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Effect of fracture width on non-Darcy flow in single fracture

LIANG Xueqi, QIAN Jiazhong, ZHANG Haoming, DENG Yaping

(School of Resources and Environmental Engineering, Hefei University of Technology, Hefei 230009, China)

Abstract; Fracture width is an important factor affecting rock fracture flow characteristics. In order to
explore the influence of fracture width on non-Darcy flow in single fracture, this paper generated the
self-affine single fracture based on Snyfrac software, and conducted numerical simulation on the self-
affine single fracture with different fracture widths d(d=2, 3, 4, 5 mm) using Comsol software. The
relationship between the fracture width d and the critical Reynolds number Re, the viscosity coeffi-
cient A and the inertia coefficient B of the Forchheimer equation was investigated by the variation of
flow rate Q under different hydraulic gradients ¥V P. The simulated fracture was replicated in equal
proportions to construct the flow test model, and the reliability of the numerical simulation was veri-
fied by the tests under the same conditions. The results show that with the increase of the d, the
stronger the nonlinear relationship between Q and ¥V P, the more obvious the non-Darcy phenomenon,
and the better the fitting effect of Forchheimer equation. When d increases from 2 mm to 5 mm, Re
gradually decreases, and the fluid flow pattern in the fracture is more likely to change into non-Darcy
flow. Both coefficients A and B in Forchheimer equation decrease with the decrease of d, exhibiting a
power function relationship with d, and the viscosity coefficient A is more sensitive to the change
of d.

Key words: fracture; fracture width; non-Darcy flow; Forchheimer equation; numerical simulation;

test verification

Y75 B HA:2023-04-18; f& @ H #5: 2023-05-10
ELTH: XK AR 4 W H (41831289;42102283) ; B K A RFH# S 4 BEA L 4R B H (U2267218)
EER N RHH999—) . Lo MR FHA A B Tl K+
ERFR 1968 B LEURBH T A IR Tl K238z, 1A S0, 38 5 /5% - E-mail : gianjiazhong@hfut. edu. cn.



% 7 3 FE R WP T TR R AR e 921
0 35 = 1 EARIER

FARZABE N /K i 2 ) = 2 5m 38, B R
BRI NS EE R T INRAMBCER .,
TURARTE & B R V5 YR A
H IR D0 ARG R 5 LB b i A T Bl R R
DAELRY A WP L. IR 2B
IKIRB AR, SCERL3-4 143 3 BEE R30 55 A
FEHAT TOH9E. T2 A i 25 1) 3 A AU L
ARIRFAIE A VA b, 220 1) 2L e A T B A AE — A 1Y
MEFED  BABARRAE by S 20 Do 4% SR B LA A1 il
TG JEE A AR 098 TR R A T T AR BRI
LRI S T A TR A5

FERZBR B AT s SCRRL7 I RAE 20
bl N B S il o L A R T S NN ]
T T P10 B O 5 B Y = R O R LS 3R T
ST A R A AR A F 5 2
FE RS . SR . 57T BRI 5 SRR
FE (AR A HDRE B S R B LRI PR 2 s 5 9K
ARz 1 AR P2 A R TREDRE 22728 10 2R B A 2
PE . SCHRE9 & BUAEALRE S Bt v, Bt I (1 3184
K i 5K SRR Z AR P & Gt or e it
B TARATE B R4 . Forchheimer J7#2 H B
AR I A Y A R (7T 3  q /
[11-12 )58 5 PR BB il 06 & B, S4B LA 45 AiE
XA K PG B L 1) 5% W AN R 228400 o 2 B 1) Bt
B s SCHRL13 1 IR B8 i i Al S M i 5 ik
AR v 2SR G 5 SCRRL14-15 13 3 T e 458 1 #
ZBAP IS & B A AR R B HE 4L
PEOC R AR S R b i S8 7 B B 98 1 A2 Ak
M2k, B, BRSEXT FRBE T RABRAE S
P Al

H T fE 2B AR IR PY B I 58, 31T
2L B SR RN /K T B 3 R T 43 BT T B B 1Y)
AR RIS T R I PR T A B/ 4 T 2R G i F
GEo G 8 AR B TR A R B A
Wl Forchheimer J5 2 2 BUTE 34 2L K
TLREIE R B RR T 1 AR AL O R A HA R — 20 Y
PRVT . XT3k 2 0] 1, A< SR A Snyfrac #1044 bl
BUAE AR 43 TE 46500 D (A RLRS PRLZEB, 6F BiR 5 a0t
ATRERMAL, -l i K i Navier-Stockes J5 F2 I
JREESE B, 55 Bl v o AHL A B 24 B AR B T 1Y
S 5 SR J 8 2o X ASADL P SR A (] L ) 52 220, F
JE [R]— 24 B AR TR 254 T B35 BB » B0 E B (BB
LA B P R AT Sk

TARTERL BRI i B vh Ll A O AN
AT AR RS A A i gt A At AR It 21 52 3 el A i 4
TERS BB Navier-Stokes (N-S) J5 f2 4 i , H
TR AT IR N

ad
o 5 F e Vou|=— TP+ T 4of (1)

Horfou R o NPT s VP O I SRR 5
T BTNy st EIaL s f AR

Xt T FZRIIE AL » 0T VA 3 I M — A A
LRI B B R RS L (B e A R 5 R
(23 AL AR AL B0

TETCFRAS P AT A R B AR B rf 2370 M I
TS N-S Jr el R A A r e A . KR
N—4ER B, VP ogbri. TR pet R

TR F IR B KNS IR O R AT RN R -
—vp=12Q 2)
wbh

Fors e SRR s ) Jii R EG O AT AR 2B IT
JE 5w S AR ELET 0] I SERE s Q iR

I 55 SR 5 P I AR T ) 8 A A K
TALAAC D 55 TP A55 E [X 3% 3 3k U 81 e AT P 5 X
FEFIRBEE R /INVRI G i 2 (B S AR 56 &R L A
A5 Ay A 35 76 3. 77 A Forchheimer Jy F27%) 3
RN

— VP = AQ + BQ’ (3)
A= 2 )

w- ey
B= 1 (5)

w- ey

Hep, A 3T Z 50 B BRI R B e NAE
BOKTIHEEE s B A IR E R
X 24 AR 8, B AL Re 2 3E X
ARG S R A Y A, Re & XN
S TR AEN L wT AE 1ok B v RO E AR Y
Re = £Q 6)
pw
X Res 2000 J1 /N F 26 J1 05 44 Sk 28
PRI s 240500 1 R F B IR, AR AR LRI .
2170 A N 0 B A Sy A B I B XS o7 A A A
MG Re.

2 MR5EIE

2.1 BRBKFENLL
SR F 28 1A R R 38 2 AN R 1 » TRt



- ATET K 5 FARCH AR

48 %

B2 R T AL D R AR 2B 1 43 TE 45
PRI AR B 52 2 R 13 AT & A1 284 It 2 T 17 AR
FREE . KRB, B E B4 P 1. 2~
1.5 JEHIN A SCR B TR 4E% D Ry 1.3
ok 22 ] 2 B ) REURE 2, ELAT AR R M RE R
A Synfrac FAFEPLA B 3 TE 485K D K
L. 3 1 B0 4B, 4B B 1 000 mm, 4n & 1
Jis . PRIFZABRIHLRE RS il B 8l b
WL T =2 ] P9 R %o 9 o 32t 1) SF- 2 B 9 43
BN 2.3.4.5 mm, AR H AR B ST d
Xof AL B e P A IE L PR S

f 1 000

AT mm

Bl MHEsRETEE

X H Comsol #{45 Synfrac 441455 1Y
75 2R A R LA B 2R B A3 Comsol 4
o A AN [T B T A5 A A PR LB BB A R, A
o FHARA AL 2R B R S A v 37 2R I A4 O
B2 (spD 2 1, & S HRCE W3R 1 8.

®1 BEKBSHEE

28 Bl
TKE R/ (kg/m®) 998. 20
Bt 5 /mm 2.3.4.5
TR 1B/ (Pa » ) 1.0X103
AHJE]/Pa 1.2.3.4.5.6.7.8.9.10
HHJES)/Pa 0

BR300 R A 8y - 2B A T 3 T
TN R II KNG 5 Py fi Pyl 22 A
F ) Py ok el 28 24 B e i Fe 0 6 B F i 4SS 40
AN T 2B AR S AR e . FE PR LR
M1, 24 Re 247 0. 01~200. 00 B} JE R PG B i LS 8
WiRE . B, Oy 2] i 2R R A P B I .
B Re 24 0. 01~ 200. 00 JF Ji& 24 B 35 It KU (E A5
0L A B 47t L i B 5 % 4 B A 35 VR VB I 1 52
M HLEE
2.2 BHRKFRE

RIS RSO (14 mT Sk 5 o e L B

LTI RLRE S4B 5 A CAD H 22 il B 4K 2R
WOCHEZIR 5 1 A TRIBR e BRI I 1 2 1 K
JNGR N 27 R F (KX 58 X ) SR 1000 mm X
100 mm <30 mm [ ¢ Sy M I, 75 21 4 By 5 %)
A AN T FE MRS B S0 o g A TR 5 B R Sk 2R it
IR BR5E s 430 2.3.4.5 mm, LA BEAA
Py AR, TF i 5 BB AR [R] R 58 K )
BB BE 25 T 1 = N IR

TR B AN 2 PR R B AR Ay £
FH IV 5 7 A0 58 T 20 AT 28 Bt MRS 1 S 5 77 A 4
AL DA T A S TR A i 1) 9% 2% R 48 HL A AN [
T I 5 3 MR PRSI0 B TR AR OG0 . R4 B Y
HAK T SRR % IR IR E ik k. AT
DA 58 989 3 S K A A v B AR 7K Sk RN AT
PHAEAERI K 7 26 . AB L BR s 1 5 F )
TIAHIE #2105 00 T A 3% 2 i S
Hdh .

KA
A AH
it i

Lt
1 000 AR mm

B2 REEREE

B

3 HRAWMSITR

3.1 RIESREBERSN

AFIBTE d Z51F T BB Q 5 Ik 1 #
JEV P RFAMIAE 3 iR,

HIE 3 Al Q 5 VP BIEMKK R, M4
VP MR Q BE d MMEIZHE K. HItrE
FHIFVRLBE BE R o7 2 S2 BUAH R i 2 mm AR
BRI . U] o 8N AR TR 3l id
i R BE TAT 0T 3T 1A 114 E 2 A 6 o BEABER Xk
PR RE DY ARV R SN

T390 ST RE R H T R s
HEZEPAE SRR, HVP B/, VP 5
Q WRAFTA LI ERE, RIMKEE VP By
TSI ZHisEes, VP 5 Q Z Il 5 & th Rk
W W] AR S 7 E AP L 2R
W JE i R BORMIR 2 . XUl S 5
FEAS KL LSS KR BB P R AL sl e »
1M Forchheimer J5 78X 2 Hh i (A8 L 1 I 1 74
BGR A] LLEA TR 22



FE R WP T TR R AR e 923

%78
lof = HBHMH .
—_— Eopchhgimerﬁfi

gl =T MLITERE
g —VP=1.007x10"°0*+
£6 1.836x10°Q
< P -
T4t -

- 7_VP=2.54x10°Q
2 L

05 10 15 20 25
0/10° m’/s)
(a) d=2 mm
L )
10r — Forchheimer /5
- - e
—VP=1.85x10°0™
4.65x10*0

—VP/(Pa/m)
N

-VP=8.25x10"0

0 1 2 3 4 5 6
0/10° m’/s)
(¢) d=4 mm

1ob ™ FUME ‘
— ForchheimerJj 2
N i ST ERE
B —VP=3.42x10°0*+
S 6l 5.06x10*Q
&
<
%4t e
27 Z - 2vP=1.29x10°0

o I 2 3 4 5 6 7
0/10° m’/s)

(b) d=3 mm
ol ™ Bl \
— Eor‘chhgimerﬁﬁ
- = NTER
28 —vei2x0
g6l 3.09x10°Q
Q
5 at ,
2 L

§ 10 12 14 16
0/(10° m’/s)
(b) d=5mm

0 2 4 6

3 AEBEETENRESREXR

3.2 IERBIEHERENXR
1£ Forchheimer J5 F2 1, Zh i 5 R %0 A R
IR E B AV P-Q BRI R v AT
XITCENEATFRREF, -
F, =B _BQ @

AQ A

Fo AIFH T B R (A7 3 2l aot 72 v fi 25 4k 8
TR Fo=0. 11 gl k& — M 00 /KM
MM AR AR LM A W A . R
TP AR R RS AL d 1R A SON
ANFIBRSE 24 T 1) Forchheimer R 47115,
TR RAE 4 Fron., BB 4 AL B Re 34
K. Fo Bz 3K,

120 C7) AT Fo ARG 158 SR 8 i 30
AR/, 24 Fo /NTF 0. 11 B ZLB v (1 3 1A 0t
B SR AP T /N TR/ 7 T S K R B 2 ]
FFELRIERR . M F KT 0. 11 i), Hp ik
JIr 32 AR D0 TR 7 s BB P T B 5
T S K IR BE Z N FRAF B A G &R L T AR
BN M AR S AR 2Rtk . B A 24 B v O A 1
KRe BWHGR AR Fo M KEHKTFS
G X UL REE VP R3E N, 4 Fpp
FIZK I I SRS HR L D T MR SRS B4R
PR SR,

[, 2 d AR, Fo B Re 25 {0 A

M. 25 d A 2 mm HERE] 5 mm i, Fo 5 Re
Z IR RER AL AT R . X0 SR BB TE L A )
Re " 228 A A I00 ) A2 A W J3E K 8t it 200 6f i
EAd ol SRR N

J 20 40 60 80 100
Re

B4 TRAKERET FSRBXER

Md Sl 2.3.4.5 mm ZF R 4R I
- Re B3 R 11, 83.7. 92,4, 47.2. 63, X 5
SCHRLL Jr A TS A P aed 8 S R 3o 1o 14
I 7 Re YU HIE % 1E 1~25 Z AL AHMF &1, il
i EBANTR] d 2505 F Fo=0. 11 IR RL A IR 5 Re
AR d ORI 5 Re B, YW d AEE 225
W 7K A 25 VB 3L 2 2 DA A 328 A O 1 i 5 2 AF B
VAR SR HR ) U T A Ty R A T e e AR
Y ERTT



924 Ale T K FFIRCH RAF RO % 48 %
3.3 Forchheimer AR SEENXR KA 5 mm B ZHCE IR R, XU R %L

1F Forchheimer J7 2 77, ZhH 0 2 80 A Fist
PEARE B ¥ 585 d A%, MRS
Forchheimer J5 8 R0 Z [8] 1 3¢ &, 43 514 R 4K
AB 5d #TEAE G WA R B anE 5.

[l 67N .
ZOL
1™ milH 4R
161\ — AR
o 140
g 12 \\
£ 10p O\ ASLO7x10%
’9 sl . R=0.997 5
I 6 \\
4t \\.\
2+ — ]
2 3 4 5
d/mm

5 HEMARHASKREJNXREBLE

lor ® PR ESEN
\ ERER A
—~ 8’
E \
6 \
Dsj 10 7 -2.51
f B=5.71x10"q
= 4r R*=0.998 1
E ~
2t T
hn —m
0 ! L L L
2 3 4 5

d/mm

B6 MEMARYDBEREHRREE

H I 5 & 6 WL S J B, RELAB Y
BN BRI AR B R AR R R >
0.99, HXRAN:

A =1.07 X104 %> (8
B =5.71X10"q %% (9

L O FR (DB HEI AR,

FHABYYSd B2RHELR X5 ICH10]
FSCERL22 19 d 5 RELA (B Z [ AF7E R R A
RIWFREERVIA . b, =D A ) nl A,
d JER R R B A W — PR 2, s R
BB R T 5 d 52 mA, i85 2B ) 35 1 kLR
FE A3 8] 3 A S 22 R A 0% BRI 3 (D Y
T FHE A — 2 1 )R PR A B IS AR SRR
PIBUERR,

ME S B 6 i LIE L, RELA FIB Bt d 1Y
Wz N, Hrr, 2 d M\ 2 mm 3K F] 3 mm
if, RECA B BU/NMIRE K & d A4 mm 3

A B X d P BUSERER d 30T iz AR .

MIUE LR T LUE 1. B EE A MEUE
KANBEI ., 4 dH2~5 mm B AP REL
B M 1. 01X 10" Ja/N8 1. 22 X107, HAR Ak BRI AE
1A Em g N, A NN 1. 84X 10° Jgi/h&l) 3. 09 X
10°, HASETE HA 3 2 MR, S5 R U0, 24
d AH[FIE R IR A A W RS TR, REA
XTBRGE d (2540 SRS
3.4 RBEXT LI UE

R B UEABE AL A5 SR 1 AT R 1 AR SOGB40 2L
HEAT S22 ¥ P 3R AR | A W] B S A 7K g
BB EE AT T IT e 2 NI . B I s S AL
PEREATXS LA 53R KL 7 FR .

2 g s Louo
lob © R 7 Mo

| 8.63
9.19
5.75
431
2.88
1.44

0/(10° m¥/s)

Ol/mm 4
B7 ENRRSHERLRERE

I 7 TR Bl BRTE o AR S BR B  P Y
S o DU (AU (B2 B, EBEDIRS R e
W R TR I P Z MIEAE 200 ~100018 2%,
LR 22 T R ol TR B R SR B2 i AL - 2
TR R AR K -5 SR A T 11 P J52 P 1 L)
KRB » T 3L /N TR . HUORAEA
SCHR A REASADR FH Y 2 4R IX 5 S0 =
P = 4ER R A7 A — IR 2. BMARA
BB BAUEEA T REMS R 20 i 7 (AR sl 7 Hh 19
ASAERFAE P BH 2 AR Y 45

4 g

WIS TFREA R B0 o 2% AF T BB 2B
BRAU A SCHESE T BR SR B T A Il % N
LRI B E R DL AT R 7 1 DU 2508

1) FLRE B2 B FP IO AL 8 32 B S8 e . A
[R1 R JIABBE AR AT o B IR o KL 2 B v B3
(] AL AR  Re UK AR IR VU B TR LR ] .



% 7 3 FE R WP T TR R AR e 925

2) HLBE B 2L B, BRS8N 2 mm B 0 =
5 mmitf, I At Re ZEHTI80/)N 7K S8 55 ik
PO i 7 AR IR P i .

3) Forchheimer 52 &% A. B ¥ BB 75 1Y
BTN B BRI ) R AR RO R
UFRYE d 1E 2~ 5 mm i A I F R A
Xof B ) 22 A B IR

4) I FBAUG R R BB AL SR FRE
USRI PR T R AR B R e FE . ZEAR R B
G A BB BE 25 A B B2 Lo il e £ 4
sk 2%6~10%.,

(& % X Wkl

[1] TSANG C F,NERETNIEKS I, TSANG Y. Hydrologic is-
sues associated with nuclear waste repositories[ ] |. Water
Resources Research,2015,51(9):6923-6972.

[2] CHEN Z,QIAN J Z,ZHAN H B, et al. Effect of roughness
on water flow through a synthetic single rough fracture[ ] .
Environmental Earth Sciences,2017,76(4);1-17.

[3] CHERUBINI C,GIASI C I,PASTORE N. Evidence of non-
Darcy flow and non-Fickian transport in fractured media at
laboratory scale[ J ]. Hydrology and Earth System Sciences,
2013,17(7):2599-2611.

[4] EBRAHIMI A N,WITTEL F K,NAM A, et al. Multi-scale
approach to invasion percolation of rock fracture networks
[J]. Journal of Hydrology,2014,519:353-363.

(5] INIISR . B S, 2R RIS, 4. A JRAE I ) 78 45 B 1 AR
Darcy B @R ] 64 112 5 TR, 2006, 25(3)
484-491.

[6] BERKOWITZ B. Characterizing flow and transport in frac-
tured geological media:a review[]]. Advances in Water Re-
sources,2002,25(8/9/10/11/12) . 861-884.

[7] LOMIZE G M. Flow in fractured rocks[ ] ]. Gosenergoizdat
Moscow,1951,127(197) :635.

[8] BOSCHAN A,IPPOLITO I, CHERTCOFF R, et al. Char-
acterization of fracture aperture field heterogeneity by elec-
trical resistance measurement|[ ] |. Journal of Contaminant
Hydrology,2011,123(1/2) :65-74.

[9] QIAN]J Z,ZHAN H B,LUO S H,et al. Experimental evi-
dence of scale-dependent hydraulic conductivity for fully de-
veloped turbulent flow in a single fracture[ ]J]. Journal of
Hydrology,2007,339(3/4) : 206-215.

[10] CHEN Y F,ZHOU J Q, HU S H, et al. Evaluation of

Forchheimer equation coefficients for non-Darcy flow in

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

deformable rough-walled fractures[ ] ]. Journal of Hydrol-
0gy»2015,529:993-1006.

RONG G, TAN J,ZHAN H, et al. Quantitative evaluation
of fracture geometry influence on nonlinear flow in a single
rock fracture[ J . Journal of Hydrology,2020,589(1/2)
125-162.

RO A IR 5. HURE & A PR Bl SR VE T 3
R IR B AR TE (). & £ TR 2 4. 202345 (6)
1278-1284.

ZHANG Z.NEMCIK ]. Fluid flow regimes and nonlinear
flow characteristics in deformable rock fractures[]J]. Jour-
nal of Hydrology,2013,477(1):139-151.

QIAN J Z, WANG M, ZHANG Y, et al. Experimental
study of the transition from non-Darcian to Darcy behavior
for flow through a single fracture[J]. Journal of Hydrody-
namics,2015,27(5) :679-688.

B IR D=L AR TC A T IR P AR IR 7
T W AT LU 0. W 7Y A BE 2% 4l 2014, 30 (5D
109-115.

ZOU L C,JING L,CVETKOVIC V. Roughness decompo-
sition and nonlinear fluid flow in a single rock fracture[ ] ].
International Journal of Rock Mechanics and Mining Sci-
ences,2015,75:102-118.

ZHAO Z H,JING L, NERETNIEKS 1. Evaluation of hy-
drodynamic dispersion parameters in fractured rocks[]J .
Journal of Rock Mechanics and Geotechnical Engineering,
2010,2(3):243-254.

ZHOU ] Q,CHEN Y F,WANG L C,et al. Universal rela-
tionship between viscous and inertial permeability of geo-
logic porous media [ ] ]. Geophysical Research Letters,
2019,46(3) :1441-1448.

ZIMMERMAN R W, AL-YAARUBI A,PAIN C C,et al.
Non-linear regimes of fluid flow in rock fractures[ J]. In-
ternational Journal of Rock Mechanics and Mining Sci-
ences,2004,41(3):163-169.
JU Y,ZHANG Q G, YANG Y M, et al. An experimental
investigation on the mechanism of fluid flow through sin-
gle rough fracture of rock[J]. Science China,2013,56(8):
2070-2080.

ZENG Z W,GRIGG R. A criterion for non-Darcy flow in
porous media [ J ]. Transport in Porous Media, 2006,
63(1):57-69.
XSG 2 0 5 S SEROK T B 98 FNAK g A B X
TRZABR I 28 LR MRS A PR i s e LT . 55 £ 1%, 2016,
37(11):3165-3174.

L = 50



