MHRCF M I15,508 3T & o 1 Applied Mathematics and Mechanics
2016 4F 1 H 15 H i Vol.37,No.1,Jan.15,2016

X E 42 :1000-0887(2016)01-0073-11 © N FHECEEFN 124025 2, ISSN 1000-0887

ETHT EBRAERITH T aKEFHF
ZEERTR

WER, O oW, W F, INF, FHE, T #
(T2 A TAEBE, P54 710065)

WE. TUAHIZ KT I or B 25 R 245 181 BE O 1 2 e 24 BOR 1 SC B, @ 5r T /K I R R RN &

AT ST R BR AT IAR I 2 A A 1Y R R B 9T £ AR SRR RIS R 1 T R, LA

KR F e K F2 0 12 | e [ i 45 [N 38 5 S e 0 ) ) B 1 6 R SRR I L B H A FE G 24

455 B HLAT IR VR, B2 S8 ol T 58 B L W AR S48 110 K 5 SR 58 T s LIV 0 22 ol /DN T 388 K ot e

ZAsF (A1 P38 0 i 38 AR TR BRI ) R TSR A R OR SR AR ST R SR L K
52 Je B 2T IS5 46 TR B B AR AR T IE Ol 30~ 40 m 2 4 244 W) 3 B I | v ) 2445 232 B

T LA BRI R, A TR PR/ B A £ PR BRGH | 448 8 & Il TRl A< 4 e ol 3 g

x # O AR KT, aBRERKIIER;, PRARIT; R Tik

FESYHES . TE357; 0343.1 MRS, A

doi: 10.3879/].issn.1000-0887.2016.01.006

5 H

TUAR)ZHA KRG B GORG LIRS FE BB 3 3 R i 5 A7 KR 8, -
3 i e SRR TR R SRR AR T KT I B K R R R B R R
23 (], e ST FLAR R R T BE A R B R OC . 41 By 2 i fL L 2 L Ak [ I ke 244 i L PR B O
L PR ALY R A E AR i N T, MAEE AT N 2%, o 2 Z 4k W i SE B R A T A
PE4.2011 4F, Roussel I Sharma®' 3 T4 B 22 430 5K fift 22 54 4% J& 181 19 17 7 43 A, 10000 584 4% 1)
FEAH 7 17].2011 4, Dahi-Taleghani 1 Olson'® 3& T4 A FROTIL R i 1T —4EF- 1fi [ R (1 24 48 4
JRIEA G TR 3 544 42,2013 4, Castonguay T I T FOT I & 4ok TR
HALEY AT TR SR T 88 25.2015 4F, Wu S8 JE T B AR JESe il T
ZAPBEN R I R R RGO A NIRRT 3 DL B 18T AR I 2 5%

Y RIEES S A by A IROTILE ﬁ]?**éﬂiﬂl_ﬁﬁljﬂiﬁ%%?%ﬁ’]%ﬁﬁ}{t H
A8 R B8 v e I 7 DRI AR TE A v X7 a5 ks S0 43 PRI 55 [0 T, O HLELAG 50 B P 4 L

b7k TG Bk FE AL A 41 s B g a5 el 32 vk 1 N FHEE N2, 2012 4F |, Keshavarzi 25112 3
T RA BRI A I R ORI T A8 TEAR.2013 4, Chen ™ L T A BRI

}§

« UWFRBEHE: 2015-07-08; EiTHHA: 2015-10-09
BE4UH: EXRARBFESE(51374170)
EE® T, A (1963—) 3, ##% , 1 (E-mail ; chenjbxu@ 126.com) ;
B (1987—) , 5B A+E (GEIRAEY . E-mail;: xysuweibo131010097@ 163.com).
73



74 RAsk B W W oF EWNE S FEE OE W

& HIIK 1 R G Y R BCAARE R SRR T 3 A B T R A 48 T8 8 1 HE A 14:.2014 41,
TP ZE Y BRSE T 3T A FROTIE R 4 T it A2 | & BT A AR i Poisson (JARS)
B B T A4 X B B K B A B . 2015 4F | Sepehri 25 BT R A FR G T AR
K 544 A SHFLFLIR SR M B BT T S LS BO6 2488 I 25 1 52 .

DL ERFRK Z 8 P fE ok R i 18 X 2 SBR[ i 4 J ok AR iy i 5 i A /D L 2 2
QY L AE Y RGN S A N 2 , 2RI AT A th R e A AR 1) e )
T R PR 2 B BIF 0] R 2 T LA e R R IR FE P e 24 S 22 TR S AN (B Bl
(G ] 23 48 v L EE (N S R T A R T 00 S TR 5 (B A 8K D MR i 2 ) PR 42 L g b
K, WK 5 R W S PR A DTN , i AP EE BT R R ) B AR SO T R A IR L, B e L
VBRI G | TARIESE LN T, IF IR 2 e Y RIS, Ay BTy ) 25 | R IR) R N 4%
SRR, I f AL 2GR R PR S ] f R OC R, R R 2t T R vh R AT R A e B B A 4

BV ARSI

1.1 Z2ATE

TE— DT A5 1 [F) P Rk i — 4K D SRS B4R Y IR 0 b A A AR Oy P 2

Veo +f=0,
e=(Vu+ (Vu)") /2, (1)
o = Deg,

A, o AN JI5KkE D i Hooke 5K £ NARTR J1 ;e AL 5k,
A A AT N 130 56 R i A

on=F, on I,

. . -
on =—o-n"=-pn'=pn_, on I, (2)
u=u,, on I,

Kb, n LR L & T, L, F T 53R S RS I S R LIS 130 5 su Ky
iRk su, A K F A ).
1.2 RiEmREEHTRE

WA TR 2455 PN IR s i 2 Reynolds ( 5 47) JyFRbe]

3

w” Jp

== 3
157 o (3)
) a(w 9
e t =0, (4)
ot dx\12u ox

K, ¢ ARET RSB REAER TR, p MIRIEET]; w HREEKITTER; u Hiik
AR,
TR S AR R
1) AL, AR ST AR,
g(0) = Q,, (5)
K, Q, MIEARZEH AT .
2) FEREE R, MR S AETT R O,
w(L/2)=0, q(L/2) =0, (6)



BTy A BRITH DUR K I 2 RBERHUIITE 75

o, L2 R R T8  AEAE A A5 SR IR T, B PR AR A 42,
FE LAY P R 5 A RAR SRR A N TSR BE TR K (ER BT E Ko I
ARRRY A
K, =K. (7)

2 PR B RO R A

21 FRARIEM
T AT BRoTAR SN 28 B AL RS b A=

u'(x) = ZNL.(x)ui + 2 N(x)H(x)a; + ZN/(x) iB"l(x)bj’.", (8)

VI P a2 0) . (0) . 0
{1B"(x)}._, = {ﬁsm[zj ,ﬁcos(zj ,ﬁsm(z j sin( ) ,ﬁcos[z j sm(@)} , (9)
A, TR A T SIS, L, R 5E T S H AN R 8 1) BT 1T AR
G0, A REERN I BATTTT SIS N.(x) NHITY RUE RN (x) BT & A )
TR B R, —F AR B s, T R EH U e, 5 b7 N ISR BN RS Y 5
H(x) AT T8I 55 B (x) RRRY T REL.
H(8) TN, ML sk T N
wx)=u"(x) —u (x)= 2.2 N(x)a; + 2.2 N(x)B'(x)b;, xel,. (10)
SR IR 5 0 “ ’
p'(x)= X N(x)p,, xel;. (11)
22 EHAREER
HRASIE T R 3R 0N
| se'odn - [ su'fa0 - [ su'Far, - [ sw'pdr, =0, (12)
0 0 Iy Iy
K, QR RS F A T DR FEET ] 0u HBALFS ;e XTI HER AR, 5 du i) ¢
ZHh de = Sdu,S NN ARE T,

B (12) i du 5 dw il P AT FROTHS HEA T AL, 51 T AR B/ AR 5 I B FETE o
HORS R A AL AR IVERTT ML e ad 2.
AN S T R 551 50
’M}3 T _
fr, 12 Vp V(dp )dI', =
T w’ _ v 0w _ T
[Sp 12 ij . frfap Py dr’, Lfﬁp qdl’, (13)

A, dp IR (1) #EAT I

B (12) H5X(13) Z5 G, TR TP A FROGH XY T 8 )2 K H K ) e R ™
JERR A,
2.3 HEBEEEKRRE

G 5 BT AT BROCAR U TR )2 KT K 0 TR R T R B S AR (12) 5
(13) B33 AR e, Il i 5 R A BREAICIE N S R R LR AE R (14) 15 25REE T LATIE 25 5 A



76 RAsk B W W oF EWNE S FEE OE W

JEF1 504

2 6 06
Cc 0]y 0 H P

o, K RIBERERF ;€0 15 H ST R KON f* 5 7 Joh it ;i 5 it 95 AR T
fsp 5 p O R g

3 ZHRKNREEEEY TR

I B R AR BB 2 ~ 6 FRSTFLE FEKIRAE T, 2 R 8 4e Wi kA9 e
LU AR AR N A A TN 2 e R TR R R S A T A AT N R 4 | S 4% 2 ] AR LA
P2 i SL8% PR AT S A B 1) IR I, W 23 248 [ I R MR A BT 90 % B 2 TR 24 5 oA
BLAE L.
3.1 WEHERMY RER

BT 55K ) e 4 4 4 (R FRASE AR | S A B J 2B K AZ N )25 4% ok, o T 0l IR T T3 e
LA AR SCHS 245 70 3 AN BB, S — B BN AR 4B B 0~ 3 min, BB Ar = 0.1
min; 55 TV BE R R4 T 3 R B 3~ 10 min, BHE 2K R Az = 0.05 min; 55 = BB FAE
PR B 10~40 min, IFEIZBK N Ar = 0.2 min JKOPFHHET 528 50K 1 iR, A 5 BN
PIA S FLFR 5., A 5 B B IR 2 A IR S SR I 1 7 1) 3% B RoKF 0 ) o, PR, ZKOF
J5 0 Z E /N ER ST o BIPERT, 0 8 7E N 1 T30 T I ML B 1 R AR s TE Y
TR T EMLIT A B R B 2R BA T ARG B LA B A Ja 4345 TR 2R 10 R M O AN 58 4 4
R, a0 07 B AR AR AT T BRARY R LT AR 220 0.67% , IR ZE X 8P e 5 19 f
JIE O AU S R sZ i JEH /N, T Z W AT AR SE T ) A N 25 AR T B X S 4
1 P 52 T A 081 o B U i 2 R AE S BB L3R 1.

crack 1 0 0 crack 2

n
O max

B PSRRI R R A

Fig. 1 Schematic diagram of 2 simultaneously propagating cracks
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Table 1 Parameter values in the model

horizontal well

A B

parameter value parameter value

elastic modulus E /Pa 2.3x10' Poisson’ s ratio v 0.25
matrix permeability K /um? 1x107° porosity @ 5%

pore pressure P /Pa 30x10° tensile strength o, /Pa 2x10°
injection rate Q /(m>/min) 1.25 fluid viscosity u /(Pa-s) 0.01
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Fig. 2 Restriction of stress interference on crack widths
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Fig. 3 Influence of stress difference on crack turning
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Fig. 4 In different cluster spacings, crack turning angles vs. fracturing time
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Fig. 5 The fitting curve of the relation between the cluster spacing and the crack turning angle
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Table 2 Error analysis of the fitting curve
S/m 5 10 15 20 25 30 35 40 45 50 55
0/(°) 1691 15.75 14.51 13.05 12.14 10.63 9.62 860 8.10 7.13 6.12
0" /(°) 16.49 1543 1436 13.29 12.23 11.16 10.09 9.02 7.96 6.89 5.82
6-0"
E, = 7 x 100% 28% 2% 1% 1.8% 0.7% 5% 4.9% 49% 1.7% 3.4% 4.8%
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Fig. 6 Propagation patterns of different perforation cluster cracks with spacings of 20 m and 30 m
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Simulation of Multi-Hydrofracture Horizontal Wells in
Shale Based on the Extended Finite Element Method

CHEN Jun-bin, WEI Bo, XIE Qing, WANG Han-qing,
LI Tao-tao, WANG Hao
(College of Petroleum Engineering, Xi’ an Shiyou University,
Xi’ an 710065, P.R.China)

Abstract. The cluster spacing optimization of segmented multi-cluster hydrofracture of hori-
zontal wells makes a key point for the hydrofracturing technology in shale reservoir. The fluid-
solid coupling mathematical model for the horizontal well hydrofracture was established. Based
on the extended finite element method, the propagation process of multiple cracks was simula-
ted. The turning law of simultaneously propagating multiple cracks, as well as the relationships
between the stress interference, horizontal principal stress difference, fracture spacing and the
crack turning angle, were studied. The results show that the stress interference has restrictive
effects on the crack width, and the opening width of 1 single crack is 1.3 times that of 2 con-
comitant cracks. The crack turning angle increases with the decrease of the stress difference
and the lengthening of the fracturing time. The smaller the cluster spacing is, the stronger the
stress interference is and the greater the crack turning angle is. For the sake of uniform propa-
gation of the primary fracture, easy packing of the proppant and effective formation of the com-
plex crack network, the optimal cluster spacing is determined as 30 m to 40 m. In the case of
the multiple simultaneously propagating cracks, the middle cracks are restricted by those on
both sides. The smaller the cluster spacing is, the stronger the restriction is, which results in a

longer time of crack development and a lower propagation rate.

Key words: shale reservoir; horizontal well; segmented multi-cluster hydrofracture; extended
finite element method; crack interference
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