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�Úî6N, 3Ù¤É���Aå�L¯ÑAå�
6Nâm©6Ä, ±�ÙAå - AC'X��Æ6
Naq, ùa6N¡�â�� - n��4 (HB) 6
N, Ù���§� [1,2]

τ = τ0 + µγ̇n, (1)

ª¥ τ ´�Aå, τ0 ´¯ÑAå, µ � HB 6N�È
ÝXê, γ̇ ´}��Ç, n ´6C�ê. HB 6N´�
«'�;.Úäk�L5��Úî6N, §UL«
Ñ~^�UÇ0!�Æ!Úî6N��A5, �6
C�ê n = 1 �, HB �.{z¤UÇ0�.; �¯
ÑAå τ0 = 0 �, HB �.{z¤�Æ�.; �Ó�
÷v τ0 = 0 Ú n = 1 �, HB �.{z¤Úî�..

©z [3, 4] ¥^k���[{�Ñ
 �+¥
��Úî6N�6Ä�§:
UÇ06N
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] 1
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, (3)

Ù¥ g ´YåD�Xê, ∆p ´�\3+üà�Ø
ü, Seff ´k�L¡È,

Seff = S

[
0.261γR

1 + 0.686γR + 0.929γ2
R

]5/3

,

S ´L¡È, γR ´Â ', Rd ´+�AÛ~ê,

Rd =
(

8lg

π

) 1
4

(0.47γ3
R − 1.34γ2

R + 1.19γR + 0.68),
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®¤�©Ûõ�0�¥6Ä�rkåóä [5−27].
6N3õ�0�¥6Ä�, Ù6Ä�Ï�Ø�U
��´��/�, �U´��­­�, ù«�­Ï
���±^©//ªL« [19−21], ¡�©/f[
+. ·�3L��ïÄó�¥|^©/f[+�.
ïÄ�Æ6NÚÚî6N3õ�0�¥�6ÄA
5 [22].

�±wÑ, 6þ�§ (2) Ú (3) ª¥�¹õ�
Ôn¿ÂØ�Ù�²�~ê, �©�Ì�8�´3
�Ä¢S�­f[+�©/A5Ä:þ, ïÄ HB
6N3üf[+¥�6ÄA5, ��Ø¹²�~ê
�©/L�ª, ?
ÏL{z HB 6N5�ÑUÇ
0!�ÆÚÚî6N�©/L�ª.

2 HB 6N3üf[+¥6Ä�©/
�.

2.1 666 þþþ

HB 6NÏL�»� R �ü��+¥�6�
6Äþ� [2,24,25]
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6N6Ä��­f[+Ï��©/�5Æ [20]

Lt = LDT
0 (2R)1−DT , (5)

Ù¥ DT ´f[+�s­Ý©/�ê, Lt ´�­
f[+Ï��¢S�Ý, L0 �Ï�����Ý,
Lt > L0.

�Ä��­6��©/A�, æ^f[+�¢
S�Ý Lt, (5) ªU��
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(6) ª¥� n = 1, ��üf[+¥UÇ06N�6
þL�ª
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(6) ª¥� τ0 = 0, ��üf[+¥�Æ6N�6
þL�ª

q =
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DT
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1
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1
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. (8)

(6) ª¥, � τ0 = 0 Ú n = 1 ��üf[+¥Úî
6N�6þL�ª

q =
πR3+DT∆p

µLDT
0 24−DT

. (9)

(6)—(9) ª�Ñ
A«~�6N�6þ�§�©/
L�ª, �±wÑ6þ´6NA5ëê!f[+(
�ëêÚf[+üàØü�¼ê.

2.2 666 ���

d (6) ª�üf[+¥ HB 6N�6�L�ª

ν =
q

πR2

=
26−3DTnL3DT

0

µ
1
n ∆p3R3DT−1


( RDT∆p

22−DTLDT
0

− τ0

)3+ 1
n

1 + 3n

+
2τ0

( RDT∆p

22−DTLDT
0

− τ0

)2+ 1
n

1 + 2n

164701-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 164701

+
τ2
0

( RDT∆p

22−DTLDT
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− τ0

)1+ 1
n

1 + n

 . (10)

d (10) ª��, HB 6N3üf[+¥�6�Ø=
�f[+��» R Ús­Ý©/�ê DT k', 

���\3f[+üà�ØåFÝ ∆p/L0 Ú6N
�A5ëê µ, n, τ0 k'. (10) ª¥� n = 1, ��
üf[+¥UÇ06N�6�L�ª

v =
R1+DT∆p
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0
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1
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. (11)

(10) ª¥� τ0 = 0, ��üf[+¥�Æ6N�6
�L�ª

v =
nR1+

DT
n ∆p

1
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(3n + 1)(22−DTµLDT
0 )

1
n

. (12)

(10) ª¥, � τ0 = 0 Ú n = 1 ��üf[+¥Úî
6N�6�L�ª

v =
R1+DT∆p

µLDT
0 24−DT

. (13)

2.3 éééÄÄÄØØØåååFFFÝÝÝ

� (10) ª¥6� v = 0 �, �±��üf[+
¥ HB 6N�éÄØåFÝ

λ =
22−DTLDT−1

0 τ0

RDT
. (14)

d (14) ª�±wÑ, HB 6N�éÄØåFÝØ=
�6N�¯ÑAå τ0 k', 
��f[+�(�
ëê R, L0, DT k'.

� n = 1 �, HB {z�UÇ06N, (14) ª
� n Ã', ¤±üf[+¥UÇ06N�éÄØå
FÝ� HB 6N�Ó; � τ0 = 0 �, HB {z��Æ
6N, ¤±�Æ6N�éÄØåFÝ� 0; � τ0 = 0
Ú n = 1 �, HB 6N{z�Úî6N, ¤±Úî6
N�éÄØåFÝ� 0.

2.4 kkk���'''ßßßÇÇÇ

d���§ (1) ª��Ñüf[+¥ HB 6N
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(18) ª¥� n = 1, ��üf[+¥UÇ06N�
k�'ßÇ
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(18) ª¥� τ0 = 0, ��üf[+¥�Æ6N�k
�'ßÇ

k e =
nR1+DT

(3n + 1)22−DTLDT−1
0

. (20)

(18) ª¥� τ0 = 0 Ú n = 1, ��üf[+¥Úî
6N�k�'ßÇ

k e =
R1+DT

24−DTLDT−1
0

. (21)

d (21) ª�±wÑ, HB 6N!UÇ06NÚ�Æ
6N�k�'ßÇÑ�6NA5�', 
Úî6N
�k�'ßÇ��f[+�(�ëêk', �6N
5�Ã'.

HB 6 N 3 ü f [ + ¥ 6 Ä � 6 þ q! 6
� v!éÄØåFÝ λ Úk�'ßÇ k e �©/
L�ªd (6), (10), (14) Ú (18) ª©O(½. ù
L
�ªò HB 6N�6ÄA5ëê�f[+�(�
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ëêkÅ/éX3�å, ¿�ª¥�z�ëêÑä
k¢S�Ôn¿Â, ÏdÏLæ^©/AÛnØ,
�U��n) HB 6N6Ä�S3ÔnÅn.

3 (JÚ?Ø

3�©¤í��©/L�ª¥, �'ëêæ^
±e�..

f[+s­Ý©/�ê DT �L�ª [20] �

DT = 1 + ln T
[
ln

L0

2R

]−1

, (22)

ª¥ T ´�­Ï��s­Ý, R ´f[+��».
üf[+s­Ý�L�ª [27] �

T =
1
2

[
1 +

1
2

√
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+
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1 − φ

√( 1√
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− 1
)2

+
1
4

1 −
√

1 − φ

]
. (23)

ã 1—3 �Ñ
 HB(µ = 1.0, τ0 = 0.1, n = 0.8)!
U Ç 0 (µ = 1.0, τ0 = 0.1, n = 1) Ú � Æ 6
N (µ = 1.0, τ0 = 0, n = 0.8) 6L �+�k
���[¼��6þêâ: [4] �©/f[+�.
�'�.  �+��YÇ φ = 0.8076 [22], ò �+
=�¤©/f[+�, ©/f[+�(Jëê��
� R = 0.124 Ú L0 = 1.0.

� � � � � � ������
�

� 	 
 � �
� �� �� ��� ����
ã 1 HB 6N6L �+�k���[¼��6þêâ
:�©/f[+�.�'�

� � � � �� � � � 	
 � 

 � �� � 
� � �� � 
� � �� � 

� �� �� ��� ����
ã 2 UÇ06N6L �+�k���[¼��6þê
â:�©/f[+�.�'�

� � � � �� � � � 	 
 ������� 
� �� ��� ����
ã 3 �Æ6N6L �+�k���[¼��6þêâ
:�©/f[+�.'�

L 1 �ØÓ6NéA��df[+(�ëê
'�. dL 1 �±wÑ, ë�©z [4] ¤���d
�+�(�ëê (�» R Ú�Ý L) éuØÓ�6
N´Cz�, 
�©¥�©/f[+éuØÓ�
6N, Ù(�ëê´��ØC�. ã 1—3 `²

éuØÓ�6N, 3©/f[+(�ëê�Ó�
�¹e, ©/f[+6þ�k���[êâÎÜ
�éÐ, `²©/f[+¥�6Ä�.�±�O
3 �+¥�6N�6Ä, �±^©/f[+�
.5�[ HB!UÇ0!�Æ�ØÓ6Cëê�
6N6Ä.

L 1 ØÓ6NéA��df[+(�ëê'�

6Na.
�+ ©/f[+

R/cm L/cm R/cm L0/cm

HB 6N (µ = 1.0, τ0 = 0.1, n = 0.8) 0.097 0.501 0.124 1.0

UÇ06N (µ = 1.0, τ0 = 0.1, n = 1) 0.112 0.905 0.124 1.0

�Æ6N (µ = 1.0, τ0 = 0, n = 0.8) 0.097 0.501 0.124 1.0
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ã 4 �Ñ
üf[+¥ HB 6N�6� (10)
ª�ØåFÝÚs­Ý©/�ê�Czª³. �±
wÑ�XØåFÝ�O�, 6N�6�O�, �X
f[+s­Ý©/�ê�O�, 6N�6�~�,
=f[+��­, 6NÉ��{å¬C�, 6N�
6�ÒC�. ã 4 ¥��±wÑ, �Xs­Ý©/
�ê�O�, 6��"��ØåFÝ=éÄØåF
Ý3O�, =f[+��­, éÄØåFÝÒ��,
ùÎÜ¢S�¹.

� � � � � � � �� 	
 �� 
 � � � ���
�
� � � � � � �� � � � � 
� � � � � � ��� �� �� �� � �!

ã 4 ©/f[+¥ HB 6N�6��ØåFÝÚs­Ý
©/�ê�Cz

ã 5 �Ñ
üf[+¥ HB 6N�k�'ß
Ç (18) ª�ØåFÝÚs­Ý©/�ê�Czª
³. ­��î�I��:´éÄØåFÝ, �Øå
FÝ�uéÄØåFÝ�, 6N�6��", k�
'ßÇ��"; �ØåFÝ�uéÄØåFÝ�,
k�'ßÇ�XØåFÝ�O�
O�. lã 5 �
�±wÑ, k�'ßÇ�Xs­Ý©/�ê�O�

~�, Ï�s­Ý©/�ê��, f[+��­
§Ý��, Ï��6Ä{å��, 6��Ò��, l


¦�'ßÇ��.� � � � � �� � � � � �� � � � � �� � � � 	 � ��
� �� 

� � 
 � � � � �� �� ��� �� �� �� � !

ã 5 ©/f[+¥ HB 6N�k�'ßÇ�ØåFÝÚ
s­Ý©/�ê�Cz

4 ( Ø

� © � Ä � � ­ f [ + � © / A 5, ï Ä

 HB �Úî6N3üf[+¥�6ÄA5, �
Ñ
T6N3üf[+¥�6þ!6�!éÄØ
åFÝÚk�'ßÇ�©/)Û), �.¥�z�
�ëêÑäk²(�Ôn¿Â, §ò HB 6N�6
ÄA5�f[+�(�ëêkÅéXå5, ¤�©
/�.�UNyÑ HB 6N6Ä�S3ÔnÅn.
©/f[+� �+¥�6N6þ�[êâÎÜ
�éÐ, `²�±^©/f[+�.5�[ HB 6
N�6Ä. ©¥���ØåFÝ�uéÄØåFÝ
�, 6N�6�Úk�'ßÇ�"; �ØåFÝ�
uéÄØåFÝ�, 6�Úk�'ßÇ�XØåF
Ý�O�
O�, 6�Úk�'ßÇ�Xs­Ý©
/�ê�O�
~�.
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Fractal analysis of Herschel-Bulkley fluid
flow in a capillary∗
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Abstract
A fractal model for Herschel-Bulkley fluid in a capillary is proposed based on the fractal theory. The proposed model relates

flow rate, velocity, starting pressure gradient and effective permeability to the rheological characteristics of fluid and the structural
parameters of capillary, and all parameters in the proposed expressions have clear physical meanings. The analytical expressions reveal
the physical principle for Herschel-Bulkley fluid flow in a capillary.
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