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Á � �X~5hí]�~�, ��ßñíõÅì¤�t&mu�9:. ,��ßñíp��ÑÅnï

Ä��é¢�, ®²¤�8c����ßñí�5�²Lk�mu�´¶. ��ßñduÙAÏ�/�A�,

Ä��*(�E,, U,�¿�½§Ýu�, Ý���I�YåØ��O���, íN3Ù¥'6�3ªºÝ

�A. ïÄ�«Ñ��ßñí3õ�0�¥�6Ä©�)á!*Ñ!'6�A��ª, �)ßÝ|e�*Ñ!

Øå|¥�'6�. nã
��ßñ�3��~5/�A�9ÙïÄ£ã�{, ¿�â�ãÜê��, é��

ßñí�'6G�?16�«�y©, ��Ð�n)Ú�[��ßñí�6ÄG�Jø
nØ�â, ¿�Ñï

á�«p�!{'��*(�°[£ã�{, ±9)û��ßñí3õºÝ^�e�D�`z�´8�ïÄ

�:��.

'�c ��ßñ, íõ, �*(�, '6, �ãÜê

1 Ú ó

21 V´U,í�V, ýO��V¥�,

3.�gU�¤(�¥U,íò�L�h

Ø1�  [1]. �X~5hí]þFÃ~�, �

�ßñíõ�t&muó��5�É�<��'

5. 1 3 Óhí]µd@�·I��ßñU,í

]þC 2×1013 m3, ¿¥yÑ¯�O���³ [2].

�âIS	®k�t&mu²�, ��ßñí´�

äy¢t&¿Â, äkÖ�~5];þÚ�þ4

~�Uå. ��ßñíõÊH�3ü³F�þ

$, �Ïá½övk�Ï, �þ4~¯, æÑ

§Ý$�¯K, Ï~I�æ�YåØ�UE;�,

,k�O��J¿Ø²w, k��E¤~�, ²

Lk�muTa�~5U,í]JÝ�.

��ßñíõmuJÝ�Ù�~5�/�A

�´©Øm�, �YÝ��©Ùu 4%∼12% �m,

�/'ßÇ�$u 0.1×10−3µm2, ú��»��

�u 0.5µm, Øþ�ÚÝ¥�Øå�� 3∼50MPa,

�3É~pØ½öÉ~$Ø, Ü©äk�$¹Y

�ÚÝ�. ,	, ��ßñ;�g)Åè¶Ô

¹þp�a.´L´E¤;���±9�*(

�E,�ÌÏ, E,��*(��6N�m�

�p�^q´K�íNp��Ñ�'�Ï��

� [3,4]. <�Ù���Ü½Æ£ãÙíN�'6

5ÆØ2O(, wø�AïÄL², íN3��

Ä¬�ú¥�3ü«D4�ª: ßÝ|�^e�

*ÑÚØå|�^e�'6, ©�)á!*Ñ!

'6�A��ª [5].

2 ��ßñ�*(�

��ßññ5��, �YÚú��AÛ/

G!��!©Ù9Ù�pëÏ'X�©E,, Ù

�3��*(�õ� (ã 1), ��3ªºÝ�A

(L 1). ;�Ì��Ya.�)µ �âm�!âm

M�!M¡*�âm�!âSM�!Ò��9¬m

���, �»�ºÝ�� 10−8 ∼ 10−4 m¶ú�a.

Ì�±¡G!�¡G!+åGú��Ì, ú��ò

��Ý3 10−5 ∼ 10−1 m. ��ßñduÙñ5j

M, É�E�^/¤���¿u�, �)�E�

�¿!)n¿!�¡¿�, ¿°�� 10−6 ∼ 10−4 m,

¿� 10−2 ∼ 101 m. )n¿Ì�u�3���â
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S. �E��¿¿°�� 1∼15µm.

��ßñ;�¥g)Åè¶Ôu�, ¹þ'

~5;�p, ��ßñ�4$'ß5é�§Ýþ

���8ÏuÅè¶Ô��^. «a´L��a

Åè¶Ô¿W�Y�m±9Óâ�âL¡, /¤

�þ�¬mB��Y, ¬m����=´�Yq

´ú�. Åè¶Ô«aØÓ!¹þØÓ, ±9Åè

�â�m��>'XØÓÑò¦¬m��êþ!

��Ø�, ÙdÄ�6Ä�m¦6N3��0�

¥�6ÄE,z. Åè¶Ô�*(�A�Ì�k:

jÃ|eG(�!ü¡|eG(�!b·¶G(

�!̧ Ggm(�� [6].

ã 1 ��ßñ;��*(�«¿ã

L 1 ��ßñ;��3�õºÝ£ã

ºÝ �mºÝ/m

��Ä¬�ú < 10−8; �ú�» 10−8 ∼10−4; ål 10−5 ∼10−1

U,�¿ ¿° 10−6 ∼10−4; ¿� 10−2 ∼101

3 ��ßñ�*(��ïÄ�{

3.1 Øþ{

Øþ{´8c�hó�¥ïÄ;��*(�

A^�2���{��. ~5ØþEâïÄñ�

�Y(�äk¯�!O(�A:, �U
�9�p

�f+Øå��, Bué[��ú©Ù?1ÿþ.

�Xé��!$';���5�mu, ð�ØþE

âïÄ;��*(��A^Åìí2m5.

1949 c Purcell ÄgòØþEâA^u�hó

� [7]. 1976 c Wardlaw |^ü�ØþEâéhí

;��Y(�?1
ïÄ [8], ��Øþ{ïÄh

í;��Y(���2�A^. ~5ØþEâ´

|^�½Øå^�e, ?\ñ��þNÈéA�

½����ú, ?þØå�pÿþ��ú��, �

p?þØå�� 200MPa. L��Y�(��ëê

�©��N�ú��!�ú©À§Ý!�úëÏ5

Ú��6N$ÄA�� 3 �aëê. �N�ú�

��ëêk: ��ëÏú��» Rd, ú��»¥

� R50, ²þú��» Rm, ú��»þ� JZ , Ì�

ú��»²þ� Rz �. �N�ú©À§Ý�ëê

k: ú�©ÀXê Sp, �é©ÀXê D, �Ý SK

�. �N�úëÏ5Ú��6N$ÄA��ëê:

ü°Øå Pd, �ÚÝ¥�Øå P50, ò"�Ç Wr,

À�ú' Vpt �.

ð�ØþEâ. Gaulier 3 1971 c|^ð�Ø

þEâïÄ
õ�0���Y(� [9], �´ÿÁ

°Ý�$. ý�¢SA^ð�ØþEâ´ 1989 c

Yuan Ú Swanson 3�Yÿ½¤ (apparatus for pore

examination, APEX) þÄkmÐ [10]. Ù'���

´�p©EÇØåÿþ�(Ü�gÄêâæ8X

Ú. 8cIS�Ú?�#�ð�Øþ¤?1�*

�Y(��ïÄ, 3O��é'ßÇ±9(½�

*(�ëê�¡���Ð¤J [11,12].

�~5ØþØÓ, ð�Øþ´±é$�ð½

�Ý (Ï~� 0.000 05ml/min) òþ5\ñ��Y.

ð�ØþÏLuÿþ5\L§¥�ØåÞáòñ

�SÜ��YÚú�©m, ð�ØþÿÁ(JU


©OJø�YÚú��f+Øå�, Jø�

Y�»©Ù!ú��»©Ù!�Y - ú��»'

©Ù�ñ��*�Y(�A�ëê. �'~5Ø
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þ, ð�ØþØ=U
Jø�õ�ñ�Ô5ëê,

8U
Jø��[�&E. ð�ØþEâ?þ

�Ý$, ·Ü�!ú5��Oé��$'ß!A$

'ß;��*�Y(��ïÄ.

3.2 ��ã�©Û

ÒN�¡ºe*	. ÒN�¡´ÏL3ý�

\Ø^�e�ñ%5\/Úä�, �ä��z�

��¤ñ��¡?1ºe*	. du�¬��{

ü!¤^$, ®²¢y|^ÚOÆ�{?1O�Å

gÄ��ã�©Û [13], Ï´ïÄ�*(��~

^Eâ��. ÒN�¡ºe*	��*
)�Y

�mî�¡È!�Y��Ú�Y�»Ú²þ�Y

�»!¡�Ç!'L¡!�Y��©Ù�. du�

¡��þ 0.03mm, éJ*	Øß1¶Ô, Ó�d

uÙ���êk�, éJé�*(�k��²ß

�*ÿ.

×£>º (scanning electron microscope, SEM).

;�¥Åè¶Ô��=A���, Ùg��*(

�E,, ÊÏ�1Æw�ºéJ«©Åèþ¶Ô

�¤©!/�9©ÙA�. ×£>º�Ñy�Ö

ÒN�¡*	�Øv, ×¡>º�±�ß�*�

*	�Ù�*(�A�. UÌ©ÛEâ�×£>

º�(Ü¦^, Ø=U
é�¬�/�©Ù?1

�*©Û, Ó���±é�¬|¤¤©?1½5

9�½þ©Û.

�¸×£>º (environmental scanning electron

microscopy, ESEM). 20 V 80 c�", I	�O¤

õ�¸×£>º, 90 c�¥Ï·IÒÚ?T��

ESEM2020 .�¸×£>ºA^u�hó��E

ïÄ [14]. |^�¸×£>º�?1hõñ�3Ù

U,G�e��*A�ïÄ [15]. �¸×¡>º�

±*	¹h¹Y��N�¬!�N�¬9�N�

¬, Ó�U
?1�*(�Ä�CzL§�*	.

�fåw�º (atomic force microscope, AFM).

20 V 80 c�uÐå5��fåw�ºäk�

�{ü!¤�©EÇ���B�?�`:, ´Ô�

L¡AÛ/m!L¡5U9B�?(�©Û�r

kå�ÿþóä. Ù3�h�E¥�A^�,�

M [16], ò4��ÿ°é;�¶ÔB*(�*	�

À�.

3.3 n�ã�©Û

-1×£�à�w�º (laser scanning confo-

cal microscope, LSCM) ´I	 20 V 80 c��

Ïmu�#ÿÁ¤ì, §8w�Eâ!p�-1×

£ÚO�Åã�?nEâu�N. �)-11

Ú�à�×£&ÿì! 1w�ºÚ Z ¶à�Ú

?ê�±9O�ÅêâÚã�?nXÚ. Tw�

º����ê�� 10 000 �, ©EÇ'��w�

ºp 1.4 �, �©�×£, 1�¡��� 0.1 µm, p

�Bß�Ý� 100µm �m, òz�×£ã��\

O�Å, ,��ïn�áNã�. Fredrich[17] |

^TEâïÄ
ý¢ßñ�¬��*(����

Ð(J.

Ø^��¤�Eâ (nuclear magnetic reso-

nance imaging, MIR). Ù¢�þÒ´ÏLÉuÔN

�«|¤¤©Ú(�A��ØÓµþL§, �â

*ÿ&Ò�rÝCz, |^�kØ^5��f�

	^|��p�^Úå���y�?1¢�Ú

uÿ�. /ã+� [18] |^Ø^��¤�Eâï

Äu�í'65Æ, ïá
Ø^'ßÇÚu;�

'ßÇ�'XL�ª, �ÑØ^ T2 ©ÙÌ�u�

Y(�äk�Ð�éA'X.

X-CT ñ%×£n�¤�Eâ. |^ X ��

O�Å�Û (computerized tomography, CT) éñ�

�¬?1n�¤�, �m©EÇ��A���, U

�*/£ãñ��*�Y(�A�Ú6N$ÄA

�, Ó��±½þ©Û. Dunsmuir � [19] |^TE

âïÄ
�»� 2.25mm �ßñ�¬, ©EÇ��

7.5µm. ISA^TEâé�Y�*(�±9�*

'6Ån��¡?1
ïÄ [20,21].

à�lfå¤�Eâ. Tomutsa Ú Radmilovic

��
|^à�lfå9Ïñ�æ�*º��n

�¤�Eâ [22].

3.4 J[y¢Eâ

��ã�ïn��*(�. p©EÇ�

��ã��±Jøñ��*(��AÛ5�, '

X�Y©Ù±9�Y�AÏ/G. Äuù
&

E,Bryant!Bakke Ú Pilotti �<�[/�L§5

�n�A� [23∼25]. �´Nõ/�L§´éJ

�[�, Quiblier Ú Adler �<|^ÚOEâ5©

Û��ã�ïn�(� [26,27], Roberts!Manwart

Ú Talukdar �|^ü:ÚO�{±9Ù¦AÛ5

�Jpn�ïã���þ [28∼30]. Hiroshi Okabe

�<ïáõ:ÚO�{d��ã�ïn��*

�Y(� [31]. ISoA�Æ�/,!Û�,� [32]

|^ßñ�¬ÒN�¡��ã�]�, ï�¬

�n��*(�, |^ïá�n��.�±©Û

;���*Ô5!6N�ÚÝ�.

�Y�ä�.. |^�Y�ä�.�[6N

3õ�0�¥�6ÄA��@d Fatt m©u 20 



232 å Æ ? Ð 2008 c 1 38 ò

V 50 c�, |^5K����f�[�YÚú�

�©Ù, ïÄ
ØÓ�Y�¡ (��/!n�/!·

¶G!V8>/�) éõ�0�Ô5�K�, �Ñ

�Y�º�©Ù'�f�/Gé�*5�K��

� [33∼35]. Chatzis Ú Dullien[36] Äu Fatt �ïÄ�

Ñ, ���ä�.ØUéÐ�ýÿn�5�. �X

O�ÅEâ�uÐ, �Y�ä�.d���n�

uÐ. Jerauld �< [37] ïá
�Å�ä�.. Jer-

auld Ú Salter[38] ïÄ�ÑK��Y�ä�.(�

5����´�ú�»'. 8c�Y�ä�.

ïá��ÀJ·¶G�fÚ5Ká��f (honey-

combed lattice or a regular cubic lattice).

3.5 �*�.

Àæ¥¾�*�.. T�.´|^kÅÀæ

�m�¿Y (� 0.3mm) ¿÷�» 0.1mm �Àæ

¾, Àæ¾��8/Ø;±�yÙþ!©Ù [39].

|^T�.�±?1�*°O¢�, gá¢��,

duÙß15Ð, äkûÐ��À5.

Àæ�¡�*�.. ¢�æ^��*�.´

k¦^�<M>´��¥aq�ì�Eâ3Àæ

�þ�¡Ñ�Y�ä, ,�þC�Àæ, ¿3p§

¬¥�(3�å [40]. ùa�.ß1ÝÐ, �±�

��ß�ã�ì¡, ·u*	�«.¡y�Úï

Ä�«õ�'6L§9ÙÔnzÆ�^. �´d

uvk�(Ô9¶Ô�, ý¢5��.

ý¢ßñ�*�.. Ü�ó��Æhõ/�

9h�Ôn¢�¿M��ý¢ßñ�*�.°O

¢�XÚ (1997 c¼�I[;|)[41]. �.^¢S

ñ%, ²�W!óZ!�¡!�²�óS, �¤
ý

¢ßñ�*�., ù«�.�«ÉØå� 0.1MPa,

«§Uå3 80◦C ±e. 4�Ù� [42] ïÄ$'

hõí{Y/¤Ån�æ^�ý¢ßñ�*�.,

�.�!°©O� 2.5 cm, þ 0.03 cm, ïÄ���

Ð�J.

4 ��ßñíõ'6A�

ÔnÆ¥é6N�£ã© 3 ��g: (1) ©

f�g, áv©fÄåÆ, ïÄ©f-E�*Ån;

(2) ÄåÆ�g (0*�g), ù´^�²ï�ÚO

Ôn��{5ïÄ6N, ²;�Äå�§´À�

[ù�§ (Boltzmann equation); (3) 6NåÆ�g,

ù´÷*�g, ¤^�Ä��§´ëY�§, Euler

�§Ú Navier-Stokes �§k��^Uþ�§. 8

c;�6N6Ä£ã��æ^1 3 ��g, ,

��ßñduÙ�~5/�A�, ´Q�3B�

�ú, ��3U,��¿!Yå¿�õºÝ�6Ä

0� (ã 2), éJ^���6Ä�g5£ã6ÄA

�. wø�AïÄL², íN3��Ä¬�ú¥�

3ü«D4�ª: ßÝ|�^e�*ÑÚØå|

�^e�'6, ©�)á!*Ñ!'6�A��ª.

ã 2 ��ßñ;�íND4L§«¿ã

4.1 éÄØåFÝ

��ßñÄ¬�úºÝ¥�3��Ü'6,

�þ�¢�L², �X;�'ßÇ�ü$, $��

�Ü'6�²w, �'ßÇü$��½§Ý�, �

3XéÄØåFÝ. ;.���Ü'6Ì�Ly

�: (1) �3XØ�"�éÄØåFÝ; (2) �Øå

FÝ�uéÄØåFÝ�, '6�Ý�ØåFÝ

�3��5'X.



1 2 Ï  ï� : ��ßñíõ�*(�9'6A� 233

c�éÆöÙ[�ÅdÄ (1924) �Ñ, 3,


�¹e, õ�0�¥�k3�L,�å©�Øå

FÝ�âu)�N�'6 [43]. Miller Ú Low[44] �

uy3$'ß0�¥6N�3éÄØåFÝ, �

�5'6. õ�5� [45] ?1ñ%6Ä¢�, uy

�'ßÇé$�, /�Y�'6�3�*�éÄ

ØåFÝ. "=�� [46] &?
íN��5'6å

ÆÅn, uy
$'ßñ��ºÝ�YíN��

N'6�ÌÓ�/ª�$Ä5Æ, ïá
íN�

�N��5$Ä5ÆÚ��..

4.2 wø�A

1875 c Kundt Ú Warburg 1 1 guyíN6

Ä�3wøy� [47]. 1941 c Klinkenberg ¢�y

¢wø�A��3, ¿)º
3�ÓØå^�e

íÿ'ßÇ�u�ÿ'ßÇ��Ï [48]. �þ¢�

ïÄy¢, ñ%���, íN3��0�¥wø�

A�²w.

��ßñduÙE,��*(�, Ertekin �

< [49] ïÄ�Ñ£ã��ßñ��¥íN'6�

L§, �^�Ü½Æ5£ã´ØO(�. Rangara-

jan �< [50] ��ÑíN3ØÓ����Y0�¥

6Ä, duíN©f²þgd§���, ��3�

�¥�6Ä´©«��.

4.3 ��ßñíN6ÄG�y©

Civan[51] ïÄ�ÑíN3��0�¥�6Ä

G��ûu0����ñ�Ôn5�ÚíN©f

²þgd§, ¿o( Liepmann!Stahl Ú Kaviany

�<|^�ãÜêy©íN6Ä«�, r��ß

ñ¥íN6Ä©� 3 �«�: (1) 6Ä«�; (2) L

Ý6«�; (3) Å¢6«�. ©aXL 2.

L 2 ��ßñíN6Ä 3 �«�y©

6Ä«� Liepmann Stahl Kaviany

�ãÜ6Ä Kn > 10 — Kn > 1.0

LÝ6 — 0.01 ≤ Kn ≤0.34 0.14≤ Kn ≤1.0

Å¢6 — Kn < 0.01 Kn < 0.14

1934 c Knudsen ½ÂÃþjê Kn, ÙL�ª

�

Kn =

−

λ

D
(1)

ª¥
−

λ �íN©f²þgd§, ü  m; D ��ú

�», ü  m.
−

λ =
KT

√
2π d2 P

(2)

ª¥ K �À�[ù~ê; T �ýé§Ý, ü  K; d

©f�», ü  m; P �Øå, ü  Pa.

4.4 6ÄG�y©

nÜ Civan[51] ÚÁ1æ�< [52] �ïÄ¤J,

|^ Kn êy©��ßñ;�¥íN6ÄG�9

ÙêÆ£ã�§, �L 3.

� Kn ê�u 0.01 �, |^ Darcy �§£ã

6N6Ä

L 3 Kn ê�íN6ÄG�y©

Kn ê�� <0.01 0.01∼0.1 0.1∼10 >10

íN6ÄG�
ëY0�6Ä,

Ãwøy�

ëY0�6Ä,

�3wø�A

ëY0�b�¢�,

�3wø�A
gd©f6Ä

£ã�§ Darcy �§ Klinkenberg �§ ��|�§ Fick ½Æ

v = −
K

µ

∂p

∂x
(3)

Klinkenberg ���«{ü�õ�0�f+�.,

�Ñ
íN'ßÇ Kg �ýé'ßÇ�'Xª

Kg = K∞

(

1 +
b
−
p

)

(4)

b =
4c

−

λ

R

−
p (5)

ª¥
−
p �²þØå, b �wøÏf,

−

λ �íN©f

²þgd§, c �'~Xê, R ����».

Kn ê3 0.01∼0.1 �, íN�'6�Ì±e

�§

Q =
Ta

−
z P aTt

KgA
(

P 2
1 − P 2

2

)

2
−
µ L

=

Ta

−
z PaTt

K∞

(

1 +
b
−
p

)

A
(

P 2
1 − P 2

2

)

2
−
µ L

(6)
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ª¥ Q ��íØeíN�NÈ6þ, Ta �IO§

Ý, Pa ��íØ,
−
z �/�§Ý9/�²þØåe

�íNØ Ïf, Tt �/�§Ý, Kg �íÿ'ß

Ç, A �ñ%�¬�¡È,
−
µ �/�§Ý9/�²

þØåeíNÅÝ, L �ñ%�¬�Ý, P1 �?�

Øå, P2 �Ñ�Øå.

Kn ê0u 0.1∼10 �, íN�Ì��| [53] í

��êÆ�.

Q = −
A

µ

dp

dL
K∞

(

1 +
29

3
e−Kn

−1

)

(7)

ª¥ Q �6þ, A �ñ%�¬�¡È, K∞ �ýé

'ßÇ, µ �Å¢Xê.

Kn ê�u 10 �, íN3B��¥Ì�´ß

Ý|e�*Ñ, ¥gd©f6Ä. *Ñ�Ì 1855 c

Fick JÑ�*Ñ½Æ

Qd = −DA
dc

dx
(8)

ª¥ Qd ��þ6þ, A �ñ%�¬î�¡È, D

�*ÑXê, c ��þßÝ, x ��Ý.

íN©f�*Ñ�A�§Ý!Øå±9íN

�5�k'. éA½�híõ, Ù*ÑXê7L²

L¢�ÿ½. 3vk¢�ÿ½êâ�, �^²�ú

ª(½íN�*ÑXê [49]

D = 0.339K0.67
/

M0.5 (9)

ª¥ K �'ßÇ, M �íN©fþ.

5 Ð "

�*(�´K���ßñíN'6��Ï

���, 8c�ïÄE?u&¢�ã, k7�38

��ïÄó�¥:ïÄ±eA�¡�SN, �
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CHARACTERS OF MICRO-STRUCTURE AND PERCOLATION

IN TIGHT SANDSTONE GAS RESERVOIRS
∗
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Petroleum University, Chengdu 610500, China
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Abstract With the dwindling of conventional gas reservoirs, people are paying attention to the exploration

and exploitation of tight sandstone gas reservoirs. However, few studies were directed to the mechanism of

high transfer fluid; the exploitation has been very limited. Tight sandstone gas reservoirs are characterized by

extended spatial scales, including micro scale, natural fracture scale, and hydraulic fracture scale, and there will

be multi-scale effects while gas is percolated through the tight sandstone. Gas transfer processes in the tight

sandstone gas reservoirs consist of desorption, diffusion and percolation, including diffusion in the concentration

field and percolation in the pressure field. The review of this paper discusses the special characters of tight

sandstone gas reservoirs, the descriptions and methodology. The range of gas transfer in tight sandstone is

classified on the basis of Knudsen number. It is concluded that some fine descriptive methods should be

established to describe tight sandstone micro-structures and the study about tight sandstone gas transfer in the

condition of multi-scales should be carried out.

Keywords tight sandstone, gas reservoir, micro-structure, percolation, Knudsen number
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