5 33 %545 5 o5 ¥R Vol. 33 No. 5
2024 4 10 J GEOLOGY AND RESOURCES Oct. 2024
XE4HS:1671-1947(2024)05-0671-09 FE %S :P618.13 FREIFAREE(OSID):
DOI; 10.13686/j.cnki.dzyzy.2024.05.007 SCHRARRED : A

T 45 45K FL B R B S R B B S AR SRR

I E WL AR, EZEGH,ALE T K,V BH
FEMFEER AT ERAREESEEFO, EAIT H T 1570021

B F: SUAAORSLB R BRI VAN, 1 AN S ve 55 AR O DU T R 2 SN U5 3. A W HARAE AR fhR 3 R M A 5 X T
HIPRIT R A B AT ISR AR G AR AT DR 5 RIUERES , AT TOC (R, ALAE LA ) oy S5 Wy B AL Ak 5. AR
IAPY ISR S5, 255 o ael e R RN W 8 4 8 2, 15 B IA VY IR T O % ve 55 RR 9 HIUN2 1 A STk L 70 i 28 M08 I it
il R 1R B o My B 2k SRR . S5 SRR - OV 8 i R SRR AELTE TR 1 B/ E (e, SR B A D TR
M AR AN s SO S5 ARG BUTT o5 F /0 B TR 0 0 e T e 8 PG O A 998 0 AR SRR (B AN A BT o Ee B e SR R T TOC
R, X ELEH)Z h BRSSO, 5 i AL XS A ERE .

KEEIR: IRPUI AR 5 eSS ARG TR B RWB B R TUA R

EXPERIMENTAL STUDY OF SLIPPAGE EFFECTS AND KNUDSEN DIFFUSION IN
SHALE NANOPORES

SUN Yan-ling, GAO Bo, TONG Zhi-qiang, WANG Jian-wei, GU Ma-jun, WANG Zhen, LIU Qi-ming
Mudanjiang Natural Resources Comprehensive Survey Center, CGS, Mudanjiang 157021, Heilongjiang Province, China

Abstract: In addition to Darcy flow, slippage effect and Knudsen diffusion are also the main flow modes of shale gas in
nanopores. It is necessary to find out their characteristics, changing trend and influencing factors for shale gas
exploitation. In this study, five Carboniferous shale samples are collected from the eastern Qaidam Basin to test the
physical and chemical properties such as TOC, R,, pore size and mineral compositions. The experiment is designed on
the basis of Darcy principle. Combined with mass flux model and apparent permeability formula, the permeability
contribution values, distribution coefficients and the trend of mass flux with pressure of Darcy flow, slippage effect and
Knudsen diffusion are obtained to analyze the effects of such physicochemical properties. The results show that the
permeability contribution value of slippage effect is the largest when the pressure is small, and then gradually
decreases, with a little change in mass flux. The proportion of Knudsen diffusion is small and decreases with the
increase of pressure. The permeability contribution value of Darcy flow remains unchanged, while the proportion and
mass flux increase. The TOC and R, have great effect on shale gas flow in real formation, and mineral content and pore
size have direct influence on seepage.
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r#5 B #A:2023-02-08; f& 6] H #: 2023-08-14. #R4E: 1K F7.

BEETH : HEK QAR EE AT H “E SR AR I i ik (41272387).

YEE B IMEIS(1990—) , 2, A1, TRRIN, F= 2 N FK T IR0 BT 25 AR, 8 {5 ik PR VT HPHI T R % X R 45 5, E-mail//1049845147
@qqg.com

WS ESE T (1991—), Y3, TREI , 3298 A ZE /K SCHRT T FE st B BRS040 , 5 it SRR VT8 41 P T AR % K BB 45 5, E-mail//
845916835@qg.com


http://www.fineprint.cn

672 oo B

2024 4F

0 sl&§

B T I AR 20 AT M (R S idE , RAR RS
IS RBIR AT R H 2538 . TUSSHE N —FhEE R
MR, FEMAETLLE AV IUA N R EES
Z . Javadpour 25 X T A AR S IEA T AL 6 40T, R
U R FLBIE 45 5% 5 RN, FLAR 9ok g,
HOUHSHA BB, AR H A B TR
N AME I ZARIB B, Beskok 252141 H 4 S UATE
ALY I3 3 shish 2 B B, 7 M A R
Javadpour 25 B4R B HONHE W B9 I, IR T A
G2 AR B R TS AR, B8 TS
HAFRMBER, I AXNRWBIELSEEBERN
SO R R AT T RS B it 5 VS T A — 4RI
SARL LS WA KR i Jrids, WFE T U0A
SRPBTREFRLE. BRI RM, TUS P
TSI VRN F r %S AR B 3 R SRS (HESR
XF 3 PR ARESTEARESA T, X RMB B R
AL MO AT

Se ik ARG E FEE SRR Az —
TR ZAMRIARRZ T FELETR
Pt e Z gk B AETOR UE S A A R RUR T
TEAHTTBUR IR, LA R A A R v T A R i
SRR XHZ M X T4 2 BB T AR IEF 52 i b T 4
BBz, BRI USRS HLERIEIE , WA X TUE S
(IR ST RS AT 7 LI,

B ZRRAE 76 S8R AR FE AR — A X
BEBCA R 1 e ZK1 -1 a0k R e AR R R
)5 RTUAHFES, S5 500 s16.523 527 539 .s49.
RS FIRE S G TOC R, AL K41 i 25 4 3
Pl bE . FIFESER . T RN, B e 5% 2R HAG o
SR o, 7 A MR o R AR FRONB R A S
P26, i 2 1R (25 °C) &1 F T4 iy B e 1A
MR R AER T SMBER, RRnsEE
HEmZEMHECR. AAAXAEXRR, #—4
WE 3 FRASIB BRI . 2 REL 5
TR AL TS L. e 5 I A5 i BRA k2
PEIR, STy BRAL A 1 ST G2 35 R I 5

1 BIRERERE

TEZN R AL B o i 9 55 R M8 (Kn ) 2 3 20 AN [l )

WA, RIMAME Kn (R TR, AT SRASZ T
ST IR, A R Ay TR A
AR R, Kn 24088 &5+ A AR, S48
MG, 54rFHHBEZIEMXKCR. BT AL
B KLU, A R FLBE N Kn AAH TR BRSO 9 37 3
J7 A AL X T AR R A s <M, 7E [ — T R iy
Sy A BRR R E 0,  S R TR, 4r - A B
bz 980 Kn [EREZ 0, FECKRR SRS &
G

FEOKAL P AR B SRS i e S . TE I
ST & LT QI 70 R P B By S W R 1) i )
S JOT 3 A DA b 3 0 A o A R

J=343+d (1)
A IMYRALP B ELE L, kefs; J, MIESLLT
il , kefs; 3 MR, ke/s; JOAYTHL
il i, kefs.
1.1 EERRERE

L R A TR KA, TR h FER T
I DL A B R Y S I ) ORI Bl T R
HIR P )T R R,

v=Kvp (2)

M

S v R, mis; K BB, m p WRREE,
Pas; Vp NEJIFEEE, Pa/m.

PR, S e il A Al

J= pKVp

73

e, L OATIR R, kefs; p AR,

AR p= = M0 T e 0 R Bt
A REEAL N

_Mp K
Nk ZRT 1 Vp (4)

A MORARIREE R TE, kg/mol; p AETT, Pa; 2R
JEZET5 R ASIHEEL, (ol K); T HAESHERE, K.
1.2 BRAREEE

Klinkenberg "2’ 52 5 S 1 B 30N (4 47 7E , IR
TAEARIE 3T ANE 7 2R T IIE % A J
MR LA AR/ NG, SO AR R, ST 5 FLRE A
BEEVER, RSN EEANE, AR
JOF. A %) o 3 e RIA N -

1= )

B
e
z
Eu)


http://www.fineprint.cn

5 IMETE A - SURYORSFLBR T 000, 2 3 53 R R 5T 673

thF'%EVp (5)

A PO T

I A

= %{#(%‘1) (6)
Ao r HFLEEAE, nm; o MAAEETE 2B, BB B
{EYEFES 0~1.

i 5 eos R BRI 5| AR B b,

b=F'p (7)
A b HBIERTENLAEF, MPa™.

I AW 29 PN R /N W R T i m  E
LK

=Mp ,/8RT u (2 4K
Jh ZRT oM pr (a ),LL Vp (8)

13 FHRBEEE

LN T T2 A A, A7t
FLEE AR 4 2 A T[] A RS 2 B AT 2, X b
PHOAR > T Bl 8, SCATAROE FESS AR s
ARYHUE R ATE Kn>10 I ok pg FLARAR N HE P
7R A B A T ROR N -

=MD, %€
JEMD, (9)

X DO T HEREL, mls; € THRHIE, mol/m’;
L s R, m,
SR BERES HAH

_2r o [8RT
D=3 A/ oy (10)

BRI A C= 2= P fRATEE

A I, YRR R R ] AR -

_2r M, /8RT
W mt Vam VP an

B PR R IESER . W LA A B T A ) R
A SR DU o R Rk T AR
_Mp [K i [BRT u (2 4 |K, 2, [6RT
FRT {,f M pr(a 1),u+3p V M Wp

(12)

YRR PRl E A IE, 5IATRNEBE
T, v AR (12) fRifk

=pKee v, (13)

o

Kr: K, WERWBIER, mD.

Zra ESCIRBI R E W I Ry B R A
CIECH BN Svie /N

Kapp=K+(ka+,LDk)% (14)

2 BRFHESLR

2 PRI TS SR A, AR
TEREFHBIBTIR . W S B RWB B K,
MAKXFE I, FWE B R E R E L,
YRR RO A T BRSRAG I HAS [R] T A S I A
BB, BB R IR B G R AU, AR
FEORIRPEB B, FFAE RIS AT A5 3 B A A

PHEREC A s R A 44 R p=%"i.

2.1 KEGFE

H T A RS EBT, AN RESR I S 0
M, AR ST R R SR UE A BB R S
REME 1 PR,

TEHC S LSCaakedh, AR A SR ARG AT A
R I i’ S16.523.527 839,549, SLHAF il
A EEAAF B0 1 Fs.

®1 THRHEREFEER
Table 1 Basic information of test samples

s 516 $23 S27 S39 549

T m 805.60 565.17 839 846.24 865.34
LB 2,19 1.89 479 4.20 2.99
K J#/em 1.47 1.03 1.49 1.53 1.52
PAzlem 1.25 1.25 1.25 1.25 1.25

SIS AR B R T A RV I Ry T A
DI FEgR T, A DO EF & 2 f55 5 MPa L 35
JE AR 25 CF B TR ek E SO, R
TV AETT R AT R S AT DRAR 1 F
i, ARSI E 5 ARG R — S AT R
A A, FHEZK e e Xt ) 5 A, A (14)5R

KB BEFRITE AR,

102
— 15
A(pi-p?) (15)

A K, RINBER, 10° wm?; p, FHLIRIFREE ST,

K=2p.VulL


http://www.fineprint.cn

674 oo B

"W 2024 4

A1
Fig. 1

MPa; V HSMAEG R, em¥s; L WFEREKE, em; A Ol
FEAAE AR AL, em?; p WA HETT, MPa; p, A H
77, MPa.
22 EWEHER
R A S a8 A5 4, an e 2.

o 516 O 521 A 527 © 539 X 549
A ____P
- .-"'-#-Fd-
g f"'f-
?5 A -
o
= o ____a-r“'”ffn
gL 6D T
) e
a o
B 4}
b= ——ah
P
i A ?ﬁ___ﬂ —*— = AK
[ % =y
@-_—Fclq;——ﬁ@—_-"—"ﬁ'_
i -
m15 1% s n4s
(1ipyhaPa
K2 BiERSREAIR

Fig. 2 Test result of permeability

MR SEE AR, AT I K wD, S b fH. 45

Bangk 2.
2.3 uu.ZQ‘J'{k T
2.3.1 BRTEME

?%LFJ?JL?E,ﬁﬁﬁ@“@iﬁ%\?ﬁ'ﬂﬁ%ﬁ&ﬁ¥ﬁ?ﬁ
BUARBUNME, Al RS S TSI SR B R
O BTERAEL CAnfel 3).

T

ML IR ne| <o

L
it T I 1

s HR L

K

HAOBERLI R E K

Experimental device of rock permeability

F2 ZWITEERRK
Table 2 Test and calculation results of samples
FES 516 523 s27 S39 49
K/pm? 2.76E-09 5.05E-09 8.26E-09 1.12E-08 5.68E-09

uD/(pm¥MPa) 2.39E-10 8.58E-11 1.50E-10 1.61E-10 8.17E-11

by /MPa* 8.81 4.17 7.55 16.54 8.98

LEIRIRH, BB R TUHRE P S AT R 5 E
B RO o A, IRV BB AN R AR A, T
BN I A OB 375 5 1 BT R B R 7 38 i AR /)N,

232 =ZMRZhRESBERE

TIEAF RS . W LR S B XS DL B85 R
MFMBERZ A, 35 3 Fhifi sk ASxT Rz
BRI TTRR LB, BB R e R B R ARk
2 LA 4.

WNIE 4 Ffrzs, BEAE T A0, 15 P4 70 e R B0

T A U1 Ly A LV G VY B S LN
233 REBEE
ST E R IR PO . T ARON A e B RR Y EUUT

7 B ST A A A AR O T R AR
B ILIA 5.

SRR, IRV e R S T BT,
T3 RO B T FBd 0 P 7 A ) Joi o 3l B s T A2 A AN
.


http://www.fineprint.cn

5 PSS TURYORILB P O B e 55 2R SRR A 675

i 216 “I.ll\Asn 1
g g W N - P o’
= = 4 —— L =
L___ . :'_; el \Eﬁﬁh &j i
_,:E,- —— "-'"E' E [[i}
L cr 8 i
L= =, L=
g T e 10 5 o10e
- " .
ot | _'_*‘—!h—..h__&ﬂ_‘_ﬁ B o
=3
In'.‘ Il 1 1 ] ] lll' ] 1 1 1 I 10 1 I 1 1
i in L} ki g1 54 1] 1 20 0 40 50 1] 1 20 30 Ai =11}
JE M Pa [z 2/MPa [E 28/ MPa
" 1
539 3449
U [ - :
= g ¥
= 2
= e o
ooy = = o e |
'l B
e 1 10 | a2
o CTI L i
s 1£1 0 o W o 3
k-2 | oot
i b“‘ﬂ-—-—*_ o
e,
' i i i i i jip'? i i i i i
1] 1k i} 30 4l 5 i (L1} 0 3 40 0
IE i/ M Pa 15 i/ MPa

3 FEERIRPER B B S BN 2S5 22 SRR (EL
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Table 3 Physical and chemical properties of shale samples
i 516 523 S27 S39 549
TOC/% 1.04 0.93 0.18 1.13 0.46
SI% 11 0.57 0.66 0.16 0.46
BRI IR, 1.44 2.03 1.97 1.46 1.89
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Table 4 Mineral compositions of shale samples
R 516 523 S27 S39 S49
A 38 46 64 87 84
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Fig. 6 Effects of shale physicochemical properties on apparent permeability
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