2 /T, FRATR A BHEUERTL (DNS) , R TRk
Bt Ansys Fluent 17 FRAKFRSKRARZSF] LBM N B AR SR AR 28 SR 06 1E A S0 1 2 pi
B, EVBRALIX R AT 2 B RV A B FLBR IR 28 - 2 A o B0 IE 73 AL IX R
J3B2) ke Siie SANE(S ) 5iRe 35 AU

B, FRMILX RS E SR, BATE A IERGHAWABERNZR
FEHUT 54 . M Berea Wb HUE G 2 RIES T A A T HICT 100x100%200
SPRANERET), JEF Ansys Fluent [ BLE:BUEAS AL 2 25 A5 80 A £ L IX 15 B [
FERIEFUSIESR, WnEk 3.3 fion, 5 DNS ML, SHBAERMILIEE R M m i
LBER T YRR BB AR, AN ZEFR/DN (RAMILIBIERN 6.8%) .
B 1o A B 3.3 FioR, BT RALIRBUAFLBR I ES, MiikfL8 o i a5 ik
=M, HHERNESTUEE.
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*® 3.3 B UM A LB E R KRR GG R
Table 3.3 Model verification assuming homogeneous microporosity permeability

HEHERM

WALBER SEBE (mD) HXHwE
(mD)
10 mD 237 221 6.8%
100 mD 304 295 3%

=
n
S
Pressure (Pa)

Z RT3

(a) (b)

Kl 3.3 (a) 2T HEAE Ansys Fluent T 7135 (b) S5 A 0 [ 713
Fig.3.3 (a) Pressure field predicted by the commercial solver Ansys Fluent (DNS); (b) Pressure field

predicted by the reference model

RN, EERTALIXC R A AR BUEE 2, BA T — 25 R B B UL IR I
ZRER A A, BRI 2.1 1Y ES6.5. a1 EFTIR, ES6.5 ML E C&d#iT T
SRR AE, AR TARRMFLBRE R X2E 2% (Katz-Thompson B8 o 2 T Ik
DIt MEGEEE I 400° RAT T, W3k 3.2 R, SHE AR AT
KALBRZI N 370 FifkE, MALIRZIAN 4060 FifkZE . KA LBM N B RS &%
PR 201538 AT T AL, SR IHE L LBM FF P18 43 A1 2R BURN TR 2% e ik
FLBR A A PEIT (R At BH ) B4, 55 R B, S5 BN TIN2i1EZN 174 mD,
5 LBM Tl ) 186 mD AW &, FHANRZEN 6.5%. Z% LTk, S (RIfMAL
X AT 2 BEPRAL I FLBR N 28-S i) 42 /E Ansys Fluent H[1] DNS
FTLBM H53 3] TR IFHISE . LBM 55 BRI 1K )13 = KWK 3.4 Fios.
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Z %7518 50

Pressure (Pa)

() (b)

3.4 (a) 2T LBM FUNEIE /18 (b) ZHRALTUN 5713
Fig.3.4 (a) Pressure field predicted by the LBM; (b) Pressure field predicted by the reference model

3.3 MEEERS N

BT 3.2 126 3.2 PRGBS LR R ER PRI , 52 BT T F) LA
SHEE, o R TN () A0 565 5 SRR R THEAT T LR, RGN,
33.1 BB RMNLLERS R

T A R (9535 AR TN SR, FRATTHEAT T DU RIS, BT W E L
550 0 2 0 Rk L IX 64T 22 T B AROREL A 1 L R I 4% — 322 4 A1 R 280 M 1) 2 %) 4%
BERERUFE 3.4 s,

% 3.4 DPNM. PNCM MIZ A RTIN2EXHE % 5 1 LK
Table 3.4 Comparisons of the absolute permeability predicted by the DPNM, the PNCM, and the

reference model

WILPHFL XNEFLERM  FLERME-ES A
HAFER (400%) #

B am  GED @D) BEE@mp o (D)
ES3.1 0.61 109 116 117
ES3.6 0.74 34 37 37
ES6.5-1 1.81 28 18 18
ETRAE
ES6.5-22 VALEIS )5 12 128 174
fL1z

RSB IAR BT FUARIE I SR AR R AL, T AN 45 I A AL R 73 Bl —MEE 1P 2L A0
b IAL X AR ER M 4l 2 B BRI
P LIX A Z PR 22t 2 B RURAL

R T =AT LR E BT AU 2.1.3 AN A 2.3 RS 2,
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W JE AT WALIE AL 0 AT 2.2 N A X 2.9 tHEA R, BUR TR, 3
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FRTITM A 2E R EME, RE@ADHAMILXAAR RS T 85% LA EIiH 5 M
o AN, FERFLIX KRR AF ) FLAR T, DPNM WA HiiziE R, i H.
WRERN, R, 4T ES6.5-2 Ffh, PNCM KA T81E %4 26%, i DPNM Hj
BARE TBEFBEE N ER (4 92%) . 3 H., A3 DPNM BT ) 12 mD
5520k A B T AL R KA A 3 T DPNM AR T 9.54 mD BON$EIE

DRI, %8 OQ HE N R AR A AL R AR A LR A AT S LN, DPNM £E
TRMB IR T R IAERR AR (FEARTAEF N ES6.5-2) o &4, IRAIMRE
A4 PNCM F1 DPNM X T 5 fL A 2 R AL LS4 I L T 5 AR LR 2
DAL BELWEATNSE RN, B 3.4 50 =AT780E, WA THNE RS
SERIMZEAR. B 3.5(a) N ES6.5-1 I JR 4G E G LIk Z . DPNM L # ool
PNCM FHAL L X A LB 26 1 22 140 A7 it 26
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L AL B 4 A % e
00| - LB -3 4 R 00| — - FLIE R 8-SR A I AT
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Fig.3.5 (a) Cumulative distributions of the porosities and (b) the cumulative distributions of the
permeability of the original microporosity voxels, the microporosity watersheds in the DPNM, and

the coarsened microporosity grids in the PNCM for ES6.5-1
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Fig.3.6 (a) Cumulative distributions of the mean pore sizes and (b) the cumulative distributions of
the permeability of the original microporosity voxels, the watersheds in the DPNM, and the
coarsened microporosity grids in the PNCM for ES6.5-2. The mean pore size of each microporosity

grid or watershed is calculated by Eq. 2.9
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Table 3.5 Comparisons of the formation factor predicted by the DPNM, the PNCM, and the

reference model
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Table 3.6 The image sizes and their permeability values of the three digital rocks used in the

resolution study
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Fig.3.7 Schematic of the resampling of the grayscale images of the three digital rocks, namely,
ES3.1, ES3.6, and ES6.5-1. In the segmentation, solid, macropores, and microporosity are in black,

green, and purple, respectively
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Fig.3.8 The impact of image resolution on the permeability (predicted by the DPNM) and the
volume fractions of segmented macropores and microporosity for the three digital rocks, namely,

ES3.1, ES3.6, and ES6.5-1
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Fig.3.9 (a) Cumulative distributions of the mean pore sizes and (b) the cumulative distributions of
the permeability of the original microporosity voxels and the watersheds in the DPNM for ES6.5-2.

The mean pore size of each microporosity watershed is calculated by Eq. 3.8.
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Fig.3.10 Schematic of the entry-pressure-based sub-rock typing: (a) A 400x400 grayscale slice of
ES6.5-2; (b) The five sub-rock types of microporosity, the macropores, and the solid, RT1 to RT5
represent lowest to highest entry-capillary-pressure microporosity regions; (c) Microporous pore size

based on entry-capillary-pressure; (d) Randomly distributed microporous pore size
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Fig.3.11 (a) Cumulative distributions of the mean pore sizes and (b) the cumulative distributions of
the permeability of the original microporosity voxels and the watersheds in the DPNM for ES6.5-2.
The entry-pressure-based sub-rock typing is used to characterize the mean pore sizes of

microporosity.
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Fig.4.1 Schematic cross-section of three idealized pore elements and their shape factor ranges, with

blue indicating the wetting phase
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Fig.4.2 Schematic diagram of entry pressure and percolation threshold pressure
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Piston displacement
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has a triangular cross-section
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Fig.4.6 Schematic diagram of primary drainage and main imbibition capillary pressure curves
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Fig.4.7 Capillary pressure curve of main imbibition based on Land hysteresis model
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Fig.4.8 The capillary pressure curve calculated by PNCM and the primary drainage experiment data,

R1, R2 and R3 are three randomly distributed micropore sizes calculated based on the MICPB!
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Fig.4.9 (a) The capillary pressure curves calculated by DPNM and PNCM and primary drainage
experiment data; (b) The relative permeability curves calculated by DPNM and PNCM, the micro-
links are the simulated dual pore network data in the references, and the relative permeability curves
measured by steady-state measurements

57



HPRKA AR S 4 BRIREh S BE 1 5 & EUET T

S35 3.2 M 3.2 /1 400° K/ ES6.5 A 4E, 437115 DPNM Al PNCM K]
BE MAB LR, 85 SLIRHERE (F— 2855 A0 X, B8 SO SRl v 1 o
7 E Ak DPNM A1 PNCM LR CFLAA PR AR 2.9 TH5 . 1&g R
4.9 Fi7R.

WE 4.9a)fn, WEF=2HK 3.6@)7LAER], KA 2.9 BRI
B PALAR N TR K FLAR, IR A DPNM THE BB 405 )38 ik K T 5258
MR . MAS LR ST LA H, PNCM THERTERAE (Krw) AR
MEAH (Krnw) AHXSE 2 M 265 52248 S 3 A5 I BE B9 LD, 3 2652 i)
fr B 5 S0 B R A 22, FRATVAE W5 TFL X R SR ARG OC, J5 8 M OGER AL .
1M DPNM T (1) AH 2 it 46 5 SOk Sl 2 1ol o) h s o, 2R s 3T
SEIHYE, HFHSEE ML —R, WESEREIERERCR.

B tot b3 SO0 EE FL B X 4 T A T 3.5 /N4 HH A 7 R v XU LU i oA
S TN AR N Ao o B IR o< = A O L ST L S 3 B = M S0 7 G R
LA T AUE LR 2% B ARSI e 05, TS R 4.10 s

10
1.0
A
03 - k
10° A K
~~ £
[} 0_6 4
& M
[« 9
10" | 047
—— DPNM-34 4L AL 1% -Krw S
DPNM-5-ilfL L1 _ —— DPNM-5 il LfL1%-Kmw .
DPNM- BT 021 L o prds Pl Krw
A gEE st -+ feds s P-Kmw °,
103 T T T T T T T T T 0.0 T T T T * L
00 02 04 06 08 10 00 02 04 0.6 08 10
SW SW
(b)

Kl 4.10 (a) TRALER TR S FLAR TS TT iR THELH) DPNM R ) il 2RI ) 8 S 064
s (b) 5 MUALALAERTEEL ) DPNM FAHE M B ARSI 15 1A S iHh 2
Fig.4.10 (a) The capillary pressure curves of DPNM calculated by two microporosity mean pore size
calculation methods and the data of primary drainage experiment were obtained; (b) Relative
permeability curves of DPNM calculated from 5 microporous mean pore sizes and measured by

steady-state measurements
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Fig.4.11 Nonwetting phase saturation distribution cloud: three methods for calculating the mean pore

size of microporosity in DPNM and PNCM for calculating the mean pore size of microporous grids

by equation 2.9
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Fig.4.12 Dual-pore-network with full core size of ES6.5 sample, five sub-rock typing for

microporosity
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on primary drainage; (b) Relative permeability curves at full core size and experimental data from
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Fig.4.14 The relative permeability curve of microporous irreducible water saturation is changed
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N TRICBE J7 Bl I RE b — S BT 4 & fet Bl P B 5, 20l 5 Tk
FLIXCR I AR B FLAR 73 A ES6.5 SAhE,  BURAIIR KB 4501 i R 4 7K 1
AL, IRJEREAT T AN FIR AR A BN B st 13212 4005 2B 5
JIMEe, THEEIR DN E 4.17 Fros:

6
1077 —r 10°
1 k- EETE-ST=0.1 ]
- - - FEM-ST=02
1 - - EE-sT=03 1
10° 1 i : == EERE-ST=0.4 10° 4 -"?:TET,;T:-‘--____
] AR F-- Ei2W-sF=05 1 BRE N s
g “~:“‘.‘ [ BEmsT-06 g — \::-“ ' "-
o A EHT-ST=07 %, | F--zgmson I A
n - -E#Bsr=02 ' i Vo
10* 4 * 10 Lo xemsos h 0 !
] , 1 k- -wmsyos e Vo
] F--zemsos . Lo
| F--xgmsr=0s Vi v
k- = EH-ST=0.7 " v
10° T T et T 10° T e T T
0.0 02 04 - 0.6 0.8 10 00 0.2 04 v 0.6 08 1.0
(a) (b)
Kl 4.17 AFEREKEMETS ES6.5 AFEBME 2. (a) WMALAIEIBALE: (b) MdLA
PSR

Fig.4.17 Capillary pressure curves of ES6.5 rock sample under different irreducible water saturation:

(a) heterogeneous pore size for microporosity; (b) homogeneous pore size for microporosity
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