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�ép�(��1ìó��ÞI���9�¸, �
�y�1ìÞI�kb	/, JÑÕ�ª9�o(�, |
^S�p�9%á�(���1ìÞIJø9�o. æ^6�ÍÜ�{éÞIÕ�ª�9(�?1
©Û, �y

ÞIS�p�9%á�äk�Ð�9�J, Ù¥56êâê (Ma) � 9 �ÞIc�9¡�p§Ýeü
 21.9%, �
Ü�$§Ý,p
 15.2%, ¢y
96dp§«�$§«�=£, �f
ÞI�91Ö, rz
ÞI�9�oUå.

�©é	��(�ëê!á�ëê±9SÜp�9%á��9ÇéÞI9�o5U�K�?1
©Û, Ù¥ÞI
�p§Ý�X��á��9Xê�O\ü$���½�; �X��á�L¡çÝ�O\ü$; �X��þÝ
�O\,p; �Xp�9%á��9Xê�O\¥�Ô�eü.
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1 Ú ó

�(��1ì3/¥�íS�1�, ÛÜr�
�íÄ\9ÚíÄåÚåÛÜp§±9ì��§
ÝFÝÚ��9Aå. p§ép�(��1ìá�
�F95±93p§^�e(��«1UåJÑ

�p��¦, Ïd�éíÄ9�9�oEâ®¤
���p�(��1ìuÐ�'�¯K�� [1,2].

DÚ��¡9�o´ÏLL¡á���¡á95
¢yéîíÄ9��o, �Ó�¬ã+ûÐ�í
Ä	/, AO´éup�(��1ì�kbÞI,

(��î�¡¬��Ã{�ypêâê�1. Õ
�ª9�o [3] ����Ä9�o, ´�«kOu
DÚ�ª�9�oÅn, §æ^p�9Çá�!p
�D9���D9!é6�9�ÔnA5òp9
6«9þ¯�D4�$96«, /Ï����$§
Ñ9¡, òî�íÄ\9±Ë���ªº�, ±
ü$p96«�L¡§Ý, ��ykFp§á�U


«É�Y², l¢yý�¿Âþ���¡.

�1ìc�	��Cp§9+��Õ�ª�
9��«, ®�I	¤õA^up�Ñ��1ìÊ
c��9�o [4,5] �¥. �ë§� [6] ò�K
p
§9+�%EÜá�Î/N�3>lºÉ¥, �y

p§9+äk�Ð�ü§�J. ñB�� [7] ©
Û���Ná��D�5U, JÑL¡ü§XêÚ
�¡,§Xê^±µd�Ná��Õ�5U. éu
p�9%á�, �ì�� [8] æ^oÅ� –3ω �{
ÿþ
¿§eÄNL¡ØÓ�Ýü�ü9%B�
+ (single-walled carbon nanotube, SWNT) ��9X
ê, nØýÿ�¢�(J�ÎÜ, = SWNT ��9
Xê��ÝCzäkºÝ�A. û�©� [9] |^
©fÄåÆ�[
%B�+�9�Ç, ïÄuyÙ
��ÝCz���ê�X%B�+�Ý�O\
¤P~�ê�5Æ~�, �n���á�ØÓ, 3
9åÆ4�e, %B�+�9¬Ñy��*ÑÑ
$, Ù9�ÇòÂñ�k��. S�p�%9á�
Õ�ª�o(��ïÄISâffåÚ, Ïd3Ù
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ó§z�c, kéõ'�Eâ¯KI�)û, Ä�
�´���n)ÙD9�9Ån, ¿é(���9
5U?1S�5µ�±9�9�JK�Ï�?1
ïÄ. �©?Ø
S�p�9%á�Õ�ªÞI(
�9�o��J, ¿©Û��(�ëê!á�ëê
±9SÜp�9%á��9ÇéÞI9�o5U
�K�.

2 p�9%á�Õ�ªÞI�9(�

�(��1ìÞI(�ýÀãXã 1 ¤«, Þ
I�¶é¡(�, Iº¥/(��»� 4 mm, ¶�
�Ý� 104 mm, I�� 14.5◦. p�9%á�Õ�
ªÞI�9(��¡ãXã 2 ¤«, 	����á
�, SÜ�p�9%á�. p�9Çá��ÀJ�
���)p�9%á�, Ô, ¾�7á. du7á�
�Ý�p, �¤�&á�qü$
Ù�9Ç, Ï
dØ´p�(��1ì�ÄÀá�. p�9%á�
Ø=äkûÐ�9D�5, �äk�$��ÝÚ
p§�¸e�½5, ù
A:û½
p�9%á
�3ò5p�(��1ì9�oXÚ¥Uu�
��^. Õ�ª9�o�nXã 3 ¤«, p�9%
á�òp96�Ý«�96D��$96�Ý«,

¿ÏL�þ$§Ë�¡òUþº�, ü$p96�
Ý«§Ý.

ã 1 ÞI(�ýÀã

ã 2 p�9%á�Õ�ª�9ÞI(�¿¡{ã

ã 3 p�9%á�Õ�ª�9(��n

3 Ôn�.�O�^�

3.1 ÔÔÔnnn���...

36ÄL§¥, ÞI9¡�§Ý�96©ÙI
�ÏL�íé9¡�r½é6!9¡±9SÜ�
�9ÍÜ¦)��. æ^����§´é?¿��
N�È©�§ [10]∮

ρφν · dA =
∮

Γφ∇φ · dA +
∫

V

SφdV, (1)

� φ � (ρ, u, v, w, e) �, þã�§Ò�±|¤ë
Y!ÄþÚUþ�§|O��í6ÄÚe%�6
Ä; � φ �SU e �, þã�§�´Uþ�§, �O
�9¡SÜ��9. 6ÄÚ�9�ÍÜÒu)3í
9¡þ, ÷vÍÜ�.¡^�, §ÝëYÚ96�
ÝëY.

k�NÈü��mlÑ«uã 4 ¤«, !: 
u��N�¥%, ^��i1 P L«, ¿Uì��
^ E,W,N, S, T,B L«��!:. ò (1) ª3k�
N�mlÑ�� [11]

aP φP = aEφE + aW φW + aNφN + aSφS

+aT φT + aBφB + b. (2)

aE = DeA(|P∆e|) + [|−Fe, 0|] ,

aW = DwA(|P∆w|) + [|Fw, 0|] ;

aN = DnA(|P∆n|) + [|−Fn, 0|] ,

aS = DsA(|P∆s|) + [|Fs, 0|] ;

aT = DtA(|P∆t|) + [|−Ft, 0|] ,

aB = DbA(|P∆b|) + [|Fb, 0|] ;

b = SC∆x∆y∆z + a0
P φ0

P ,

Sφ = SC + SP φP , a0
P =

ρ∆x∆y∆z

∆t
;
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aP = aE + aW + aN + aS + aT

+aB − SP ∆x∆y∆z. (3)

ª¥, P∆i (i = e, w, n, s, t, b) ´.¡þé6�9þ
��9þ�'; Fi, Di (i = e, w, n, s, t, b) ©O�.
¡þ�6þÚ*�Xê.

ã 4 ��NÚlÑ�� (a) ��N;(b) lÑ��

3.2 ���~~~���yyy

� 
 � ¢ � ( J [12] ' �, � © � O � �
. 9 > . ^ � � ¢ � � � �. 6 N � ¥ 5 6 Ø
å 648.1 Pa, §Ý 241.5 K, êâê� 6.47; �N�
��Î, (�á�æ^ 1Cr18Ni9Ti, 	» 38.1 mm,

S»� 25.4 mm, O����Xã 5 ¤«, 6N�3
Ô¡??1
\�, O��m t = 2 s.

ã 5 6NÚ�N�� (a) 6N��; (b) �N��

ã 6 � t = 2 s �9¡§Ý©Ù�, T0 �
9¡7:§Ý, θ ��Î	L¡�é¡¡�Y�.

lã¥�±wÑ�ÎL¡�é7:�§Ý©Ù
�¢�(J [12] ÎÜ��Ð. Ù¥7:§Ý�p
� 452K Ñ�u¢�(J [12]465 K, 7:96�Ý
� 6.47×105 W/m2 �Ñ�u¢�� 6.7×105 W/m2.

ã 6 9¡§Ý©Ù�

3.3 OOO���^̂̂���

1) p�(��1ì3 25 km p�¥, ±êâ
ê 7—9 �1;

2) ��á�æ^Fp§ØCg, �9Xê λcoa

� 60.5 W/mK, 9)äXê 1.2×10−5;

3) p�9Ç%á�æ^ü�%n�+, �9X
ê λcar � 3000 W/mK, 9)äXê 0.7×10−5.

4 Õ�ª�9(�e%�J©Û

ã 7 � ê â ê � 9 � Þ I � § Ý © Ù �
¹, � � ¦ ^ S � p � % á � � Þ I� p § Ý
d 2546 K eü� 1989 K üÌ� 21.9%, �Ü�$
§Ýd 1413 K þ,� 1628 K ,Ì� 15.2%, ü$
p96�Ý«§Ý, J,
$96�Ý«§Ý, ¢
y
9þdp§«�$§«�=£, rz
L¡Ë
�rÝ, ü$
ÞI��p§Ý. êâê� 9 �Þ
I9C/©ÙXã 8 ¤«, üöC/©Ù�q, �
��Ñ3ÞIºÜ, �æ^S�p�9%á��9
(��ÞIo9C/þeü
 0.1313 mm.

ã 9 �êâê©O� 7, 8, 9 �ÞIL¡¶�
���§Ý©Ù. éuØÓêâê, S�p�%á
�þUòÞI§Ý�C�²�, ¿�¦^�9(
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�c�§Ý����:A�3�.�Ó� �.

�Xêâê�O\, ÞI�p§Ý�eüþÚ�Ü
�$§Ý�,pþÑ3þ,.

ã 7 Ma = 9 ÞI§Ý©Ù (a) Ø¹Õ�(�; (b) ¹Õ
�(�

ã 8 Ma = 9 ÞI9C/©Ù (a) Ø¹Õ�(�; (b) ¹Õ�
(�

5 e%�JK�Ï�

p�9%á�Õ�ªÞI�(�ëêÚá�
á5ée%�JåX�'��K�. Ïd, �©
é��á���9Xê!çÝÚþÝ, ±9SÜp
�9%á���9Xêée%�J�K�?1


©Û, �S�p�9%á�Õ�ª�9(���O
Úá��À�Jø�½��â.

ã 9 ÞIL¡¶���§Ý©Ù

5.1 ������ááá������(((������KKK���

ã 10 �ÞI�p9¡§Ý Tmax Ú�$9¡
§Ý Tmin ���á��9Xê�Cz�, �X
�9Xê�O\, Tmax Åì~�, ¿ªC�½
�,  Tmin ÅìO\�ªCu�½�, üö��
� 220 K. Ïd3ÀJ��á��, Ø7À��9X
êép�á�.

ã 10 �p§ÝÚ�$§Ý����9XêCz

ã 11 ���L¡çÝ�	9¡�p§Ý�'
X. �XçÝ�O\, �p§Ýeü, �üÌ���
~�, çÝ� 0.8 ��p§Ý��. l�ª³�±
wÑL¡çÝ��Ë�ÑÞI�9þ�õ, ÞI�
91ÖÒ��. Ïd, �
ü$ÞI91Ö, �y�
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p§Ý3á�#N¦^���, ��AÀJçÝ�
��á�.

ã 11 �p§Ý���L¡çÝ�Cz

	��«úXÞI(��9�oó�, §{�
	.p§96�S�(�á��D4. Ïd§�þ
Ý´9�o�O��ëê. dã 12 ��, �X�
�þÝ�O\ÞI�p§Ý:ìþ,, =O\
Þ
Ü�91Ö. Ïd, ATnÜ�Ä��þÝO\�
5�	�91Ö, 3�y(�½�Ó�À���
þÝ.

ã 12 �p§Ý���þÝ�Cz

5.2 ppp���999%%%ááá������999XXXêêê���KKK���

ã 13 �p�9%á��9Xê�9¡�p
§Ý�'X. ��(�Úá��½�, �Xp�%

á��9Xê�O�, 9¡�p§Ý¥�Ô�ü
$. yk�p�9%á���9Xê�Ñ3 1000—

3000 W/mK ��S, d«�S��Ç��, §Ý
Czì�, Ó���9XêO\þU~�ÞI�
õ��p§Ý, ÏdA�åuÀ��p�9Ç�
%á�.

ã 13 �p§Ý�p�9%á��9Xê�Cz

6 ( Ø

�©�p�(��1ìÞIî�íÄ\9
�¹, Ú\�«p�9%á�Õ�ªÞI(�, ©
Û
ØÓó¹eÕ�ªÞI�9�o�J, ¿?Ø
Õ�ªÞI(�ëêÚá�ëêé�9�J�K
�. Ì�(Øo(Xe:

1. p�9%á�Õ�ª�9(�U
ü$Þ
I�p§Ý, J,�Ü�$§Ý, ¦�ÞI§Ý÷
¶�Cz²�, rz9¡Ë�rÝ, ü$ÞI��
p§Ý;

2. ���(�ëêÚá�ëêé9�o�J
k�K�, ÞI�p§Ý����9Xê�O\
ü$��½�, ���çÝ�O\ü$, �
��þÝ�O\,p;

3. ÞI�p§Ý�p�9%á��9Xê�
O\¥�Ô�eü. yk�p�9%á���9
Xê�Ñ3 1000—3000 W/mK ��S, d«�S
��Ç��!§ÝCzì�, Ïdp�%á��
9Xêé9�o�JK�²w.
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Application of leading structure on thermal
protection of nosetip∗
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Abstract

The structure of embedded high thermal conductivity carbon material leading thermal protection is considered as thermal protec-

tion system to prevent hypersonic vehicle nosetip which requires sharp figure during hypersonic flying, from being seriously aerody-

namically heated. By fluid structure interaction method, we analyze leading thermal protection of nosetip and validate that embedded

high thermal conductivity carbon material structure has a good effect on thermal protection. The maximal temperature of the nosetip

which uses leading thermal protection structure is reduced by 21.9% and the lowest temperature of aft is increased by 15.2% when

Mach number is 9. The transfer of heat from head to after-body is achieved, the thermal load of the front head is weakened and the

ability of leading-edge thermal protection is strengthened. The influences of structure parameter and material attributes of coating and

thermal conductivity of high conductivity carbon material on thermal protection are discussed. The highest temperature of the nosetip

decreases with thermal conductivity of coating increasing to a steady value and descends with blackness level of coating ascending

and increases with the thickness of coating increasing, and it descends in parabola form as thermal conductivity of carbon materials

increases.

Keywords: leading thermal protection, nosetip, fluid structure interaction, high thermal conductivity carbon ma-
terials
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