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9á�Õ�ª�o(��ïÄISâffåÚ, Ï
d3Ùó§z�c, déõ'�Eâ¯KI�)û,

Ä��´���n)ÙD9�9Ån, ¿é(��
�95U?1S�5µ�±9�9�JK�Ï�
?1ïÄ. �©�éSi½�p�9��Õ�ª�
9(�, ïÄÙ9�oÅn, ¿©ÛÕ�(���
°Ý9�9Xê!p$96«íÄ\9'!Ë�
Ñ9¡È'�é9�o5U�K�.

2 Ôn�.����§

2.1 ÔÔÔnnn���...

ã 1 ¤«�kp!$96�Ý«�½�p�
9�Õ�Ï�|¤�Õ�ª�9XÚ(�. ��
þ���¡á�, Ù¥F9�°Ý� d1, ��Ó
5á��9Xê� K1; ò½�p�9�����
«��É5á�, Ù°Ý� d2, ���9Xê©O
� K2x, K2y; �9�°Ý� d3, ��Ó5á��9
Xê� K3. p!$96�Ý«þæ^þ!96, =
�. AD >p96�Ý«96� qa, �Ý� La, $
96�Ý«96� qb, �Ý� L − La. 	.�m§
Ý� T∞.

ã 1 Õ�(��.ã

2.2 ���������§§§

�â9D�nØ, b��Ná�����9X
ê�çÝ´~ê, =�§ÝÚ�mÃ', K�.¥
����9�§ [12] �

Kx
∂2T

∂x2
+ Ky

∂2T

∂y2
= ρC

∂T

∂t
, (1)

ª¥ Kx, Ky ©O� x, y ����9Xê, T �
!:§Ý, ρ �á��Ý, C �á�½Ø'9, t

��m.

duL¡�>9{�K�Ï�déõ (XL¡
o÷Ý!á�á5�), �Ù��L¡§Ý!Ø
å�CzCz, ©Û�{õæ^¢�ïÄ, Ïd
�©b�Õ�(����m�>ûÐ, Ø�3�>
9{. Ï�Õ�ª�9(�9þ�\1Úº�ý�
Ü©ÑÏL	9¡, ¤±b� AB, BC Ú CD >þ
ý9, ¿�9Ë���3u AD >�	.�m�¸,

Ïd�.�>.^��(
∂T

∂x

)
w

= 0, (AB,CD>), (2)(
∂T

∂y

)
w

= 0, (BC>). (3)

AD >�3ð½96ÚË��9ü�91Ö,

�96©ÙØþ!, A©«�ÑÙ>.^�

− Ky(
∂T

∂y
)w = qa − εσ[T 4

w − T 4
∞], (0—La), (4)

− Ky(
∂T

∂y
)w = qb − εσ[T 4

w − T 4
∞], (La—L), (5)

ª¥ ε �çÝ, σ �çNË�~ê, Ù�� 5.67 ×
10−8 W/(m2·K4).

3 O�(J�?Ø

3©Ûe%�J�, 	9¡ A :ÚS9¡ B :
�§Ý´4���ë�, A :§Ýû½
Fp§
��á�À�, B :§Ýû½
éSÜ(��9�
o�J, ÏdÚ\ü�e%ëê TCA, TCB, Ù©O
�Si½�p�9�Õ�(�� A, B :§Ý.

L 1 �O��.�(��1Öëê, ½�p�
9�À�½�p�9%á� [7]. Ð©�� t = 0 s

�, (��:§Ý T = 20 ◦C. dã 2 ��, �X�
m�O\, Õ�(�� TCA Åìþ,¿ªu½,

�� A :�§Ý�p, d�Õ�(��§Ý©
ÙU
éÐ��NÑÙ�9�J, Ïd3�©±�
�?Ø¥þ�Ä�^�e�§Ý(J. ã 3 �
Sip�9�(�e%c���§Ý©Ù. dã
��, Sip�9�Õ�(��p§«Ú$§«Ñ
�µ43	�, S�§Ýþ!. S9¡ B :§Ýd
�5� 1349 ◦C ü� 923.69 ◦C, üÌ� 0.315; 	9
¡ A :§Ýd�5� 1819 ◦C ü� 1653 ◦C, üÌ
� 0.091. =Sip�9á��Õ�(�¢y
9
þdp§«�$§«�=£, �f
p96�Ý«
�91Ö, J,
(���NË�Ñ9Uå, ¢y

ép§«S	9¡�9�o.
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4 Õ�(�9�o�J�K�Ï�

Si½�p�9�Õ�(��(�ëêÚá
�ëêé9�o�JåX�'��K�. Ïd,

�©éÕ�(���°Ý9Ù�9Xê!p$9
6«Ë�Ñ9¡È'±9íÄ\9'�é9�o
5U�K�?1
ïÄ, �Si½�p�9�Õ�
ª�9�(��OÚá�À�Jø�½��â.

ã 2 TCA ��mCz�

L 1 �.(��1Öëê

Cþ ê�

d1/mm 50

d2/mm 200

d3/mm 200

K1/(W/mK) 60

K2x/(W/mK) 2000

K2y/(W/mK) 6

K3/(W/mK) 0.017

ρ1−3/(kg/m3) 7850

C/(J/kg·K) 434

ε1 0.8

qa/(W/mm) 106

qb/(W/mm) 5 × 104

La/mm 100

L/mm 1500

T∞/◦C 20

ã 3 A½ó¹Õ�ª�9�J (a) Ã½�p�9���§Ý©Ù (◦C); (b) �3½�p�9���§Ý©Ù (◦C)

4.1 ÕÕÕ���(((���������°°°ÝÝÝ���KKK���

L 2 �Õ�(���°ÝéA��~. ã 4,

ã 5 ©O���°Ýé9§ TCA, TCB �K�. Ù
¥�XF9�°Ý d1 �O\, TCA O\ì� TCB

�úeü, =F9��\þ¬îJp	L¡�p

§Ýü$SL¡�p§Ý, Ø|u	L¡�9�
o, �z	L¡�9�¸. ù´duF9��\þ
¬O�F9�é9þ�áÂ, ü$
D�?S�(
��9þ, ü$
p�9(��9Õ�5U. Ïd,

F9�§Ý¬ì�þ,, �S�§Ýeü�ú.

�X½�p�9�°Ý d2 �O\, TCA Ú
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TCB þÅìeü�ªu½, =½�p�9��þ
Ýé9�o�J�Or�^�3��4�, �Ld
��9�o�JA�ØC. ù´du½�p�9�
�D94�d�9XêÚp�9��þÝû½, Ø
UC�9Xê�ÏLUCþÝÃ{±YOr(�
�9Õ��J. Ïd, 3Õ�(���O¥½�p
�9��þÝA�¦þ�u�)4�� d2, ±��
�`Õ��J�^�e~�Õ�(��þ. �X
�9�°Ý d3 �O\, TCA ØC�½3 1653 ◦C,

 TCB ~��4Ù�ú, =ý9��þÝé	9¡
�p§ÝvkK�, S9¡�K�é�.

L 2 ��°ÝéA��~

case d1/m d2/m d3/m

1

0.025 0.2 0.2

0.05 — —

0.1 — —

0.15 — —

0.2 — —

0.25 — —

2

0.05 0.025 0.2

— 0.05 —

— 0.1 —

— 0.15 —

— 0.2 —

— 0.25 —

3

0.05 0.2 0.025

— — 0.05

— — 0.1

— — 0.15

— — 0.2

— — 0.25

ã 4 ��°Ýé TCA �K�

ã 5 ��°Ýé TCB �K�

4.2 FFFppp§§§������999XXXêêê���KKK���

L 3 �Fp§��9Xê K1 éÕ�(�9�
o�K�, �X K1 �O\, TCA Åìü$ TCB

Åì,p. K1 �O\rz
Fp§�SÜ�Õ�
5U, \r
9þ3Fp§�SÜ�$§«=£,

ù�Ò¦�	9¡�p§Ýeü, �§Ó��\�

�(�SÜD4�9þ, ¦�S9¡�p§Ýþ
,. eFp§��æ^É�á�, 3O\ x ���
9Xê�Ó�ü$ y ���9Xê, ¬���Ð�
9�o�J.

L 3 K1 é9�o�J�K�K�

K1/(W/mK) TCA/◦C TCB/◦C

20 1761 897.996

60 1653 923.685

100 1596 934.204

140 1556 939.544

180 1525 943.269

220 1499 946.142

4.3 ½½½���ppp���999��� x ���������999XXXêêê���KKK���

ã 6, ã 7 ©O�½�p�9á� x ���
9 X ê K2x é TCA Ú TCB � K �. d ã � �,

�X K2x �O\, TCA ±�Ô�/ªÅìü$,

 TCB keü�þ,, �3�����. ù´du
�X K2x �O\, (�9Õ�Uå�Jp, rz

�$§«=£p96�Ý«�9þ�Uå, ¦�	
9¡�p§Ý±YeüS9¡§Ýkeü; �
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X K2x �±YO\, Õ�(���N���9Xê
�O\, ?\½�p�9��9þ±YO\��Ù
ØU��òÙ=£�$§«, �{9þ�?�9�
¦�S9¡�p§Ýþ,.

ã 6 K2x é TCA �K�

ã 7 K2x é TCB �K�

4.4 ppp $$$ 999 666 ��� ÝÝÝ ««« ËËË ��� ÑÑÑ 999 ¡¡¡ ÈÈÈ '''
���KKK���

L 4 �p$96�Ý«Ë�Ñ9¡È'é9
�o�J�K�. �X La/L �~�, 9¡§Ý TCA,

TCB eü, ¿� TCA Ú TCB �eüÌÝþªu²
�. =Õ�(�¥$96�Ý«¡È'���,

(��NË�Ñ9¡ÈO�, p96�Ý«�é~
�, dp96�Ý«D4�9þUÏL�2��
$§«±Ë�U/ªÑuÑ�, Õ�(���9�
J�Ð, ��Ù'�±YO\, ù«Or�^Å
ì~�.

L 4 Ë�Ñ9¡È'é9�o�J�K�

La/m L/m La/L TCA/◦C TCB/◦C

0.1 0.6 1/6 1683 1125

0.1 1 1/10 1664 999.74

0.1 1.5 1/15 1654 923.69

0.1 2.0 1/20 1653 886.70

0.1 2.5 1/25 1651 863.19

4.5 íííÄÄÄ999666'''���KKK���

duíÄ\9þ�Cz, TCA, TCB �Cz®²
ØU���NÕ�(��e%�J, ÏdÀ�1�
|e%ëê

∆TA = TA − TCA, (6)

∆TB = TB − TCB, (7)

ª¥, TA, TB ©O�vk½�p�9�� A, B :
§Ý, ∆TA, ∆TB �Ôn¿Â´ A, B :§Ý�eü
§Ý, �N
(�æ^Õ��ªc��9�o�J.

dL 5 ��, � qa, qb ©O�½�, �XíÄ9
6�Ý' qa/qb �O�, 9¡§Ý ∆TA, ∆TB þ±
�Ô�/ªþ,. =Õ�(�¤«ú�9�o«�
S96�Ý�É���, p$§«�§�Ò�ì�,

½�p�9�¤D4�9þÒ�õ, Ò�Uü$p
§«�91Ö, (��9�o�J�Ð.

L 5 Ä96'é9�o�J�K�

qa/(W/mm) qb/(W/mm) qa/qb ∆TA/◦C ∆TB/◦C

106 2 × 105 5 105 265

106 105 10 139 355

106 5 × 104 20 166 425.34

106 2 × 104 50 189 484.54

106 104 100 199 508.09

5 × 105 104 50 186.5 384.80

2 × 105 104 20 165.89 251

105 104 10 136.44 164.74

5 × 104 104 5 95.77 93.35

5 ( Ø

1. Si½�p�9�Õ�ªXÚU
��§
Ý�ü$p§«S	9¡§Ý, ¢y
96dp§
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«�$§«�=£, rz
�N(��9�oUå.

2. Õ�ª�9(���°Ý�Czé9�o
�JkXØÓ�K�, Ù¥�XF9�°Ý�O\
	9¡ép§ÝÅìþ,S9¡K��; �X½
�p�9�°Ý�O\S	9¡�p§ÝþÅì
eü��½�; �9�þÝé	9�p§Ýv
kK�, éS9¡ép§ÝK�é�.

3. F9��9Xê�O\, rz
	9¡�Õ
�Uå, ü$	9¡�p§Ý, �Ó��O\
�
SÜ��9þ, ¦�S9¡�p§Ýþ,. eF9
��æ^��É5á�, ü$�S��9Xê, ¬

���Ð�9�o�J.

4. �X½�p�9� x ���9Xê�O\,

	9¡�p§ÝÅìeü, S9¡�p§Ýkeü
�þ,, �3�����.

5. �XË�Ñ9¡È'�íÄ96�Ý'�
O�, Õ�(��9�o�JOr, y²
d(�
�~·^u9�¸�É���/�.

�©ïÄ�½�p�9�Õ�ª(�U
3
ØUC	/�^�eJøûÐq½��9�
J, �~·^��mó�!9�¸�É���p�
(��1ìc��9�o.
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Analysis of thermal protection mechanism of leading
structure embedded high directional thermal

conductivity layer∗

Sun Jian† Liu Wei-Qiang

( Science and Technology on Scramjet Laboratory, National University of Defense Technology, Changsha 410073, China )
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Abstract

The structure of embedded high thermal conductivity layer leading thermal protection is considered as thermal protection system

to prevent hypersonic vehicle from the serious aerodynamic heating. By numerical method, we analyze the cooling effect of the leading

thermal protection system under given conditions. The maximum outer surface temperature and the inner surface temperature are

reduced by 9.1% and by 31.5% respectively. Both high temperature region and low temperature region are blocked in the external layer

and the inner temperature distributions are more uniform. The transfer of heat from high temperature region to low one is achieved,

the thermal load of the high temperature area is weakened, and the ability of leading thermal protection system is strengthened. The

research shows that the cooling effect of leading system increasing with the increasing of aerodynamic flux ratio and the area ratio of

radiative surfaces. The influences of structure parameters and materials properties on thermal protection are discussed, which provides

some references for the design of the structure and the selection of materials.

Keywords: high directional thermal conductivity layer, leading thermal protection, aerodynamic heating, heat
radiation
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