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æ^õºÝü���{ïÄ
R�hYü�6Y�h6.�õºÝÄåÆA5. Äk, 3S»� 20 mm �R�
+�Sæ8
hYü�6Y�h6.>�DaìÅÄ&Ò, ,�O�
ØÓ6Äó¹e>�ÅÄ&Ò�õºÝü
���. ïÄuyõºÝü��Ç�þ��½þ�xY�h6.ÄåÆE,5; d	, JÑ
ÏLOþ�mS�\
Èþ�õºÝü��ÇéÜ©Ù£On«ØÓY�h6.�#å».

'�c: hYü�6, õºÝü��, 6NÄåÆ
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1 Ú ó

�XºþhXmu?\¥�Ïmæ�ã, h³
ShY·Ü�õ¥p¹Y6ÄG�, ÙhYü�
6±Y�ëY� (Y�h) 6Ä/�Ó`. �
¢
yhYü�66Ä­½5���ýÿ, n)hY
ü�66.9ÙÄåÆA5éh³Ä�iÿ9h
õ`z+näk­�¿Â. hYü�6ïÄ�{�
)6.ÿþ�©a [1], ·Ü6�9�¹Çÿ½ [2],
O�6NÄåÆ (CFD) �ý [3], 6Ä�.ïá [4]

�. duü�66.�6Në6ÅÄ5�äk�
�'X [5], ü�66NÅÄ&Ò©Û�{É�

2�'5, XVÇ�Ý¼ê (PDF) ÚõÇÌ�Ý¼
ê (PSD) �{ [6,7], �ª�©Û�{ [8−14], ��5
©Û�{ [15−20]. 3hYü�66ÄA5ïÄ�¡,
Govier � [21] @Ï3S»� 26.4 mm +�¥*	�

�G6!ãl6!LÞ69ZG6. Flores � [22]

3 50 mm +»S½Â
h�6![�h�6!·
G69h�Y6., du¢�+»��, Flores �¿
vk*	�Y�h�ãl6Ñy. ��K|æ^>
�&�3 20 mm +»S*	�
[�h�6!ã
l6!h�69h�Y6., ¿lUþ9�ª��
Ý��
6.�Ð£O�J [23], �3ØÓY�h

6.=zÄåÆ1�n)�¡ÿ�Øv.

�3L���5XÚE,§Ý��¡®�
�
�Ð?Ð [24−33], lØÓºÝ�	��Cz
A5kÏul�*9÷*þn)XÚÄåÆ1
� [34−41], cÙ´ Bandt Ú Pompe[42] JÑ
ü��
�{, ÏLÚO��mS���þ�ü�5Æ¢y
éXÚE,§Ý�ÐL�. T�{äk�Ð�°�
5, �¯�´u¢y. ü���{®�2�A^u
�mS�E,Ý9ÄåÆA5©Û [43−47], �òõ
ºÝ�ü��(Ü�¡����. �©òõºÝ©
EA5�ü���{°�5�(Ü, ïÄòõºÝ
ü��Ç�²þ�|ÜL�Y�h6.ÄåÆA
5. d	, �©�JÑ
ÏLOþS�\ÈþÚõ
ºÝü��ÇéÜ©Ù£OØÓY�h6.�#
å».

2 õºÝü���{

Costa � [34] JÑ
�mS�õºÝoâz�
{Xe.

Ä k ò � Ý � n � � m S � {u(i) :
i = 1, 2, · · · , n} ? 1 o â z ? n, Ù o â z L

* I[g,�ÆÄ7�8 (1OÒ: 41174109, 50974095, 61104148) ÚI[�E­�;� (1OÒ: 2011ZX05020-006) ]Ï��K.

† E-mail: ndjin@tju.edu.cn

c© 2012 ¥IÔnÆ¬ Chinese Physical Society http://wulixb.iphy.ac.cn

230507-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 230507

§Xe:

ys(j) =
1
s

js∑
i=(j−1)s+1

u(i), 1 6 j 6 n/s, (1)

Ù¥ s �ºÝÏf, ys(j) �ØÓºÝeoâz�
mS�. ���Ñ�´�ºÝ� 1 � (s = 1), oâ
z�mS�=��©�mS�.

3J�ØÓºÝ�mS��Ä:þ, �âü�
��{ [42], �O�ØÓºÝeoâz�mS��
��, =õºÝü�� (MSPE). éØÓºÝ�oâ
zS�?1��m­�:

Y s(t) = [ys(t), ys(t + τ), · · · , ys(t + (m − 1)τ)],

t ∈ [1, n/s − m + 1], (2)

Ù¥ m �i\�ê, τ �ò´�m. ò�þ Y s(t)
� m �©þ?1,Sü�, =

[ys(t + (k1 − 1)τ)

6 ys(t + (k2 − 1)τ)

6 · · ·

6 ys(t + (km − 1)τ)]. (3)

e�3�����¹KU k ���?1ü�, dd
��mSz��þ Y s(t) þ����|ü�:

πt = [k1, k2 · · · , km]. (4)

éui\ m ����m�k m! «ü��U. ÚO
1 l «ü�Ñy�gê Nl, Ù¥ 1 6 l 6 m!. K1 l

«ü�Ñy�VÇ�

P s(l) =
Nl

n

s
− m + 1

, (5)

Ù¥ n/s �ºÝ s eoâzS��Ý. dd�½Â
�mS�3ºÝ s e�ü���

Hs(p) = −
m!∑
l=1

ps(l) ln ps(l). (6)

� P s(l) = 1/m! �, Hs(p) ����� ln(m!), ·
�æ^ ln(m!) éü��?18�z?n, ��º
Ý s e8�z�ü��

hs(p) = Hs(p)/ ln(m!). (7)

��mS��¤kü�äk�Ó�VÇ�, ü
������� 1. d��mS�Ly�D(A�.
�mS��5K, Ùü����$, ��mS��
�5�ýÿXÚ�, ü�������. 3ü��
O�L§¥S��Ý n �ÀJATv
�5�y

��O��°Ý. ,	, ò´�m τ ui\�ê m

´ü�I�(½�ëê. Bandt Ú Rompe[42] ïÆi
\�ê m = 3, 4, · · · , 7, �mò´ τ = 1.

3 Y � h 6 . > � D a ì Å Ä &
Ò¼�

R�hYü�6¢�´3U9�Æõ�6
6Ä�C�þ?1�©¢�C�£ã�ë�©
z [23]. ¢�ÿÁ+�� 4000 mm, S»� 20 mm.
¢��, �â�\+�ØÓ�Ý�Ê´>�&�&
ÒA�é6.?1½Â [23]. æ^p�õ4
�D
aì [48] æ86N>�ÅÄ&Ò. ¢�0�À^g
5YÚ 15# ó�xh. xh�Ý� 845 kg/m3, ÅÝ
� 11.984 mPa·s, hY.¡Üå� 0.03 N/m. Á��
6§�kÏ\�½6þ�Y�, ,�2Ï\h, �
hYü�·Üþ!�?1��ÿ:�êâæ8. �
gO\h�6þ¿?1ó¹:�ÿþ. ��¤��
Yþ¢��, O\Y�6þ, 2�ìþãÚ½?1.
�â>�&�&ÒdgÁ��½Â
Ê«6., Ù
¥Y�ëY��6.�)Y�hãl6!Y�h
[��G6!Y�h�G6, h�ëY��h�Y
6., LÞ6.´YëY�9hëY��OÑy�
6ÄG�. R�hYü�66.Xã 1 ¤«.

hYü�6>�ÅÄ&Ò�N
·Ü6N�
�>ÅÄA�, Ù�¹k´L�6N6Ä96.Ä
åÆ&E. Y�hãl6.Ï~u)3hY·Ü�
Ý�$��¹, d�6Në6ÄU��, Øv±Â
�h¬¦h���m©Ñ, �þ�h%u)à¿�
)���h¬½/¤hl. Y�hãl6�>�Å
Ä&ÒXã 2 ¤«, du���h¬½hl�6Ä,
¦�ü�6>�&ÒÅÄÌ���, �&Ò�3m
�5Ñy�¸�.

�XhY·Ü�ÝO�, ·Ü6Në6ÄUO
��v±òhlÂ�, h�±©Ñh�/ª�3u
YëY��¥, d��6.�Y�h�G6. ã 3
�ØÓh�L*�ÝeY�h�G6&Ò, �éu
Y�hãl6&Ò, Y�h�G6&ÒÅÄÌÝ�
�, �¥yÑaD(ÅÄA5.

�X?�ÚO�ü�6�·Ü6�, ë6ÄU
v
�U
òh�Â��[��h%, d�6.�
Y�h[��G6. Xã 4 ¤«, d�&ÒÅÄÌ
Ý�éuÙ¦ü«6.��, &Ò�ÅÄE,¥y
�Å©ÙA5.
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ã 1 R�þ,+¥hYü�66.(�«¿ã (S» = 20 mm)

ã 2 Y�hãl6>�ÅÄ&Ò

ã 3 Y�h�G6>�ÅÄ&Ò
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ã 4 Y�h[��G6>�ÅÄ&Ò

4 Y � h 6 . õ º Ý ü � � Ä å
ÆA5

õºÝü��Ø=U�N6N�E,Ý, �
U l Ø Ó º Ý þ n ) Y � h 6 . � Ä å Æ A
5. � © O � 
 º Ý 1—100 � � S � ü � �
�, Ù¥i\�ê m ��� 6, ò´�m τ = 1,
k∆t =

1
6000

s (ò´�ê k � 1, ∆t �æ�m�, æ
�ªÇ� 6 kHz).

ã 5 ØÓ6Äó¹e�Y�hãl6õºÝ�A5

ã 5 ��½Y�L*6��ØÓh�L*6
�e�Y�hãl6õºÝü��. �±wÑ: Y
�hãl6$ºÝü��é6Äó¹Ø¯a, L
²duhl�Ñy, ¦�0uhl�m��+ª
uk5K$Ä, ØÓh�L*�Ýeü��Cz�

�, 6ÄE,Ý�������; Y�hãl63
pºÝü��Ly�é6Äó¹��¯a, üþ�
��Xh�L*6�O\
O�, L²÷*þ�X
h�L*6�O�Ùm�ªhl6NëÄA5�
\E,.

ã 6 ØÓ6Äó¹eY�h�G6õºÝ�A5

Y�h�G6õºÝü��Xã 6 ¤«. �±
wÑ: Y�h�G6$ºÝ�CzÇ�pºÝ��
þLyÑé6Äó¹�¯aA5, �$ºÝ�Cz
Ç9pºÝ��þpuY�hãl6, L²Y�h
�G6��+�m�p�^(J¦�ÙÄåÆA
5�\E,, 6Në6A5�h�L*�ÝO\

Or. oNþ, pºÝe·Ü6Nªuþ�6Ä, 3
��h�L*6�e�ü��O\�Çªu~f.
cÙ3 Uso = 0.9210 m/s �, ·Ü6N¹hÇ��
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�p�, 6N��ÅÝ��, ��÷*6N(��
é­½, 6N$Äªu²­, ¥y�pºÝ (ºÝ
l 90 � 100) e�ü��O\�Ç²wª�.

ã 7 �ØÓ6Äó¹eY�h[��G6�
õºÝü��A5. �±wÑ: �h�L*6�O
\, �Y�h�G6�', Y�h[��G6$º
Ýe�ü��O\�Ç²wª�, L²h��Â�
�[��h%�, Ù6N�*ÄåÆE,Ý�É�
�, ªuþ�6ÄA:. d	, ü��3pºÝeL
y�6N÷*6ÄA5, oNþü��Ly�²�
­½ª³, �´du�ph�L*6��·Ü6N
ÅÝ�, é[�h�$ÄkwÍK�, Ñy
ü�
��h�L*6�O\¥yü$�ª³, =ºÝC

z­�Ñy��y�.

ã 7 ØÓ6Äó¹eY�h[��G6õºÝ�A5

ã 8 ØÓ6Äó¹eY�h6.õºÝü��Ç9õºÝü��þ� (a) Y�hãl6õºÝü��Ç; (b) Y�hãl6
õºÝü��þ�; (c) Y�h�G6õºÝü��Ç; (d) Y�h�G6õºÝü��þ�; (e) Y�h[��G6õºÝü�
�Ç; (f) Y�h[��G6õºÝü��þ�
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�
½þ£ãØÓºÝehYü�6Y�h
6.ÄåÆA�, ·�æ^õºÝü��Ç (rate of
MSPE) �õºÝü��þ� (mean value of MSPE)
5?�Ú�	6NÄåÆE,§Ý. õºÝ�Ç�
�½ºÝ«mS����5[Ü�Ç, ÙL�
õ
ºÝ��ºÝCz�O��Ç. Y�h6.�õº
Ýü��3ºÝ 1 � 40 �mCq��5©Ù. ·
�éºÝ 1 � 40 ��S�õºÝü���?1

�5[Ü, ¿��
õºÝü��Ç α. d	, ·�
O��õºÝü��þ��L«�

Eave =
1

N2 − N1

N2∑
N1

hs(p), (8)

Ù¥, hs(p) �ºÝ s e8�z�ü���, [N1, N2]
�ÚOü���ºÝ��, �©ÚO
ºÝ 1 �º
Ý 100 S�ü���þ�.

Xã 8 ¤«, ·�©OO�
ØÓ6Äó¹e
Y�h6.õºÝü��Ç9õºÝü��þ�,
éÙ6NÄåÆA5©ÛXe.

�Ù¦ü«6.�' (Y�h�G6!Y�h
[��G6), Y�hãl6äk�$�õºÝü�
�Ç�õºÝü��þ�, L²Ù6ÄE,§Ý²
w$uÙ¦ü«Y�h6., Ì��Ï�Y�hã
l6¥hl�[±Ïm�5$Ä��
ÙÄåÆ
E,5�é��.

Y�h�G6�õºÝü��Ç�õºÝü
��þ��h�L*6�O\þäk²w�O\
ª³, L²�h�L*6�O\�, YëY�¥�
h�êþOõ, �m�p�^Or, ��Ù6NÄ
åÆE,5��O�; ,��¡, �XY�L*6
�O�, 6NëÄA5Or, LyÑ3ØÓY�L
*6�eõºÝü��Ç�õºÝü��þ�ä
k²w���Cz, 6NÄåÆA5ª��\E,.

Y�h[��G6�õºÝü��Ç�õº
Ýü��þ�þ?u�p�, �pY�L*6��
�Ù6NëÄA5�r, Ly��h�L*6�O
\õºÝü��Ç�õºÝü��þ�¥yÑ�
½§Ý�ÅÄA5, Ù6NÄåÆE,§Ý�p.
ã 8(e), (f) ¥ü^­��ü«ØÓY�L*6�e,
ÅìO\h�L*6��õºÝü��Ç�õº
Ýü��þ�Cz�¹. é­���:��à6Ä
ó¹, Ù¹hÇ�$ (h���), ©Ñ�3+S¿
�þ!©Ù, =·Ü6N�¿©uÐ�þ�6Ä,
Ó�Y�h[��G6ÉY�6NëÄA5K�
��wÍ, pY�6� (Usw = 1.4737 m/s) �[�

h%$Ä���ÅE,, Ù6Äó¹ü���p.
é­���:�mà6Äó¹, �Xh�6�O
\ (h�Oõ), h�+�mÄþ¿©��, 6N÷
*ªuþ�6Ä, p¹hÇ (Usw = 1.1052 m/s) �
6Äó¹ü��Ç�þ��p, d�Y�6N�ë
ÄA5é6N­½5K�¿�wÍ.

¦+õºÝ�Ç3&Ò©a�¡��
�
Ð � A ^ [35,36], � ´, æ ^ ü � ë ê é & Ò ?
1©aÿwØv. �©æ^õºÝ�Ç�Oþ
�mS�\Èþ|Ü�ªéhYü�6Y�h
6.?1£O. �©�mS� u(i) �Oþ�mS
� z(i) = ∆u(i) = u(i + 1) − u(i) �N
&Ò��
m�ÅÄA5, U
k�/L���5XÚ�Äå
ÆA� [49,50]. hYü�6>�ÅÄ&Ò�Oþ�
mS�K�N
·Ü6N��mÅÄ�ì�§Ý.
½ÂOþ�mS�\Èþ�

R =
n−1∑
i=1

|z(i)|

=
n−1∑
i=1

|u(i + 1) − u(i)|, (9)

Ù¥ R �Oþ�mS�\Èþ, z(i) �Oþ�
mS�.

ã 9 �õºÝü��Ç α �Oþ�mS�\
Èþ R �éÜ©ÙA5, �uõºÝü��Çc©
®�©Û, ±e=éØÓ6.�Oþ�mS�\È
þA5?1©Û.

Y�hãl6�Oþ�mS�\Èþ��p,
L²YëY�¥�hlëÄA5�r, 6N$ÄÅ
Ä5½��. Y�h�G6�Oþ�mS�\Èþ
©Ù���°, L²Y�h�G6$ÄA5E,õ
C, Ù6NÅÄì�§Ý�éuY�hãl6k¤
ü$, ���Ù�mS�\Èþü$. Y�h[�
�G6�Oþ�mS�\Èþ�éuÙ¦ü«Y
�h6.�$, �©Ù��8¥, L²Y�h[�
�G6äk���6N$Ä�ÅÄ5.

Xã 9 ¤«, ÏLõºÝ�Ç�±�Ð/òY
�hãl6�Ù¦ü«6. (Y�h�G69Y�
h[��G6) ?1k�«©, 
ÏLOþ�mS
�\Èþ�k�«©Y�h�G69Y�h[�
�G6ü«6.. ÏLõºÝü��Ç�Oþ�m
S�\ÈþéÜ©Ù, �k�/E£n«Y�h6
., Ó�l6NÅÄA�9ÄåÆA��Ýn)6
.=zA5Jø
�«#å».
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ã 9 Oþ�mS�\Èþ�õºÝ�Ç�éÜ©ÙA5

5 ( Ø

õºÝü��U
3ØÓºÝek�/L�
R�hYü�6Y�h6.�ÄåÆA5, ¿?�
Ú�«
ØÓY�h6.�m�ÄåÆ�É. d	,
õºÝü��Ç�õºÝü��þ��½þ/�
xhYü�6�ÄåÆE,5. ©ÛL²: duh

l$Ääk�½�m�5, Y�hãl6õºÝü
��Ç�þ��éuÙ¦ü«6. (Y�h�G
6!Y�h[��G6) ��; Y�h�G6�E
,Ý�h��m��p�^9Y�ëÄA5�',
ÙõºÝü��Ç�õºÝü��þ��h�L
*�ÝO\þäk²w�O\ª³, ��XY�L
*�Ý�O\¥y��CzA5; Y�h[��G
6�6NÄåÆE,§Ý�p, ÙõºÝü��Ç
�õºÝü��þ�þ?u�p�, ��h�L*
�ÝO\õºÝü��Ç�õºÝü��þ�¥
yÑ�½§Ý�ÅÄA5.

JÑ
Oþ�mS�\Èþ5L�hYü�
6Y�h6.�$ÄÅÄA5, uyY�hãl6
�ÅÄ5�r, Y�h�G6�ÅÄ5�Y�hã
l6k¤ü$, Y�h[��G6äk���ÅÄ
5. nÜOþ�mS�\Èþ�õºÝü��Ç�
k�/én«Y�h6.?1E£, �l6NÅÄ
59E,5ÿÝ�Ýn)6.=zJø
�«#
å».
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Abstract

We investigate the dynamic characteristics of vertical upward water-dominant oil-water two-phase flow by multiscale permutation

entropy algorithm. We first measure the two-phase flow conductance fluctuation signals in a 20 mm inner-diameter pipe. Then we cal-

culate the multiscale permutation entropies for different water-dominant flow patterns. The results indicate that multiscale permutation

entropy rate and average of mutiscale permutation entropy can be used as quantitative parameters for measuring complexity of water

dominant oil-water two-phase flow. In addition, we propose a new approach to identify different water-dominant flow patterns by using

the joint distribution of multiscale permutation entropy rate and cumulant of increment series.
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