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Abstract Rock spontaneous imbibiton is the process of wetting phase fluid within the pore space spontaneously exhausting
and driving the non-wetting phase, which is one of the important mechanisms for tight reservoirs to improve recovery. Due to
the complexity of porous media characteristics and fracture morphology and other factors, the researches on imbibiton and mass
transfer laws between fractures and pores have not yet been fully elucidated. In this paper, based on the phase field method and
fluid motion equations, a pore-scale dynamic imbibiton and suction numerical model was established to analyze the mass transfer
mechanism between fractures and pores within complex pore structures and the relationship with the recovery rate. The results
show that: (1) the imbibiton process mainly covers three key stages inside the pore space: rapid penetration of the fracture,
interaction between the fracture and the pore space, and gradual advancement in the pore space (i.e., repulsion process). A faster
injection rate will hinder the imbibiton process, and result in more residual oil retention. (2) There is a specific critical fracture
width, and when the fracture width is about 40 times the average pore size, the recovery rate will fluctuate up and down in a
certain range. As the critical fracture width decreases, the positive correlation between the fracture dimensionless number and
the recovery rate is shown. (3) Fracture systems of different complexity have different effects on fluid transport. As the critical
fracture width decreases, the impact of different fracture complexity on fluid mobilization is different. Specifically, with the
increase of fracture complexity, the wave range of imbibiton effect become larger. The decrease of crack width will exacerbate
the phenomenon of oil droplet aggregation, which will significantly slow down the recovery rate and cause clogging problems
in the small pore area. (4) The number increase of the system open boundaries can effectively enhance the contact area of the
wetting phase, which can maximize the dynamic utilization of the pore space, and form a synergistic seepage drive mechanism.
The optimal imbibiton recovery was achieved under the four-sided open (AFO) condition, while the worst recovery was achieved
under the one-sided open (OEO) condition. At the same dimensionless time, TEO and OEO show higher normalized recovery
rates due to the strong non-homogeneous effect of the open number of end faces and spatial distribution model, while the

recovery change curves of the remaining three boundary conditions show relatively concentrated trends.
Keywords pore structure; imbibiton mechanisms; numerical simulation; recovery efficiency; crack complexity
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Fig.7 the distribution of oil and water under different crack complexity conditions



278 ABEE R (2N TR IR SR L) 2025 4F 04 H

510 B 2 )

/LB EEA S, e BRI LB HE . o TP
AR /NLIL, AR Al A AR 2 )5, il
BAE o LLAERS i DABR A il ARl B v
XA AT DU RS A B O R [RIRE RS T SR HR
WYX, B REME LR AR, 2 A I R A
AU TT o AN, AN IR DX W 5 e AN AR, 1
2 IR W 5 1) SR BEA T AR B, X BN 38 ) 5
M A, M0 3 DX e | 8] B W AR AL R A A

U 8 Sy AN[R] A2 AR P JEE SR SR MR L st A
2o MEBWAEHIRPIIB B, T RIS ] = 4 4L
POEE G, X BOS I Tl T R Bk i e
BOFE ARIREE P IR EX—Hr B, —Zn R
SR SRS B S Uy Rl MRS ) 5 SO
B, o RLETIREIRW], — 2000 3B W A K UL
%, —Hor N GERAE RSB W IMTHRES
B EOR RO SR, (EARE R, R
— oy SRR RS T B WO R, (H R R
MR R LR T — oy R, X —H
GRW, WREIH AT 2 K RAE M RS 1155
M AR D S B0 ST By DX, DT A ) T B T e A B o
e (R /N A B A AR 22 M R AR )98 I J8URE
I H i TERAV AR, 15— 200 ORI AR
WA A T K P28t

24 FLEE—Z4EILE X R0

Tl 9 47 0.008 s ZIAS [R] 11 L A4 T Il 7K 43 A
o KAHSTETME IEH FRishit AZFLA T,
BRI SRR EEIR R Bk, BRI AT

0.8

—o— R
0.7 | —o— —HHRAkE .
—A— TR :
0.6 [
05
X
5 04T
=
03+
02
0.1
OO 1 1 1 1 1 1
0 5 10 15 20 25 30

B (8)/s
B8 AEEXBEHUERNRRSHIERTN L

KPR T LSO 39 FR h 288 1 Dl o FEate
AR, W T LR, 5 Rl AAS R
YERT R B2 IMRINAS— B9 o K5 1] 9(a)(b) X HEk
A, SINIFHCE X TFE LT B KRS,
WO B WA R s . 20 BOKAEBARE T EA
FAmGCEBHE B R AR A . RO AR 2 A7
NEPAPRZS, EPIZOKF R4 2 IR, flifHi
I Z A R AR G sl LT A T4 & 9(b)(e) Xt [
KF, TEC BRI, Nt 12l REL
22, M /IR HES S0 — K% ki AL B
WBKE ST, BIRACRR; TEO 7E¥8 W A rh A sl K
T, DN il AR 3RS T, B WO AR XS
BT 3 Al LB W A T RO RO FR i A 25
FHAR A AR AL A AN L AR E TR AR R
TG, & KB WA, T A RS
M R AN AR H 7 AR RBIRZIE . AR OEC YK
AT AT AE R, JTRCHARR AL S 2 T R
PO R . T 9(b)(d) IR DLXT EL, A7 RS
BWIE T E N AR BB BOE R, N TR AR R sl
BSEEHE, 0 LN B W5 1 S, i T3
Weidfe. HARIFHOARALL, HABIRR LR & F e
DI 2 A7 AR P BEAL UM TR BAR A R 14D 9(e)
BN &IPGA S, eIPRGL ARSI, kAl
FLERIAR, KA SR S0t R e s, ik
BABWAEN, [BWE R, X R H A
PR B BB W ARG .

TESNAB WS e, 285 5 FLB A AR LA HTE i
UL 328 8 S A TR0 A AR A7 T 285 38 T ) U AL

—O0— pEILE
—— —RHHNHL
—A— TN

o

o

o

|
T

Bf(8)/s

Fig. 8 Variation curves of recovery rate and seepage rate in fractures of different complexities



STARGEIE ) & 2B 2L i A A8 WA

279

HlSE B MR SEEEAE Sy O 3Gl 3 O S IR Bl i A
SRS, L P 265 P e 38 1 ) s B R AN 24 4 1)
i, EEAE SAER T KR Se R AL 24E5% iE
FRHFLBR, IS FLB (e T AFT B8 R B 1 o

& 10 2 OEC i1 i 3 A~ 3% ZL i ZI i K 53 A, 7]
ISR 8 Zih B S i R s BN, £
TR /N B B R 45 5 KA R RS
FEELG . BEE TG SR R, BWAEH &1 3
IS SR AN R i B S S e A b )
I ATIF, fEdE T IR scH, IR, Hig
FERT e BRI, T AR A, BT
LRI 23 H /Nl s A 10 S, AR/ MmiE e ok
M AR RS IFIG . SRR R 1 — 2 R A

#IF, R RIRER %, R,

N AR IR T B W, 7
R FHARFAIE A BE SR b BRSO R/INFIL A AR AR, SR
Je R FOR e A T R TR, TR AR R K
15, 16. HAT OBO M F A0 HAT — 3R wi
L& NTTIRER ¥ = WS I U BUIRV  SS dE R (AR
FAFT, 2 RM SRR A, R A ] )
BT B ARy, A R SRR
HOBA RGBS, AT IHRRERE . HAT,
Mason f 84 &7V EL i TR 19 A 5286 . 5 MK R
HHEE, IR b W S 56 R 75 i B B O
B, EHT AR —K AW ARG

11 AR RIS 2R A iR SR A — AR TE A

N
@
&

fe] Jo

008s X Y SJIrXyY 12

0008 | ...&.@g‘. ) ’to
@

B9 0.008 s BfZIRREAFREZGTBKRSRIER

4
o
o’

Fig. 9 Oil water distribution under different boundary conditions at 0.008 s

O

Jo-0003 LY ] °9
-0 2

o

L=
v

S

=

(a) t=0.0090 s

& 10 0.009 s £ 0.0096 s 3 P A[EBFZ| OEC if7k 53 70

b
(L35

(b) t=0.0093

o
L d

7]

(c) t=0.0096 s

Fig. 10 Three OEC oil-water distributions from 0.009 s to 0.0096 s



20 FRRFI (SRR SRR ) 2005 4 04 45 10 5 2 )
70
—o— AFO
—A— OEC
80 —o—TEC
TECO 00000000994
50 F —w— 00 090009
2
S 40 | @ s 00000
(% <
Bk 30
20
vvvvv 4444444444404 040000000000A0A00A04
10 K vy

0 -
0.00 0.01 0.02 0.03 0.04 0.05

Bf(E)/s

T DR B a1t

11 FAEBFREGTREEMED—UTEREEELE, EF 2 RERZIREE Re SRERYE RoHILLE = Re/Ro

Fig. 11 The oil recovery rate and normalized dimensionless time variation under different boundary conditions. In the picture

n is the ratio of the recovery rate Re at different times to the final recovery rate Ro = Re/Rx
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