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1 Ú ó

ü�66ÄÚ�C´3UÄå!zó!Ø
U!�eÚ�h�¯õ+�)���¥�~��
Ôny�. ØåÅÄ��Xü�66ÄÚ�C, L
¡þLy�4���Å5, �ÒÙ��ó%¹X
í�)�!$ÄÚ.¡ÅA5��þ&E. ·b�
©/nØ@�XÚ¥�?�©þ��m�üzÑ
´d���p�^X�Ù¦©þ¤û½�, Ïd,

ù
�'©þ�&EÒÛ¹3?�©þ�üzL
§¥. TnØ��lE,���5XÚ\Ã, l�
²{z��é����@£ÙS3�5Æ5. ù�
êÆnØé^ØåÅÄ&Ò�«ü�6XÚS6
ÄÚ�C���å�ûÐ�íÄ�^.

20 V 90 c�±5, æ^·b�©/nØ©
ÛØåÅÄ&Ò, 3ü�6ÄXÚ�6.£O¥
A^�õ, X Franca �<�ó���
Y²+S
�í - Yü�6ØÓ6.�Ø�ÅÄ©�ê�'
X [1]. Cai Ú Wambsganss ©Û
Y²Ý/+S�
í - Yü�6�9¡·ØåÅÄA5, uyÅÄL

§�õÇÌäkªÇ��°!3pª«¤�êe
ü�A:, y²
ØåÅÄL§�·b5 [2]. Lang-

ford �<O�
R�þ,+S�í - Yü�6Ø
åÅÄ� Kolomogrov �Ú'é�ê, ��
 Kolo-

mogrov ��ò�í�Úò����'X [3]. xÆ
¸ [4,5] ±97w� [6] �<A^·b�©/nØé
ü�6�6.£O�
�þó�. ù
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áÚfÚ��m�nØ, ©Û�9ìXÚ�'
é�ê!Kolomogrov �; �E��mÝ
���
�Ý
, J�§���ÛÉ���£ãXÚ�A
�ëê; ��, ò�·bA5ëê�ÊKAêï
á'é. ¢�(JL²·bëê�Ô5ëêäk
²w'é, Ô5�CzA�%¹3÷*Øå�Å
Ä¥.

2 ¢�C��êâæ8

T��C�9ì (�ã 1) æ^o´Ú^+¿
é�(�. ó���3?�?²L�?®o+�
�g©6, 6�êdü6�C�V6�, ,�q
²L�?®o+�©6dV6�C� 4 6�; 3
Ú^+S�	.-í?1�9ðz; Ñ�?Äk
²L�?®o+, do6�C�V6�, ,�2²
L�?®o+�®6�^, dV6�®o�ü6
�. ØåDaì©OÙ�3�9ì�?®o+�
\�ÚÑ�?. ¢�A^�9ì�âÚ^+�ê
ØÓ©� 3.5 �!4.5 �Ú 7.5 �n«(�, Ù¦
ëêþ�Ó, Ú^+S» 7 mm, Ú^�» 170 mm,

Úå 48 mm. Ú^+	ý´p§-í, +S��
�	ý-í�9u)�C. �9ìÚ^+\�?
ë�pØ��-, Ñ�?²L!6z��ü��
�í.

ã 1 ¢�XÚ(�ã

¢�ÿþ
�9ì�\/Ñ��Øå!§ÝÚ
�þ6þ, 10 gó¹�þ��L 1.

ØåDaìæ�ªÇ� 100 Hz, oæ�:ê
�u 50000 �. ¢�¥ 4.5-5 Ú 4.5-6 ó¹��9
ì\!Ñ�Øåæ�&Ò�ã 2, Ù¦ó¹�d
aq.

L 1 �9ì\/Ñ�ëê

Ú^+� \�Øåþ \�§Ýþ Ñ�Øåþ Ñ�§Ýþ \����þ6

ê - ó¹Ò � Pin/MPa � Tin/K � Pout/MPa � Tout/K þ mo/kg·s−1

3.5-1 5.539 111 3.906 349 0.568

3.5-2 5.854 109 4.038 369 0.585

3.5-3 6.200 105 4.737 378 0.590

4.5-4 6.001 113 4.265 420 0.578

4.5-5 5.741 104 3.851 378 0.547

4.5-6 6.280 116 4.407 419 0.605

4.5-7 6.092 106 4.697 384 0.579

7.5-8 6.964 117 4.668 504 0.565

7.5-9 6.742 110 4.702 519 0.550

7.5-10 7.129 137 4.731 516 0.582
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ã 2 ØåÅÄ��æ�&Ò (a) 4.5-4 ó¹; (b) 4.5-5 ó¹

3 ·bA5©Û

3.1 áááÚÚÚfffÚÚÚ������mmm���

áÚfÚ��m��Ä�g�´: òXÚ,
��©þ�üzL§, i\�����XÚ “�d”

�G��m¥, ÏL�	ù�©þ3i\�m¥�
�þ;,, ©Û�XÚ�ÄåÆA5. áÚf´�
�mS���:8½��f�m, XÚ�X�mü
z, 36�A�����, ¤k�Cþ;,Ñª�
u§.

éu�mS� xi(i = 1, 2, · · · , N), êâ�Ý
� N , æ�m�P� ∆t, ±ÏLÚ\��ò´�
m τ Úi\�ê m � (m, τ ) I, �E�� m ��
�þ

Xi =[xi xi+τ · · · xi+(m−1)τ ]T,

(i = 1, 2, · · · , n;n = N − (m − 1)τ), (1)

ò&Òi\�n��m¥��þ;,, =XÚ
�áÚf, i\�pun��m¥��þ|=�¤
��mÝ
. 8c®�y²��áÚf�±ò�

XÚáÚf�Nõ5���e5, =^XÚ���
*	þ�±�Ñ�XÚ���5�., ÏL�
�áÚf=�©ÛXÚ�5� [7].

ó¹ 3.5-1 �\�ØåÅÄ&Ò��áÚf
;,�ã 3, Ù¦ó¹�d�q. dã��, áÚf
;,¥E,�©/(�, ½5/y²��9ìXÚ
´äk·bA����5XÚ.

ã 3 � 3.5-1 ó¹�áÚf;,

3.2 '''ééé���êêê

'é�ê (D2) ´éáÚf©/(��©Û,

´áÚfAÛ(�°[§Ý�£ã. 'é�ê�
´é��XÚÄ�L§�ÜCþ�m�'§Ý�
£ã, �´XÚgdÝ��O. én��ÄåXÚ,

D2 = l �XÚ?ug±±Ï��; D2 = 2 �X
Ú?uü«Ø��ªÇ�O±Ï��, � D2 Ø´
�ê½�u 2 �, XÚLyÑéÐ©^�¯a�
·b�.

A^ Grassberger JÑ�Äu'éÈ©�'é
�ê�O [8,9] (GP �{), ùpI�Ú\'éÈ©�
Vg. 'éÈ© C(r) �½Â�

C(r) =
1

N2

N∑
i,l=1

H(r − ri,j), (2)

ÙÔn¹Â´áÚf�mS�uål r �:ê.

H(x) ´ Heaviside �F¼ê, L«�

H(x) =

 1, x > 0,

0, x 6 0,
(3)

ri,j L«áÚf i �þÚ j �þm�î¼ål.

� r → 0, N → ∞, 'éÈ©¼ê%Ceª:

log2 C(r) → ν log2 r, (4)
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N L« log2 C(r) � log2 r ���Ç. äN�{
´ÅìO�i\�ê m, � ν Ø� m O�O�
�, ν �4�= D2.

ã 4 ´ 3.5-3 ó¹�'éÈ©Ú'é�êO�
�, Ù¦ó¹�daq.

ã 4 3.5-3 ó¹'é�êO� (a) 'éÈ©éê�; (b)

'é�ê D2

3.3 Kolomogrov ���

Kolomogrov � (K �) ´é·b$Ä��þ
Ý, £ã�´XÚÃ5Æ (�Å5) §Ý, ´·b$
Ä&E���þÝ, ü ´ bit·s−1. K ���, `²
$Ä&E����, XÚ�Ò�E,. � K = 0 �,

`²XÚ´k5Æ�$Ä; � K > 0 `²XÚ´�
¹Ü©�Å5�·b$Ä; � K → ∞ �, XÚä
k����Å5 [7].

K ��'éÈ© Cm(r) �'XXe:

Cm(r) ≈ rD2 exp(−m · τ · K), (5)

é (5) ª�Òü>�éê, Kéu¿©�� r, � D2

Ø�i\�ê m �O�UC�, K �=�^e
ªO��Ñ:

K = lim
r→0,m→∞

1
τ

ln
Cm(r)

Cm+1(r)
, (6)

ù p I � � Ñ, ò ´ � m τ Ú i \ � ê m

� À � é · b ë ê � J � k � ½ K �. Fraser

Ú Swinney[10] JÑ
^p&E¼ê1�g��
�������m��Zò´�m. ©z [11] ¥
é Grassberger-Procaccia �{?1©/�êO��
éæ�êâþ!ò´�mÚi\�ê�ëê�K
�?1
�[©Û, �Ñ¦��m´�pK��
(Ø, � GP �{À�ò´�mÚi\�êél
ÑÚëYÄåÆXÚ��^�JØÓ. ��d�
�ù [12] �<JÑ��{, Äk± Fraser Ú Swin-

ney ��{(½ò´�m, ,��â��þ^�
���þ�ê�Cz'X5(½i\�ê. ÜÔ
�� [13] 3^p&E{(½ò´�m�, JÑ

^ Cao �{(½i\�ê�#g´. �©æ^p&
E{(½�Zò´�m τ ��, ^©z [12] �^�
��{(½
i\�ê m.

3.4 ������ÛÛÛÉÉÉ���©©©)))

ò��9ì\�ØåÅÄ��mS�i\
� m = 10 ���m¥��mÝ
, P� X . �
E X ����Ý


A = XTX. (7)

é A ?1ÛÉ�©)Xe:

A = U · S · V ′, (8)

U Ú V ©O´ü�jÝ
, S ���é�Ý
, Ù
é��þ���=´Ý
 A �ÛÉ�.

du��mÝ
 X �3
XÚ��&E, @
od§�E���Ý
 A ¥��½�3
�XÚ
��&E, A �ÛÉ�Ò�±��£ãXÚ�A�
ëê. Ïd, �©J���ÛÉ� (α1) ��XÚ�
A��.

4 �.:NCÔ5A:

3Ô�� P -v G�ã¥, �Ú��!�Úí�
��.�§�ò��9åG�©���«!í�
«Úü�«. ïÄL², Ô�3�.:LyÑ'9
�ÛÉ5 [14]. 3�.:NCÔ��í�ü�5�
�~�C, Å5!�Ý!'9�5��LyÑ��
.:aq�A5.
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Äu©Ùëê�g�, ïáÚ^+ª��C�
9ì+S6Ä�9åÆ�©Û�., ¦)Ñ
�
9ì+S÷§�ü�6Ä9åCz�, ùÜ©ó
�ò,©uL. O�L², �9ì¥���Cu)
3�.: (Pc = 5.043 MPa, Tc = 154.581 K[15]) ±
þ��C«�. �â©z [15], �dG��§O�
��9ì÷§�Øå (P )!§Ý (T )!'N (ν)!'
9 (Cp)!ÊKAê (Pr) �Ô5ëê.

�©�	÷§ Pr ê����·bA5©Ûë
ê�'é, ©ÛdØåÅÄLyÑÔ5Cz��*
A5. �¤±ÀJ Pr ��'éé�, ´Ï�

Pr =
µ · Cp

λ
(9)

´Å5*Ñ>.��9*Ñ>.��'�þÝ,

§´=�Ô�'9 (Cp)!Å5Xê (µ) Ú�9X
ê (λ) n�Ô5ëê�'�Ãþjê.

¤± Pr ��Ò%¹
Ô��*&E, ´U

�NÔ����Ô5ëê.

5 (J�©Û

L 2 Úã 5 ´�9ì\�ØåÅÄ&Ò�
áÚf�·bA5ëê±9��ÛÉ�©Û(
J. ã 5(a), (b) ©O´ D2, K �� Pr �'é�;

ã 5(c) ´��ÛÉ� (α1) � Pr �'é�. ã¥
:´¢�ÿþØåÅÄ��©Û(J, [�´¢�
(J� Pr Czª³�«¿�, ¿ÃêÆÔn¿Â.

L 2 ¢�(J

Ú^+�ê - ó¹Ò Pr D2 K/bit·s−1 α1

3.5-1 95.61 5.02 9.587 16.21

3.5-2 17.47 5.23 7.112 16.86

3.5-3 8.99 6.09 5.820 18.35

4.5-4 12.18 5.07 5.971 17.52

4.5-5 63.76 4.57 9.115 15.93

4.5-6 8.49 5.33 4.559 18.17

4.5-7 9.07 5.61 5.820 18.02

7.5-8 5.41 5.32 5.952 20.55

7.5-9 6.13 5.56 5.960 20.49

7.5-10 5.34 5.53 5.992 21.03

ã 5 ¢�(J (a) D2-Pr �; (b) K-Pr �; (c) α1-Pr

�

ã 5 �²w�5Æ5`²n�A5ëê, �
�.:NC�Ô5äk²w��'5, ã¥ Pr �
�, ���C��C�.:, éAu��æ��Ø
åÅÄ�r�. �©�ö@�, ù´Ô�3�.:
NC�*A5�÷*Ly.

dã 5(a) ��, XÚ�'é�êþ�u 2, `
²XÚLyÑ
éÐ©^�¯a�·b�, � D2

� Pr ¥�ê4~ª³, �éuØÓ(�+´éA
ØÓ�. `²'é�êØ
�Ô5�', �´�
XÚ(��'�ëê. ã 5(b) ¥ K ���ê�
� Pr Cq�éêO�ª³²w, `²�C��C
�.:, XÚØ(½5�r�, XÚ�Ò�E,, ù
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�y�ÎÜ�.:NCÔ5Cz�A:. ã 5(c)

´ α1 � Pr �Cz�, dã��ëê α1 � Pr

�LyÑ²w�'é. d	, ã¥ K Ú α1 �Ú^
+�ê'éØ²w, =�+¥��6ÄÚ�CA
5�', `²ù
ëê�±éÐ/�NÔ�3�.
:NC�C���A5. ±þ·bA5ëê´l
�÷*ÿþ�ØåÅÄ&Ò¥J��, ��Ý!'
9!Pr �Ô5ëê�'äk�´¼��A:.

6 ( Ø

�©A^·b�©/nØ©Û�3�.:N
C�C�ØåÅÄ&Ò, ± Pr ���NÔ5�
ëê, ïá�·bA5ëê� Pr �'é, �Ñ(
ØXe:

1. ±ØåÅÄ&Ò��áÚf;,�©/
(�, ½5/`²�C�9ìXÚ´äk·bA

����5XÚ; J��·bA5ëê D2 > 2,

K > 0 �½þ/y²
ù�(Ø.

2. D2, K �·bA5ëê±9 α1, �Ô5ë
ê Pr �m�3²w�'é5, `²÷*´ÿþ�
ØåÅÄ&Ò¥%¹
Ô�3�.:NCu)�
C��*&E, l¥J��·bA5ëê, �±�
NÔ��C�Ôn��.

3. 'é�ê´��C!6ÄÚ+´A5þ�
'�ëê,  K �Ú��ÛÉ� α1 ��9ì�Ú
^+�êÃ', =��CL§Ô5CzÚ6ÄA5
k', ���C�.:ØåÅÄ�r�, K ��Ò
��, `²Ô5�*Cz�E,, ��X�²w�
Ø(½5. ù�Ô5Cz�A:�´�ÎÜ�.

nþ, �©ò÷*ØåÅÄ&ÒJ��·bA
5ëê, ��.:NCÔ��Ô5ëê'é�Ä,

¿�Ñ
�Ô5CzA5�Î�(Ø, ù3�Cï
Ä¥��?�Ú�\ÚXÚ�¢��y.
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Chaotic property analysis of pressure fluctuation for
oxygen phase change heat exchanger
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Abstract

Pressure fluctuation signals at the inlet/outlet of an oxygen phase-change heat exchanger are analyzed using non-linear method.

Chaotic characteristic parameters such as correlation dimension, Kolomogrov entropy and the largest singular value decomposition

(SVD) for the covariance matrix of an established 10-dimensional phase space are analyzed. Results prove that the heat exchanger is

a non-linear system with chaotic characteristics. Correlations between these parameters and Prantl Number are also examined for the

thermal behavior of oxygen in the critical region. The strong dependence of these characteristic parameters on Pr indicates that they

can be used to investigate effectively the phase change behavior of pure substance.

Keywords: chaos, pressure fluctuation, phase transition, two-phase flow
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