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fractures with rough surface considering dynamic stress effect
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Abstract: The relative permeability and capillary pressure curves of oil and water flow are commonly used as important indi-
cators to describe the flow characteristics in fractures. Considering the effect of dynamic stress, an invasion percolation model
was applied to simulate oil and water two-phase flow in fractures with rough surface. In this work, a single fracture model was
firstly constructed using a method of Monte-Carlo stochastic simulation. Then, a steady-state displacement process was simu-
lated to numerically solve the relative permeability and capillary pressure curves. The accuracy of the new model was verified
by comparing with the Mualem model. The impact of dynamic stress upon oil and water flow was characterized using an ana-
lytical relationship between the effective stress and fracture aperture. The results indicate that, as the displacement process
continues, the capillary pressure curve is moved upward with the increase of effective stress, where the oil relative permeabil-
ity decreases but the water relative permeability almost remains unchanged. In addition, during the displacement process, the
water saturation corresponding to the initiation of oil phase flow decreases, and the water saturation corresponding to the ces-

sation of water phase flow decreases.
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Fig.1 Real single rough fracture pattern and aperture distribution



- 102 - PEEHKFFROAARFFR)

2020 -4 A

TR | 2 FEORLAS J3E 1) B % SRR G A 2 i
TR o R AR DI AT BT, SRR SRR T SR i
BAUTT AR T — % P RE(E, I FRE AR A g
WA, [ A B BIUR 4> RS N T — 2L
A R, B P s P SR R AR R
EILYIVEEY S

£(b)= /zimsexp[—zlaxb—mz]. ()
S b ) Sh 3 6 L 0 T T M B 5 5 45 15 o
$ o TETERE A THIE, m & 4 FFIE AT
W m;b N ITE  m,
Eanzipul s

A | ki . . . o | ko [H
H H
Uity ity
-’R\ =
P B
ESS =
O O
< E

g 1
[~ 8
Llhn| = | o | = | ¢ ks |

BB
B2 BEAENERETREE
Fig.2 Schematic diagram of single rough fracture model
[ Fisf, B TR A 358 . %5 R — 4 - T 3t 5, 220 s 7 1)
i sh B AR K AR RR S, T sh s A a5 vy
SEHE VAN T] T4, 248 32 A7 3800 3 A T AT e 4
5 JEZREENTR AR JFE
1.3 HFERE
5 RS R AR N Rk B A, T
b2
By toca =E . (2)
Ak (F=0,w) HREENFRRTRB B m’,
AR RS TR N

a kO oca. a o a kO oca. a o
2. _local 9P +2p. _local 9P -0. (3)
I\ p, dx) 9y(U° m, Oy

IKAHR LR T
I kyaoca ) [ Ky 0P
o el Ko U vl U (4)
0x M, Ox ) dy M, 9y

K, p, Fl p, 53 500 ki AH FZKAH %5 B ke/em’ s 1

o, S5 A ROK A BB, Pa - s;p, Fl p, 43
A AR AN KA T, Pa,
BT R
pm=pw—po=2m}fS 0 , (5)
S, +S =1. (6)

K p o AR AHZ BB T, Pas o KSR

5K T7,N/m; 0 KA fil A1 5 S, i AR 0L R
S, NIKAREFIEE

VIR 5N

po(x,y)=pi. (7)
RN

P(0,5)= Doy s (8)

PCL,,Y)=Peiis (9)
) _

(ayjy—o_o, (10)
) _

@) =0 (i

T po (o, y ) AHTHR IS 22 2445 45 A X 0L Y FE T, Pas p,
FREEIIR ST Pasp (0, y) BRI J2 i (AT
J&J1,Pasp,, WARETS Pasp (L, ,y) HEEERBRIL
Ui () 7, Pasp, A HE A, Pas L, LA
BRI E  m; L, NSRRI TERE m,

BT ABB AL FIWA [F] 9K 07 3
IKBIAR A A1 L, I ERE 35 K A A S5 ORBR TR H 6 &
RISH B Sk, R PR2E 00 A EUE SR i Bk
T RRAR B K P AH A 0 R 1 S0 A, A T S
ARG R, S RMXTB B R,

Qi/‘l’fo
_ Qb 12
kabs*f A (pexil _pentry ) ’ ( )
gL,
A . (13)
i A (p(=xi1 _pem.ry >
K — eff_f . 14
= kabs_l < )

K, THR o 0 Bwsk,, HLEXNBIER m?;Q, Al
K AR TR S B, m /sy, TR ECK O BE
Pa « s;A A RERAE MR TR, m® sk AR
IKIARBIER , m’ 5q, HIKE T RE K P A 50
BHHEK R, m’ /s K A sOK HIXTE 5

2 HEEAEENE

2.1 REE

R A8 L SR SRS A% T 32 14 1 0T 0 A1 45 SR ) A
AL BRI A PR ST 0.1 mx0. 1 m,
REA AL N 5.86x 107 m”, A5 v 5 4% %5 R 100 x
100, Wi 3 firzs . R 2485 R m 26K, KR 322 ik £
g 60°, FLIHTTK ST HUE 0. 048 N/m, I 7K P AH 5 25 43
15 A1 1 mPa - s, FBEBUREARAL T RAE T IR5E,
A5 HAET2H 10 Pa,
2.2 HEER

AR A J PR FEARSHO H RS 24 4%



FHa4 K Fom

ERE,F AR TR AW oh o Rk FLAE i K 7 AR R B AR A RAA AR BT K - 103 -

PRI 7K R Y TR AR AR sh A TR
FEETT P /pm
&Y | 11400

1200
1000
800
600
400

200

3 HERREENAELSHTIEE
Fig.3 Local aperture distribution of single

rough fracture model
P 4 SRy B ok B i K PR AR 43 A, Horh 206
PRI AR, 1 AR S A Rl A 1 S 2 ik

A TESE) BA R R BT BE 457 i 0B R AR A
Wt R T T T e, AR AR R T 2T AR
INIIRLE

P 5 SR BESR A AR B Y T A8 0 i 2R K AR
MRS BRI, dRAFAHIXS B B R ML AT L
A X T OB A HLSC R R IR S X
TG SREEANTE M AR IR K PR Sh Rk 22 i
IR RARZE . T AT 5T R I, 24 5% KRR A v D
JREERI RIS, d T KA R EORAL B, 2B
BB, MM AR R B LA, K B &
IR, i IR AR AT, A & R T
IKAE B AW/ o 25 35 7K AR D/ B —
(B, K AHE 2 AR AR, 3 T 3B 3R T R
JKHE 5 Bl PAT A AN 3 2 /N AL B R S 1 B
ZhE

(a) §,=0.96

(b) §,=0.9

(c) 8,=0.77

(@ 8§,~0.72

(e) §,=0.5

) 8,=0.3

4 WEITERWESH

Fig.4 Two-phase distribution during displacement

500
400
£ 300
R
00l e
Ly “—“—0—“._’_.
*
100 |- §
0 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1.0
KRB
(a) BESH

0.8 —A— KRB ER

Al

0 0.2 0.4 06 08 1.0
BRI
(b) JH/KMXTBER

5 FEENRIMAKBIEEZ 2

Fig.5 Capillary pressure and oil-water relative permeability curves



- 104 - T E G HKFFIR(ERAFR)

2020 -4 A

2.3 REIRIE

XF LY B TR G R AEARXTS 3 R0Y < X A fi
Pl Ye 45000 38 3 0 58 & PAL, Mualem #5570 1] 1)
% RO R 248 vh 0 T B 23 A, T KR 5 AR A A
RN 5 AT B R R R, DAITTXT AR X2 3 3
PEATHER , PRI SR FH Mualem A5 71 5 A SC i) B0 (.
RS R VAT X . R E Mualem BEHY KA 50
FH AR X 15 2 AT 3K R 10 RN BE A A AR A T 2

Sw_Swr
Swe :SWS _Swr ’ ( 15)
S,=S,
Su=5 g (16)
Knv ZS;Z; > ( 17)
K, =S". (18)

A, S, KA R FNEE S, A e /MK R D BE
S NI FKIKAAMS R L 5 S, A AR AT S R EE 5 Sk
e/ NAITRAEE 5 S, Ay e KM AR AN EE 5 K, Ry H A
FAXTB 2 K W AR TR AH A XB 3 55 m, MoK
PRI A XB 17 R 250 R, =2.25m, 03K
ffAEREAR AR AR RS i R 258 R A, =2. 1,
GG R AR B E R A RS LR
Mualem FERIPEATXF LI GIE, 25 R WK 6., MK 6 1
DVE Y, 8 A2 R R IR B0 i — 3k ik
TASCH AR 0 IERRPE

1.04

—A— K (CBUERERIS 5D
—A— K CBUEERLZ B
08 A\ —-—- K, (Mualem f#HrHE7E)
—-—- K(Mualem f#HrH% )
e
) 0.6
B\
£ 04
0.2
o L .
0 0.2 0.4 0.6 0.8 1.0

BIKMRIRE
E6 MHIEIF
Fig.6 Model validation

3 BN AXMNALERNHKEBRER
kAN

3.1 ARMNAXHEFES TR
SABEPEIM B T 24 TT R R R BT AZ N AN

Wi AR Ak, RN 114 S 4% N I AR 1 3 sl th 25 52 e sg i),

PR AR SCH R T W 2560540 1 0 41 0k R 2% 24 5% T

J3E 55 4 BE Iy 52 A RN 1 Z BRI R RT R R
b=b+Ab=b,+(Ac/k) . (19)

K,k HBEEINIEE  k=1x10" Pa/m;b, REEH]
WRJRFE T, m; Ab R ZEEAE AR N J1 4544 F ey il
FFEERIARAL , m; Ao N EERTZ ARV FT, Pa,

AUV SR 15 130 MPa ], BSR4 6] 7 (1)
FFEEARAR /50 R 150 1300 pm, WA % LR 114
14 K ATRON 34350 K 15 F1 30 MPa B 2345 IT B 43 A
T (LS EIESIAAR ) | i 2488 IR = 7
O3AT FEN T ARG , SAEE T B R g /NI H B
TGRS 7 8 il h AT A B AR
I A7 3500 325 X o ) S T A 100

35

—— REEN S
—4&— Ao=15 MPa
—®— Ac=30 MPa

RERE /%
= = N b W
(=} w (=] W (=4
T

o
[93

0 0 200 400 600 800 1000 1200 1400 1600
FEEFFEE /um
E7 AEABMMAFGTREARNETEREZENST

Fig.7 Aperture distribution in single rough

fracture under varying effective stress
FUEETF I /um
A 1200
1 000
800
600
400

200

(a) Aoc=15MPa
ZU4ETF B /um

. 1200
1 000
800
600
400
200
(b) Ao =30 MPa
8 AEBMMAFZFGTRELHERANETFENF

Fig.8 Local aperture distribution in single rough

fracture under varying effective stress



Fa4 K F2H

ERE,F AR TR AW oh o Rk FLAE i K 7 AR R B AR A RAA AR BT K

- 105 -

BRHNNMBEFEENREINSERME
Eap=Al
K19 AR BN 1 454 T B B4 1 e AH
X5 R N , BEA N 1 3G, B i R
IEARAR T a3, o F- 22 Be i 185 Pa 3 i )
256 F11425 Pa, Ui W i T 1 0938 0, 2458 J B2
AN IR I AR AR A IR, SEBRAE PR RR A T
FLBR R F AN, 58506 208 S 3 m, AR 9 ]
VLB, 2448 E R 808 T DU R ) 2 208 il i
BEAT R8N T AN T3 N, JHE rh KRR AR X 5 058 R AR
ANAE T HAE B AR X2 17 5 2 B S 05
MK, AR T WG A5 1S 2] 15
30 MPa, 24458 FF B 53 /s 25. 9% K 51.7% i
AR B AR X 2 3 03 B YN T 10.7% F
24. 3% , BABE T2 A RN IR ARS8 2Rk i
JERRI I, 1R PR R S 4% 3R T SRR, T UK
T AT B FL BRI BN, 3% 0 ) R e R BN
HH S, T AR 2 AR A A T BE LB T 3, B

3.2

1400
1200 —a— RHBEMNS
—®— Ao=15 MPa
1 000 4— Ao=30 MPa
£
800
R
ﬁg 600
400
200
0 1 1 1 1
0 0.2 0.4 0.6 0.8
BB
() BES

A ST SENN AR BRI 308 TE P S A, Xk
HOESYEARTE S D) WRIHE b kil i AR NS B o S
XA SIRE I WEHISS . D350 KSR BEA O
JIRE TN, AR 4R G S B X A K AR R K
FHIEAR L IR BI R 7 T X08 I07 B4 355 7K A 1 47 s A Dk
/NG TR IR DA AR 3 ik K LB R B, B Y
YRRV i sl aE W A8 28 R R0 R, il AR T 46 3%
SIS PGS IO A9 15 2K PRI ) BB A 7 Y
PEAT , ZREE T 32 BA RN T3 A EofE LU g
LESh I ; [ I, A R0 T 58S EUOREE R ) T
B, AR D R A 1R A 2 S A 5 B TR X 247K
FHE SEATCT S RE I 1), b AF 40 0 2 2 38 B i K
-, RN AHIL A 5 K LRI RE DN, AHLE T 006 %
JEN 378 A T B 1k K R TAE B0 R R A G T AR
X BURHB AR T RSP R 1 T 1 B R A
B WA I 3 28 A1 LS5 S48 DN TS 1 7K 7 R I Bl L
.

A Keor NE R
A Koo NERRL T
v K,y Ac=15 MPa
v K.ys Ao=15 MPa
—— K,,» Ac=30 MPa
—- K.s Ad=30 MPa

. 06
EKWEE
(b) WIAKMIBER

0 0.2

9 AEBVMNFHTHEENREKEXEERE LK

Fig.9 Capillary pressure and relative permeability curves of oil and water under varying effective stress

4 & i

(1) X B R M 24 4% v 3l 7K 9 AH U 3, 697

B KA N BE AR B, A 3 B BE T AR, Bifi o 0K

Bt B UEST IMAI TS 7 R KA R e sh
HETT

(2) B A BN T A BT, B 4% R RS 2R 4% 1 T
AT BRI G4 s e B ) o IR Tt
TAHAR XTI B 30800y, HARUN 8K A AR XS
B RGN A S KA A X B 8 R AR A
IR, THAH 46 I8 S0 % 07 4 7K B K A S AR
RIS 7 X 7 455 7K B 34 B AT RO T A
BEhEN

SE Lk

BRI, B R A RO BRI M].
AEHT A Tl H A, 2004 :3-5.

WA i, 222 0% 55 BRI AR i ) 2 AR &R R
RIEREH[T]. BR2#iE 2018 ,63(4) 1425451,

YAO Jun, SUN Hai, LI Aifen, et al. Modern system of

(1]

(2]

multiphase flow in porous media and its development
trend[ J]. Chinese Science Bulletin,2018,63 (4 ) :425-
451.

SHENG G L, SUY L, WANG W D. A new fractal ap-

proach for describing induced-fracture porosity/ permeabil-

(3]

ity/compressibility in stimulated unconventional reservoirs
[J]. Journal of Petroleum Science and Engineering,

2019,179 :855-866.



- 106 -

PEEHKFFROAARFFR)

2020 -4 A

(4]

(5]

(6]

(7]

(8]

(9]

[10]

YUAN B, SU Y, MOGHANLOO R G,et al. A new ana-
Iytical multi-linear solution for gas flow toward fractured
horizontal wells with different fracture intensity[ J]. Jour-
nal of Natural Gas Science and Engineering, 2015,23:
227-238.
SR &, RO, RN, S T BT 5
WLFLBREEAG E f RAEL T ] P E A2 A 4l (A SRR
2£0R) ,2018 ,42(2) :19-28.
ZHANG Pengfei, LU Shuangfang, LI Jungian, et al.
Quantitative characterization of microscopic pore structure
for shales using scanning electron microscopy| J]. Journal
of China University of Petroleum ( Edition of Natural Sci-
ence) , 2018,42(2) :19-28.
KA R AL k45, A U R 2R P R R HE R
HFLB R B S AR [ T ] . B2 i ,2014,39(32)
3197-3203.
ZHANG Lei, KANG Qinjun, YAO Jun, et al. The expla-
nation of low recovery of fracturing fluid in shale hydraulic
fracturing by pore-scale simulation[ J]. Chinese Science
Bulletin, 2014,39(32) :3197-3203.
Tl A bk, B A5 ORI SR RO T
SRR AT FE ()] AT IR £ i HE,2016,3 (1)
32-44.
YU Haiyang, YANG Zhonglin, MA Tian, et al. The fea-
sibility of asynchronous injection alternating production for
multistage fractured horizontal wells in a tight oil reservoir
[J]. Petroleum Science Bulletin, 2016,3(1) :32-44.
IR, IR K5, R0 R, 5. BUR iR AU
filt 2 BOE AR BRI IN ZR [ ] P R 22 4 (A
SRR ,2013,37(3) :93-97.
WANG Wendong, SU Yuliang, MU Lijun, et al. Influ-
encing factors of stimulated reservoir volume of vertical
wells in tight oil reservoirs[ J]. Journal of China Univer-
sity of Petroleum ( Edition of Natural Science), 2013,37
(3):93-97.
TUR RIS WRA A AV R 2 X
BRI B i RS2 4 (A SRR AR ) 2016, 40
(3):121-129.
YAN Xia, HUANG Zhaogin, YAO Jun, et al. An im-
proved multiple sub-region method for flow simulation of
fractured reservoirs [ J |.
Petroleum ( Edition of Natural Science), 2016,40 (3):
121-129.
SREN[R], AR AN, B B, 45, DUE /K 7 e 344 PR AU
HREERMTTEMIE V] A0 J15 5 TR R,
2014,33(1) :52-59.
GUO Yintong, YANG Chunhe, JIA Changgui, et al.

Research on hydraulic fracturing physical simulation of

Journal of China University of

(11]

[12]

[13]

[14]

[15]

[16]

[17]

shale and fracture characterization methods[ J ]. Chinese
Journal of Rock Mechanics and Engineering, 2014 ,33
(1).:52-59.

NI S e N (A V&S @ I S =i
BURIB FURHIE A P B ADL S BB AL T ] A7 9
2##,2014,35(1) :85-92.

YANG Zhengming, ZHANG Zhonghong, LIU Xuewei,
et al. Physical and numerical simulation of porous flow
pattern in multi-stage fractured horizontal wells in low
permeability/tight oil reservoirs[ J]. Acta Petrolei Sini-
ca, 2014,35(1) :85-92.

YUAN B, ZHENG D, MOGHANLOO R G, et al. A
novel integrated workflow for evaluation, optimization,
and production predication in shale plays[J]. Interna-
tional Journal of Coal Geology, 2017,180:18-28.
Fesi A TR, AR, KIRRLE Z LA B ik iz
IR [ 1], AW ER 5 & ,2018,46 (1) .
125-131.

ZUO Lihua, YU Wei, MIAO Jijun. Streamline modeling
of fluid transport in naturally fractured porous medium
[J]. Petroleum Exploration and Development, 2018 ,46
(1) :125-131.

W], S B . SLAE PRI 2T e %
(AR FE SR [ 1], A 591 %, 2005,
32(2).126-128.

LI Yongming, GUO Jianchun, ZHAO Jinzhou. Numeri-
cal simulation of fracturing naturally fractured reservoirs
[J]. Petroleum Exploration and Development, 2005 ,32
(2) :126-128.

FEWN B/ L, AR, S B TR IR L Y 24 1
TP SIREAY [ T]. £1I°742, 2018 ,39 (8) :924-
936.

TANG Chao, CHEN Xiaofan, DU Zhimin, et al. Frac-
tured reservoir two-phase flow model based on finite vol-
ume method[ J]. Acta Petrolei Sinica, 2018,39(8):
924-936.

BEACH R, £ TR B T BROT AR 8 il UK
SEHAL AT 0] H A R e R (A AR
FR) ,2011,35(2) :80-84.

FAN Dongyan, YAO Jun, WANG Zisheng. Horizontal
well testing analysis in low-permeability reservoirs based
on finite element method[ J]. Journal of China Universi-
ty of Petroleum ( Edition of Natural Science), 2011,35
(2):80-84.

HUO D, BENSON S M. Experimental investigation of
stress-dependency of relative permeability in rock frac-
tures[ J ]. Transport in Porous Media, 2016,113(3) ;
567-590.



Fa4 K F2H

IREF A ELTE Aokt 3 uk i K m AR ik

T BABFEIN T % - 107 -

(18]

[19]

[20]

(21]

[22]

[23]

(24]

[25]

[26]

(27]

(28]

JREER D, AR AR, X TN D . 4% M e B S il i AF X
BEAML[T]. A, 2011,32(6) :1026-1030.
LIAN Peiqing, CHENG Linsong, LIU Lifang. The rela-
tive permeability curve of fractured carbonate reservoirs
[J]. Acta Petrolei Sinica, 2011,32(6) :1026-1030.
WATANABE N, SAKURAI K, ISHIBASHI T, et al.
New v-type relative permeability curves for two-phase
flows through subsurface fractures[ J]. Water Resources
Research, 2015,51(4) :2807-2824.

ROMM E S. Fluid flow in fractured rocks (in Russian)
[M], Moscow;: Nedra Publishing House, 1966 :33.
BROOKS R H, COREY A T. Properties of porous media
affecting fluid flow[ J]. Journal of the Irrigation and Drain-
age Division, 1966,92(2) :61-90.

FOURAR M, BORIES S, LENORMAND R, et al. Two-
phase flow in smooth and rough fractures: measurement
and correlation by porous-medium and pipe flow models
[J]. Water Resources Research, 1993 29 (11) :3699-
3708.

FOURAR M, LENORMAND R. A viscous coupling model
for relative permeabilities in fractures| R]. SPE 49006-MS,
1998.

BURDINE N. Relative permeability calculations from pore
size distribution data[J]. Journal of Petroleum Technolo-
gy, 1953,5(3) .71-78.

MUALEM Y. Hydraulic conductivity of unsaturated porous
media; generalized macroscopic approach[J]. Water Re-
sources Research, 1978 ,14(2) :325-334.

LIU H H, WEI MY, RUTQVIST J. Normal-stress de-
pendence of fracture hydraulic properties including two-
phase flow properties[ J].
21(2) :371-382.
BROADBENT S R, HAMMERSLEY J M. Percolation

Hydrogeology Journal, 2013,

processes: I. crystals and mazes[ J]. Mathematical Pro-
ceedings of the Cambridge Philosophical Society, 1957,
53(3) :629-641.

WILKINSON D, WILLEMSEN J F. Invasion percola-
tion; a new form of percolation theory[J]. Journal of
Physics A: Mathematical and General, 1983,16(14) .
3365-3376.

(29]

[30]

[31]

(32]

(33]

[34]

[35]

[36]

[37]

HUGHES R G, BLUNT M J. Network modeling of mul-

tiphase flow in fractures [ J]. Advances in Water Re-

sources, 2001,24(3/4) .409-421.

YE Z, LIU H H, JIANG Q, et al. Two-phase flow
properties in aperture-based fractures under normal de-
formation conditions: analytical approach and numerical
simulation[ J ]. Journal of Hydrology, 2017, 545.72-
87.

BLUNT M J. Multiphase flow in permeable media: a
pore-scale perspective [ M]. Cambridge: Cambridge U-
niversity Press, 2017:159.

NICKEL B, WILKINSON D. Invasion percolation on the
cayley tree: exact solution of a modified percolation
model[ J]. Physical Review Letters, 1983,51(2):71-
74.

KARPYN Z T, PIRI M. Prediction of fluid occupancy in
fractures using network modeling and x-ray microtomog-
raphy. I. data conditioning and model description[J].
Physical Review E, 2007,76(1) :016315.

WU Y, RUTQVIST J, KARASAKI K, et al. A mathe-
matical model for rock deformation's effect on flow in
porous and fractured reservoirs [ R]. ARMA-08-142,
2008.

ABDELAZIM R. An integrated approach for relative per-
meability estimation of fractured porous media; laboratory
and numerical simulation studies[ J/OL]. Journal of Petro-
leum Exploration and Production Technology(2016-05-09).
https://xs. scihub. ltd/https://doi. org/10. 1007/s13202-
016-0250-x.

ALTURKI A A, MAINI B B, GATES I D. The effect of
fracture aperture and flow rate ratios on two-phase flow
in smooth-walled single fracture[ J]. Journal of Petrole-
um Exploration and Production Technology, 2013, 3
(2):119-132.

IZADI M, SHADIZADEH S R, MORADI S. Experi-
mentally measurements of relative permeability in frac-
tured core[ J]. International Journal of Science Emer-
ging Tech, 2012,3(1) :46-51.

(%# EEF)

TS



