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RESEARCH PROGRESS OF GAS SLIPPAGE EFFECT IN
COMPACT POROUS MEDIUM

RAN Yanxia, YE Bin, CHENG Zirui
(College of Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract: The gas seepage in compact rock media is different from fluid seepage. The gas slippage effect
is an important factor affecting gas flow in compact porous media. This paper summarizes the research
progress on the gas slippage effect and synthetically analyzes the production mechanism and conditions of
slippage effect, considering that the motion state of gas molecules near the pore wall contributes to the
slippage effect of the gas. In addition, the effect of pore gas pressure, confining pressure, water
saturation, gas properties, and other factors on the effect of gas slippage and its essence are studied and
analyzed. It is of great reference for studying gas flow law in low permeability medium and measuring the
gas permeability parameters in the development of low-permeability gas fields, etc.

Key words:; compact rock media; gas seepage; slippage effect; low permeability medium ; permeability

I B FR A BT TE G, B AR I A A

0 3= Yo 15 5 4 15 ) LGB A AT A 5 A 245 S 1 24
WL SRTT, ot B BF 98 % BLAD A HR i 9
B T b B 9 AR — WA KRR B SR R TR 1 9 B R B R, T

A omw&aa¢k¢mm,%ﬁmw@mo L3R 2% PR 25 4 15 35 P 1 WA T i b
LGN BB A A A X8 B R KNSR Klinkenberg™ T 1941 4F i B4R I T AR EZ LA

EEWE: hREBHEARIN S IR 4 (0250219108) ; FHK [ AR ERE (41472249)

EE® N MHE (199%4-), &, ST, FEIFRT A LESEBE, E-mail; 892457563@ qq. com
BIRESE: mak (1977-), B, M, T4, FEOE G R TRE(E /7. E-mail: yebin@ tongji. edu. cn
Wi A 2017-10-12; {&E HHEF: 2018-05-23 SEZFRE



5 439

PRI, 4. BURH AR R SR B 0 T 5 499

Jot R A A I 8N R A R X — B R At oK T K
IS SR SR 53 5 7 AL B BE T B T RN A T R
MELER, INEMBLR T T A 0PRSS R
RF BB &R

B8 MR WL v B0 3 0 A% I % M il T AR
ST R TR, R AEIN 5k, A
A TR A e B i AR W RO b i R B AL
HREAREERE L, WA, BEHE &5 E R IR
R AL R R ) T A O B 2 B 3 Tk
AOE AL SO AR R B R AR M R e B R R
SRR ZE LB, O R R A A 0 I R A g
BT EREBIER B BB R E R AT
NHFEAR S Z —, WA ZDF O A= B Y
WEARIRZ — o I, W 508 BRSO X R KB
BB REAAEEEL ", XERAMHAD
TF IR G T A v AU T8 B 8808 7 T /) T 58 2R AT
LRIR, BT BRI B 7 A AL BE R R i R A
R4 J5 3% — 7 T T 5T F0N B HE 228 A 4

L ACEOR BB R A AL A
&

1.1 BBRR =4 g LB

B ik 1 T e i SR I AR 5 E T
PUNZHI KT, VR £ R SR B AN B A L
B H SRS R TR T ORE RS T
710 A A B AL B A PR B
MBS R SRS WA T K WA
FEyms g KM Az RS, B
S WAy T4 R R4 T R B 22 B
B9 XU AR T 23T A R R B R 7 A
ST PR R T A RE AL SR A TR R L R B
AAE NSRS T B 22 B3 v, AR R BT
O —[# 2 [l 8 53 T4 3 28/ T i— [ 2 ) i
TR 1, SRSy T 75 L BE A R 4 RS BT AL
BE AT AL T2 ik &5, MIAB 2 R4 F i T
s, T [ AL RE AL B SR A T AR AL RE
SEMPRE ., @S ME W R I LEHE % <R TP
e, POBLEUR B g R A, AR Fick ¥ HE
B XFRARY AL RS FECAE KNS B
R A SRS THE Z AL TR A AR
FRZ I R — R T 2 A R, A
— PRy T 5 L RE 2 1) A AH R 3 G

YRR W) BRAIL AN ), — ot BE 2 A2 IR 70 T
TR AR5, I3 — Bl R SR A2 SN ER AR
eI . /HEM RSB R ZE W L= T
AR RL L, RIS 2 0 R R T 40 B S R
BRACH BRI SR T T B 4 8 0B R Y
Z PR DA O T B G A R ol R T A
BERTEL, F 2 2 fL 9 5 A9 L B 45 4 A1 i R
MRS (B> 03 A i) bR s
SRTEZ AL A0 o0 I 35 0 26 O 98 B A
N S T N A R RN N e o R E R O P ]
PSS

DA L5 3 B 58 o M ORI AR B IR
AR AR Z AN B RE RS, 55
PRor 70972 [ T2 4 L B G B9 R, i
TR T 5 AL BE R AR A 45 A R T AEAL

BERTL AR AL Tz shR A&, BIEE T 14547 7 iz
S A O %, N BTk — A B e, R

Wb B B0 S SR B IR AL o
1.2 BRME~EMEH

SRB W  A HE A W R N S A A B
BiERE . GAKWAE, BEIEKMIES (RIE
ST AR FREAL, ZHEENN
WO A TIRB & AATh. U285
RRTF 0.1 %107 wm® B, SR T B0 7] L2200
At

T W ASON 7= A 1 5 A T DA e B ROk s .
Knudsen (1934) " 88 5 LB 4080 (7% 350 -
Kn = A/D, Ko A RS FFH A bR, &
FLBR SRR F7 FVELE B9 R8s D 3R R i L2 A
PFRE K, 528 BERMRIELCR,

MR e S RR BB AR R, AT LUK SR AE 25 A
FERS R A PR R R X E A X
(Kn<0.001) . #&IX (0.001 <Kn<0.1), iJHIX
(0.1 <Kn<10) MIHMTTHIX (Kn>10), 4 Kn
<0.001 B, A& U 3 Ik A3k 79 & #E, 1Y Kn >
0.001 i, SARB L A iR,

2 HRAEE RN 0 HE AR

SEfEZAA I mE AL E R LT
Klinkenberg {4 #f 5% (7l , 1M Klinkenberg 45 % 41, ji%;
N T FEAE TR T Bk R Y 28 B . Klinkenberg' ™
LRI K BB 8 R LB AR R



500 ¥R A

E 4 2018

AR EEV R R P 5 2, IR 45 T 2B R RO
ARSI R BE R ) R — IR &M G &R 5
k, = k,(1 +b/p,) (1)
N b, ARMBHER, m*; kb, WA BEE,
BRI R AN 25 SR BN 12 0B R, 5B A B OC,
m’; p, WBBEBSIRKE S, MPa; b BN T,
N FR A Klinkenberg 2241, MPa, W LIFERN:
b = 4cAp,/r = 4p, Kn (2)
AR E TR AR R RSy TR A w R,
nm; r LB AR, nmg e IR 1Y
R
mA (2) i a] LA 3 DL s 85 3R BORAE 1
Klinkenberg 5 f2IE 2
k, =k, (1 +4Kn) (3)
M (1) ZAKX (3) WLAEH, F—F&
ARARMBERRT RS ER (b, >k, ); UK
JEJp#/, RSB E R b, 8O A MBE, fL
B s/, WSS AR (Kn) WBA T (b) M
K, TR R 2
Beskok 1 Karniadakis''®' 3 T % &5 A B 35 11 T
BEO A2 A B BE A5 SR AE A [R] i 2 R 1 MR AR AR i
HHEARK:
¢ = fKn) T (4)
A R RE R, my g RRIEEE, Pa -
LB KRE my Ap BRI . MPas f
(Kn) WBEHIEEN T, F5 95 Kn 19K
NS

f(Kn) = (1+-aKn)(1+-1ﬂFZn) (5)
AN S TC R B R AL
a = lzgztan”[4.0Kn“4} (6)
157
PR AN, Kn<0.1, BBFEBEIE

¥ g MmPEEn] L2 AT, AKX (5) 7
DI AR LA 20 (3) o G, Klinkenberg ¥ i 32 7]
LA 1E Knudsen 3835 R0 — % B 1E""

WARE B 2 AR S AU A i £,
. SR BB RS, AR, FErE 0T
R EM IR E E A SP R A Z 25
Klinkenberg £k 1 5 #2 . Li %“”T’fﬂfﬁ{i}@%fﬁ:ﬁjm
WL E] T Klinkenberg 2% 1 fi 25 BL 52, I A 4k £k
NHIX AT R FEOB E A Z LB SR
T K o Moghadam 45 $5 tH T — Bl i) 40 #7 5 125 0K

Ui A B AR S B A T b 0 SR B AN, 4
RSB BERME BB ZR B KRR,
Fathi %" % 1 #% 7 Boltzmann J7 ¥ #5 8l <{A B i
DL ICAIF 5% 400 oK L B v i o 0 3k i, G 245 2R ) A 0
W] Klinkenberg J7 FE{EARIE 35 /i T A W 35 26 % I
B4, JF X Klinkenberg 77 B2 HEAT T &8, 2
— RIFEF Klinkenberg 752, Hi:

e (5]

A (7)) FHIAT =D REYHRE L, 5
SR TS S 9 S b B EA K. 5 Klinkenberg
T R B AR 45 R AH L, %07 R T AR S 5 4 K
FLBR A B (9 N8 1 R BE T A 10 AT A i R 25

(7)

3 RCERTE BLRR By K e A T

[ AR 22 Sl T e I A 4 A 1
IR 5 V8 IO 280 17 B0 5 A0F AT T i A8 IR B B
S, TR R, YEATE B R LE 0.0001
x 107" ~1.00 x 10~ wm® 0 [ Py 15 7L 1 &8 43 Aii 7E
10% LLF 1 285 07 B SR8 Hk B, 16 45 5 %
W, ERD 300 R £k o o A P Y 47 76 % IR I
AT I G h VR R A LT B T

MRS BRI, AL RN
BERRKTHXBER, hARE T i — Lk

AR AR ZHEABRERXRBSIK, XFBiER
Ay FFE 0.0025 x 10 ° ~3.1 x 10 > um”®, LB JF 4
MAET. 5% ~18. 5% [l N A 0 P R 56 . 156
ghp A g KB BERR TS B
B, SEBT ML R N HE A VT B AR, %%
AT T AL A7 AE o Jomes 251 S i b4 R
PRI T S 6 [ B I 52 T W AR B AF AR o i A [
HEME (K. TUA . BEDAEE) HAARFEM
Py I 20 B RS TR) ) L e 25 v S, AR R O A g
B RRAE A TR ]
3.1 AEAZEEE BB
3.1.1 #%

REFR S AR B B A Z (T 0.1 x
10 7% pm®) B35 W RRAE G B AT A 0 R B i i 2k 4
TER, AETE FLBR R I AR AR B 2 30 5 i o Ot 350 g
T BN AE Ak B AR o 2R O6 T 2670 % 75 L A%
A 32 BARB WA A HEHET T AR B IR, i
& W] Klinkenberg 5 ¥ Bl fiff 22 15 3% 3 (9 3 KM



5 439

PR, 4 R A R AU I T 5 i 501

BN, SR BIERRKT 0.1 x1077 pm® Bf, KA
T B8 AT DL Z2 8% N 35 Klinkenberg 32 %5 fifi 5 7
BIFLBR AR 7 g 35 RN, S AL BR AR R
KT 1.5 MPa B, SR 00N 7T D 2200 A1t
FERF A LSO 0 TN 4, kAL R
AR J7 RN BB X T B0 A% L A 5 T L I A0 X
SBT3 B 1B AR
PRECRIF R T HESE, K45 TR B SARALBR R )
H5BERMXER (WK 1), EE 15, MR L
BASARE ST, FIJE 2.5 MPa Xf i (915 % 50K
SRR AL B R T VR N, TR B AR A X B
AR FE /N o A B 2R I AN RS B
R0 5 Bl A 1B R L BRSO T T 0 AR A BT A
M, [A4F R, fLBRAAR R 7N, i B 8
IR, SRR BERK T AL 8B E R,
LT, BlEF R, A A 0 LR 8 R %,
T8 PR - 1 A B A R G R R S 3 RS R/ 1Y
e DO TR B — e (E . A 5 fL M 4
AN, [EGBE R, I W B0 b5 A B
%o WENTEYEIABRE I 5B ERE LR
A R I T R .

13

—a—HJE2.5 MPa —e— [ JE12.5 MPa —— [ FE22.5 MPa
12 - —e—F{[E3.0 MPa —<— [ JE15.0 MPa —e— [ JE25.0 MPa
111 4 EESOMPa » [FEH17.5MPa Lt
—vHE10.0 MPa —e— [ [E20.0 MPa 8-
10 | e .
« 9t P AT
£ 8 P - AT
- r == —
= - A
M o6 | ,//‘ I Sy
857 v
* 00 .
N s e e
2+
1 L 1 1 1 L 1 1 )
0 1 2 3 4 5 6 7 8

PSR ALBR E J 815U MPa!
Bl PHSGLRESSBEERR
Fig. 1  Relationship between average pore pressure and

gas permeability*'

3.1.2 BE

BIZ e —Fh B R EAR . &K B
A AR AR B U AR AR I R
AT TR AR T, SR B 2 3 0 I Rk N R
Wi, BN TRAT RS 2 R B 7 B 3 R ek /)
AR AR [ B AR B R 195 A AT
TR IT, RS AR AE AR B B T is B 3
FEAET IR ; BEAh, BT T LB AR TR 1 5
IR BERE MR I 8O0 1 6 &, AR B LR S

PR FT R 3G, Ve O A5 I ek 55 5 [R) B R AR v
JEEBLR, SARE BN o3 3, KB 3R
MG R, JUHXY TIRBMEZE, £ EMZE)
WWHEIAN, )25 0E R AL T W AN 1 3 By
Br, JFHBEE B R 3G, 60 0 2k Y £L B
JERETERE R, 2R BE5E T 4.3 MPa [ /R 4&
HTREAESHE (AR) 2EFREMARIE, KRA
RS SRR S /N T 1.0 MPa i, S50 A2 i i
ML, BUENZA N B BEEEE, EIRESFM
AR BN A . R LB AR R N,
TR BT 5 SRR ) I, AR ),
T B A L B R O A R B MR
o, FLBRE ) BRI O W AN 32 T B B B
LB Sy Th i, VO B W S, BB S R
AT BEZ 3G i, 3 2 H T R T A 4 R
T BN BT i W R AR £
3.1.3 gk 2

FR R 2R 8 B R 4 ) R 0.0085 mD ANl
0. 0007 mD iy VUit 2 A FE AT IR IR HF 58, 0 BT iA
FAEFLBRE S BAL (/NTF 10 MPa) WIIELL T, <
TRB WA A 058 1 1 G, T e FL B R )
FIME O T SR AN AN &, w2 (62 KN
/NF 5 MPa) BT S0 2 0 A8 6 S 7 R AR
PPEZ WK, hHRE ()2 EJ1/NT 10 MPa)
H—E BB, U2 DA S )2 T IS
AL A T, BT AR A R e & B, 7E A
[) L 7 L B SR R 0 KN, AR I i it 4k
AP R—FEL, BABAERAB R E, K5
SRR Ui i TR O AL B SR R O R AR AR,
MiE LR SRR s m, ke T aL2 .
MALBSARE S35 %) 2.5 MPa B, W B STk R AL E
3.80% , U HF ¥ M 2500 X6 TR A 5 e 5 /0N AT 22 AN
it IFHINNIRB & AR E T,
ARG 5 FLBE I B AR AR 3B 0 R AT,
RSB ER UM BB ERE N FE, SHARSAEE
FIMEREF, SR % R bl 2 0 K, 5 FLBE Al Y
Oy TR A ORI T AR B R S . T
AFFE TS, R i 5 3 H R ) g
ZZEFEMRMA R (WK 2), FEHE A LUE
W, MALBR AR R Rk, SRR R, Xt
Ui PR IAE B 5 WA AS K o
3.2 BRRIRIA M E & S

BEXT BN B s R, R Z A E RN T



¥ 3 R 2018

502 E TN
= [ Fi4 MPa
400 - o HHFEG MPa
—a— [ F8 MPa Fa
350 v FEJE10 MPa g
+ [EH15 MPa
300 1 —«— FEE20 MPa b
= > K25 MPa o A
2501 e FHE30 MPa e
3 200 f =
50 P e
# i
100 Y
50 -";
0 1 1 1 1 1
0 2 4 6 8 10
A PR O 71707 2/MPa?

H2 wES#EOEHTFFLHED

Fig. 2 Curves of flow and outlet pressure squared difference’

JEJ1 . ZALA AL BR &S # . 5 K i A0 R S A R
A R BN 2 1) B 6 B . Heid 2550 3
I AR 0 R VAR A LS ROk B IS $i
HOSRMER (IARREEE . A T R
WEE . FLBRAIRIE 1%, kA RET g, KW
IR B A7 AE AR S IIB AR AE B A R
B MR T L A SRR B R g 4 TR 2R Y A A T 7
AR . W 2557 B SEGAIE ST T AR I A 32
FLBARIE S, BIE ., fLBER U R A A BB
SER R

YIRS /N 5 e R 4 X B B R AT 2 R AT
SYE B MBUR M E A, BB AR, WA
BB, X T RS R, MR % x5 B R
B F b R /NER RS B, AR B Rk
Bl—E MG, BEEESB BRI, b (5 W6
AN, TTEHAE TR YA B E R R —
5, BEH HSBERER, b AR T, WEE
SERBOER Y WLy R BT U 8O IE
SRR . M A T AR AR
RATEH AN TP RSB B, % B b6 00 bl <
A A3 T4k B 38 T /N, R B R K T 43
Ko Mehb, FAAEREEAIK, AT AR
RS, 168 T B b R 2 WM, 25 F 1%
6 T HLBhBE, A b R/ .

SRAE L LA D 1 RIS A I, il AN AL K
FEE SRS T2 08, Bk A SRS T S AL
BEZ ], B SRS T 5 2 AL A R BE W A B2
R, W A A R B S R R KT L T A
¥ 1 R P T K 2R 728 Ak 9 D5 DR 3 R 4 R A
B TRRBREBAR A0 R — RN AT
TSI AL B 22 ALY B, I e A BT A 2

5]

BRI AL 4 B0 T 98 R AGE G, FELE B 2 S 5 AL
WEAS /N . FLBREA A, BHZE TSRS AR IB B,
ZLBRAE A5 T T EE I, R 7 i AR e AR
R, BT 3 R 4 T (i 2L B 0 BT T 2 T
105 B R BR A 58 2 P A, BT 4 45 34 i 5
75 FR AR R R T s I A

R A S R B v e B K A E S0%
i}, Klinkenberg i £k 245 16 8 B AR /N, 4480 i
BB B RILT A LA & K A
40% 247, MR i Klinkenberg ] 28 T U % 21
AT KB A SR B RERE, BiBERMEEFY
JE 3 AT 45 0, 9 B0 90 4k B BE & K A
JIE O 22 B AR % 30% 2 A7 B, T B PR 4 EmBA
AR LR BE B B 20% £ A5 B, KR B TR
Klinkenberg H128 4% I T 78 £ 7K (49 30 A0 0K 8 4%
fiF, HOBUBE BN 4, Ak I FLIR 45 4
HAR K o B T AL B ) 3 O G Y — 2y, R
PRBWEE S0 . 5 — 7, A& K A
Vi, HCBMR R RN, R R R A S
KA, T W 5 3 R A k. MR R B
FEF S KRR, B AR, KR A AW
PRI 35 37 R A, A T T B 4 B K A A
JEE BT W RS . R, BREE AN Bk
VRIS R, MR R A B R ) B R RO,
I B G R 5 7 A

4 i

KFAMAE S A5 W B b BT & A 0 T B A
N, RZE2EHDLUAT T8 A S LA BF 5T A
WR, BT

(1) ARLEHE 5 A0 B IR B e,
A SR BN I S A AR T3 A
B FL B AL AR ) ROST i, L B BE 1T 1 45 A AR
A3 FARAL Tz SR A T R B o E, JF STk
—ANBE I e, M AR 7 W R B A SR E LR
BE AT AER S, AW BN . YiE 28
BARKT 0.1 x107° wm® W, RIS AT L 2
AT o

(2) Klinkenberg # i S I ¥ 3 & 5 - 2 L B
ARTE S i 180 B s £ vk Ok &R, M S T
Klinkenberg #7132 85 8 J& 3 4iF A< 1R W B 2% 1 1)
Z MBI, B AEARE & A B Klinkenberg J7 2 47



B4 WHHEE, 55 BB AN SR AN 1A 5T O 503
EREFEREME, FXHLEFEHETIEIE, [6] fefl, 387, Zem 0. W W00 S 8) i ) B B XHIG

(3) Rig SRS W E A R PR T AR TE
il J2 22 LA o0 v R A AR W N o X T B 1
2, WA G /5 FE RN AR, AT R
AT WX TARB AR, WO 51 192
ﬁ%ﬁ%%i Kﬁu% HT T 1 I 800 B A TE
SRTEEUH Ao B BB o R R B AR A Y
B o EH?KIEJ?&%‘%E% (B ol B
Wb %) B AN TR 6 Wy T 28R AN [R] B Lk 45 44
SN N e Ty  VADIE & (T S N T P € e =
W E S ECRE AR )Z T, AR LB R R 9 R S0

Bl L BRSO TR T B 3 O, 0 B AL 2
W, REGE B AR WRTEE )R B e,
%%H@ %Fﬁ%ﬂm,@%ﬂfﬂﬁﬁmﬂ
B G, EJE I B I R AT R B Z 1

(4) M i A5 o 3 3 A7 A T BUR A A A T
e, A RILERZE, G5SARE, A S
BER, URER (GRS
%%ﬂyﬁf\ﬂ@mwrﬁ BBl s 4% 1R 45
B Z AL R, BB AR, O
XEFAS TR B S, T AR BE R 3 T A 8 R
/DN, BE PR R B 3 O K. e Ah, R
T I8 A050 107 I 7K L T ) 49 R TR A ek 58

5 Z 3L Hk/ References

[1] Wang H L, Xu W Y, Shao J F. Experimental researches on
hydro-mechanical properties of altered rock under confining
pressures [ J]. Rock Mechanics and Rock Engineering, 2014,
47 (2): 485 ~493.

[2] (5, £%R, WX, & BTSSR SR
W (1], FHESHE, 2012, 30 (35) . 25 ~28.

CHE Tingxin, WANG Xuewu, TIAN Wenbo, et al. Effect of
different types of seepage fluid on permeability [J]. Science &
Technology Review, 2012, 30 (35): 25 ~ 28.

with English abstract)

(in Chinese

[3] Klinkenberg L J. The permeability of porous media to liquids
and gases [ A] //Drilling and Production Practice [ C]. New
York: American Petroleum Institute, 1941, 200 ~213.

(4] WRdEse, ZM0r, P, W Bk 3T SR BB VRN 1Y 3
W [J]. RS Tk, 2010, 30 (10): 45 ~48.
XU Bingxiang, LI Xiangfang, YIN Bangtang. Influence of gas
slippage on gas well productivity evaluation [J]. Natural Gas
Industry, 2010, 30 (10): 45 ~48. (in Chinese with English
abstract)

(5] mmA, T2, XA, 3 5RO X 5T SO 7 fg 5%
MM [J]. RS Tk, 2011, 31 (4): 55 ~58.
GAO Shusheng, YU Xinghe, LIU Huaxun. Impact of slippage
effect on shale gas well productivity [J]. Natural Gas Industry,
2011, 31 (4): 55 ~58. (in Chinese with English abstract)

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

ST I B
35 (2):78 ~81.
XIONG Jian, GUO Ping, LI Lingfeng. Impact of slippage effect

B [ ], PR A 2% B 24 4, 2011,

and start-up pressure gradient on deliverability of low-
Journal of Daqing Petroleum

(in Chinese with English

permeability gas reservoirs [ J].
Institute, 2011, 35 (2): 78 ~81.
abstract)

BRI, ERH, mEE. ARBRARNESHRIES
WFoE [J]. RIRA Tk, 2003, 23 (4): 65 ~67.
CHEN Daixun, WANG Zhangrui, GAO Jiabi.
characteristic parameter study of the gas slippage phenomenon

[J]. Natural Gas Industry, 2003, 23 (4): 65 ~ 67. (in

Integrated

Chinese with English abstract)

Noman R, Kalam M Z. Transition from laminar to non-Darcy
flow of gases in porous media [ A ]. Worthington P F.
Advances in Core Evaluation: Accuracy and Precision in
Reserves Estimation [ M ]. New York: Routledge, Taylor &
Francis Group, 1990, 447 ~482.

XU, 355, Aok, 4%, AARAREAR L P B LB &5 i
FRHERFSE [J]. FeFhah <L, 2006, 13 (6) : 43 ~46.

LIU Xiaoxu, HU Yong, ZHU Bin, et al. Study on low-velocity
non-Darcy gas percolation mechanism and characteristics [ J].
Special Oil & Gas Reservoirs, 2006, 13 (6): 43 ~46. (in
Chinese with English abstract)

EAE, BBAR, XUSESE, AF. RB BT SRR L
FHBT R IR R HAR [T]. KA T, 2010, 30 (1):

52 ~55.

GAO Shusheng, LIU Xiangui, et al.

Experimental research status and several novel understandings

XIONG  Wei,

on gas percolation mechanism in low-permeability sandstone gas

Natural Gas Industry, 2010, 30 (1): 52 ~

55. (in Chinese with English abstract)

%‘ﬂﬁﬂ BWAKMBERL S B BRI RR [J].
R, 2002, 34 (1) : 96 ~100.

CHEN Daixun.

reservoirs [ J].

GAS slippage phenomenon and change of
permeability when gas flowes in tight porous media [J]. Acta
Mechanica Sinica, 2002, 34 (1): 96 ~100. (in Chinese with
English abstract)

Loeb L B. The kinetic theory of gases [J]. Science, 1934, 80
(2079) : 406 ~407.
Hadjiconstantinou N G.

The limits of Navier-Stokes theory and

kinetic  extensions  for  describing small-scale  gaseous

hydrodynamics [ J ]. Physics of Fluids, 2006, 18
(11); 111301.

Roy S, Raju R, Chuang H F, et al. Modeling gas flow through
microchannels and nanopores [ J]. Journal of Applied Physics,
2003, 93 (8): 4870 ~4879.

X%, Bhate, XIBOL, & HEZ A FRAE B
[J]. RESHERELE, 2014, 25 (10): 1520 ~1528.

LIU Shengxin, ZHONG Jianhua, LIU Xiaoguang, et al. Gas
transport mechanism in tight porous media [J]. Natural Gas
Geoscience, 2014, 25 (10): 1520 ~1528. (in Chinese with
English abstract)

WHE. TUA T AR A BUE B 5 N 24k S 8 1L i
¢ [D]. dbnt: PEAMAS (dLar), 2016.

FAN Xin. Research on hydro-mechanical coupled simulation in

shale matrix and parameter optimization of hydraulic fracture



504

o moh

R 2018

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[ D]. Beijing: China University of Petroleum ( Beijing) , 2016.
(in Chinese with English abstract)

Zheng Q, Yu B M, Duan Y G, et al. A fractal model for gas
slippage factor in porous media in the slip flow regime [J].
Chemical Engineering Science, 2013, 87 209 ~215.

Beskok A, Karniadakis G E. Report: a model for flows in
channels, pipes, and ducts at micro and nano scales [ J].
Microscale Thermophysical Engineering, 1999, 3 (1) .43 ~77.
Rushing J A, Newsham K E, Lasswell P M, et al. Klinkenerg-
corrected permeability measurements in tight gas sands: steady-

Proceedings of

[C].

state versus unsteady-state techniques [ A ].

SPE Annual Technical Conference and Exhibition
Houston, Texas: Society of Petroleum Engineers, 2004.
Tanikawa W,

corrected gas permeability and water permeability in sedimentary

Shimamoto T. Comparison of Klinkenberg-
rocks [J]. International Journal of Rock Mechanics and Mining
Sciences, 2009, 46 (2): 229 ~238.

Li S, Dong M, Li Z. Measurement and revised interpretation of
gas flow behavior in tight reservoir cores [ J]. Journal of
Petroleum Science and Engineering, 2009, 65 (1 ~2). 81
~88.

Moghadam A A, Chalaturnyk R. Expansion of the Klinkenbergs
slippage equation to low permeability porous media [ ] ].
International Journal of Coal Geology, 2014, 123; 2 ~9.

Fathi E, Tinni A, Akkutlu T'Y. Correction to Klinkenberg slip
theory for gas flow in nano-capillaries [ J ]. International
Journal of Coal Geology, 2012, 103 51 ~59.

Baehr A L, Hult M F. Evaluation of unsaturated zone air
permeability through pneumatic tests [ J]. Water Resources
Research, 1991, 27 (10): 2605 ~2617.

DongM Z, Li Z W, Li S L, et al. Permeabilities of tight
reservoir cores determined for gaseous and liquid CO, and C,Hg
using minimum backpressure method [ J]. Journal of Natural
Gas Science and Engineering, 2012, 5. 1 ~5.

BT, MRS, KIEE, F. RBE AR AR LT
BRABIE SRR (1] KA WHSIF &, 2003, 26
(2):49 ~55, 28.

LI Ning, TANG Xiangui, ZHANG Qingxiu, et al. Experimental
study on low-velocity non-Darcy gas percolation characteristics
in low-permeability gas reservoirs [ J]. Natural Gas Exploration
& Development, 2003, 26 (2): 49 ~55, 28. (in Chinese)
WA, 2R, BRM, & R RZ PR S R
IRFLRLI SRR BEIT (1], RAAK Tk, 2004, 24 (11): 100
~102.

YAO Yuedong, LI Xiangfang, GE Jiali, et al. Experimental
research for klinkenberg effect of gas percolation in low
permeable gas reservoirs [ J]. Natural Gas Industry, 2004, 24
(11): 100 ~102. (in Chinese with English abstract)

Jones F O, Owens W W. A laboratory study of low-permeability
gas sands [ J]. Journal of Petroleum Technology, 1980, 32
(9): 1631 ~ 1640.

A, R, WIAEWT, AF. R ARRB B A ORI AR
WEWRFESES [J]. KRBTk, 2009, 29 (9): 75 ~77.
XIONG Wei, GAO HU Zhiming, et al. An

experimental study on the percolation, characteristics of single

Shusheng,

phase gas in low and ultra-low permeability sandstone gas
reservoirs [ J]. Natural Gas Industry, 2009, 29 (9). 75 ~
77. (in Chinese with English abstract)

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

AROCIE, XUSEsE, BRIk, . RS RS Wi i B2 L
WWBFSE [1). RS TL, 2007, 27 (5); 44 ~47.
ZHU Guangya, LIU Xiangui, LI Shutie, et al. A study of
slippage effect of gas percolation in low permeability gas pools
[J]. Natural Gas Industry, 2007, 27 (5): 44 ~47. (in
Chinese with English abstract)

ERF, R, SEEY, & S A SRS R B
wghtse [J]. &+ TR, 2016, 38 (5): 777 ~785.
WANG Huanling, XU Weiya, CHAO Zhiming, et al.
Experimental study on slippage effects of gas flow in compact
rock [J].
38 (5): 777 ~785. (in Chinese with English abstract)

BREZ, XUMEAR, EL5, 5. WK & K2 U <k
B [T]. e, 2011, 32 (3): 500 ~503.
CHEN Xia, LIU Honglin, WANG Hongyan, et al. Gas-seepage
coalbed

Chinese Journal of Geotechnical Engineering, 2016,

characteristics  of reservoirs with  different water

saturation in the Qinshui Basin [ J]. Acta Petrolei Sinica,
2011, 32 (3): 500 ~503. (in Chinese with English abstract)
MDA, WLl T B AL B e B IR R K8 B SR T
% [J]. A+ T2, 2009, 31 (10): 1554 ~1558.
XTAO Xiaochun, PAN Yishan. Experimental study of gas
transfusion with slippage effects in hypotonic coal reservoir
[J]. Chinese Journal of Geotechnical Engineering, 2009, 31
(10): 1554 ~1558. (in Chinese with English abstract)
FREL, XK, VR, . AW B RO 3
SHBEROERAEMN (1] RAHBRFL Y, 2013, 24
(5): 1074 ~1078.

LI Jungian, LIU Dameng, YAO Yanbin, et al. Controls of gas
slippage and effective stress on the gas permeability of coal
[J]. Natural Gas Geoscience, 2013, 24 (5): 1074 ~1078.
(in Chinese with English abstract)

PRI, ERE, I, . MR KEHR A RE S BB
FEPE K BON R SE [T]. TR Ji%, 2015, 32 (8): 50 ~
57.

JIA Chaojun, WANG Huanling, XU Weiya, et al. Study on gas
permeation and slippage effects in rock mass of underground
water-sealed cave [ J]. Engineering Mechanics, 2015, 32
(8): 50 ~57. (in Chinese with English abstract)

Heid J] G, McMahon J J, Nielsen R F, et al. Study of the
permeability of rocks to homogenous fluids [ M ]. New York:
API Drilling & Production Practice Press, 1950, 230 ~246.
Wu Y S, Pruess K, Persoff P. Gas flow in porous media with
klinkenberg effects [ J]. Transport in Porous Media, 1998, 32
(1): 117 ~137.

B, SR, 2 AR AU AR5 B AR AR A VT B IR
RN [J]. FARIIER S TE% , 2007, 30 (3) ; 45 ~48.
MIAO Shunde, WU Ying. Non-Darcy flow mathematical model
for low-permeability gas reservoirs considering gas slipppage
effect [J]. Natural Gas Exploration and Development, 2007,
30 (3):45~48. (in Chinese with English abstract)

Ak, Buk. AR B AU R R AR Ak B R 4 AE 2 A
(V] L7 TRE AR (AKRREM), 2010, 29
(6): 1036 ~1038.

ZHAO Jitao, LIANG Bing.

characteristics on low-permeability gas reservoirs [ J]. Journal

Analysis of gas non-linear
of Liaoning Technical University ( Natural Science Edition ),

2010, 29 (6): 1036 ~ 1038.

abstract)

(in Chinese with English



