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1 Ú ó

�1ì3Ñ\�í�½3�m¥�p�(�
�1�, r�Ø c��í, ¿�±��íì�
�Þ, �Ü©ÄU=z�9U, ¦��1ìNC�
í§Ýì�,p¿\9�1ì9¡. ��1pÝ
� 24 km, �1êâê� 7 �, 3�»� 20 mm �
c�&IL¡þ�96�Ýp� 2—3 MW/m2. p
§ép�(��1ìá��F95±93p§^
�e(��«1UåJÑ
�p��¦, ÏdíÄ
99Ù9�oEâ®¤���p�(��1ìu
Ð�'�¯K�� [1,2]. �p�(�ÑÊ��Ú2
\�1ì�O�.(�Ú9�oXÚlØmé�
1ìL¡íÄ9Ö1!(�SÜ§ÝÚ(�C/
�Aå�O(ýÿ [3]. DÚ��{´kòíÄ\9
¡���§¡, O�9¡þ�96�Ý±9Øå©
Ù, ,��â96�ÝO��N(�SÜ�§Ý|,

���â§Ý©ÙÚL¡Øå©ÙO�(�C/

±9Aå. ù«�{�":´I�3ØÓ�©Û�
{�mD4êâ, duêÆ�.�Ø�Nò��
�D4�êâI�?1�þ��?n. �3©Û
L§¥�Æ�m�ÍÜÚ�pØ=I��	�N
\Cþ, Ó��I�#ï�. Ïd½�I�)û
6|�(��ÍÜO�¯K, ù�Ø=�\ÎÜÔ
n¢S, ��±�\�\
)(�§Ý�9C/
��m�CzL§.
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8c, ?në6O�¯K�, 3ó§O�¥A
^��2��´Xì²þ N-S �§. ÙÄ�g�´
òë6$Ä©)�²þ$ÄÚóÄ$Ä, Ó�òó
Ä$Äé²þ$Ä��zÏLXìAå�?1�
.z, =ë6�.. 3ü�§µÅ5ë6�.¥,

k-ε �.U
�Ð/�[�l9¡¿©uÐ�ë6
6Ä,  k-ω �.K��2,/A^u�«ØåF
Ýe�>.�¯K [8]. �
(Üü«�.�`:,

Menter u 1993 cJÑ
 SST k-ω ü�§�. [9].

§´�«3ó§þ��2�A^�·Ü�., 3C
9¡�3
�© k-ω ��., 3�l9¡�/�A
^
 k-ε �., ^m'¼ê F1 òü��.(Üå
5:
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ª¥ y L«�c:�Ô¡��áål.

F1 3;�9¡?� 1, -¹ k-ω �., lm9
¡� 0 ªC, =z� k-ε �..

3.2 ���NNN(((���§§§ÝÝÝ|||���������§§§

Äu��Ó5b������9D��§
/ªXe:

ρcp
∂t

∂τ
= k

(
∂2t

∂x2
+

∂2t

∂y2

)
+ Q. (6)

ª¥, cp ��N½Ø'9, k ��N�9Xê, Q �
�1ìL¡�íÄ9.

3.3 ���NNN(((������AAA���������§§§

�ÔNS§Ýu)Cz ∆T = T1 − T2 �, Ô
N¥���NÒ¬u)9)ä, XJ(�)äÉ
�,«�å��NÒ¬�)9Aå. 9Aå��
�§� [10]
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 =

 0

0

 , (7)

σ = DBδ = Sδ, (8)

ª¥, σx, τxy, σy ��N�Aå©þ, D ��ü�
á�5��'��5Ý
, B �ACÝ
, δ ´ 
£Ý
.

4 ê�(J�¢�é'

4.1 ���ýýý^̂̂���999���...������

1987 c Allan �¤�'uÃ���+c�\
9�Á��õg^u�yíÄ9 - (��AO
��O(5 [3,5,11,12]. 56^��: Ma = 6.47,
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T = 241.5 K, P = 648.1 Pa, � + S 9 § Ý
� Tw = 294.4 K, S	�»©O� Rin = 25.4 mm

Ú Rout = 38.1 mm. ( � á � � Ø C g, � Ý
� ρ = 8030 kg/m3, '9N c = 502.48 J/(kg·K),

�9Xê λ = 16.27 W/(m·K). Ó�3O��L§¥
éá��
Xeb�: 1) ���5/C; 2) 0�ë
Yþ!; 3) á���Ó5�. é]�D9�9Aå
O���Ñ
O·�b�. 3O·�b�e, ½~
��½~9AåO�����O3u9D��§,

¤±3§Ý|®���¹e, �c���9AåØ
Éc���9Aå|�K�.

ã 2 �+��

θ

ã 3 (��å�ª

���+	.9��y©Xã 2 ¤«, O��
� 1/4 ��. �
��O(�9¡96, é9¡NC
��?1
\�?n. ã 3 �Ñ
(���å�ª.

4.2 ÍÍÍÜÜÜ¦¦¦)))���{{{

�©æ^�´;ÍÜ�ÍÜ�{, ÙA:´6
|��(��3�>¡¢��pêâ, ÍÜS�.

�
¦S�äk���ê�½5, éu6NA
T�§Ý>.^�, éu�NAT�96>.^
� [2,13,14]. äN�{Xe:

1) J�6N�;

2) �½ t = 0 s 6N�Ð|¿ò6N��.¡
���§9¡ (Tw = 294.4 K), |^k�NÈ{O
�6N�, �� ∆t �m��.¡þ�96©Ù;

3) ±þ�ÚO����96�Ý�>.^�
O��N�§Ý|, ���.¡�§Ý©Ù.

�d, �¤
ÍÜO����±Ï. Xd�E
S�, ����÷vÂñ�¦�Ê�O�. I�`
²�´, du6|Ü©��²ïG��A��m�
é�N§Ý|��²ïG��A��m��éõ,

�ò t = 0 s ���Ð|b½�356^�ed
�§9b�����). Tb�ÎÜÔn¢S,

¿k|u\�O� [5]. du�©�	��mãé
á (t = 2 s), ¤±3O�L§¥�+SL¡��9
§>.^� Tw = 294.4 K ´��Ün�. �âO·
�b�, òS�Âñ���N§Ý|±9�.¡Ø
å��AåO��>.^�, Ò�±���A��
�(�Aå|©Ù.

4.3 (((JJJ©©©ÛÛÛ

ã 4 �Ñ
 0 s �	6|§Ý�ã, 7:«�
p§Ý��
 2255 K. ã 5 Úã 6 ©O�Ñ
7
:§Ý��m�Czª³±9 t = 0 s �L¡9
6�Ý©Ù (^7:96�Ý?1
8�z?n),

¿ò�[��¢�� [3,15] ?1
'�. 7:9
6�ÝO��� 48.6 W/cm2, ©z [3] �O��
� 48.2 W/cm2. lã 5 ¥�±wÑ, �X�m�í
£, 3íÄ9��^e7:§ÝÅìþ,; lã 6

¥, �±wÑ�X θ �O�L¡96�Ý´Åì~
��, Ó��±wÑO���¢�(JÎÜ�éÐ,

y²
T�{�k�5. ã 7 �Ñ
ØÓ���+
�§Ý©Ù, lã¥�±wÑ3íÄ9��^e�
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X\9�m�í?, �+�p§«3Øä*�$
§«3~�, p§«¤3� ��Ð´�+7:«
�NC, p§«�*�7,¬�5
�+�9A
C«�A�*� (Xã 8 ¤«).� �� � � �� � � �� � � �� � � �� 	 	 
� � 	 �� � 	 �� 	 � � 	� 	 	 � �	 	 � � �� 	 � � �

ã 4 0 s �6|§Ý�ã

ã 9 �Ñ
 t = 2 s �, ØÓ���+�Aå
©Ù. lã 9(a) ¥�±wÑ X ����.AåÚ
��ØAåÑÑy3�+þÜ. 3 X ���+	
ÜÑ?uÉ.G�, SÜ�Ü?uÉØG�. l
ã 9(b) ¥�±�� Y ����.AåÚ��ØA
åKÑy3�+Hºc�. 3 Y ���+	Ü�Ü
©?uÉ.G�SÜ?uÉØG�.

ã 10 �Ñ
ØÓ���+�C/©Ù. lã
¥�±wÑ��C/u)37:«NC, ��C
/«KÑy3�+	ý θ ��� 60◦ ?; lã¥�
�uy�XíÄ\9�m�í?, �+�9C/þ

´ÅìO\�, �3O��mS�+�C/þ�é
u�+�»é��±�ÑØO, Ï�+C/é	
Ü6|©Ù�K�´�±�Ñ�.� � � � � � � � �	 � 
 � � � � � � � � � � �� � �� � �� � �� 
 �� � ���� � � � � � � � � � � � � �� � �

ã 5 7:§ÝCzª³� � �� � �� � �� � �� � � ��� � 	 
 	 � 	 � 	  	��
ã 6 t = 0 s �L¡96�Ý©Ù

� � � � � �
� �� � � � �� � � � 	� � 
 � �� � � � ��  	 � ��  � � �� 	 � � �� 	  � �� 	 � � �� � � � �� � 	 � �� � � � �� � � � �	 � 
 � 
	 � � � �

� �� � � � �� � � � �� �  � ��  � � ��  � � 
� � � � �� � � � �� � � � �� � � � �� 	 � � �� � 
 � 	� � 	 � 	� � � � �� � � � �	 � � � �
ã 7 ØÓ���+�§Ý©Ù (a) t = 1 s; (b) t = 2 s
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ã 8 ØÓ���+�9AC©Ù (a) t = 1 s; (b)t = 2 s

ã 9 t = 2 s �, ØÓ���Aå©Ù (a) X ��; (b)Y ��� �
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 	 � � �� � � � 
 	 � � �� �  � 
 	 � � �� � � � 
 	 � � �	 � � � 
 	 � � �
ã 10 ØÓ���+�oC/©Ù (a) t = 1 s; (b) t = 2 s

5 ( Ø

�©é6|�(�D9?1
���ÍÜ

ê��[, ¿�âO·�b�ïÄ
ØÓ��(�
�Aå©Ù.

1) ép�(�íÄ\9���+�6Ä - 9 -
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C/«Ñy3�+	ý θ �� 60◦ ?; Ó����
+(�C/éu	Ü6|�K��±�ÑØO.

3) 3 X ���+	ýÛÜ (þÜ) É., Ù
¦Ü ?uÉØG�, �+SýK�Ü?uÉØG
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 ?uÉØG�, �+Sý�Ü?uÉØG�.
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Abstract

Coupled simulation of hypersonic flow and heat exchange is investigated. Moreover, structural stress based on pseudo static

assumption is also studied. The unsteady Navier-Stokes equations are solved for the flow field, and SST k-ω model is used as the

turbulent model. The unsteady heat conduction equation is solved for the structure. At the fluid-structure interface the flow field

acquires temperature boundary condition from the structure and the structure temperature field obtains heat flux boundary condition

from flow field. The method proposed here is proved by the slipstream experiment of the infinite circular pipe. The transformation of

the temperature and stress of the two-dimensional circular pipe is analyzed in detail during aerodynamic heating. The results show that

the high temperature field is gradually enlarged with the increase of aerodynamic heating time. At the same time the structural thermal

strain is also gradually enhanced. The minimal deformed area will appear when θ is equal to 60◦. The thermal deformation of circular

pipe has very little effect on the flow field.
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