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Fig. 1 Microscopic flow path of shale gas
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Table 1 Flow mode in shale matrix and fracture system
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Fig. 2 SEMs of shale pores and micro-fractures

Knudsen ZUE A s 4 i EEAKSE B, Horp B4 LR
BB Kn T LI R N
A
Kn="% (1
Horp: Kn A% %, THK; A, a1 AmE,
nm; D AFLBRERE, nm.
T 00 PR 2  Ab T el s R R G, AR
FEAHEAE I AR AN BN, 5 RS
SR, BSRUARSTE A R A, TR B

#, [xZRT
), =te [T 2
= p\ oM @

Hod u, NSUREEE, mPass; Z SRR 2ZE R B, &
KK PRSI IE S, MPa; THIRE, K; MK
SRR, g/mol,

A A [A] Knudsen 2, B4 A& 3 85 7T LA &I 43
N EELER (Kn<107), WA (10°<Kn<107), 3R
(107'<Kn<10) & [1 123 T (Kn>10), i, #2250 &
T TT LA o3 1] R P 2 2 8 25 T A5 b (1) A 3k 7
NRFRIE; BB TFICR S HRY TAGRE; o ¥
WIS R ORI O 2SR, R R 250
IS ERECE AL B RAE .

ASCHEET Wu S U85 AR R 8, XTI i 3l
K88 BB T B AR B SAARTE L PR PN 1 S BT o I o
JT—tube:

I Ltbe = fslip-tubeJ slip-tube T Siantuve Kntube 3)
Fo s T MBI, kgl s; Sy ST BT
I, kg/m’s; Jenue NSRBI E, kg/m's;
Soipauwe SRR BN IR R B, T fnaune I EE R
(GRS S WS

e SRR, T B0 B I Sgipuee P
PIFETR A 1,
D* MP 4Kn _ dP
J. == . (l+aKn)-(l+—) — 4
slip-tube 32 IUZRT ( I’l) ( 1—bKI’l) dl ( )

Hodr, b oI SR, ISR R — B Ak,
BUb=0; R F R iR, Bbo=—1. a h'<
RN 2B, CHW, TTLLERR A

2
a=a,~tan"' (o, Kn”)
n

Horp . oy & Kn— o B RGE RO, TTHRIK; o 5414
FPE R B, JCHIK; BT Beskok 414 5 ) 1
MG LR, ENSEBUERN: =119, a=4.0,
£=0.4.

B LSRN, B ARY BT R B Jinane M



170 FIMELEER  20184F 6 H S 3 EH 2 )

u%‘%i_\‘y‘j : JT slit f;hp sllthhp slit + fKn slit*” Kn-slit (13)
J D [8ZRT M P c .4° (5) B SRR, AR A FL P AT I I B0 T IR
s TN RT 70 dl Bt Ty TT AR N

A, XTFRAFLERL, PIsT 2 [amEE R 3 500w - H> MP

BT R e DA T — LR 57105 Faven =)y Gz UK

PR BIORLTE 5 fn e 23T AR g U9, (14)

1

f;lip-tube = m (6)

fKn-t be — ; (7)

1+1/Kn
BAKX@BZAXTDMRARKQB), AERELLET

;E\ﬁi {/|Lijﬁmbej‘u%§ﬂ—‘j‘7 :

JT-tube = _|:fSi
o (3)
8ZM P
22 Lo | —
S VRTZg}d

[ 4m1j
1+

1-bK
HRAE R B 75K g L0 B Jy SR MBE R
(ARSI VP

=& T 9
4, ZRT dl ©)

Zia @) HAK (), TRLERE LB Sh 192
B (kacwve "TAFRIR N -

2
-(1+aKn)-[1+ 4Kn j+

D
SO "3 1-bKn

8ZRT
Jia = "W i, C,

22 BREEFLH SRR

SR EEAR B A FL B PP AU Bl R T A TR L
%%Hﬁ%%%ﬁ,%%%ﬁﬁﬂﬁﬁﬁﬁ%,%mﬁ
PR LB A g R A RICREE (AL 2 FR),
AR SUEIE E*ﬂ%”%T@%ﬁﬁﬁﬁﬁ
AL, ATRAFITIME L Q& 1) R FRAEEEF LT AR A 7

§=K (11)

Hor, WP LSS R, nm; H oM PsEAL
oA LE N TERE (JFIE), nm.

SHERE AR, XA IARTE P aE L 1%
By, WIARHE R EEA T LB EAR D, 2P s 1LY
Yo (FFEH; ISR AE P s AL AL 5 1 55 AR B Kn W]
PIZRR N

(10)

lg

[FIRE, AUARTERRGE AL N B G BT i I e S B2 A

RO X S 55 AR B T N -

6Kn dP
I+— | —
( 1- bKn] d/

e A(E) SR PR X6F i J8 A0 5 i) P9 S 1) R4, TG
l& A RAFRIRA
=, tan A mf/Z)

A& pEE}: (15)

%ﬁﬁ%ﬁ%ﬂl,m%&%%wm¥ﬁﬁﬁﬁ%ﬁ
E: JKn—slit H‘[ I/‘J‘ %%ZT—\‘ ﬂ‘j :

ZRT M P dP
Jon =—B(&)-H- |20 22 D 16
Kn-slit (5) 2 7‘ r RT Z g dl ( )

Horpr, B IR 7x5 707 H B B R4, G
HA,TH%FW.

B(e‘):é{sﬂ ln(é+@]+§ln(§+\/@)

3 (17)
_@+§ﬂ +}+§i

3 3
[RIRF, X T PeagfLAIRY, Loy 22 6] Rif 43 0 3 S (9 1

W6 ST T e 5 AT T — FLBE RS 3 T 5%
R BORUT R fcr i ST LR Sy 110,

fslip :(I'FM\J (18)
/P PR — 71 (19)
“ T Kn(1+1/€)

BARX A ZAXANRAAKX13), IR LESL
@E"J E‘Jﬁ%?ﬁi JT-slit ﬂ I/j\ %i‘_\‘ﬂ‘j H

6Kn
—bKn

ZM P | dpP

B(f)'H‘Jz;;Cg]w

A BT JSIE R () TIARR N
( )as]t_flp (5)11—1_2(1+QK}’1)

6Kn
(1+1_bKn)+fKn~B(§)~H~ (21)
ZRT

oo KT

(1+aKn)-(1+




VUEHil 2 A KR T 5SS B R

171

Hor, fEYBE L &=1.0~50 JE Bl N, RN F A5
B(&) WL A0 3 fras, BT LA 3 T s FLER
FMBABE R (k) T

3 WRADKRAAE P URRSIHIE

R SBR AT SUARE IR R K, NI
X R TAMTEAL — G P SRR A T i AL RAIE
{EARE R AR, 1EE)= 5K N A 255 18 WS
K KA ) X RIS R, b 75 25 18 A
IR (CFURRLEE ) % S o TR PR B2 . AR SO U<
1A 0 F e — K ZE L on UM, X R i R Pt
FHBIE, HATEERS WER ZHWTE ™,

EEFLHSESERKE

TEFLBR & AR, AA K BB A K PR o A
R W TAORGALEE, HILBRRBEKHIER, <
MR ARXE Sl DA S ALBRAL T KB AR
BT, SHA AT LLR S (E 4). fEAT P g
IKIEXS B R A, A5 SCHRE T 92 bn O LI
OIAREE, WP S KIS A1 0B 1B AR BRI

SR AR, B LA LB LR D Al
PAZR N -

31

D'=D-2h=D-[1-8, (22)
BUR, o Al K BB AL ) SRS RO AR

Kn' =t |TZRT 23)
D P\ 2M

AKX @HIALK10), FAKFMT RE LA

BIEHR RN
() :;*.D_*Z.(HO,K,;).
) awe " 14 Kn® 32
ERLZ U P S (24)
1-bKn 1+1/Kn

D" [8ZRT
ERETE

HIE, RS AL N B AR RS B 0T LSRR & K &R
%‘% SUI_I.IJ ?Z% 52&& % (kg)*a-tube L:j q: i;‘ﬂ% /% 'fq: T i‘% Wu‘é} jﬂ&&% (kg)a—tube
Y HG 1A :

G

().
UL Kn<107 B, MG s Z i L hil, 99k
JUBE SN T LA 220 (5 B ), A AL P A AH N
BARAFRIRA

k

rg-tube (

(25)

(%, ) .. DR
Kn<l0 (kg )w_wbe - D?/32

krg-tube (Sw )

TET=80 C, J£J1P=0.5MPa, 1.0 MPa, 10 MPa, 50 MPa

=1-5, (26)

IKFBERZE

B4 REKMEEILSERZIAIZI
Fig. 4 Effect of bound water film on gas flow through nanotube

2.5
20 [ o A(§) ---E--- B(§) o aoaaaaeEy
L _B—E—BE"B'B = oeraaaE
L Haa8
L = B{-}—B’E}'
N~ 15[ SaaET
L o e
X I o=
R 40 & o
s Ao ®
L Efg
0.5 '@/
o i 1 1 1 1
0 10 20 30 40 50

3 AEMNELEFHTREAO S BO

YIELEE

Fig. 3 The value of coefficients A(¢) and B($) with different aspect ratios



172

FIMELEER  20184F 6 H S 3 EH 2 )

SR, FLA2D=10 nm 5 D=50 nm A4 [BI45FL A A AH
BB RN NE 5 FiR, ANFEESLT A% RECKn /i
T 0.007~1.342, AbT W Wi Mot B . THA4,
T EBHREKn iy, MBI RN LAY
Mk, BEESSREKn I/, FHB LB T2tk
F L, AXQ6)ERM, MKn AR (Kn~107), #H
BigaT “1-8,7 HZ. Wik, B 59 L
A FRWIGIK RBEBON RS 520 . 55 ARE Kn
K, MHBML LY W E, SHBERST “1-
S, H%ko HIL, 9K RIERONV A — L L5 i
B SRS ERA ;LB . I,
AR ROV A, AR A5 5 AR A S MBS
TEST KM TN S, =30% 510, S AREKn 554k
X538 ok, R RUWE 6 Iim. M Kn<0.001 B, k,

P 0.7, 5 “1-S,” WOMZSRART; RS AR Kn
BER, ke fHZ I 2 Kn~1.0 B, k, fE T 2
0.86. EMAIMF, XF FRIE L, 725 KMEHER 30%
i, SAIBTAE TRRAR 14%~30%, FRARARIE 2k

UL HE

TAMRERZS GREE . TR, LR,
32 PREEFLHSHESEREE

[FAE, % IR AR (8 7), BEELA L
FLBREETE H W LIFRAR A -
H =H-2h=H-(1-85,) 27)
WG, SR AR K e a L b ) SRS BRI AR
K =t [TZRT
H-P\ 2M
KK MARKQD), ARSI T BRAELL AL

=4
w

(28)

1.0 -
08 | R
S
2 \\\ \\\
K NN T
M 06 S Teeol Tl
) Kn=1.342 (0.5 MPa, 10 nm) S e e~ Tl
N Kn=0.268 (0.5 MPa, 50 nm) SSR, TSl TSl
B o4l Kn=0.673 (1.0 MPa, 10 nm) TSR el T
2| - Kn=0.135 (1.0 MPa, 50 nm) TSI Ssell TS
Kn=0.075 (10 MPa, 10 nm) SR R
o2k - Kn=0.015 (10 MPa, 50 nm) SSS R\
' Kn=0.033 (50 MPa, 10 nm) SSS N
----- Kn=0.007 (50 MPa, 50 nm) SR
x
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
EKIBFIES,

B 5 AREEHRHKnFHTREFLEESHE (BEFL)

Fig. 5 Permeability curves with different Knudsen numbers (nanotube)
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Table 2 Basic parameters for calculation
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Permeability model for gas transport through shale nanopores with
irreducible water saturation

LI Jing'?, LI Xiangfang', CHEN Zhangxin®’, WANG Xiangzeng®’, WU Keliu'?, SUN Zheng', QU
Shiyuan'

1 MOE Key Laboratory of Petroleum Engineering in China University of Petroleum, Beijing 102249, China
2 Chemical and Petroleum Engineering, University of Calgary, Alberta T2NIN4, Canada
3 Shanxi Yanchang Petroleum (Group) Corp. Ltd., Xi’an 710075, China

Abstract Permeability models for single-phase gas transport though nanotubes and nanoslits were established by a weighted
superposition of slip flow and molecular diffusion (the inorganic pores were regarded as the nanoslits; the organic pores were
regarded as the nanotubes). Besides, the influence of water saturation on the gas transport was quantified by considering its distri-
bution characteristic inside the inorganic pores and the organic pores of actual shale formations. The results show that the effect
of water saturation on the gas flow capacity at a nanoscale is mainly controlled by a Knudsen number (Kn); as Kn increases,
the impact of nano-scale effect (slip and diffusion) begins to grow, and the decrease in gas flow capacity caused by the bound
water weakens. For slit-shaped pores (e.g. inorganic pores), when Kn<0.001 (the nano-scale effect is not obvious), the gas-phase
permeability decreases by as high as 51% with an irreducible water saturation of 30%; instead, when Kn>1.0 (the nano-scale
effect is significant), the gas-phase permeability reduces by about 33% in the same water saturation condition. Therefore, with
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the development of shale gas reservoirs, the reservoir pressure gradually reduces and the Kn gradually increases, leading to a
weakening effect of the bound water on gas flow; however, this effect still cannot be ignored. This paper provides a theoretical
basis for reasonable evaluations and predictions of gas production from actual shale formations with initial water saturation.

Keywords shale gas; irreducible water; nanopores; microfractures; gas-phase permeability
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