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Figure 1 (Color online) Pedigree chart of modern system of multiphase flow in porous media
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Figure 2 (Color online) Modern system of multiphase flow in porous media coupled with multiple fields
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Figure 3 (Color online) Effect of electric field on water transport in nanochannel. (a) Net flux and average number of water molecules inside the
SWCNT as a function of vibrational frequency; (b) the water net flux as a function of distance d for fixed-charge system (FCS) and vibrational-charge

system (VCS)
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Figure 4 (Color online) Transport mechanism of gas in single channel
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Figure 5 Shale inorganic (a), organic (b) and superposed digital core (c)
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Figure 6 (Color online) Density distribution under different pressure

TEARF U AE T & b, AR h ARk
PHAIA TSN, AN TR T8 BLA T 7K P AR I sh A4, <k
TR AH ) 25 88 LU RN 8 B L AR AR R i, AP BT
5 T L 0 T R TR TR VAR TR R O A B
W, JFHET TS BB A, K B AR R A
2 K 3 B OK AR R B, 18] 7 (a) J2: 00 B
TR, A MRS FLER, 034 by i
FLBR, ()2 HRAK & A e i SR o i s T R, I
A S AR R A 4.5%, TG00 A i B T I
JE Z40R HER AR H AR A B4
223 A TFHEFEOMABRMEHEAHN-SH £
W7 %

AR DL 2 LA T R R b, 45 A B B
BT RE AR T2 07k, 1l BUE R A N-S T B A T AL
Bt REE 22 LA TR PN ) B O LA B 22 A B S 7 S
Wi & . N-ST5 & B R AR HBL H i d ol B, (A1
TE R 143 PR, 354 R B IR R 22 ML e
TROAF S T A 50 25 A R S L T 5 R — A S e )

2 MPa

9 MPa

431



4 % B B 2018528 #63% HaH

(@

Bl 7 (MR ) TR BT O () LB SRR R S i 7R B2 R (b)

Figure 7 (Color online) Digital core of shale (a) and gas distribution in it (b)
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Figure 8 (Color online) Schema of multiscale flow in shale gas reservoirs

LTI, BRI 07 BN F]: anAE gk 90A HL
FTLBR N, A58 00 & Le MR AN AL, TR VE E A
N-ST5 AR, 75 % 43 FRLE = A7 AL ot 35
B I BFF e e LD, SR FH DSMIC B 48 1 i) LBM R B 5%
A LB AL N AR IZ F s I 7E SIOK GARO0 T AR
A1 F1E A HLFL B PN 0] >R FIN-S 77 #2 FTLBM Ok iF 5% H:
T K RE b, W8 R RS A iR
FIE A P 2L Fl A 1 [A) .

TERE 40 RUBE | B8 0% M 1 15 3 O 44 1) 32 B8 R AIE,
{H T AU T v R AR G T A 7 [R] REE A ]
RE, LR i, FiE SR, A0
S X 8 T v L R ok Al R By ik AT
BEALL,  TXAF o] 7E 7 AT Hh 2% e A R B R AT S 3
X HEeA Zo RO DB HERR B, 2 H A 5T 1 A
FME . — R B PR BTy 7 A5 3 75 R
BE E AR O R

3.2 WHIRETH Ik

RO T 74 27 H i 2 L4 5 o)
s FH B 5 32 A 34 46 BRIS (homogenization  theory) Fll
PRS2 (volume averaging method). YJ{LFRiE—
P 07 A J) 0 P ] AT, {1 A 2 W R W 9 4 IR

=t}

BREMNIRILL

ﬁﬁﬂ&RE O(m* m)

SIElE
-. ' siEe

NIREE 0(107 m)
SENESTRONRE

R SO10R

B, SO0 R BY 5 R 38 A R O R T A5 3 2
RE E¥E T BRI S5, %05 08 A2 1
JRURE 25 (] ROSF AR X1 22 R BE A 20 s 58 i AR FR
-k — R e A A @?ﬁﬁxﬁﬁﬁﬁﬁ
9, R B /NG, IR B E 25
NP N TR #ﬁfmwﬁﬁiﬁﬁﬂﬁ
321 HAER

20120 704FAR, Keller ™' 7e 3K fift &2 A b H) i i 2%
FaJ %) 7 W A5 35068 L S 5 s B 1 T 9 S04k BRiE, Bl
TEM R 22 R R ) 228045 8 Tz M . B
HIZ PRI TE 22 FLAY A% 5 3R ) DL R ik ) 22 4

U A ASE TR, AR 2 R A1k T v
MECA ARk A, WAL B — M R EE S, &R
FH o e JF XORD B B kA e, TR R AR b 221
LA 388 30T JER e A 1) Bk 23 O A SR s R B Ak B 4 i
By Ty #R, B AT 1L BEIS A AE OURL i 0 R T
7 S — e H R 2 Ly kDY,

P4 PSR E F AT X 3 P e e 2 R] R
AR R, R e FEE AN IE Y XA B 2 AR H D
(Y, TE A ST X 3 P X 25 18 o i 9 AR A 1) 7 R
FHORURL JE 9 0k SR T, Al 45 31 K R BE b A 22 W9 ol
T, 2R ) 7 AR KRR e ) pR g, 7

433



4 % B B 2018528 #63% HaH

VELSE 2 SV NI T, 00X e S S Bup.o vy A L
REEAT SR A T LA SR AR ORUEE 72 W4 il O B2, SR AR
fiff KR BE 4 1y 2 1T AR AR AN 52 I .

B4k e v] R R R 2 AL A T R TR RUEE A o
FRA 00 22 W ) O R B2 L B AR BR300 B R B
SR AR AR B B T B R AN R A
R DA S U SR 22 U 43 R e 10324 4
Xof 4 IR T A T 1 R A R T A ) D) 8% 7 U B
B ALK SR TR RN R o R R g
U R GRG0, Horp A RN TR e T A e,
FEA R 4, HOR 2488 R B R B i X
IR RGN H s X . T 504 HE X B
R IR O 245 7 L Ik sh B E AR R R AT T R TR AT
W2 R T RIE LS Darcy i sh i f2, 4 H
T EEIR BAY A AOS B R K R BRI A S, I
LA fiy BT A A 956 BE T O ik R A v B,

o A 3 R R A A R R R BRI R B IR
K BLE T, O iz S, IS T R4
FR 38 P= RO AR s P MR BEE B 5T T o
T8 2454 4% = T A RE 0 i TR ML ) B L e PR
MR 72 B ) A, B S e U R AR N
TE 18118 S 45 700 75 AT AL Sk 98 3k X3, 92 AT (] i) R
MR H RS X 4R )5 %E F Darcy-Brinkman J7 2 &
ST ZABE IR S BCEAR AR, RS S A A
BB RIEAT T ROE T, #4537 ol il 1
ABENBIER, fn T Hm S WA I B .

TUA S it 3 NROEE 9. DUA e th A PL
HICHLUFORE B (A9 BT 7% ), A HILJBE P9 A7 15 I F U
TS, TP AR 25 <, SURTEA HLBTAITT
BT FLBR N A8 B AL AS 18] (A7 BT 9 A7 A8 I B 3=

[TE7A-1 O NP B i U E o oy R e N R N DTN S
AL FRAE XA AL A TC LT ) B A R G kAT K,
B FA R 5 TR T BUE AT Y.

XF AT 3R A LT3 A (UL L9, 3P HLAT AH ]
TOC T &, MIF LB SIS, Ui AR
VU B N B e AT ROE A9, I A5
() JE e R AT B AL, 15 3] T 3RO R A AL
A 4 Ty A 22 B i A () AR A (61 10). il L 1omT
H, BRI BIRIAE 220 B AR e, (HERA
RPN, REEFHE, AR
AR T HE T . BR= S AR, W20
ARG, A T REETHEE, 3R A AR ] B 7 U8
Z40, S EA M A A R, R s gt
1T REETHHA G 5L PR A2 4540 A7 ) 22 LA 5T N i
TAEAUL.

322 HRFHHE

ERBOE 7R R —Fh R, 5
WA KB EATEA P ZER RS
B )RUBE, 38 2o 78 X R M — R AE TR, R AE
TG Ay A 2R RN [v] 30 P A (P81 1L 73 ) T8 97
RYE, H5 WA B Y (s-phase) . TH 15 7 /44 (w-phase)
FNAEE 57 A (n-phase)), 8 1d 58 Y5 FEAE L
FE R GRAEEY . ARAEF3 . YR 2SR i . =5
(5] 734 B S W AL S 7 B ), FRAE LT AS (] B XA
[ A DEAT P34, 531 22 Wi il 5 #2100,

Whitaker®*" I Quintard ¥ 5 TR - Bk A2 £
LA s Iy w7 R TAE: R ARF kB
WHES TR RS ZHRAE R LT 2101
A5 A TRAL S L2 LA TR I AR T A L T 4%
PEPI4E,

[ )

(a)

30 pm
30 um

1S
£
[

5um

(c)

W 1.7157 um

30 pm

25D 15 pm
Q5 2.122 um

30 pum

30 um

B9 TUEANUBHOL R (@) BOWAEL 1; (b) BOWEE 2; (o) ROMAREL 3 (BRI R OIS G I, AERRICHLUR)
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Figure 15 (Color online) Comparison between numerical results (a) and physical experiments (b) of two-phase coupling flow

WF5E, 320 T4 ARSI, AEIh: TR
JE RN, AR5 H BT T 100045 L0 IR, AT LIS 4%
Bt SE A RS ;. Witherspoon™ A k1 25 fie A5 B
] 55 5 F HLR SF 2 H/N T-0.028F, 7T L3R 253k 2
A B R 3 4 S ARl S — LR TR
WS ok BY, SEPRHE) N AT R, XA
W, HAERB B R B T 2 4 1 4 RN 43 A
H, IR T e 4.
532 REWMRERBERUHE

L35 15 R S B S R S OB A T ) O
SR, BN R E S H AT E k5 TR ER
WHEY, T 2RO, BB NPIRIS: TR
FET VRSB B B 7 ¥ e W B FR BT 1 h David™®!
P, T AR TR A iy o S T IR Ak |
— AT HENERBBRARK, A WY 25%
N IR ERB B R AAA W SNk, e 3ERE 1, Budhi
2 NI T 24 KN S R0B B R RS SR,
PR R G B 4O AN R AT I o A A R
WA, WARXERE T 248 JUM Gei 5 BN e UE 17 HE
oo dl, ST T 25 R S S bR 22 44
K. BRI, T U SR DU I A sk A B 1Y
REE A, A E T 24 T e 08 B R L
FEI . XK AR TR S X A KN
) ST 1 Y o) B/ TRsi 619 R 1Y g i By e Y

7 8 = A S PRI (X 3 K/ R 100 mx50 mx

10 m), AHLLIR SR AR A SR FBUA W HL5 %
(RIRR FHEAEA H A TH R A R S5 208 1B R, It
178520 B A RBUE Y. P 16(a) o = 4 B R
SERLRL ) AR AR SR 100 A, I 16(b) A R R
AR B B S5 R AR BB ZE SR, 1B 16(c) 9 K
FHABEAS A S5 20 TR BB A5 2R . BB 45 2R
R, BEEARBORBER S BURERE, Wb i 5
M 77 A A DR 2.

5.4 Ry

(1) & 5 2 5 P 2 6] i) 30 74 52 e 4y BEAIL )
FIRT A RARTE R, JCHE PR A Z AR R A %
Vi) 0 — LR 4 22 ROJRE U sl [ A, 7 A FROUE LB R
JE Y R AT 5T A ST b B Sl AR R A0 AL LB
IR AR B AR 2775 3 a4 A0 B 36 HE oW i 3 i
T RETH G, e 245 1) 52 5 i DX I B 3 1) 2 L 3 30
Bep i,

(2) ZLERRR SN, H TR R T A 00 AR s 7
B, T AR B AR L R AR T B AT R, S
bR LA, REA B B R, R, egE
WA S AN, R P A RS BB RO, &
B B AR IR VB AR

6 BRI BT
FRM B TR R R BT AL: (1) KR

441



4 % B B 2018528 #63% HaH

(b)

il

11

(c) I‘I.O
09
£:0.8
0.7
<106
2:=0.5

0.4
0.3
02
0.1

B 16 (28I () = HEAARIALIE J1 3004 LUAR, MPa. (a) BIRIRAERIEL; (b) ASRITHHEARTIAR; (o) RATEHEAHA

Figure 16 (Color online) Pressure distribution of 3D single-phase flow. (a) Discrete fracture model; (b) numerical result with on OS; (c) numerical

result with OS

JEE B 25 W) BB, BV R RS = ey A,
FeI R, PEATIEMOEAE . fese i AR AE B
FE, MIE T SLBRME 22 25 TR | K5
sl A R sl AR (2) WOR L 9K RUE BRI
LZBE S VNIRRT A T €5 NIER DU - 95 K111 (O BN 373
S5 ] M 000 AT AROUL LW PR ) 2 A1 I 5.

6.1 L& M PR,

X G A RU I ER, At 45 25 B] 32 2202 248 A
AR — P 2L T, Tt B sk A -
BIRHRA T o, B H i K R s LB R TR ML E AR
T B o 2 UL B AL A 5. W B A — R
KELAULE B VLB 20 0h f3DFTEN A Jr vk st B, 4%
YEF — R4 Wi 3t sh HIL AR R R T SR AL FHEASE A
HOE S TR 24 4% | 3R A Tk R sh LRSS, e
Fr AT AR A 2T X 25 A T R LR 5T (A & 1 7).
6.1.1 & A Fod X st AL W A

— JE SR FH AL D) 284 8% m S T 2H A B RS, R AT LA
it st AR XTI K A A B B A A B SE . Romm %5
NV et B — S b A A B R AT T I, 53
LA PE A 4, JF38 Hh 244 00 A XA X8 i
SELMAR/N, AR A 7 2R 5 AR K.

Kok S o 42 Y1) 98 9 PN 4 3R o3 A B &2 4, AR
ORI R RS A i R R A W BRI B, R G
W9 T ANFI 2L TT B . S | 2ae M Z8IE  JR
F TR BE | R B RE AT SR A K BRI LA AR
A RN IEA b, 4R DU A 1 B A (Fo=k Boviw) K
FIWTEE T A N R s 207, A TR TR S R
Tt SN A 2 8 9 I A 45 1, I A0 BT T AR A I Y 4
FI S0 A5 h 2 RG24 TR N R -

442

BIRBAA W, MY BB S s — 2R T
ZALA TS B T AR B A RN R A S T A
'H: [98].
6.1.2 %R ETIFRXNERE

K FH B% T ) 258 A Y | T o 4 3TR) AR 3 g T SR o A
AT B, MR MLEE A £ K. Rivas%
N0V St A DL B R A0 S A R TR, R T 4k
TR ZH A YRS 38 A /K IR v 52 56 A PRAER 97 3o K
Ja B A b, DR IAEE TR, AR
O ETF KB 2 A T AN () 445 4 A 1 52 4 5% ) 2% 4
AU, 38 A AR I S 06 K B AT TR Bl ) 8 2 A R
D BIRUSRICE | AR EZEGE, K BT, H
4% ) 4% T 9 7K SR T2 B AR T K 3K Bl R ) A B RN EE
VeI T

R FR T R RUE F18) A RS Y 118) 2R A 05 1 2 110 IR o
KA A EMERFFE. R AR fpon O Sy 7 4850 R F ]
P2 1% AT A AR 4 BB, Ty vk, B ARARL AR U] ) Sk L
FIFBOE 200 . 3DFTEN STy v S 4% . i i RF
FIE S WAL IS, ST a3 72 W0 4 B UL 4%
[ R k.

6.2  FUEIMIB F P,

HoeE I EAHEECE, LR, YtE2En
e, BT RORFLBRZS I E 2, SR AEAH BAE
H, FEBRAES & A2 AR, Bk S8esEms
() 4 BT RULATE 5% 22 45 v e L B 45 44 110 2] 1) 6 AiF 7y T,
PR PHAR AR IS SRR R RS 12 T = B
6.2.1 FIREBERNRK

Xt FARFLAR B A B0 )2, B A A A LB
WE 7k FEA SRR ARAR) M AFRE



PR

(a)

(b)

B 17 (MR Q)L A BUR MR, () WAIHLISERZE SRR, (b) T RMLBRLE R W 24457
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Table 1 Characterization method of micro-pore structure in unconventional reservoir
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Figure 18 (Color online) Pore structure characterization of Chang 8 reservoir in Maling oilfield in Ordos Basin. (a) Casting thin sections; (b) pictures
of confocal laser scanning microscope; (c) micro-CT; (d) capillary pressure curve of different permeability core samples (1 mD=0.001 um?)
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Fluid flow in porous media is the key scientific problem in the development of o0il and gas reservoirs. The traditional mechanics
of fluid flow in porous media which based on the continuum hypothesis and Darcy’s law plays an important role in developing
conventional oil and gas resources. In recent years, unconventional reservoirs are drawing more and more attention all over the
world, therefore the development theory and technology, especially the corresponding flow mechanisms have become the hot
research issues. The unconventional reservoirs exhibit distinct multiscale characteristics, even with six orders of magnitude
difference. In addition, the application of massive multi-stage hydraulic fracturing can induce strong stress interactions.
Therefore, the traditional theory of fluid flow in porous media cannot accurately describe the flow characteristics in
unconventional reservoirs. In essence, the development of unconventional oil and gas resources involves multiphase fluids (e.g.
oil, water and gas) flow in multi-scale porous media with multi-field coupling and various flow patterns. Therefore, the concept
of modern system of multiphase flow in porous media is proposed, which means multiphase fluids flowing in multi-scale
porous media with multi-field coupling and various flow patterns. The research status and development tendency are reviewed
from the aspects of: (1) micro- and nanoscale oil and gas flow simulation; (2) upscaling for reservoir simulation, (3) macroscale
flow simulation of unconventional oil and gas reservoirs; (4) simulation of flow in large scale fractured and vuggy carbonate
reservoirs and (5) physical simulation of hydrocarbon transport in porous media. More specifically, in nanoscale the density
functional theory and molecular simulation method can be used to study the interfacial phenomena to understand the
hydrocarbon transport behavior in nanopores and provide key parameters for mesoscale flow simulation. The current study of
nanoscale simulation mainly focuses on developing more realistic molecular structure model to represent the heterogeneous
shale samples. Microscale simulation methods involve pore network model, lattice Boltzmann method, direct simulation of
Navies-Stokes equation, level-set method and smoothed particle hydrodynamics, etc. Digital core and pore network model are
the fundamental research platforms. Various methods can be used to reconstruct digital cores with multiscale pore structures
and mineral compositions. The complex physicochemical phenomena namely adsorption/desorption, wettability change and
boundary effect should be considered in the microscale flow simulations and extensive works have been done in microscale gas
flow simulations. The future work on microscale simulation should focus on the multiphase flow mechanisms with multi-field
coupling. The multiscale characteristics of unconventional reservoirs indicate the necessity of upscaling process to introduce the
microscale flow mechanisms to macroscale. Homogenization theory and volume averaging method are the main upscaling
approaches. Current upscaling methods are mostly based on the periodic boundary condition and are unreliable to be used in
complex oil and gas reservoirs, which needs further study. In addition, more research needs to be conducted on the upscaling
from molecular scale to mesoscale. In macroscale simulations of unconventional oil and gas reservoirs, the fluid-structure
interaction should be considered and high efficiency numerical algorithm needs to be established. For large scale fractured and
vuggy carbonate reservoirs, the non-Darcy flow characteristics and different flow regimes in vugs and fractures should be taken
into account during flow simulation. Physical simulations of hydrocarbon transport in porous media are conducted at two scales:
macroscale, nano- and microscale. Macroscale physical simulations aim at monitoring the dynamic saturation and pressure
fields change under the realistic reservoir conditions. Nano- and microscale physical simulations are mainly applied to study the
fluid transport mechanisms in single pore or throat. In summary, the proposed theory of multiphase fluids flowing in multi-scale
porous media with multi-field coupling and various flow patterns can be applied to study the fluid flow problems in
unconventional oil and gas industries.

modern system of mechanics of oil and gas flow in porous media, micro- and nanoscale, upscaling, unconventional
oil and gas reservoirs, fractured vuggy carbonate reservoir, physical experiments
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