
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 040508

LLLÞÞÞ666«««ðððIIINNN Linear xxx¼¼¼êêêNNN!!!ëëëêêêïïïÄÄÄ*

G¨)† 4�r

( I��E�ÆÊU�á�ó§Æ�, �â 410073 )

( 2011c 4 � 12 FÂ�; 2011c 6 � 20 FÂ�?Uv )

duLÞ«�6Ä�Ôny��E,5Ú6Ä���§���5, ÊU�1ì�O¤I��íÄ\9A58

cÌ�dó§O��{��. �
¦O�LÞ6«96� Linearx¼ê�{U·^u2�A^�ðIN	/, [

Ü��
�A�N!ëê, ¦^ DSMC �{éO�(J?1�y. �y(JL²TN!ëê·^uðIN	/, ¦

� Linearx¼ê3LÞ6«U'�O(/O�ðINÔ¡96.

'�c: LÞ6«ðIN, x¼ê, DSMC�{, N!ëê

PACS: 05.70.−a

1 Ú ó

�E¦^$1»��uÐ¥, ���I)û

��¯K´�1ì3p�(��2\L§¥í

Ä\9�©î. O(�íÄ9��c��. ±

pêâê�1�ðIN, �O(O�ÙíÄ\9

E,�~(J, I��ÄÃÃõÏ� [1]. duLÞ

«�6Ä�Ôny��E,5Ú6Ä���§�

��5 [2,3], ÊU�1ì�O¤I��íÄ\9A

58cÌ�dx¼ê [4] �ó§O��{½��

�ý Monte Carlo(DSMC)�{ [5,6] ��. Wagner[7]

î�y²
 DSMC �ý¯¢þ3�ØlÑØ�Ú

ÚOØ��U
Jø Boltzmann�§�). �é

C²ïÃ��� Chapman-EnskogÚ�²ïåÝ�

�{ [8,9], p°Ý� DSMC �[��y²� Boltz-

mann�§�)��ÎÜ. �õÃ{¼�)Û)

�E,6|, ÏL�¢�êâÚ©fÄåÆ�[

�'�, �y²
 DSMC �{�O�(J��(

5 [5]. �du DSMC �{�ã�O�þ, I�¦^

p5U�O�ÅÚ�Ñ�þ�O��m, Ïdó§

�{Jø
��B$�å»±¼�Ø���S#

N�(J. ©z [10] ¦^
�ëê��/���x

¼êéà¡Hº��ÎN7:?�96?1
ï

Ä. ©z [10] ¥¤¦^�N!ëêØ·^uðI

N	/, ¿�ÙO�(J=�u7:?, Ã{�Ñ

��Ô¡�96©Ù. �©[ÜÑ�A� Linearx

¼êN!ëê, �éLÞ6«ðINÔ¡96?1


O�. O�(J�Ù¦ü«x¼ê?1
'�,

��ÏL DSMC �{�[6|ÚOÔ¡96��

�y, ÎÜ�O�(JL², �©¤JÑ�N!ë

ê·^uO�LÞ6«pêâê�1�ðINÔ

¡96.

2 Linearx¼êO�úª

Linearx¼ê´±6Ä©«�.�� Knudsen

ê�Cz«m, ¦^�5��ÚN!ëê?1��

��{, O�LÞ«��96, ÙL�ª�

qbr = a
(Knfm − Kn) qc + (Kn − Knc) qfm

Knfm − Knc
, (1)

Ù¥ qbr L«LÞ6«�96, qc L«ëY6«�

96, qfm L«gd©f6«�96, Kn ´¤3L

Þ«� Knudsenê, Knc = 0.001, Knfm = 10.0 ´

6Ä©«�ü�©.� [11]. a �N!ëê, éà¡

Hº��ÎN7:96O�� a = 1.25 [10], �é

ðIN, �âe© H = 70 km �~¥ DSMC �7

:9Ô¡96(J, [Ü� a = 0.7.

* p�Æ¬:;��ïÄ7 (1OÒ: 200899980006),I[g,�ÆÄ7:ïÄ�8 (1OÒ: 90916018)Ú�H�g,�ÆÄ7 (1O

Ò: 09JJ3109)]Ï��K.

† E-mail: 76571686@qq.com

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

040508-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 040508

ëY696O��, 7:96O�¦^�O�

úª [12] �

qw = 0.76Pr−2/3 (ρ0µ0)
1/2

(

dv

dx

)1/2

0

(hr − hw) ,

(2)

Ù¥eI 0 L«7:?��, wL«Ô¡, hr L«ë

�ó.
(

dv

dx

)

0

=
1

R

√

2 (p0 − p∞)

ρ0
,

Ù¥ R �ðIN�¥Þ�». I¡96O�úª�

qw =0.332ρevePr−2/3 (Res)
−1/2

(hr − hw)

×

(

ρeµever
1.25s

∫ s

0
ρeµever1.25ds

)1/2

, (3)

Ù¥eI e L«>.�	���, s L«l7:�

O�:÷Ô¡��Ý, Res L«T:�Xìê.

gd©f6«96O��O�úª [3] �

2β3
∞

Q

ρ∞
=ac

1 − ε

2
√

π

([

s2 +
γ

γ − 1
−

1

2

γ + 1

γ − 1

Tw

T∞

]

×
[

e(−s2 sin2 θ)

+
√

πs sin θ
{

1 + erf (s sin θ)
}]

−
1

2
e(−s2 sin2 θ)

)

, (4)

Ù¥ ac ´9N!Xê, ε ´º¡��©f©ê,

γ ´'9', erf́ Ø�¼ê, s ´�Ý', L�ª

� s = V∞β∞, β∞ = 1/
√

2RT∞. Ø�¼ê�L�

ª�

erf(x) =
2
√

π

∫ x

0

e−t2 dt. (5)

��'�� Matting x¼ê [10] Ú Nomurax¼

ê [10] �

qbr = qc

(

1 − e−qfm/qc

)

, (Matting), (6)

qbr =
qc + (Kn/c)2qfm

1 + (Kn/c)2
, (Nomura), (7)

Ù¥ Nomura� Kn2 =
V∞µ∞

a2
∞

ρ∞R
=

(

M∞

√
Re∞

)2

,

c = 3, e R ��O�:�¶��»K¡�U? No-

murax¼ê.

3 DSMC�{

duDÚ�Äu¦) �©�§|��{

Ã{¦)¼�gd©f6«ÚëY6«m�2

\6|, Ïd3 20 V 60 c�Ð, Bird[5] JÑ


 DSMC �{^±)ûù�¯K. Wagner[7] î�

y²
 DSMC �ý¯¢þ3�ØlÑØ�ÚÚ

OØ��U
Jø Boltzmann�§�). �éC

²ïÃ��� Chapman-EnskogÚ�²ïåÝ�

�{ [8,9], p°Ý� DSMC �[��y²� Boltz-

mann�§�)��ÎÜ. �õÃ{¼�)Û)

�E,6|, ÏL�¢�êâÚ©fÄåÆ�[

�'�, �y²
 DSMC �{�O�(J��(

5 [5].

�©��yx¼ê��(5, éØÓ��1G

�?1
 DSMC �yO�. �©�é3ØÓ��1

G�e, ¥Þ�» 50 mm,�I� 8.2,o� 2.0 m�

ü¥I	/?1O�, O���Xã 1 ¤«, �1

G�XL 1 ¤«.

0 0.5 1.0

1.0

0.2

0.4

0.6

0.8

X

Y

1.5

ã 1 ðIN�O���

L 1 ØÓ��1G�

H/km 70 80 120

Ma 24.9 26.5 19.5

�(� DSMC O�(J��(5, �ý©f�

ê83O�ÅO�Uå��S¦�U�õ. -E�

��ÚO���Ó�@, ��ºÝ�©fgd§�

©ê, ±(�©fm-E��(5. ���Ú��

�Ý��L��, ¦^�N�½�mÚ��O��

Ç¬é�, Ïdæ^�C�mÚ�, ¿(�3��

�mÚ�S�ý©fØ¬BLü���. ©fm-

Eæ^M¥�., 9¡��æ^��º¡��.

ã 2 �ã 3 ©O´pÝ� 70 km �6|�§

Ý����ãÚêâê����ã. dã��, 3

ù�pÝ, D��A�Ø²w, -Å(�Eé�ß.

040508-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 040508

Level T

1
3
5
7
9
11
13
15
17
19
21
23
25

1000
3000
5000
7000
9000
11000
13000
15000
17000
19000
21000
23000
25000

ã 2 ðINé¡¡6|§Ý����ã (H = 70 km)

Level M

1
3
5
7
9
11
13
15
17
19
21

0.252575
1
2

2.70477
3.53186
4.566

8
12
16
20
24

ã 3 ðINé¡¡6|êâê����ã (H = 70 km)

4 ØÓx¼êO�(J� DSMC �y

L 2 � DSMC � { é Ø Ó � 1 G � � 7

: 96O � ( J � � « x ¼ ê O � ( J � '

�. d L � �, 3 Ø Ó � O � p Ý, Linear x

¼ ê � DSMC O � ( J é Î Ü, � � Ø � Ø

� L 3%; Matting x ¼ ê O � ( J 3 80 km

Ú 120 km ? Ø � � � �, � 3 70 km ? Ø

� � �;  Nomura x ¼ ê � O � ( J Ò Ø

´én�.

L 2 7:?ØÓx¼ê96(J� DSMC �{96(J'�

H/km 70 80 120

96/(W/m2) Ø�/% 96/(W/m2) Ø�/% 96/(W/m2) Ø�/%

Linear 4832464 1.9 2377669 1.1 4502.039 3.0

Matting 5886300 19.5 2295895 2.4 4430.616 1.3

Nomura 6669030 35.4 3405338 44.8 5712.325 30.7%

DSMC 4926688 2352228 4371.815

0 0.5 1.0 1.5
4

8

12

16

20

x/m

Q
/
(1

0
4
 W

/
m

2
)

2.0 2.5

Matting

Nomura

M_Nomura
Linear

DSMC

ã 4 I ¡ þ Ø Ó x ¼ ê 96( J � DSMC 96( J '

� (H = 80 km)

ã 4 �ã 5 K©O�Ñ
 H = 80 km Ú H =

120 km �I¡þ�96'�. dã��, Linear

x¼êÚ Matting x¼ê�O�(JÑ'��

C DSMC �O�(J, 3pÝ� 80 km���ÑØ

�L 15%;pÝ� 120 km�, Mattingx¼ê���

Ø�´ 11%, Linearx¼ê� 6%. Nomurax¼

êÚU? Nomurax¼ê�O�(J�éu DSMC

�{Ø�K'��. Mattingx¼ê,Nomurax¼ê

ÚU? Nomurax¼ê�'�(J, �©z [4] �(

Ø���.

0 0.5 1.0 1.5
500

600

700

x/m

Q
/
(W

/
m

2
)

2.0 2.5

Matting
Nomura

M_Nomura
Linear
DSMC

ã 5 I ¡ þ Ø Ó x ¼ ê 96( J � DSMC 96( J '

� (H = 120 km)

5 ( Ø

duLÞ«�6Ä�Ôny��E,5Ú6

Ä���§���5, ÊU�1ì�O¤I��

íÄ\9A58cÌ�dó§O��{��. �

©¦^O�LÞ6«96� Linear x¼ê�{,

�éðIN�	/, (½·Ü�N!ëê, 3ØÓ

�1G�e?1ó§��, �Ù¦/ª�x¼ê

O�(J?1'�, ¿ÏL DSMC �{éO�(

J��(5?1
�y. 37:?,Linear x¼ê

� DSMC O�(JéÎÜ, ��Ø�Ø�L 3%;

040508-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 040508

Matting x¼êO�(J3 80 km Ú 120 km?Ø

����, �3 70 km ?Ø���;  Nomurax

¼ê�O�(JÒØ´én�. 3I¡þ, Lin-

earx¼êÚ Matting x¼ê�O�(JÑ'��

C DSMC �O�(J, 3pÝ� 80 km���ÑØ

�L 15%;pÝ� 120 km�, Mattingx¼ê���

Ø�´ 11%, Linearx¼ê� 6%. Nomurax¼

êÚU? Nomurax¼ê�O�(J�éu DSMC

�{Ø�K'��. (JL²�©JÑ�N!ëê

·^uðIN	/, ¦� Linearx¼ê3LÞ6«

U'�O(/O�ðINÔ¡96, ���1ìÐ

Ú�OJø�½�ë��â.

[1] Rong Y S, Liu W Q 2010Acta Aeronautica et Astronautica Sinica

31 1552 (in Chinese) [G¨),4�r 2010 Ê�Æ� 31 1552]

[2] Ji X L 2011Acta Phys. Sin. 60 064207 (in Chinese) [G� 2011

ÔnÆ� 60 064207]

[3] Esmael A, Nouar C 2008Physical Review E 77 057302

[4] Swaminathan P K, Erlandson R E, Meng C I, Rault D F, Didier F

G, Taylor J C 1996Journal of Spacecraft and Rochets 33 607

[5] Bird G A 1994 Molecular Gas Dynamics and the Direct Simula-

tion of Gas Flows (Oxford: Clarendon Press) p57

[6] Chen W F, Li Z, Long W H 2006Acta Aeronautica et Astronautica

Sinica 27 365 (in Chinese) [���, oF,9�s 2006 Ê�Æ

�27 365]

[7] Wagner W 1992Journal of Statistical Physics 66 1011

[8] Gallis M A, Torczynski J R, Rader D J 2004Physical Review E 69

1

[9] Gallis M A, Torczynski J R, Rader D J, Tij M, Santos A 2006

Physics of Fluids 18 1

[10] Rong Y S, Chen W F, Shi Y Z, Liu W Q 2008Journal of National

University of Defense Technology 30 6 (in chinese). [G¨), �

��, �u¥,4�r 2008 I��E�ÆÆ� 30 6]

[11] Chen X 1996Kinetics and Its Application on Heat Transfer and

Flow Research (Beijing: Tsinghua University Press) p89 (in Chi-

nese) [�Ú 1996 ÄåØ9Ù3D9�6ÄïÄ¥�A^ (�

®: �u�ÆÑ��) 1 89 �]

[12] Qu Z H, Liu W, Zeng M, Liu J 1999Hypersonic Aerodynamics

(Changsha: National University of Defense Technology Press) p48

(in Chinese) [YÙu,4�, Q²,7� 1999 p�(��íÄ

åÆ (�â: I��E�ÆÑ��) 1 48 �]

040508-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 040508

Reseach on accommodation parameter of linear
bridging relation for blunt cone in transitional

regime∗

Rong Yi-Sheng† Liu Wei-Qiang

( College of Aerospace and Material Engineering, National Univ. of Defense Technology, Changsha 410073, China )

( Received 12 April 2011; revised manuscript received 20 Jane 2011 )

Abstract

Due to the complex flow in the transitional regime and the nonlinearity of the flow control functions, when a launch verhicle

is designed, the aerodynamic heating is predicted mainly byengineering method. The accommodation parameter of linearbridging

relation which is used to calculate the heat flux in transitional regime is fixed to fit the blunt cone which is widely used. The results of

the bridging relation are validated by using the DSMC method. The validation shows that the accommodation parameter suited for the

blunt cone and ensuring the linear bridging relation may be used to calculate the heat flux of blunt cone in a transitional regime.
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