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�6 [1]. 78 , �.�/���359:;<=>� Navier-Stokes ?@ , A0BCD�E

Boltzmann?@. C7, FGHI KnudsenJ Kn�KLMN��O PQR[2], KnJSTUN

��VW@�, XYO

/ ,Kn Lλ= (1)

Z[, λ S\N�]$�^_`a@, L bScd[�1T.e. fgh Kn > 0.1 8, Navier-

Stokes?@i35jkl, AD��$�����Bmn�o�p(qrB��12. sEH

IFGtu�vw, xyz{QR|}?@(~ Blotzmann?@)����E�h���. O7,

��VWN����J�������x, Bird�F[3]- 20�� 60!b�rU��q�N�

��0��cd�?�, ~���� Monte Carlo (direct simulation of Monte Carlo, DSMC)?

�. ����, {?�C���VWN������cdE���u����[4].

m�M-KnJO 0.05~1����, C ¡?¢�£¤¥^�^¦§¨��f©[�ª«

*�l DSMC ?�����	
���. OUS�f©¥�C�����¬­, m�C®P

Kn J/��f©- P�
�t�¯°±/��Uq�±². ³-´\�f©�N����

12µB¶x¬­·¸.
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DSMC?�+¹��$��º, p5��»� Boltzmann?@, AE¼½{?@¾¿À�

ÁÂÃ@. DSMC?�lu¤P���$bÄKÅ�½�N��$, -�X�8ÆÆÇ�M�
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�ÓÔÕJ, Ö×MØÙ¼½�$Ú(q^_, �AyzN���ÓÔÕJ���?�, ÛP

��E�P8ÆÃ@. N��o�ÜÝEÞß£à�á�%�, sEâã9:�X��äåæ

DSMC ?�iEx�ØÙ�äåæ[�%çèrN��$�é�ÓÔÕJ, �Aêz(q�

�Å�ë�. OU�tÊËC�ìíE-Ö�î� P�$ïÆ���, DSMC?�M¶ðñ

j�Oòóªðñ. ô8OUõ����$-ðñ�ö÷øù�P8Æú¥, ¶ðñ�.e

D0hû�$�^_`a@�h. DSMC ?�q��8Æú¥DüL�N��$�^_ÊË

8Æ, �A�t�$o�0ÊË��Ì.

m��q��>OýN, a�¡þ$N��$0�þ$µ�þ$N��$���p5�

ô, DSMC ?�-»���u5ô. C�¡�$N��$, q�[����BÈÉ	Å, ÊË


O�2� . A�þ$�$0�þ$�$5��uÈÉ	ÅA
�u��	Å���	Å,

q�[D{�� ��¬­, ÊËO��2�. sa��$���1T����(�ýN�$

���1T��O 3337 K), K�J�
���5:
�+�>�$���	Å, ¾
-fg

	
/, 5���$���E�Â�[5]. h PN��$ÊË8, ÊË�×��	ÅE5��.

sE, �	Å-®�	ÅïÆ��äã�	+���, 	ÅE�� �ä, í!�N��$�

��"#ÊËJ Zrotµ��"#ÊËJ Zvib, âG_�
S\O���$J. C�ÊË×	Å

�� �ä, m�%l Larsen-Borgnakke�&[3], A����'`a�()^_q�, ~
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B[, 3 S\ÈÉ`a�O 3 P, ·O- DSMC ?�[, 5*»�cdE +�, *�_
O

,+-.. rotζ � vibζ �/S\�$���0��`a�, Ttr, Trot� Tvib�/S\�$�ÈÉ

��á����µ����.
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B[, /5 i� r�/bS67�$�87�$; ES\�$��	Å, 9:ÈÉá�����

3�	Å; mO�$>Å; ∆t� A�/O3l8Æ03l1;.

N��$0<�01ÊË�=���ÊË	Å_0012>u>, 87�$����'
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α c@OÁ1�A?'J, qi� qr�/O67087�	�, qwO87×N��$��� Tr00

1�� Tw��887¾BC�	�, α c�[0,1].
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2.1 ������

 ¡?¢�£¤¥^�^¦§¨��f©\�D 1. m��q��>OýN, "�*�

u∞O 100 m/s, ��T∞O 273 K, E�O�PKNE, f©�/0� TwO 500 K. m�C KnJ

�/O 0.05, 0.08, 0.25, 0.75� 1.0 5��
��q�, ®��
/C¯°± AR = L/h = 5, 15, 25
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3�	
��q�±².

q�[, 8Æú¥íO 10−11 s, �rF%l���

u�ÅfÅ���GHI. . �$ïÆ�3l4%l

VHS (variable hard sphere)�&[3]. �$0�/01�

ÊË%lJ87�& , ~87�$�*�067�$

£>, 87�$�*�9: Maxwell *��ä, '/
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B[, cLO�$��o�*�, mO�$>Å, κ O BlotzmanngJ, TrO87�$���. m�

Á1�A?'Jα cO 1, 7887�$���001���ô.

MN, �Â���$J�ìíOPQRq�STµ(qyz���ÁÂÅ�½�2. ·

OÃ÷����$UVq��4WX(q�YY, Z[\]��4, AÃ�����$J^

UKK_(q�8Æ. Bird[6]`a, P-®�Pq�¡�[äb 20~30 P���$. a�®P

ðñ[����$J-q��Ã@[E5c��� , s-ª«*��[Ø���5E�K,

¾
m�C¾uðñíô�)·$(~�P���$bS��d�$J), ^_®Pðñ[ä

b 25~35P���$.

2.2 �������

D 2O¯°± AR = 58, fÃ01���2

�� Kn J���efD. B[01��ÅOg

�, a(3)Z�v, S\���01�¢��. O

U=�S��f©����� KnJ���>',

M KnJ_Kz 10, ~-ÛPÃhQ���q�.

�D 2 �
ir, -m�¾������, 01

��2��KnJ�_KA_K. hKn < 18, �

�2�� KnJ�_KAjk_(. �� KnJ�

_K, ��2��KnJ���lmn�^o. Ø

¶xE·OKnJpK, N��VW@�p�, N

��$001�ÊËqTpK. AN��$ïÆ

�ÊËqTpL, -`a�$Q(Kn > 10)�, rö�
st5q. 78, 01����u¶x

vw�$001ïÆ�ÊË. Ah Kn J²L8, N��$ïÆ�ÊËxyyO�x, zBE

-;<=>Q(Kn <10−3)8, �$001�ÊËqTüüL��$ïÆ�ÊËqT. { KnJ²

L8, �u|01����$}U001ÊË, ØiZ[U01��2��~L. 
����

�UO���f©�01��2�(106~107 W/m2)UüüK���f©�01��2�(fg

L� 104 W/m2). sh KnJ_Kz�X@�8, N�y(VW, �$ÆÊË%U~÷, A00

13l��$J�u�x��, Vy01��2���5K. {-m�¾��� KnJ���,

�tD 2¾\���n4.
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� 2 AR = 5�, �	
��
�� Kn��

�����
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D 3(a)O AR = 58, 5ô KnJ/���?¢����2���efD, D 3(b)O�D�

������efD. a D�
ir, 5ô Kn J/���	
�m�ô, ��Å¶x�[

-f©��rFÍ, [Æ�����Å�L, s78��E�µÛPf©�, Ø��*���

�[7]¾��.

� 3 AR = 5�, �� Kn���	����
�(a)��	����(b)�����

D 4(a)�(b)�/O Kn = 0.258, 5ô¯°±/�01��2�µ�D�����D. a

D 4(a)�
ir, AR pK, ~f©p¥, 01����ÅpL. h¯°±_K8, �����

(�, -f©�rFÍ��Å�j��, [Æ�����2� �O 0, 
�����y��

01��(D 4(b)). -f©K��QRO��Q, �� �õ�����, p
��Q��Í

�uÅ�¯�5�m�ô, �O 10−7 mJÅ�, 0f©�¯°±�m�u�K>'.

� 4 Kn = 0.25�, �� !"��	����
�(a)��	����(b)�����

D 3� 4¾\�t�E;<=>QR��[�uÊzÃ�. ��Ø�t��¶xþ·Ea

�-�f©��rFÍ_uN��$�6, �6��$PJ_�a�$o�*�u>vwy

r[3]. h�$�6×, �6����*�CB5ju¬­, 78�$
Ò`��o�*�¢Ò

P?¢o�, 
¢Ò?¢o�� TE�ô�, ¾
-�f©��rF�_u�$�r. a�
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-�f©��rFÍ, ��6��$�	Å001u�K�/, p
N��6�f©×, VW

@�KK_(,  �¾u�6��$�U001+�ÊË, ¾
78U�����	Å��.

B�, �a��rFÍ�	�$��r, Vy7Í��$^_��/ ,  �·¸ô83l

(��¡¶Zû¢), -D[StO�rFÍ01��2��j�£. MN, �x"�*�K�

¤, �FÍ�6��$JiU��rFÍ�6��$J, ¾
�F01��2�K�rF. -

�f©[�, ¥¦�uKÅ�$001ÊË, sK�JN��$§Ã-�rF001���

ÊË×, B	Å3001�¨KK~L, { �-�f©[�ÊË8, ���	ÅE�L�.

C�f©¯°±²L�	
(�D 4(a)[

AR = 5), N��$©�u"yµ001��Ê

Ë, i3§��rFª�rX. ¾
, -�f

©[�ÊË�«�u²K�	Å�, ��U�

µÛPf©.

D 5O AR = 58, - x/L = 0.3¯¬1��

�-f©��?¢���äefD. aD�


ir, 01Í(~ y/H = 0.0µ 1.0Í)���r

tU­É, 5��01��, 
��N�VW

@��_(, ~ KnJ�_K, ­É@�pK.

D 6(a)�(b)�/O Kn = 1.0, AR = 58, 0

1�����2�µ����2���F�

*(_Oª«*)���ef. -Ø®�¯Cf

©¯°±�L, ���µÛPf©�	°(AR =

5)A±. aD 6(a)�
ir, 01�����2���F�*���L, sE�F�*���

ã²�U01����2���ä(D 6(b)). *�²L8�rFÍ���ÅK[�h, ���

F�*�_K, f©�³����Å_K, ×³����Å~L, f©[����Å �5�

�*��(D[S\O Ief����´). ØEa�h�F�*_(8, ��f©�F�6

� 6 Kn = 1.0, AR = 5�, �	#��
�(a)�����
�(b)�$%�&������

� 5 AR = 5, x/L = 0.3�	
, �� Kn����

'��(�)*
�+,�
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��$JiU�ï_(, A�f©rFÍ�6��$JiU~L. -m��q�[, �rF�

6�$J�±µ�O: u∞ = 10 m/s8, �O 1�1; u∞ = 100 m/s8, �O 2�1; u∞ = 300 m/s

8, �O 15�1. ØiVy-�FÍ001	Å�K��$Jy�, {ÊË8���	Å��

yK. hN����*êz¶«*röyK8, f©rF·�
%l½¸GH�&, ~rF�

u�6��$, 78f©rFÍ���	
0[��ô. D 6(b)[���2�ef¹�Uº<

n��¤, 5Uju�x�_(. Ø�t�����[7]¾��.

3 ��

fÃm��q�, �
yr�/�*:

(») �f©����¶x�[-�rFÍ, f©¯°±�L8, ���µÛPf©. �

�¯°±�_(, f©[Æ�K������ �O¤, N�-f©�K��QR3�¼�

���, B��001�� ��ô, ��01��2�� Kn J�_KA_K, �f©¯°

±�_(A~L.

(½) N���-01Írt­É, KnJpK, ­É@�pK.

(¾) -ª«*���, 01����2�¿�F�*�¬­5K, s����2���

äã��F�*���A²�.
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