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Abstract: The high-precision gas steady-state method and the gas pulse decay method are widely used in the permeability
measurement of tight porous media. However there is a lack of in-depth discussion and analysis of the gas periodic oscillation
method (POM). The basic principle of POM is introduced, and three practical methods for simulating periodic pressure waves are
proposed. Additionally, an experimental equipment scheme is recommended, which includes two adjustable gas storage containers on
each side of the specimen. The theory proposed by Fischer regarding the periodic oscillation method is expanded in this study to
include the scenario where the seepage medium is a compressible fluid, as opposed to only considering incompressible fluids. This
extension allows for a wider range of applications for the periodic oscillation method. Additionally, the study examines the physical
significance of this method and analyzes the relationships between different parameters involved. Based on the generic theoretical
solution of POM, two special cases are analyzed and the treatment of some complex sub-terms is optimized. The calculation results

of the theoretical and numerical solutions of POM are compared through a series of orthogonal cases, and the effects of permeability,
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porosity, downstream container volume, specimen diameter and length on the experimental process are discussed respectively. The

numerical solutions are used to verify the accuracies and stabilities of the theoretical solutions, and to illustrate some shortages of the

theoretical solutions. Based on the case study, a better design strategy of POM experiment is given.

Keywords: gas periodic oscillation method; permeability; storage coefficient; theoretical study
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Fig.1 Schematic diagrams of steady-state method, pulse decay method, and periodic oscillation method for measuring the
permeability of porous media
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Table 1 Comparison of characteristics of steady-state method, pulse decay method, and periodic oscillation method for
measuring the permeability of porous media
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Fig.2 Experimental principle of gas periodic oscillation method
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Fig.3 Schematic diagram of experimental equipment for gas periodic oscillation method
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Fig.4 Relationship diagram of governing equations, storage coefficients and gas compression coefficient associated with gas
periodic oscillation method
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Fig.5 Analysis framework for theoretical solutions of gas periodic oscillation method
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Fig.6  Flowchart for calculating theoretical solution of
gas periodic oscillation method using a sine wave as the
upstream boundary condition
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Table 2 Parameters of calculation cases adopted in
theoretical and numerical solutions of gas periodic
oscillation method

K k/(102°m2) g/l Vy/(10°m?)  L/m D/m
Cl1 1.0 0.050 10 0.02 0.050
2 10.0 0.050 10 0.02 0.050
C3 0.1 0.050 10 0.02 0.050
c4 1.0 0.100 10 0.02 0.050
C5 1.0 0.025 10 0.02 0.050
C6 1.0 0.050 15 0.02 0.050
c7 1.0 0.050 5 0.02 0.050
cs 1.0 0.050 10 0.05 0.050
(o) 1.0 0.050 10 0.10 0.050
C10 1.0 0.050 10 0.02 0.025
Cil 1.0 0.050 10 0.02 0.100

I D AHAZ.
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fEfAHE, SRS RAAT T, B T
W TTSEERIAERAPE, DL BRI A L 2 4L,
HEEH T AH R SIS RN T . S
BV BB AR 7 1 A S B v A2 Sk [34,40]
4.1 HHEH

SRR ERE RIS kSR %, RIREHIT T
KH R IEL A BTt . ARG C1 AR, H%
ZRE T Z LN A BB IE R A AL R
M, HIRFERE T MRS AR, &5
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P, FEACHT DURH 2 25 0 IS B s 52 . A5
WA, RS NLBRTE, JAnshs
Fhi 22BN A PR 5 U P RN SR 4~ 1 1 8 E o
RIS b3 A B A A R AR TR R IR 5%, AR
IRAE & Bl o A AR B FE ) 52 o ik

5 ARGV K 7100 6 MPa, {RIEN 0.6 MPa,
VIEARRL N 0, AR 8 h, T EHE A 6 AN A,
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BATEIZNE, HAs i T Bk
FA, AU AR A BB S I EAT TR AT
Xt BRI P JE 55 BRI T SR REAT T T

HRETHHEROIMAISH, KA TIERA
AR PR (27, TSR IR U AR
AR PR AR, Rl I 5 2R A 4
SR AT E AT, KL R B i
fE P IAME T R RICBAER 3 .

®3 AEAREEREITESER

Table 3 Results of theoretical solution of gas periodic oscillation method

i M e LI A Tk AL B A
®H @) AAmePal) B ePal)  x on ML) al) W) v, v oW
Cl 833X10° 327X10713 1.67X10712 0.824 5.09 (—0.011 3-0.1331) 0.133 1.66 0.56 3.16 6.29
C2 833X10° 327X10713 1.67X10712 0.261 5.09 (0.637-0.492i) 0.805 0.657 0.56 3.16 6.29
C3 833X10° 327X10713 1.67X 10712 2.61 5.09 (—0.007 43+0.001 57i) 0.007 6 3.35 0.56 3.16 6.29
C4 1.67X10°8 6.56 X 10713 1.67X10712 1.17 2.55 (—0.036—0.1171) 0.122 1.87 0.69 3.18 6.29
C5 4.17X107° 1.64X 10713 1.67X 10712 0.583 10.2 (0.003 8—0.1381) 0.138 1.54 0.451 3.15 6.29
C6 833X107° 327X10713 2.50X 10712 0.824 7.64 (—0.011 8-0.090 31) 0.091 1 1.7 0.493 3.15 6.29
C7 833X107° 3.27X10713 8.33X 10713 0.824 2.55 (0.008 56—0.2451) 0.245 1.54 0.69 3.18 6.29
C8 833X107° 8.18X 10713 1.67X10712 2.06 2.04 (—0.034 7-0.015 11) 0.037 8 2.73 0.736 3.19 6.3
C9 833X10° 1.64X107!2 1.67X 10712 412 1.02 (0.000 422+0.004 85i) 0.004 87 4.8 0.891 3.24 6.31
C10 8.33X107° 8.18X 1071 1.67X 10712 0.824 204 (—0.006 59—-0.034 61) 0.0352 1.76 0.361 3.15 6.28
Cll1 8.33X%X107° 1.31X10712 1.67X 10712 0.824 1.27 (0.089 8—0.41) 041 1.35 0.839 3.22 6.3
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equilibrium gas pressure has been subtracted from the periodic part)



Ly

1952 ES)

2024 4F

— LR - TR
AR LRI 2 SR
el

6.6

— Ry - Rl A AU
A G R SRR RT 2 Tk e
A N B

SRR )/Pa
@ o o
0 O N A

5.6

5.4
0 10 20 30
B[] /h

10 20 30 40 50
I E]/h

5.4
0

(a) ZHlCl1 (b) EflC2

— LU - - TR
i B3R FUD 2 S

— R - - R AR
TR LRI 2 Sk

P R A P R
6.6 6.6

< 64 < 64

[=%

562} E 62k

2 60 £ 6ot

r 58 r 58
5.6 5.6

5.4
0 10 20 30 40 50
I A]/h

54
0 10 20 30 40 50
I E]/h

(e) &M C5 () FHhiCé6

— LR - TR
B PRI 2 S

e A=l e A=l
6.6 6.6
< 64 s 64]
& &
_é 6.2 | _é 6.2
6.0 6.0 FT 1T
¥ ¥
r 58 r 58
56 5.6

1 1 s Vi

5.4
0 10 20 30 40 50
i A)/h

(i) &%l Co

— By - - A AUE R
A A SRR RIHT 2 Tk e

SUEIE J1/Pa

— RipRSs - - RIS AR

S J1/Pa

— LU - TR
A AR ERERTAT 2 SRk

5.4 ‘A
0 10 20 30 40 50

B [l /h
() %l clo

— by - - A AUE R
A A A PR RAT 2 Tk e

fEf: e 7 28 e A=) i
6.6 6.6

6.4 é, 6.4

6.2 .15 6.2
6.0 = 6.0 f

5.8 r 58

5.6 5.6

5.4
0 10 20 30 40 50
BT 8] /h

54
0 10 20 30 40 50
I A]/h

(c) %&Hic3 (d) %&Hlc4

— RiESs - - NUEE S AUER
A A IR AT 2 Tk
I R s

A A IR AT 2 Bk ah
A 7 2
6.6

6.4
62 [
6.0 [T
5.8
5.6

54
0 10 20 30 40 50
BT 8] /h

5.4
0 10 20 30 40 50
I A]/h

(g) &l C7 (h) Zf C8

— LR - AR AR
A IR 2 Tk
e 2
6.6 |

6.4
62 Hi
6.0 '
5.8
5.6

A 1/Pa

\

5.4
0 10 20 30 40 50
i A /h

(k) ZflCl11

B9 SEREIET AR R E RS E RN
Fig.9 Comparison of theoretical and numerical solutions of downstream reservoir gas pressure response in gas periodic
oscillation

SRS, B AR A AU AR 25 Sk 1= 44 1)
ARG R, ARIL T R Be A U A SR
Ak USRI B INBCR, FEAGAE | HR AR
AIAERRPEAT AT SEE . Hh T HUE AR 5] AR D
DR P SO 1 gt 2 S AT SERR I DL, T B AR R AE
RGN T R R, RIS IR BUEE R

fE TS RN A AL
4.4 RERBIUED T
BRI R R LB R AR A R R A O

BB B HIAZ L, R BT A LB
A AREAA, BRI T BRI E U
P ATMERE R, R R K. BARAIE
B EOR R . AR, IS B AR A HE A T A
THE IR IR e R AR 224, ISR

i BBV A w] SE AT HER L

B 10 D9k B 4 AR R A U A RS O 2
WA TR IR . B (s ROR B R
THRER, BOSARRBEMIES R hT ik
I kR PR A LT T AR (ALK 8D, #iig
i A5 RE T I RS AR . IRl A, BRR AR
ANEAE AR AR DR — B Hob 2 e DS i GalRE
RS ARG B AR 2
P XANK, I Z A 2% Gl T il i 7D
SURKRDNEE—EZER, BB RS R
BRI R BME R, AU 2 — R

MEE 10 R, RE A AR 2% s FLER U 0 A A
AEIEH, R RS SR AT ZE R BOR, UL
FE LA T AR R 2% 5 R AR TG, ke



%7 3]

FOEE: A BURE IR R B R BT 5T

1953

NS AR E RN RN . BRI,
ZM C8 A1 C9 (KK 5 HAD R FIA R, Hp
Bl C9 A& A5 1SR A A BT K, B %
MR AR /N, RBUE R AR SRR LR
55, WK 9Q)ATR. FIRAH, MRFEBERE
BUE A LR R BARET (=B C2 F1C5) , kRN

R R RUR M AL L E A o (EAERRAE, B 10
Hh R PN % LB U A IR LAE — AR L
S T U s TR SR A AR A SE AR KD
MARTE, & REIARDIER /N T 20, RGO A
B U AT R — AN T Y s e DR R AR I 45

R

— IR R R D — ISR R IR D
HAE Bl g

— BB R R — MR AR
pALIER 2 A it
6.00 6.00 6.05 6.00
N\
595 F \, 5.98
g > € ool N\ £ 600y € 596\
R 5.96 R > R \ R
g E 5.85 AN E 3951 E 2-2‘2‘
= 504 o £ 590 =S
r r 580 ~ r 590
92 _ .
5.9 575 5.85 5.8
5.90 5.70 5.80 5.86
0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00
0.25 0.75 1.25 1.75 0.25 0.75 1.25 1.75 0.25 0.75 1.25 1.75 0.25 0.75 1.25 1.75
B O A x AsbR/em FIGHO 8 x AAbR/em HIGH0 A x A bR/em IO x AAbR/em
(a) &l Cl1 (b) &Ml C2 (c) &l C3 (d) &Hic4
— I CARATEm R — I CARATEm R — I CARATEm R — I CARATEm R
HAE R HAE R HAE R BH
6.00 6.00 6.00 6.025
5.99 5.98 6.000
£ 598 £ 598 £ 5.9 £ 5.975 f
= 5.96 R 597 2594 5.950 K
E ’ E 5.96 E 592 Eigég
& ¥ € 5.
> r ggi r gzg I 5.875
592 : : 5.850
5.93 5.86 5.825
5.90 5.92 5.84 00
0.00 0.50 1.00 1.50 2.00 0.00 0.50 1.00 1.50 2.00 01 2 3 4 5

0.00 0.50 1.00 1.50 2.00
0.25 0.75 1.25 1.75

BIEH L A x AR FR/em

0.25 0.75 1.25 1.75
FLIEH O A x AL AR/em

0.25 0.75 1.25 1.75
BT A x AR FR/em

(e) EHICs H Epilce (2) &=l C7
— AR F AT RD — IR CE A D
HAE A pidiER

6.00 6.05

6.05
599 | \
g 6.00 n\? < o8 Q\f 6.00
R 505 f R > R 5095
E E 5.97 E
EY; 5.90 [\ IY; 506 E{—J 5.90
5.85 5.95 5.85
5.94 5.80

ByG L A x AbbR/em

(h) 61 C8

— IR R S )
BUA R

5.80
0.00 0.50 1.00 1.50 2.00

0.25 0.75 1.25 1.75
BT AR A, x A8 FR/em

0 2 4 6 8 10
BG O A x AsbR/em

(i) &%l Cco () %l clo

0.00 0.50 1.00 1.50 2.00
0.25 0.75 1.25 1.75

BIEH L A x AR FR/em

(k) ZflCl11

B 10 A A S R0 45 AR P P B B 20 A L R AR A BB T L

Fig.10 Comparison of theoretical and numerical solutions of pore gas pressure distribution inside the sample at the end of

gas periodic oscillation method

R BT, TR A RS E R I,
BER. ARELRE. TirEaS AR sk
BARE M T A e VBB . X2 A
HZER AT RSB R E 1, 7 2R H A5
i PR 2R T A s R AR AR e — B T N, R
TR R AR A HE VEAT T SE 0. Horp, SomiiR &2

AR L T R AR AR L, R IR AR AR ST H A4

AT SRR S T2, T LASE 24 T R i
FRHSORRL, AN T DL TE 52 U ) R 30T AR I A
AN, B B ] T B2 ORI 5 06 T 4 6 L
(BRI, ARIE S ) 005 BV R 0565 90 R

5 44 1w

T ZAN PR AL, N T Ak



1954 = +

VAl 2 2024 4F

JA AR JF . IS IR v, e T
AT R AR A A R RT R 28 A A A 5 X ) IR
2, ¥R T RIS REHTEE, 4H 7
WEBAE R — R ALBR R AE, IE T 73R
iRl 2 AR, BoE Bt 1 AR, IS
AT T ATt dT, TRz B3R T SR
BIEBRWARA T, FEERWR:

(D) A SRR &, BT
SRR RIS, $-H T 3 FeR A FE 67
B R IR B 70 g ik e % Bl
FAEIERIRE S, $Em NS A AU R AR B 1 v
Watk, BT AEBERNE R, & 7R
IR A R B 1 AR TR SR AR A A
FIRIR W% T &

(2) TEFLBRRARA BRI e, 45t 7E v
e BRSO e D R ARIE (AN i TP R
1 10%) » HFLEBUERKR, WK Fischer 5542
H ) DAAS BT R A i i o i Ja S R A
HET BN LART R 4 B s o, 47K 3
EHERARE VSR . TESRH, A5 NIERAL
EFRFE- LR K R G A7 R E A R i G
BRI 75 B — DRI 7 . H e T A AR AR -
FLBRK ZGuht A7 R AR - LI SE R
Guitifr 2B WAL S R G R R
BR-HHAE RGN R ARG R
PR EAE R T R X R, TRtz Bk
TAEMAEEE R AR A

(3) TSR IEEIS MR, KR 5 o5
FLBR S AR A A2 43 o Ja) 1 L B AR AR A i
Ak LB AR AR, B T AN R R
HO7E, IRy B R AT BRI 1 SRAIE T
FRARLE BUFI A0 &, fr BN TR
SRR FE R 2 A2 AT IR IR B ST R
Fitt o

(4) BT 1 HREEAZRTHE RG], $&t 78
AR T 55 A0 0 Wy A BUE SR ARV, Fe i 7R
SR 1 DU AT 2 DGR R AT e v R
K, FHRET 11 ARBIE)NIEE SRR EA
WFENI SRR, KT TiBER . A
FLBRE. TR AR, WA BRSNS
i v R A SR AR AR ik b v SR AR ) e, DA
R 4 AR R R AU A AR B, X
e 7B AU E T A R, O T B
AISEPERERIE, F8 B MR R A R R S SR
0L, PR AR IS W UG B B (1) T 5 45 B eE A AN

Ao

(5) NPRIEE I HRESERMABOR, FE
RRLIE:S AN P A L P R PR DR TR S
FEo T AR IR A, RS2 R R IR
(— AR TP R 100 10%) 45, AT &
AN GBI SRS REAT BB BT A S B

Z % X M

(11 BOSGE, i, @k, & SRR SEREEM

s A RN PR FIBLI D). A e 5 TR
1}, 2022, 41(4): 798-808.
DUAN Shu-lei, LI Bo-bo, LI Jian-hua, et al. Permeability
evolution of water-bearing coal considering dynamic
slippage effect[J]. Chinese Journal of Rock Mechanics
and Engineering, 2022, 41(4): 798-808.

21 TR, Kb, B, & S e R L

KR T R A KR ALHI )], A
2019, 40(9): 3300-3308.
DING Chang-dong, ZHANG Yang, YANG Xiang-tong, et al.
Study on permeability evolution under high confining
pressure and high pore pressure and microscopic
mechanism of tight sandstone[J]. Rock and Soil
Mechanics, 2019, 40(9): 3300-3308.

[3] YANG D S, WANG W, CHEN W Z, et al. Experimental
investigation on the coupled effect of effective stress and
gas slippage on the permeability of shale[J]. Scientific
Reports, 2017, 7(1): 44696.

[4] BAEES, &A1, AR, 5. WE USSR %

TER T R R RS RBI A, ah s TRy
%, 2018, 37(6): 1332-1339.
KAO Jia-wei, JIN Yan, FU Wei-neng, et al. Experimental
research on the morphology of hydraulic fractures in deep
shale under high difference of in-situ horizontal
stresses[J]. Chinese Journal of Rock Mechanics and
Engineering, 2018, 37(6): 1332-1339.

[51 #&EM, LR RbfERevt it anhes
TFREEAR, 2022, 41(9): 1729-1759.

YANG Chun-he, WANG Tong-tao. Advance in deep
underground energy storage[J]. Chinese Journal of Rock
Mechanics and Engineering, 2022, 41(9): 1729-1759.

[6] VIHES:, SkWIsE, £¥E BT HEBRN & RUKZ
COx HAAENRIBZED]. A%, 2012, 33(12):
3825-3832.

XU Ya-qin, ZHANG Ke-ni, WANG Yang. Numerical

investigation for enhancing injectivity of CO: storage in



/;%—

7 3

FOEE: A BURE IR R B R BT 5T

1955

[7]

[10]

[12]

[13]

[14]

[16]

saline aquifers[J]. Rock and Soil Mechanics, 2012,
33(12): 3825-3832.

LIU J F MA S J, NI HY, et al. Quantitative two/
three-dimensional spatial characterization and fluid transport
prediction of macro/micropores in Gaomiaozi bentonite[J].
Journal of Rock Mechanics and Geotechnical Engineering,
2022, 14(5): 1568-1579.

LIU J F, WU Y, CAI C Z, et al. Investigation into water
retention and gas permeability of opalinus clay[J].
Environmental Earth Sciences, 2018, 77(5): 213.
XINLUE, 00, Wi, & 2N RIS E RN
B ik REKNHD]L A6 %S TRER,
2021, 40(1): 137-146.

LIU Jiang-feng, NI Hong-yang, PU Hai, et al. Test theory,
method and device of gas permeability in porous media
and its application[J]. Chinese Journal of Rock
Mechanics and Engineering, 2021, 40(1): 137-146.
BOULIN P, BRETONNIER P, GLAND N, et al.
Contribution of the steady state method to water
permeability measurement in very low permeability
porous media[J]. Oil & Gas Science and Technology-
Rev. IFP Energies Nouvelles, 2012, 67(3): 387.
COWAN R D. Pulse method of measuring thermal
diffusivity at high temperatures[J]. Journal of Applied
Physics, 1963, 34(4): 926-927.

BRACE W F, WALSH J B, FRANGOS W T. Permeability
of granite under high pressure[J]. Journal of Geophysical
Research (1896-1977), 1968, 73(6): 2225-2236.

HSIEH P A, TRACY J V, NEUZIL CE, et al. A transient
laboratory method for determining the hydraulic
properties of ’tight’ rocks—I. theory[J]. International
Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, 1981, 18(3): 245-252.
NEUZIL C E, COOLEY C, SILLIMAN S E, el al. A
transient laboratory method for determining the hydraulic
properties  of  ’tight” rocks—II.  application[J].
International Journal of Rock Mechanics and Mining
Sciences & Geomechanics Abstracts, 1981, 18(3):
253-258.

DICKER A I, SMITS R M. A practical approach for
determining permeability from laboratory pressure-pulse
decay measurements[C]//International Meeting on
Petroleum Engineering. [S. 1.]: [s. n.], 1988.

JONES S C. A technique for faster pulse-decay
SPE

permeability measurements in tight rocks[J].

[17]

[18]

[20]

[21]

[22]

[24]

[25]

(27]

Formation Evaluation, 1997, 12(1): 19-25.

YANG Y, APLIN A C. Permeability and petrophysical
properties of 30 natural mudstones[J]. Journal of
Geophysical Research: Solid Earth, 2007, 112(B3):
1-14

FEDOR F, HAMOS G, JOBBIK A, et al. Laboratory
pressure pulse decay permeability measurement of Boda
Claystone, Mecsek Mts., SW Hungary[J]. Physics and
Chemistry of the Earth, 2008, 33(1): 45-53.

wE, AR, RE, E AT SRR TUEBER
PERIEHE L], A 115, 2022, 43(3): 649-658.
ZHANG Chuang, REN Song, WU Fei, et al
Experimental study on the permeability characteristics of
laminated shale under cyclic loading[J]. Rock and Soil
Mechanics, 2022, 43(3): 649-658.

KRANZ R L, SALTZMAN J S, BLACIC J D. Hydraulic
diffusivity measurements on laboratory rock samples using
an oscillating pore pressure method[J]. International
Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, 1990, 27(5): 345-352.
FISCHER G J. The determination of permeability and
storage capacity: pore pressure oscillation method[M]. [S. L.]:
Academic Press, 1992.

FISCHER G J, PATERSON M S. Measurement of
permeability and storage capacity in rocks during
deformation at high temperature and pressure[M]. [S. L]:
Academic Press, 1992.

ZHANG S, PATERSON M S, COX S F. Porosity and
permeability evolution during hot isostatic pressing of
calcite aggregates[J]. Journal of Geophysical Research:
Solid Earth, 1994, 99(BS8): 15741-15760.

SURI P, AZEEMUDDIN M, ZAMAN M, et al
Stress-dependent permeability measurement using the
oscillating pulse technique[J]. Journal of Petroleum
Science and Engineering, 1997, 17(3): 247-264.
FAULKNER D R, RUTTER E H. Comparisons of water
and argon permeability in natural clay-bearing fault
gouge under high pressure at 20°C[J]. Journal of
Geophysical Research: Solid Earth, 2000, 105(B7):
16415-16426.

BERNABE Y, MOK U, EVANS B. A note on the
oscillating flow method for measuring rock permeability[J].
International Journal of Rock Mechanics and Mining
Sciences, 2006, 43(2): 311-316.

WANG Y, KNABE R J. Permeability characterization on



1956 = +

71

2 2024 4F

[28]

[29]

(30]

[31]

[32]

[33]

tight
method[J]. Petrophysics, 2011, 52(6): 437-443.
HASANOV A, BATZLE M, PRASAD M. The

gas samples using pore pressure oscillation

determination of reservoir poroelastic properties from
oscillating pore pressure method[M]. [S. 1.]: [s. n.], 2015.
SANDER R, PAN Z, CONNELL L D. Laboratory
measurement of low permeability unconventional gas
reservoir rocks: a review of experimental methods[J].
Journal of Natural Gas Science and Engineering, 2017,
37:248-279.

YANG D, WANG W, CHEN W, et al. Revisiting the
methods for gas permeability measurement in tight
porous medium[J]. Journal of Rock Mechanics and
Geotechnical Engineering, 2019, 11(2): 263-276.

RZ, WGERs, BRak, R KEE I E Iy g
Fe IR LE R (T]. HREHI, 2011, 33(3): 719-735.
WU Man, YANG Xiao-song, CHEN Jian-ye. The
calibration of ultralow permeability measurement
apparatus results[J].
Seismology and Geology, 2011, 33(3): 719-735.

FNBR, UL, MR R R A S
i ZIBIER]. &+ 71%, 2015, 36(41 1] 2): 237-244.
WANG Xiao-qiong, GE Hong-kui, CHEN Hai-chao.

and preliminary experimental

Ultralow permeability measurements
oscillation method[J]. Rock and Soil Mechanics, 2015,
36(Suppl.2): 237-244.

BEARIR, R, FEW, 5. LR IRENESER
WA T[], TREADIHLZR, 2016, 37(10): 2150-2154.
XUE Hua-qing, JIANG Pei-xue, XU Rui-na, et al.

with periodic

Determination on permeability by pore pressure oscillation

method[J]. Journal of Engineering Thermophysics, 2016,

[34]

[35]

[36]

[37]

[38]

[39]

[40]

37(10): 2150-2154.

TR, B, MR, S5 ARG IRARSENE S
FIN B FE[]. A 1 Ji%4, 2020, 41(3): 1086-1094.

LI Kang, WANG Wei, YANG Dian-sen, et al. Application
of periodic oscillation method in low permeability
measurement[J]. Rock and Soil Mechanics, 2020, 41(3):
1086-1094.

FENG R, HARPALANI S, PANDEY R. Evaluation of
various pulse-decay laboratory permeability measurement
techniques for highly stressed coals[J]. Rock Mechanics
and Rock Engineering, 2017, 50: 297-308.

TTHEH, R, ERL FETARTT RS ERURER S
TLITBE R 1) SR B A 1), S5 b 15, 2018, 39(2):
635-643.

QI Xian-yin, LI Jia-zhuo, WANG Wei. An anisotropic
permeability model of coal containing methane based on
different directional modulus reduction ratios[J]. Rock
and Soil Mechanics, 2018, 39(2): 635-643.
KLINKENBERGE L J. The permeability of porous
media to liquids and gases[J]. Drilling and Production
Practice, 1941: 200-213.

JAVADPOUR F. Nanopores and apparent permeability of
gas flow in mudrocks (shales and siltstone)[J]. Journal of
Canadian Petroleum Technology, 2009, 48(8): 16-21.
DARABI H, ETTEHAD A, JAVADPOUR F, et al. Gas
flow in ultra-tight shale strata[J]. Journal of Fluid
Mechanics, 2012, 710: 641-658.

LIUM M, CHEN Y F, WEI K, et al. Interpretation of gas
low-porosity  rocks[J].

2017, 210(3):

transient pulse tests on
Geophysical Journal International,

1845-1857.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


