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Fig. 1 Diagram of test device
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Tab.1 Permeability measurement test scheme

U ENEE T WEE/°C fLBRIESI/MPa i/ /MPa Bl /MPa  Jik ofi /i 73 /MPa
1 35 2.5 4.0 4.0 0.5
2 35 4.0 5.5 5.5 0.5
He 3 35 5.5 7.0 7.0 0.5
4 35 7.0 8.5 8.5 0.5
5 35 8.5 10.0 10.0 0.5
1 35 2.5 4.0 4.0 0.5
2 35 4.0 5.5 5.5 0.5
CO; 3 35 5.5 7.0 7.0 0.5
4 35 7.0 8.5 8.5 0.5
5 35 8.5 10.0 10.0 0.5
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Tab. 2 Physical parameters of test rock samples

28 i
15 25 3% 4% 5%
Hi% d/em 2.49 2. 49 2.49 2.49 2.48
B h/em 3.30 3.10 2.99 3.00 2.99
RE#E AL A/ cm? 4.87 4.87 4.87 4.87 4. 83
R V/em® 16. 07 15. 10 14.56 14. 61 14. 44
W p/(gecem ®) 2.24 2.33 2.43 2. 44 2.39
JitE m/g 36.06 35. 14 35. 36 35.73 34.55
fLBREE ¢/ %% 4.58 4,91 4.45 4.41 4. 98
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Fig. 3 Variation of deviation factor with gas pressure
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Tab. 3 Fitting slope of CO, and He

fLIUE 1/ MPa COBAERFE /s He LA R /7!
2.5 1.59X107* 8.70X107*
4.0 1.55X107* 4.84X107*
5.5 1.47X10 * 3.17X10 *
7.0 6.19X10 ° 2.53X10 *
8.5 4.99X10 ° 1.98X10 *

2.2 CO, MRS DA ZEE N

1E CO, Bl e, WUE W CO, 2xmigifE 3, W b CO, WM #4773 . (100 2 A K
Bt CO, HirJ5 5UA FLB R CO, Wi B MR AL b AR 1 AR W B iy 9 37 29 0, T b 2 ARG B3
B AR R . S (1D W Langmuir WHHEA . 1% (10) . 2% (1) AT HF25 1 i 00 48 g
qu~ Pr WS ) Langmuir 28 . =2. 32mmol « g~ ', PL=7. 92MPa,

PV PV
9= Z RT  Z,RT (10)
_ QLP
1=p 4 p 1y

K R AW ESHE & KA HK 8.31] « mol 'K 5 T HREKEE.K; ¢ AWM & .mmol « g *; P, P
G390 R SR B T LS FLBR R 1, MPas 7, Z 43 5 o SR B s AR R 22 R T C s V OB R
il g E AR E A em®

P 5 Ay LB BE AL IR R 7 (4 25 £k it 28 b T 80 LB I o LB g 3 T R T /0N D
TE 5SMPa Ji5 B Wi A8 9%, 76 o AKFL B 1 B Be, FLBR BE AN 3. 8% TR E] 0. 49% . M LB E 1 K F
7. 38MPaftf , FLBRE HH 0. 49 %01 K% 0. 68% . BT CO MR A L TUH LT B CO, T 303 ik , it
U8/ FL BB S 17 7 i FLBR R 1T, CO, F AU AR SRy i I 2 I 3 COL W DU T i A LT, 18 K
FLBR EEES

Mk CUT 2 (20(8) Al BRACE %Y (3 (1) (X (2) B Rl 7 8 A3 79 CO, S AR R LB 15 R bt £L
B ) AR AR AN B 6 o . HHEIAT A, FLBRE I B 2. 5MPa J+ 2 8. 5MPa, CO, B8 2% Wi/ , 76
LB 7 B B o bR W B 1 1 52 e 5 350 D0 FL B B i/, B CUTL J7 % 5 BRACE 77 45 2 98 i
RAHZ K, Hoh BRACE 4504 3 oK 25 [ A R oh M 14 W B R T o AT JHole JHG 07 ) 381 31 33 0T 25 98 38 o 2



%1 S 75 I8 CO, W B AT I 2000 52 10 F) B 158 388 < AL ML ) BT 5 121

40|

—0— LI E

FLERIE }1/MPa

&5 LT EE BEFL B e 77 04 78 £k i 46
Fig.5 Variation curve of pore volume with pore pressure
FEEE R AR . G AT ALBE ) 5 SRR R b OC FR L AR RCFL B R AL R
Z Hesg 3 5 o AR B PEIEE B F S, EARFLBRE BT BT St TIEIEE F LK F IR IE
AR T AR B B RIR 22K, S LB R T B B PR E 507 A5 B A998 8 A 2 BN L LR B 3B %
32 B SR B 1 5 i AN
7 i e A 92 0 R R S LR R I I R R . BBLE TR ERX 2 PR ig s
TR ARIB 5 R T7 R ] B R A S 06 A 195 3 R B L B ) AR fL A

L v e e e (O,
33 —a CUDERBER Br Wea bbrerd, | SO
3.0t —e— BRACEJiillseiBif & - S ey
w25 ~ — A
)=
TTE 20l _ a7l In(k)=-0.4651P-34.72
%151 = sl
*‘“3 1.0} :
-39t In(4)=-0.4683P-35.68
0.5¢
0.0} -0 e
2 3 4 5 6 7 8 9 ) 4 5 6 7 8 9
LB J1/MPa JLBG s J3/MPa
K6 PRI IR CO. BB R 7 CO, Ml He 815 R B BL LG
Fig. 6 The permeability calculated by the two methods Fig. 7 Log-linear fitting of CO;and He permeability
ka - ko ef‘p
1]% = % (12)
C=——" (

a2 AL, Y P=0 W, k, =k Bl ke HTUARIIR BB R, BN m* s ESE c HALN
MPa ',

3 AN TUE S EZRN RN

3.1 BB BN N A AR

TfEEE‘LFJ?VjJ[&IExJ%ﬂRAI BB SRR BE R O E DI P R R R
ROV 22 35 2N B 5T v DRI AR SR T2 (13) A 1 50 200 e X 36 00 2 89 005 38 125 R B0 Wi LA

kg:k,-,,[lJrme] (13



122 A A = (2024 4E) 45 39 4

H,

P PM(O)JZrPd(O)

Kk, WA E A BB R, m>; B WA F, MPa; P, it 0 E S B E . MPa, X5 g B F
Uiie FE 7 BG4 ( 45

TUHB BRI EZ LR i dl . FUBRE T 23 52 0 W 8 R0, AS SCI 56 % FH A0 FL B & ) 45 1F i
2. 5MPatfi & & 8. 5MPa, fLERJE J1 85 B3 R A REARIE S (13) BRI RS . B A3 A R K (12)
H ) IR B % R A5 I E S BT RO B B R AR (15)

e = ke e |14

IR 15) L W 3%y £ M 48 1 28 (13) A B3 kB 1E P (16) KX CO, il He 8 15 R 45

R RLA SR 8 LA HhZk .

I

(15)

B C
o= 1 o
Kb, C BN —IRIE IE 2%, MPa”
30F = " Heifif# 30k o COBIER
ANSHUE LO5)4
251 | sk —— B — KRS T
TR R A 1 E SR Sk Lk b RBLE BE
N SRR . B £ P A5 T
£ 201 AW k=, (1+BP,-CP,D) £20F
& He(R*)=0.87189 = r MEHRY: =k (14+B/IP,-C/PD)
ol § ) / £ 15T CO,(R?)=0.78634
% 4 ; ) 1 4
1.0 MOGERE: &=k (14BP,) qa 1.0k O’; i
He(RY)=0.89914 : T AR ko, (04BIP,
0.5F n—— 7 . 0.5F CO,RY)=0.80846 ,
G EREE k=ke T (1+BIP,) L g BAEE: ke (1B
00k He(R*)=0.98611 0.0 - CO,(RY)=0.97933
I 1 1 L 1 1 " 1 . 1 s 1 A 1 " 1 N 1 s
2 3 4 5 6 7 8 9 2 3 4 S 6 i 8 9
FLEIE /1/MPa 4K E 1/MPa

&8 PN 28O0 180 8 =0 L
Fig. 8 Comparison of two slip effect fitting formulas
e X (13) A R A6) AT LAE A H TR AR IE M g B XA A HRE
U BRI A SO ek 2 (15) A 5 JIR 2800 BT Bk 56 1 28 A LA

N g 3.2 BRI XS B X M B
P o COEEENE | i P8 Al A, 2 (15) b3 56 K A
= T lemai | o B AR E & R A AL ) T
F 20| - HeltK S TR U B E R M WL T
8isl |OCOMRE 0T R BRON M I i 0 i S B
3;] N _if__'_:ﬁ:? % RO TR R F B R (1) R
% Nl 120 = _ ke *::e T B’;:k:"‘ %X 100%
oot e vaes 1" (n
A SR H o S R TR
LBy /MPa I O TSI R 5k R B FL B IR 9 7 2
T — TR HZE Tt A X CO, ¥ 18 2R 1 57 ik
Fig. 9 Contribution rate of slippage effect $5X¢ He E‘Jﬁfﬁk%*ﬁﬁc TEAIE :fu;ﬁ}%jj b

B, Hoonmk Rk 5 27, 78 %0, Bl A L BRI 1 4



%14 S 5 I8 CO, W B T T3 R 52 ] 1) BT 535 38 SR AL AL AT 52 123

K TR R T RREAR L 7 LB R ST B B STk R /B 8. 44% . FLBR K J1H 2. 5SMPa 3 K &= 8. 5MPa
F, TTRREE R T AT 2/3 . FLBR R 77 78 Ak o i 58 204 107 5% Wi fb 285

4 #Eie

(1) Xf A #7 T CUT J2 BRACE W FP 1507 43 M L5 B i L 48R T CO, W X TUE B i %
A2 B . ARALBRE T BB, BT CO, 1 W B 23 080/ FL BT EE 23 X8 3 28T A5 R 7= AR B KRR 25 1
FLB R T B B, PRI 5507 YA A5 8 38 R O H I L WM X8 33 R s i /N

(2) P Bk vh 32 0807545 He 1 CO, MM 1 2 iR AL a#ILA M, He BBERIBRL KT CO B
B, PR RS B R AL B R AR A R AR RO R .

(3) 19 T 48508 1 0 W R 0y #0020 . 5 L o T 00y 2 R VR v I sk I 2 K A Y L &
1E G B LG 20 8 8 R 5 A ROR B . BEAE FLIUE Ty 38 K W B STk R i 27, 78 0 P4 E 8. 44 %,
Vi B8 2550 1 5 ) 3 A Uk /S

S Uk
(1] BREE FUATE CO EMTHE RN AMEIEI T D] M. P88 A il K2, 2016 (LT Guozhi.

Experimental study on seepage stress coupling of shale under CO. [ D]. Chengdu: Southwest Petroleum
University, 2016 (in Chinese))

[2] FXE, FZEF, Sf5m, & BIER CO. AL TUSE TIPSR R B A — AT kR 5 R[], KRR T,
2021, 41(6):60— 73 (LU Yiyu, ZHOU Junping, XIAN Xuefu, et al. Research progress and prospect of the
integrated supercritical CO; enhanced shale gas recovery and geological sequestration[]J]. Natural Gas Industry,
2021, 41(6):60—73 (in Chinese))

[3] Rili, BkAA, HRE, & TUAMEBIER CO, BBEMaAm ], R <8, 2022, 29(1).66—72 (WU
Di, GENG Yanyan, XIAO Xiaochun, et al. Experimental study on variation pattern of enhanced permeability of
supercritical CO; in shale reservoirs[J]. Special Oil & Gas Reservoirs, 2022, 29(1):66—72 (in Chinese))

[4] SUNH., YAOJ, GAO S H, et al. Numerical study of CO, enhanced natural gas recovery and sequestration in
shale gas reservoirs[J]. International Journal of Greenhouse Gas Control, 2013, 19:406—419.

[5] XEZE, #fam, FEF, & 8 CO, RS TUABE R AMARFmMER]] HxRER, 2017, 42
(10): 2670 — 2678 (LIU Guojun, XIAN Xuefu, ZHOU Junping, et al. Dynamic permeability change of
supercritical CO; fractured shale and its influencing factors[J]. Journal of China Coal Society, 2017, 42(10): 2670
—2678 (in Chinese))

[6] @BAFA, BDH, AT, % CO, WMEMZE CH, PMRAESAEBRABENHRLI] HRFR, 2019, 4411,
3463—3471 (HOU Dongsheng, LIANG Weiguo, ZHANG Beining, et al. Seepage law of mixed gases in CO;
displacement of coal seam CH,[]J]. Journal of China Coal Society, 2019, 44(11):3463—3471 (in Chinese))

L71 o, TUAGERRHESBHALEBISE D] dbat. hERHE B 50 4 B B WA J1 "2 05D » 2014 (GUO Wei
A study on gas flow mechanism and reservoir characteristics of shale gas reservoir [D]. Beijing: University of
Chinese Academy of Sciences (Institute of Porous Flow and Fluid Mechanics), 2014 (in Chinese))

(8] Zil, Eaghd. ¥, & @ISR CO. EAT CO, Bttt SHEMBIVCRMRT]. HRBFHE A, 2020, 48
(10): 90 — 96 (WU Di, WANG Hanyang, MIAO Feng, et al. Study on CO, seepage characteristics and
permeability enhancement effect of coal seam under supercritical CO; condition[ J]. Coal Science and Technology.,
2020, 48(10):90—96 (in Chinese))

L9 EiHr. VAT, BEIE F CO. /E A MEMME 1 515 8 2B M A SE TS ]. S8 1%, 2017, 32(3):397—
406 (YUE Lixin, SUN Keming. Experimental study of coal microstructure and permeability variation after of
supercritical CO; penetration[ J]. Journal of Experimental Mechanics, 2017, 32(3):397—406 (in Chinese))

[10] sR44. R E UM KA T S5 M BT (D], MR B BRI Tl k4%, 2021 (ZHANG
Jindong. Study on seepage theory and simulation research of seepage in low permeability underground natural gas
storage[ D]. Harbin: Harbin Institute of Technology, 2021 (in Chinese))

[11] el B, Bk, % TUAEARIE T CO. B K@ L [J]. RATH RS, 2019, 30(10):1406 —



124

N N - (2024 B 5 39 4

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

1414 (WU Di, ZHAI Wenbo. LIANG Bing. et al. Study on supercritical CO; seepage and antireflection of shale
injection[J]. Natural Gas Geoscience, 2019, 30(10):1406—1414 (in Chinese))

B IREGRT, BRuK, AL 5 S A TR R X B R B R AR AR I ). S AR, 2018, 33
(3):469 — 476 (LV Fu, XU Zenghe, LIANG Bing, et al. Experimental study on the seepage law of coal
considering deformation of the coal rock and the adsorption characteristics[ J]. Journal of Experimental Mechanics,
2018, 33(3):469—476 (in Chinese))

TROKZE, Bms, FLAR . . U kb B AR L g K R R L. B R 5 B iR AR 2019,
30(3):136— 142 (ZHANG Shuijun, XU Bin, KONG Lingzhi, et al. Permeability determination of rock mass-
numerical analysis of bidirectional pressure pulse test[J]. The Chinese Journal of Geological Hazard and Control,
2019, 30(3):136—142 (in Chinese))

FREW XVRSR, KB, S BT BS I BR i i & K & W oo E S v St sE )], SiEe 4%, 2018, 33
(2):263—271 (ZHANG Hongyuan, LIU Lele, LIU Changling et al. Experimental investigation on permeability
of hydrate bearing sediments based on pressure pulse method [J]. Journal of Experimental Mechanics, 2018, 33
(2):263—271 (in Chinese))

Tk e, AR W LA JE K vh o 808 UK 8 B 9 K e [D]. F R FK K 4E. 2018 (SHEN Weike.
Unconventional reservoir pulse-decay seepage experimental study and the optimized[ D]. Chongqing: Chongqing
University, 2018 (in Chinese))

THEM, TUABERNE L SHEADIRID]. EK. HRKY, 2019 (WANG Chaolin. Research of permeability
model and measurement methods in shale[D]. Chongqing: Chongqing University, 2019 (in Chinese))

AT . b, EPRRE. SF. b DX e ShiE DU AR AN S B WFE LT, B ARE AR . 2021, 40(2):36—
41 (HU Degao, YANG Feng, SHU Zhiguo. et al. Experimental study about the gas slip flow in Longmaxi shales
from the southern Sichuan Basin[ J]. Bulletin of Geological Science and Technology, 2021, 40(2):36 —41 (in
Chinese))

B, SR 550 A /T TUA B3 R LB 5[ D], BtFH . 5N K%, 2021 (CHEN Shuai. Study
on the evolution mechanism of shale permeability under the coupling effect of gas transport and stress[ D].
Guiyang: Guizhou University, 2021 (in Chinese))

FRE, B, BEE. F. O TUARRNBE RS 2RI A SO AR T] RS TR, 2021,
21(12):4911— 4917 (WANG Yi, YUE Wenting, ZHAO Yixin, et al. Relationship among shale gas apparent
permeability, multi-flow mechanisms and effective stress evolution[ J]. Science Technology and Engineering,
2021, 21(12):4911—4917 (in Chinese))

XA, ERAR. B, S USRI A LB ) SR S MLEEF S [T, MR 4. 2018, 43(6) 11754 —
1760 (ZHAO Yu, WANG Chaolin, CAO Han. et al. Influencing mechanism and modelling study of pore pressure
and temperature on shale permeability [J]. Journal of China Coal Society, 2018, 43(6):1754—1760 (in Chinese))
TRIMMER D A. Design criteria for laboratory measurements of low permeability rocks [J]. Geophysical Research
Letters, 1981, 8(9):973—975.

WL ARG, PR, . & CO. St RRAW 2R FRmAT 5T ], PR A MR ¥ IREARERD , 2019, 41
(4):120—126 (LEI Xiao, DAI Jincheng, CHEN Jian, et al. Study on influence of high CO. content on gas
deviation factors of natural gas[J]. Journal of Southwest Petroleum University (Science &. Technology Edition) ,
2019, 41(4):120—126 (in Chinese))

LINSTROM P J, MALLARD W G. The NIST Chemistry WebBook: a chemical data resource on the internet[ J .
Journal of Chemical & Engineering Data, 2001, 46(5):1059.

BRACE W F, WALSH ] B, FRANGOS W T. Permeability of granite under high pressure[J]. Journal of
Geophysical Research, 1968, 73(6) :2225—2236.

CUI X, BUSTIN A M M, BUSTIN R M. Measurements of gas permeability and diffusivity of tight reservoir
rocks: different approaches and their applications[ J]. Geofluids, 2010, 9(3):208—223.

LANGMUIR 1. The adsorption of gases on plane surfaces of glass, mica and platinum[]J]. Journal of Chemical
Physics, 2015,40(9) :1361—1403.

DICKER A 1, SMITS R M. A Practical approach for determining permeability from laboratory pressure-pulse



%1 S 75 I8 CO, W BT IO 2000 52 18] F) B 358 3 < AL ML ) B 50 125

decay measurements[ C] //International Meeting on Petroleum Engineering, 1988.

(28] fhukBi, 2800, S03EEE, & TUAEZ-WIE R CO.-BIUE 24O T/ AL mF oy R A B L[], H# Rl
%, 2018, 25(4):245— 254 (XU Yonggiang, LI Zijing, GUO Jilong. et al. Experimental study on the shale
reservoir-supercritical CO,-simulated fracturing fluid interaction and its environmental significance [ ]J]. Earth
Science Frontiers, 2018, 25(4):245—254 (in Chinese))

[29] WANG G D, REN T, WANG K, et al. Improved apparent permeability models of gas flow in coal with
Klinkenberg effect[ J]. Fuel, 2014, 128(7):53—61.

[30] FRESE. EH =HIN N T IUAB&EREALSHEBSNAFR[D]. EHK. EHRK¥, 2021 (CHEN Yufei. Permeability
evolution and slippage effect of shale under true triaxial stress states[ D]. Chongqing: Chongqing University, 2021
(in Chinese))

(310 %, Z=3csE, XM, 5. H RO A Ve X IRES TUA KB m s m )], SRS 4R, 2023, 48(12) :4461—
4472 (WANG Jun, LI Wenpu, LIU Chao, et al. Effect of effective stress and slippage on deep shale gas seepage
[J]. Journal of China Coal Society, 2023, 48(12):4461—4472 (in Chinese))

[32] T =Wk, 2R, Wi5%s. 5. ZIES0EW B TUA MRS SR m e pLs ()], MxRBSHAR, 2023, 51
(11):129—138 (DING Yunna, LI Bobo, CHENG Qiaoyun, et al. Evolution mechanism of shale microfracture
apparent permeability considering dynamic detachment[ J]. Coal Science and Technology, 2023, 51(11):129—138
(in Chinese))

[33] MOGHADAM A, CHALATURNYK R. Expansion of the Klinkenberg's slippage equation to low permeability
porous medial J]. International Journal of Coal Geology, 2014, 123:2—9.

Study of gas seepage law by considering the
influence of adsorption and slippage

WU Di', SONG Kaixin', CAO Qikun®*, ZHAI Wenbo', MIAO Feng'

(1. School of Mechanics, Liaoning Technical University, Fuxin 123000, Liaoning, China;
2. School of Civil Engineering, Liaoning Technical University, Fuxin 123000, Liaoning, China)

Abstract; In order to investigate the influence of CO; on shale permeability, the pressure pulse seepage
test of CO, was carried out by using the self-developed seepage device. The test results show that: at
low pore pressure, the effect of CO; adsorption on the permeability is greater, and with the increase of
pore pressure, the effect of CO; adsorption on the permeability decreases gradually; The permeability
is fitted by the modified slippage effect seepage formula, and it is found that the modified slippage
effect formula is more in line with the permeability trend. The effect of slippage effect on permeability
was quantitatively analyzed by the contribution rate of slippage effect. When the pore pressure was in
the range of 2. 5MPa~4MPa, the slippage effect had a great influence on the permeability, and the
contribution rate reached 27. 78%. With the increase of pore pressure, the contribution rate gradually
dropped to 8.44%. Under the condition of low pore pressure, the slippage effect is more obvious, and
the slippage effect decreases exponentially with the increase of pore pressure.

Keywords: shale; slip off effect; permeability; porosity; adsorption



