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1 Ú ó

ü�6Äy�2��3uzÆ!�h!Äå
ó§±9�«\óó���9��¥, X�uì!
evì!G¬±9híÑx�. 6.3ü�6�6
ÄÚD9A5�ïÄ¥´�~'��, §�,vk
½þ�£ã, �§´û½D9�6Ä�O��â.
ØÓ�6., kÙÕA�D9�6ÄÅn. 6�¥
6.�Cz  ¬Úu6{!6Ä�½5UC
±9ÑyD9�Å. Ïd, 3í�ü�6Ä¥, 6.
�ïÄ�(½´Ä�?Ö [1]. duü�6�3E,
�m.¡�A9�é$Ä, ¤±, O(£Oü�6
.���(J, cÙ´6.ÄåÆÅn�8ÿØ�
©�Ù.

ü�6´��E,���5ÄåÆXÚ, g 20
V 90 c�±5, Äu·b9©/�mS�©Û
�6.£OïÄ¤JFªOõ [2], 7w�� [3−5]

æ^õ�·b�Iëê©Û
hYÚí�ü�6
.>�&Ò�·bA�, éü�6.6ÄÅn?1

éÐ��«. �Xã�?nEâ�uÐÚU?,
Ù�5�õ/�A^uõ�6�ïÄ¥, Ù��
>!ØZ66|�A:¦��Ù¦6.©Û�{

äk�½�`³. $^ü�6Ä�ã�²þ�Ý�
óÄ&Ò?1��5ÄåÆA5L�©Û, é�«
9n)äE,5!Ø(½5�éJ^êÆ�.°
(£ã�ü�66.=zÅn´kÃ�Ö¿�&
¢.

� Å f � m (stochastic subspsace parameter
identification, {¡ SSI) �{�±��l�¸-y
��A&Ò¥J�(����ëê, ´Cc5uÐ
å5��«ÄuÑÑ����5E£�{ [6−8]. 
½ã´�«'�#L�(½XÚ�g��{ [9]. �
©}ÁA^�Åf�m(Ü½ã��{éY²
+¥í�ü�6n«;.6.�ã��ÝS�?
1©Û, ±Ï?�Ú�«ü�6.ÄåÆA5, ¿
Äu SSI ©ÛJÑ�«#�ü�66.½þ£O
OK.

2 nØÄ:
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Ú [10]  xk+1 = Adxk + wk, Ad = eA∆t,

yk = Cxk + vk,
(1)

ª¥: xk ∈ Rl �XÚG�þ; yk ∈ Rn �ÿþ��
�ÑÑþ; wk ∈ Rn Ú vk ∈ Rl þ�b½xD(,
� E(wk) = E(vk)=0; A ∈ Rn×n Ú C ∈ Rl×n ©
O�LXÚG�Ý
ÚÑÑÝ
; ∆t�æ�m�.

é (1) ª¤«��ÅXÚ, dæ��Sêâ|
¤ Hankel Ý


H = Y0|2i−1 =



y0 y1 · · · yj−1

y1 y2 · · · yj

...
...

. . .
...

yi−1 yi · · · yi+j−2

yi yi+1 · · · yi+j−1

yi+1 yi+2 · · · yi+j

...
...

. . .
...

y2i−1 y2i · · · y2i+j−2


=

[
Y0|i−1

Yi|2i−1

]
=

YP

Yf
. (2)

- Y +
P = Y0|i Y

−
f = Yi+0|2i−1 ,

ª¥: i = 2n, n�XÚ�ê; j �þÿþæ�ê.

-��ÝK¤�Ý
�

Oi = Yf/YP, (3)

Oi−1 = Y −
f /Y +

P , (4)

O� Oi ÛÉ�©)�

W1OiW2 =USV T =[U1 U2]

 S1 0

0 0

 V T
1

V T
2

 ,

(5)
ª ¥: X ê Ý 
 W1 = [(1/j)YfY

T
f ]−(1/2); W2

� j × j ü 
.

ò��*	Ý
 Γi Ú Γi−1 �L«�

Γi = W−1
1 U1S

1/2
1 , (6)

Γi−1 = Γi. (7)

|^ (3), (4), (6), (7) ª�� Kalman ÈÅG�S�

X̂i = Γ †
i Oi, (8)

X̂i+1 = Γ †
i−1Oi−1, (9)

ª¥ †��AÝ
��_.

ò (2), (8), (9) ª�\ (10) ª�O���G�

Ý
9ÑÑÝ
 Ad

C

 =

 X̂i+1

Yi|i

 X̂†
i . (10)

3(½lÑXÚG�Ý
 Ad �éÙ?1A��©
)

Ad = ψΛψ−1, (11)

ª¥: Λ = diag (ηi)∈ Rn×n, i= 1, 2, · · · , n; ηi�lÑ
XÚA��; ψ�XÚA��þ. �âlÑXÚ�ë
YXÚ�A��'X��ëY�mXÚA��

λi = ai ± bi = ln(ηi)/∆t, (12)

?�±����ªÇ9{Z'O�úª� fi =
√

a2 + b2/(2π)

ξi = −a/
√

a2 + b2
. (13)

XÚ����.½Â�ÑÑ:?�XÚA��þ

ϕ = Cψ. (14)

k
A��þÒ�±ÏLÙªÇ!{Z'±
9� �5é��?1E£.

ã 1 ½ã��n

2.2 ½½½ããã���nnn

�mS�3�ÄXÚ�ëê£O¥, ykA«
�O��ýb��{,½ã�{Ò´Ù¥�«�
#��{ [11]. ½ã�Ä�g´Xã 1 ¤« [12].

ã 1 ¥ f ����.ªÇ,ξ ����.{Z
', MAC����&Ý, criteria�{Z'�â. ½
ã��{: �gb½XÚ��g�l nmin � nmax.
duXÚ�A��äküü�Ý�A:, ¤±�g
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7L´óê. l�� (nmax −nmin)/2+1 �(J.
,�r¤O��(Jx����Iã¥, �Iã�
î�I�ªÇ�, p�I��g, ��½ã. ü�
��:�ªÇ!{Z9�.3N���S, K@�
´�Ó�. ½ã´^5é�Åf�m½�, �©
A^Ù�néí�ü�6.ã��ÝS�?1Ä
åÆA5©Û.

2.3 ;;;...&&&ÒÒÒ���½½½ããã©©©ÛÛÛ

�©é�u!�u + D(·Ü&Ò!Lorenz
±9 Gauss xD(o«;.&Ò?1½ãO�,
(JXã 2 ¤«. A«�mS���)^�Xe.

1) �u&Ò: y1 = sin(x) æ�m�� π/50;
2) �u + D(: y = y1 + p × y2, Ù¥ y1 ��

uS�, y2 �xD(S�, p��Å¤©�'~, ù
p� p = 0.2;

3) Lorenz ·b&Ò: d Lorenz �§
dx

dt
= −10(x − y),

dy

dt
= −y + 28x − xz, (15)

dz

dt
= xy − 8

3
z,

Ð©^� x = 2, y = 2, z = 20 æ^o� Runge-
Kutta �{S�, �Cþ x��ýS� [13];

4) Gauss xD(&ÒS�.

lã 2 �±wÑ, ØÓS�a.�½ã�É
'�²w. �u&Ò�½ã5ÆAO²w, ¤k
:Ñ8¥3ü^ªÇ�þ, ù��u&Ò5K�±
Ï5�'. 3\\xD(±�,½ãC�·Ï,
5Æ5��, ªÇ©Ù3ØÓ«�, ��3a:y
�. Lorenz &Ò½ã¥���n�/G, ªÇ�
Ó:3 0—25 «�¤4~ª³8¥©Ù. �c[*
	�±uy, Ù¿Ø��u&Ò½ã¤k:Ñ¤
�R��, ´3�Nk��¹���¹e, �3
��a:y�, l½ã©Ù�±wÑ Lorenz &

ã 2 �«;.&Ò�mS�½ã
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ã 3 �«;.&Ò�mS�½ã��Ý

Òäk�p�E,Ý. Gauss xD(�½ãl�
Nþw��u +Gauss xD(·Ü&Ò©Ù��q,
ùÌ�´ Gauss xD(é½ã�©Ù�¹å�
û½5�^. �c[*	�±uyÑ��ØÓ, Ì
�Ny3ªÇ��«�, l·Ü&Ò��±w��
u&Ò��
àX,  Gauss xD(&ÒK��v
k5Æ, ©ÙÑÏ. ùo�;.�mS��½ã
©ÙA��m��É`²½ã�±^5ïÄ�
mS��E,5. �ù«½5©Ûk
�
, �©
ÒdJÑ
�«½þµdS�½ã��{, =J
�½ãªÇ�Ó:©Ù���ÝA�, ù��±
éS��5Æ5!±Ï5k��éÐ�L�, Ó�
��±ò½ã¥�a:�y�^ê�/ªLy
Ñ5.

ã 4 �í - Yü�6¢�XÚ

½ã´l 8 �� 46 �z� 1 �?1�gO
�, X�u&Òäk½±Ï5, 3�½ªÇ�?
Ò¬Ñy¤k:Ñ�3, � 20 �:ë¤�^��,
Ãa:y�. ùp5½Ù�IO� x = [1, 1, · · · , 1],
x �¹ 20 ���. z��ªÇ�éA��.L«
� x(i), i�ªÇ�, XJ�3ªÇ:, ��K� 1,
ÄK� 0. z�ªÇéA���Ý=Ù�.�IO
���'O�¤���'Xê

r(i)=

∑
xx(i) −

∑
x

∑
x(i)

n√( ∑
x2 − (

∑
x)2

n

)( ∑
x(i)2 − (

∑
x(i))2

n

) ,

(16)

ª¥, n�IO����ê, �© n = 20.

ùp�½ão��Ý r ?1©Û:

r =
M∑
i=0

r(i)
M + 1

, (17)

ª¥, M �½ã¥¤O����ªÇ�.

A«;.S����Ý©ÙXã 3 ¤«. l
ã 3 �±wÑ, o«;.S��½ã��Ý�3
�²w��É, Ù¥·ÜS�� Gauss xD(S�
���C, ù�:l½ã�©Ù�±���y.
�u&Ò³/Ù���±Ï595K5¦��
Ý�� 100%. Lorenz S����Ý��u&Ò�
�, 'xD(&ÒK��, Ù 76%���Ýl,«
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§Ýþ�±wÑÙ3·Ï�L¡©Ùþ�3X�
½�5Æ. ·Ü&Ò� Gauss xD(&Ò���Ý
�$, cö� 48%, �ö� 43%, ��Ý����ö
�|¤(�´���, dd�±wÑ��ÝéØÓ
S��½ã©Ù�±?1�Ð�L�, ´½ã
©Û����Ð�9ÏÃã.

3 í�ü�6ã�&Òæ8

¢�´3�í - Yü�6XÚþ�¤�, X
ã 4 ¤«. �¢�À^S» 40 mm, �� 2 m �ß²
kÅÀæ+. YNÈ6þ��� 0.007—3.180 m3/h,
�íNÈ6þ��� 0.500—4.585 m3/h. 3Y²ÿ
Á+¥æ8���� 1536×1024, vª� 250 v/s
�Ä�6.ã�¥�� 3 «;.ã�Xã 5 ¤«.

3ã��ÃõA�¥�Ý´���ëê�
�, æ^ (18) ª¦)ã¡��Ýþ� g:

g =
L−1∑
i=0

zip(zi), (18)

ª¥, L ��U��Ý?ê, zi �L«�Ý��Å
Cþ, p(zi) � 1 �«�¥��Ý?�¼ê. ¢�
¥òz�6.Ä�ã�¥zvã���Ýþ�|
¤ 1 ��mS�, n«;.6.��ÝÅÄS�X
ã 6 ¤«. æ�:êL�¬�O�©Û�5ØB,
L�K¬¢¦�
k�&E, �©æ^ 3 �ëê�
�S��Ý`z��I, ©O�ÅÄrÝ (p)! 
�Ïf (s) Ú²"Ïf (F ) �. Xã 7 ¤«, �æ�
: N �� 1400 ����I��ªu½, Ïd N

� 1400.

ã 5 ØÓvê� 3 «;.í6ü�66.ã� (a) �G6 (©O�1 5 v!1 25 vÚ1 100 v); (b) ãl6 (©O�1 5
v!1 25 vÚ1 100 v); (c)ÒG6 (©O�1 5 v!1 25 vÚ1 100 v)

4 ü�6½ã�ÄåÆA5©Û

n«;.6.��ÝÅÄS�½ãXã 8
¤«. l½ã¥�±wÑn«;.6.ã��
ÝÅÄS���ÓªÇ:©Ù�¹�3���É.
�Nþ5`, ãl6�½ã��5�, ÒG6g
�, �G6��·Ï. ãl63ªÇ� 0—10 Hz �
�S, �ÓªÇ:©Ù�©5�, A��Ü¤R�

�G, 3ªÇ� 20 Hz ?kü^Cq��ã, �N
©Ù�5�, a:��, 3pª?©Ù�DÕ, �3
ªÇ� 35 Hz ?�,�±w�¥��G, ù�ãl
6�Ð�±Ï5k'. �G6�éãl6�w·
Ï, 3 0—5 Hz ªÇ��S�Ð, 3 5—10 Hz ?Ø
Xãl65Æ5r, �ªÇ�Ó:�, ©ÙØXã
l6�8, ¥pª«�©ÙDÕ'Ï, �k3ªÇ
� 23 Hz ?�r�±w��^��GªÇ©Ù.Ò
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G63 0 � 3 Hz ?���J�Ð, Ù$ª«��
5�§Ý��G6�ãl6Ñ�, ��3¥pª
?,ÒG6�ªÇ:©Ù�ÑÐucüö, 3 32, 37
Ú 44 Hz ?þk��GªÇ:©Ù.

ã 6 n«;.6.��ÝÅÄS� (a) �G6; (b) ãl
6; (c)ÒG6

ã 7 ØÓ&Ò�Ýe�ë6ÚOëê

ã 8 n«;.6.��ÝÅÄS�½ã

�6.�½ã¤Ly�A��´�6.ü
zA���N: �G6¥í�$Ä;,�~�ÅE
,, oNLy�í�+3+¥���6ÄG�, &
Ò½ã� Gauss xD(k
�q, �Å5�r;
ãl6¥íl��lk5Æ/�OCz¦�ã
��ÝÅÄ&Òäk�½�±Ï5, ¤±Ù½ã
�©Ù'�5�; éuÒG6, �íl°Ä���
c?$Ä�, duÀÂ�^, ¦�íl±����
��øá, ¿�e���56�)ÀÂ���, í
l�Â���ÒG6ëÄy��~ì�, ¥yí�
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���þe����Å6Äy�, ��G6aq,
��3«O, Ù��í���Å$Ä´��G6�
q�?, 3íl»��/¤���í�¿���
Ñm, �¤ìG�c$Ä, lã���Ý5w, ¦�
ã���Ý¥y $��J, ëÄy�¦�ù��
í�ìm�Ñy, ù�ÒÑy
3pª?�3�½
±Ï5y�. n«6.½ã���ÝXã 9 ¤«,
lã¥�±wÑ, ��Ý�©Ù�¹��c'u6
.6ÄA5©Û�¬Ü, ãl6�p,ÒG6g�,
�G6�$.

5 ü�66.©a

3c¡®²é SSI J�&ÒA��þ��{
?1
{ü�£ã, SSI �{���`:´|±õ
Ñ\õÑÑ, �O��Ý¯, 3&Ò���E£�
¡äké��`³. ln«6.�½ã�±w
Ñ, �3Ìª, �Ùm�Ó��,D(. �©��
ê� 10, �,�ã+�:O��Ý, ��±k�/
¶-D(K�. �©ÄkéY�6þ� 2.4 m3/h �
8«ØÓí�6þe�6�?1©a£O, £O
Xã 10 ¤«, uyn«6.A��þ�Ì�±9
���3���É,ÒG6��3 1.35—2.07 �m,
Ì�3 0.1 �m; �G6��3 4.01—4.36 �m, Ì
�3 0.2 �m; ãl6��3 −0.52—0 �m, Ì�
3 0.5—0.6 �m.

�©3ØÓí�±9Y��NÈ6þe, é 47
«6ÄG�?1
E£, £O(JXã 11 ¤«. (
JL²ØÓ6.����É�©²w, �±�ß©
EÑ�«6., £OÇ3 97%±þ.

ã 9 n«;.6.�½ã��Ý

ã 10 Y�6þ Q1 � 2.4 m3/h �ØÓí�6þ�6.©a

ã 11 Äu�Åf�m� 47 «6Ä^�e�6.E£

6 ( Ø

3í�ü�6ã�ÅÄ&Òþ�A^L²
½ã�±�«�G6!ãl69ÒG6�ÄåÆ
E,5, lÙ½ã�NA��±wÑ�G6�·
Ï§Ý�p,ÒG6Ùg, ãl6�$. ØÓ6.�
½ã�ÓªÇ:©Ù¤LyÑ�ÕACzª³
�l[!þ�N
�6.�ÄåÆE,5m��
É, ?�Úy²
½ã3©ÛE,�mS��¤
äk�`�5. (Ü��ÝA���±éE,�m
S�?1½þL�. A^�Åf�méí�ü�
6n«;.6.�ã��ÝÅÄS�?1A��
þJ�, �±lÌ�±9��þéÙ\±«©, Ù
¥� �A�����.ÒG6��3 1.35—2.07
�m, �G6��3 4.01—4.36 �m, ãl6��
3 −0.52—0 �m, ÙØÉ¢�ó¹�Cz¤K�,
��d6.SÜ��(�¤û½, U
O(/é6
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.&Ò?1«©. ÏL�©�ïÄL²: �Åf�
m(Ü½ã�{´�«k��©Ûí�ü�6
.�{, XòÙA^uÙ¦õ�66.£O+�,

±93Ù¦�ª£O+�?1ÿÐ, �ò´kÃ�
&¢�Ö¿.
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Stochastic subspsace parameter identification and
stability diagram of gas-liquid two-phase flow

patterns∗

Li Hong-Wei Zhou Yun-Long† Liu Xu Sun Bin

( College of Energy Resource and Mechanical Engineering,Northeast Dianli University, Jilin 132012, China )

( Received 16 May 2011; revised manuscript received 2 June 2011 )

Abstract

The characteristics of stability diagram of several typical flow patterns are studied, and the signals of flow patterns under 47

kinds of flowing conditions are identified with stochastic subspace parameter identification. The results show that the characteristic of

a stability diagram can reflect the internal characteristics of complex time series, the characteristics of time series can be quantified

by extracted straightness characteristics and the differences of characteristics of stability diagrams of three typical flow patterns. The

characteristics of stability diagrams of bubble flow are the most confused and followed by Mist flows’. Slug flows’ are the most

regular. The extraction and recognition for characteristics of gray fluctuation sequence of gas-liquid two-phase images and the accurate

classification for flow pattern samples provide a new path for the classification of multi-phase flow patterns. At the same time, the

stability diagram analysis method provides a useful exploration for the further revelation of flowing mechanism of multi-phase flows.

Keywords: stochastic subspsace parameter identification, stability diagram, gas-liquid two-phase flow, dynamic
characteristic
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