
1\ 51 	§ 1\ 1 �O �Ë �– F� �… 2021 �¤ 3 �8

52F&Review

�Ð�n	}Lq�Ñ�¤F8*<Að,º(¯8¨
Â	}�Ñ,º(Ÿ*<�›$Æ


j���• 1 �N5•	� 2;� �N�_8H 3

1 	G�Ü�W�–, 	G�Ü 100871
2 University of Twente, 7500 AE Enschede, The Netherlands
3 Western Michigan University, Kalamazoo, MI 49008, USA

�Ž ?· )à��0ª"D�Ø�Ë�–B�+O�0,®�J�¤�• , �"4ÿ
��…�*�G�J�£�¾	w�Ë
¼Lk�Ë,´*6Aê . �v�_ ,

�¦F�
j
8�Ë*6Aê�0-$�Œ+‰
X�~FO�=
�	»#q . <­4ÿ�����ê,´�Ú�Ë , �v�ý�Z7-�º�³2î.ž
`�Ø

�¯�`Tÿ�W
�	»5Y#q . F	/ý(æ�å-$�`�0F��}�Ç��0±.d . �\�·�Œ65	ú�¦
8�Œ65�Í�ž�)F�
j4ï

	F Navier-Stokes�é0;@��À@�,´.D0¦ , 9ç�Ç�¶4ÿ�¨�=
�	»�¼5$�Ê�h#q,´ Kutta-Joukowski 	w

�Ë�Ê*6,´)à���¼�Ã�95$�žF2(xF	�Z�h�ó5��Ì , �þ6<0±.d�¶4ÿ�¨0ª"D�Ø�Ë�–�*.p*6Aê�&5�

�¶�›�•	q�¤,´�0�Z5j
� . �*�¾4ï�WF��l�Ç�`,´1°#1�œ�? , �…��7-
XQ��ÖMŽ4ï�W,´�=�r#q


j�]�ý'f2î.ž�@0û , F	Gü#¹	úO¦�9�¤CÓ,´�é#�AêL�NÈ , �¸�l�Ç�£#� . �\�·,´1\�0�Z�+�Ñ ,

�_
X1°?±
�N®�žF2*6Aê�*�\�@�Ì,´�*.p�: , 	ý�M�¦�é#�Aê(©8¢
¼6ü
>,´(™*6�j*6 . �m1Ñ

�U�l,´Gÿ	F	w�Ë*6Aê�"4ÿ�Ç�`8Z0ª�ÎD%,´�¯#��ðP¼ , �v
X
4/ý�*(x(™
¼�Â�ƒ�:�ý�h�h�*

)à�£�¾	w�Ë(™*6�•$À,´
4/ý�wB$ . F	/ý(æ�å>˜�> : 	w�Ë(™*6�•$ÀF	�ZL�NÈ , �¦"Ñ�9
X
-�µ

�F�G�J,´�‰0��–�Ã�C:‡
¼B.�2�]�Ç�`�«�Å,´%´$5 , AÔ-O
�1„F	�ZL�NÈ
X)à�ú�ý'f�§�9F�

�7,´Gý?±�W. �žF2*6Aê,´�žF}�9�x�W
¼Q��Ö1°#1�W�¯�ê��7-+X�³���m
�7--$�Õ,´�é�?�j

%´$5	w�Ë�•$À���ËFkEÁ�U�ö,´Aê�ž , �l�Ç-pGý63�� . F	�_�\�·,´1\�¼�Z�+�Ñ .

�©KdB� *<Að0°"J�Þ�Ñ�œ, 	}�Ñ , )åH� , Kutta �—�, , U��]#w�Þ

�c
4�<2±
- : V211.1 �½)d�=Aü.7 : A DOI: 10.6052/1000-0992-20-014

�f0o���O : 2020-06-05;�…+X���O: 2020-11-05;
X4ï�*(x���O : 2020-11-30
� E-mail: luoqin.liu@utwente.nl

�E+X�é�? : 
d�û�{ , �H5‡	� , �H�Y8B. �Ê�h	wLk�Ë�žF2*6Aê,´(©8¢
¼	w�Ë,´(™*6�•$À . �Ë�–F��… , 2021,

51(1): 1-24

Wu J Z, Liu L Q, Liu T S. The universal steady lift and drag theory and the physical origin of lift.

Advances in Mechanics, 2021, 51(1): 1-24

c
 2021�É�Ë�–F��…�Ê(x�s�p�9



2 �Ë �– F� �… 2021 �¤ 1\ 51 	§

1 �K @6

)à��0ª"D�Ø�Ë�–B�+O�0,®�J�¤�• , �þ��Tÿ�`�9Tÿ , �þ�Ê�h�`MŽ�Ê�h , �þ�=
�	»�`
�	»5Y , �þF�

�l�`2î.ž , �"4ÿ
��…�*�G�J�£�¾	w�Ë
¼Lk�Ë,´*6Aê , �Ç�`�¶�J�éM’�ÎD%,´�u�6�ðP¼ , 	ò?ñ1D65,´B�

4öF Aô(Wu et al. 2018). �³���)8Z0ª8Z�Y�Ã#q�ƒ�j�à�ÃNþ��0;1y�G�J�Ä+XN¶�� , ���Ë�¶�=
��F5j,´

�*.p�
Añ . �08\B$�• , L”�0�ËQ��Ö1°	F,´F��l*6Aê�F , 	wLk�Ë,´2î.ž>˜Eî�?G-�§�90��6�’�? . +X0�

�6>˜/j
8�Ë , �¦0��6���>Eé+|�k
����9�J�g	F,´F9�� , �»�²(™M’�:,´�Ä�Ë0��6�F65#q
j(™*6Gÿ,´

�ƒ0��6 . �)�¾�Ê�h#q�I
�1°	F�j#q
j�FEé+|,´M’0��6 . -(�Ä
` , >Û0��-� �•�_�J�g	F,´ , �³��,´�H

�Ó
��ã�¾�§�ƒL�NÈ,´M0?± , �ƒ'fCº1°	…Cº�­ , Cº7-�Ã�•(™*6�\CXCº�­ .

F	�Ë0��6
»,´*6Aê�6�jF�
j*6Aê
¼F�
j*6Aê�T2« . F�
j*6Aê,´>Û0��-� 	5
[�¡
ý
8�Ë,´�˜G�

�=�r,´F�
jMŽ4ï�WE÷0;�>5��´ , +X���)AÑ1Ç#q�ƒ�Ë�– (CFD) 
¼�ÎP¼#q�ƒ�Ë�– (EFD) 
��Ç,´#q
j

� �žF�>|(™*6,´Aú�Ý , �_�ƒ��"D�Ø�Ë*6Aê,´�k#q
¼'�&é . F�
j*6Aê,´(©&é�I�_�þF�
j4ï�WF��l�*


� , �Ç�`�±�j1°#1	¤
XF�
j2î.ž�9�x,´	wLk�Ë�œ�? . �Ê�h#q,´
8�Ë
���>˜/j�jF�
jEé+|0��6 , �j
�

�…F	/ý*6Aê���Ë�¶�õ?±�‘�& (#� : �=
�	»MŽ�Ê�h#q,´
8�Ë�•
�+XEé+|0��6>˜/j , ?ñ Noca 1y (1997)


¼ Wu 1y (2005)). �³�û�¾ Joukowski (1906) ,´:‡
=	w�Ë�Ê*6 L = �U � � 
¼ Filon (1926) E³�A
��`#�

�?,´Lk�Ë�Ê*6 D = �UQ  , �¦�] � � 
¼ Q �6�[�_)ßGÿ
¼�9�û�n#q,´�•#q , B�?ñ�;M’,´ 2.1 8² . F�
j

*6Aê	5���*0û�=�r#q
j
X�ÕF���0§F��4,´> �ÿ?ô�»��	ú2î.ž,´
8�Ë�œ�? , F	�_ CFD 
¼ EFD �O�=

-p6<
�7-�ÍM•@��À�é#�,´N¶�� . �³���j�p�9F�
j*6Aê,´�œ�?���Ë�¶�ð#{,´�7�ö , �•�j
X CFD �]Aî

5žF�
jEé+|�‘�&���Ë�¶�T�ž . 'f6< , )ßGÿ
¼�•#q,´
��l�=+aF�
j*6Aê�\DÛ�ã�Ê , 6<?±5�
8F�
j*6Aê

�i�ž�§�ƒ#q�Ø(æ�15	�* . 
���B$ , F�
j*6Aê���Ë�¶�H+•-��7 , 6<F�
j*6Aê�Š�H�_�Î�í .

K¯�O���• , F�
j
8�Ë*6Aê�0-$�Œ+‰
X�~FO�=
�	»#q . <­4ÿ�����ê,´�Ú�Ë , �v�ý�Z7-�º�³2î.ž
`

�Ø�¯�`Tÿ�W
�	»5Y#q . F	/ý(æ�å-$�` 2014|2018 �¤�}�Ç��0±.d . �\�·1\�¼�Œ65
X�¦	Š��Aê�· (��

�;1°0 	Š�· ) �]���*�¶Tÿ�W
�	»5Y�Ê�h#q,´�žF2	wLk�Ë*6Aê (���;1°0 �žF2*6Aê , �H5‡	� 2016),0±

.d�¶4ÿ�¨0ª"D�Ø�Ë�–�*.p*6Aê�&5��¶�›�•	q�¤,´�0�Z5j
� , �¦�µ�é
�>˜
X 3 1÷�O�:Aê�·�: (Liu et

al. 2015, 2017a, 2017b).	Š�·�Í�ž�)F�
j4ï	F Navier-Stokes �é0; (NS �é0; ) @��À@�,´.D0¦ , 9ç�Ç�¶

4ÿ�¨�=
�	»�¼5$�Ê�h#q,´ Kutta-Joukowski 	w�Ë�Ê*6 (KJ �Ê*6 ) ,´)à���¼�Ã�95$�žF2(xF	�Z�h�ó

5��Ì , �¦5	�*�¶� �l�ðP¼ . �*�¾4ï�WF��l,´ NS �é0; (Oseen�é0; ) �Ç�`,´1°#1�œ�? , �…��7-
XQ��Ö

MŽ4ï�W,´�=�r#q
j�]�ý'f2î.ž�@0û , F	Gü#¹	úO¦�9�¤CÓ,´�é#�AêL�NÈ , �¸�l�Ç�£#� . �\�·,´1\�0�Z

�+�Ñ , �_
X1°?±
�N®�žF2*6Aê�*�\�@�Ì,´�*.p�: , 	ý�M�¦�é#�Aê(©8¢
¼6ü
>,´(™*6�j*6 .

�G�p
˜.� , O��j�:�Y�>&›1Ý�:�Y,´(™*6�j�f�9�i�\,´	j�[ . 
>65+X(‹N¯1\�¼�Ã�9�Ê�»�a
���

-$?ò
`@�Gú; �}65�I�¸�=-$?ò : "d�£O�>|,´�j6,�…��1�'f7-�×+O
²-$�¾O�>|�é
A (
�6<�\DÛ�=�Š

�Ï ) ,´���W	w�Ë ? F	Gü#¹	ú,´(™*6E÷0;"�&›1Ý�:�Y�=�r�Ç�J . �m1Ñ�U�l,´Gÿ	F	w�Ë*6Aê�"4ÿ�Ç�`

8Z0ª�ÎD%,´�¯#��ðP¼ , �v 100 �¤�•
X
4/ý�*(x(™
¼�Â�ƒ�:�ý�h�h�*)à�£�¾	w�Ë(™*6�•$À,´
4/ý�w

B$, F�
X�0F�,«�:�¶�Û@¹�F+|,´0��ž�:(™�É0��–5¾
-�ê�Ê (Regis 2020),�Œ65�Ó0 0��–�æEô�ú�)O��j

�j�…�:�Y,´L�NÈ \ �ý'f"Ñ�91„�x ". F	/ý(æ�å�½!Q��GÂ�ê�� : 	w�Ë(™*6�•$ÀF	�ZL�NÈ , �¦"Ñ�9
X
-�µ

�F�G�J,´�‰0��–�Ã�C:‡
¼B.�2�]�Ç�`�«�Å,´%´$5 , AÔ-O
�1„F	�ZL�NÈ
X�ú�Y�ý'f�§�9F��7,´Gý?±

�W. �žF2*6Aê,´�žF}�9�x�W
¼Q��Ö1°#1�W�¯�ê��7-+X�³���m
�7--$�Õ,´�é�?�j%´$5	w�Ë�•$À���Ë



1\ 1 �O 
d�û�{ , �H5‡	� , �H�Y8B : �Ê�h	wLk�Ë�žF2*6Aê,´(©8¢
¼	w�Ë,´(™*6�•$À 3

FkEÁ�U�ö,´Aê�ž , �l�Ç-pGý63�� . F	�_�\�·,´1\�¼�Z�+�Ñ . �j1°�ïC§?ñ , �\�·,´AØAêL€�¾�h$Y�;,´

�¿?ò#q�ƒ .

2 ��4õ	LF�
p�f2ô.¤F�
p : �C
%	Á	}Lq�Ñ,º5��®*<Að

2.1 )åH��D�›#w

�žF2*6Aê�9�T�Z�*�\(™*6Gÿ : �ã�Ê	w�Ë,´ )åH� 
¼�ã�ÊLk�Ë,´ �›#w . ��%�Cã NS �é0;,´�+�?Tÿ�W


�	»5Y�Ê�h#q (
����_�&
w�Ê�h$}#q ) ,´FO�Ö	ú�¦
X-$@�
€�73+ (x; y; z) �],´�6Gÿ�j u = ( u; v; w),

�9�‚�ÊFO�Ö U = Uex (�¦�] U �jFO�Ö�W�? , ex �jFO�Ö�é
A , 	£�7
A x !“	zE¤,´	…�}.�Gÿ ) 
¼�ö�Ö

� 0 ,´-$	0�•#q , (™�ƒ�EC§,´� �ØFO�Ö�j u 0 = u � U = ( u0; v; w). �� S �j�0�Z	5
$�+�?M‰!’
*�ƒ B

,´�+�?L��"M’ , �F#�
A�j n , �¦	5
[,´#q�ƒ�ƒ0�Aà�j Vf , �³�Ž�¾�Ê�h�€0ªL$ Vst (	ò?ñ1\ 3.1 8² ). +a

!” , �Ê�y.�Gÿ�’�?,´)ßGÿ
¼�7Gÿ�’�?,´�•#q , �³���6�[>˜�± u 0 ,´�7
A�6Gÿ
¼#�
A�6Gÿ"ï S ,´0��6

��� �
Z

S
n � u 0dS =

Z

Vf

! dV; Q � �
Z

S
n � u 0dS = �

Z

Vf

#dV (1)

�¦�] ! = r � u 0 
¼ # = r � u 0 �_#ÑGÿ
¼6ðGÿ, 
�!” ��� 
¼ � Q �6�[�_ Vf �],´�k#ÑGÿ
¼�k6ðGÿ .

�? (1) #¹	ú,´(™*6GÿG-�_
�?ò#{
¼AÑ1Ç,´ . �v�_ , 	wLk�Ë
¼ ��� �> Q �{L$,´�£3+�¦�=FÓ�x-$�Õ . �$

.ž�7�Ë , M0?±�) u 0 �Š4å Z�6@��F Helmholtz �6@�

u 0 = r � + r �  = u � + u  ; r �  = 0 (2)

�¦�] � 
¼  �_�7GÿFO�Ö�ï
¼.�Gÿ#q�-�  , �¼65
80 4å Z�ï�F Helmholtz �ï . �ž!” , 	Š�·�))ßGÿ�>�•

#q�Š4å Z�6@�, 	£�� ��� = ��� � + ���  
¼ Q = Q� + Q , �¦�]

��� � �
Z

S
n � u � dS; ���  �

Z

S
n � u  dS (3)

Q� � �
Z

S
n � u � dS; Q � �

Z

S
n � u  dS (4)

F	Gü, � 
¼  
��_�ê�j�EF�,´Eµ�Ù�-�  , �=�_7-�O#{Gÿ�FAÑ1Ç,´(™*6Gÿ, �p�� u � 
¼ u  �]�+�?�0

�Z�•�=7--$�Õ#{Gÿ�FAÑ1Ç , )ßGÿ
¼�•#q�6@�
>,´!ÿ�Z4ô�-�•�_�²!” . �»�Î�: , �þ�"4ÿ�Ç�`,´#ÑGÿ


j
¼6ðGÿ
j� �ž
���FJE÷"r@� Poisson �é0;@��*F�5�
�	F,´ � 
¼  , �vEô�ú�=.�Fƒ�²�…1Ç�*�;�·

�? (6) 
¼�? (9) �]�*)à,´ Helmholtz �ï,´0±Có . �v�_ , +a u � ,´���û�W
¼ u  ,´���“�W�é�CAñ�> , ��� �


¼ Q ,´�l�0�Ê)�0û�¾	5
$(™�ƒ,´L��"M’ S ,´�W�?
¼�’(æ . F	�¯�³��7-
X4ï	FF�
j@��À
`"r�Ç ,

6<	ø7--$�Õ+X�¾MŽ4ï�WF�
j, �þ6<5��Ì�§�9�žF}�W . -(	ý , 0��6 ���  
¼ Q� �=�§�9F	/ý)�0û�W . F	

�Z�Þ�É,´	j�[�_*6@�F�
j*6Aê�]	wLk�Ë�œ�?�žF2�W,´�£K^ .

2.2 KJ 	}�Ñ�Ð*<
Â Taylor �—�,

�)�¾�+�0�Z	5
$(™�ƒ,´L��"M’ S, ��Tÿ�=
�	»�Ê�h
8�Ë
�>˜/j�j

F = �
Z

S
(pn + � 0uu � n ) dS = � 0

Z

S

�
1
2

ju j2 � uu � n
�

dS (5)



4 �Ë �– F� �… 2021 �¤ 1\ 51 	§

�¦�]1\�¼�?�ž Bernoulli �Ê*6+X�Ø7-
����¶	»�Ë , �¦>Û0��-� �_FO�Ö,´�¼!QU€�? . )à
X63<•
�+O
X

(x; z) �£M’�:,´�¼5$#q , S F0	F�j�0�‘�7
A�j t �Ã#�
A�j n ,´L��"4ï C, .�Gÿ�W�s�j t ds, n , t 
¼ y �é


A�*.�Gÿ ey �´�@
#�{!“�Ô	…�}�7�æ ,  = (0 ;  ; 0), ��� = � ey . Joukowski (1906) 
XF�
j
��¶�0�Z�W


�D� C, �¯�Ç�? (5) ,´FO�Ö�¼!QU€�?
���
��
+‰�` u 0 ,´4ï�WN©, 'f
>
�)à : 6,
»,´	w�Ë!“"��¾5	�Ê

	ò�  U 
¼ � 0, ��	ú5� C ,´)ßGÿ � (�\�·�$�E,´ Joukowski F	�ZF�
jAñ�>�é#� , 
�8� Batchelor (1967)

�]+X)à��B�@0�i�É,´�û4ý ). 
X��
�>˜F	�Z�Ê*6�& , Prandtl (1904) ,´Eé+|�r*6Aê
��*)à�T�¤ , �J�Z

�EC§�F+|#��? . Joukowski �_�07-+X,´#q�Ø Q
»�_��Tÿ�ï#q*6Aê , �pAê)ßGÿ�Î�j � �

L = � 0U� � ; � � =
I

C
u � � t ds = [[ � ]] (6)

�¦�] [[�]] >˜/j�9�£Gÿ5� C �0
˜,´0±Có . +a�¾�}F � � �) C F9
�,´)�0û�W , B�
�D�
����¼�˜5Y�?�`


X/ë(™�ƒF��Ç�J,´MŽ4ï�W#q�Ø�] , N´#{,´	w�Ë�=
� , 
�6<�? (6) �§�9�žF}�?�y . � � ,´
��l�F0±Có

[[� ]] �=�_�Ê*6�\DÛ?±
�1„,´ , M0
X�F
>5H�í�Ð Kutta �‘�& (	ò?ñ1\ 4.4 8² ) ���
Añ#q�Ø"Ñ�9�w�2�W

�•�ã�Ê .


X�þ�? (6) 
��…�*;´6,
»*6Aê�¦�)�?�k@��WM'B*� 6,
»5�#q�Ç�`�ÎP¼�ðP¼�{
> , �ê���0�û63

<•�³7-
V+X�¾-O�Î,´Tÿ�W�9�û#q , 	£�_
V7-�º	Ï�û Joukowski �œ�? (6) �i�j

L = � 0U� (7)

F	Gü, 
�#{,´(™*6)ßGÿ � M0?±	5
[ �  ,´CQ)^ , <­'f�³�õ�•8� C �7�¢6,
»�n#q,´
`�é , �¦�W�?�õ'f

�ÍC†�¾ C ,´�§�ƒF9
� , F	�a�EC§�)�? (7) ,´�žF2�W,´+ÁL� . 9!
-�–65 Bryant 
¼ Williams 
X 1926�¤

�Š�¶�ÎP¼.D0¦ , 
�)à
XTÿ#q�]#{�Ç,´ � �ý'f)�0û�¾ C ,´F9
� . �)!” , Taylor (1926) �7�* : +a�¾�n#Ñ

�r�¸;´ , 
���+XEé+|�rF��l
X6,
»
>5H�;$h�=F��4,´�0�Z
²-$�¾�•#q,´�n#q�Z4ï W �:Añ�>#ÑGÿ

#q,´0��6�jM& , 0 �{�j Taylor �T�ž . F	�Z�‘�&�
Añ�¶
XTÿ#q�]�ý�9 �  = 0, 
�6<�? (7) �•�§�9�žF}

�W. �»�Î�: , Taylor �•+XF	�Z�T�ž>˜F Kutta �‘�& . )à
X , �)�³,´�,�*
¼>˜F 
����™�…�j (B�?ñ Wu

et al. 2015, pp. 290-293)
Z

W
u! dz = 0 ;

Z

W
w! dz = 0 ;

Z

W
! dz = 0 (8)

�¦�]1\�9�?>˜/j#ÑGÿ,´�n#q�ZM’0��6�jM& , 
>M’�6-;�`
XF�
j�)�¼�Ã�95$#qG-�@0û .

2.3 Filon Lq�Ñ�Ð*<


<�¤�v)�0û�¾ Taylor ,´*6Aê.D0¦ , Filon (1926) �)�¼5$�=
�	»Tÿ�W�9�û#q�Ç�`�¶F�
j Oseen4ï

	F�é0;,´4×� @� , �)	wLk�Ë�Š�¶�«�Å,´.D0¦ . �0�éM’ , ��Añ�>�? (7) 
XF�
j,´.ž$@F��@0û , 
¼ Taylor

,´�6�À�08$ ; 
��0�éM’ , ��Añ�>Lk�Ë�õ
��ã�¾ Q 

D = � 0UQ ; Q = �
I

C
u  � n ds = � [[ ]] (9)

�³	ý�PLk�Ë�•8�Tÿ�W�n#q�],´�ØGÿ�¿�• , 	£�þ�:$hF��• C ,´�ØGÿ#q�J�¾�þ�;$h#q�* C ,´�ØGÿ#q;

6<�ï#q�)�•#q"Ñ�9CQ)^ (D'Alembert �ŸB\ ). 
��j Q ,´�l�•)�0û�¾ C ,´�’(æ
¼�W�? , �? (9) N´#{

,´Lk�Ë�•�§�9�žF2�?�y . �? (9) 
¼�? (6) 
X�’�?�:�¼5¾�)0 , �´�@�¶�¼5$	wLk�Ë,´�0�)�±�j1°#1,´
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�*�\�œ�? . �v�_ , Q �•�=�_
�?ò��Gÿ , F	�¸
�7-�_ Filon �œ�? (9) K¯�O"Ñ�9�Ç�`��0;�°�_+|Gý?ö,´

	Ï
� . �>!”�)"� , KJ �œ�? (6) �¨F��Ç�J , �³
X Taylor �T�ž (8) �@0û,´93
$�µEî�`�¶
�#{�œ�? (7).

2.4 �?5*�C
%	ÁU�#w
Â
%	Á5_#w

�:M’,´
��…L€�¾�¼5$�=
�	»#q . 20 �F4Ú 30 �¤�� , 9!
-:‡
=*6Aê�æ Goldstein (1929, 1931)"ï-p

Filon ,´*6AêD�4ï , )·�x.D0¦�¶F�
j�95$�=
�	» Oseen�é0;,´�T�ÿ4×� @� , Añ�> Filon Lk�Ë�œ�? (9)

�)�95$#q
<�g�9�x . �v
X	w�Ë,´.D0¦�]"Ñ�9�Š�`�Å . �04ø,´5��Ì�_�H5‡	� (2016) �Ç�`,´ .

L¿-pQ�FO0ª"D�Ø�Ë�–,´�¤C§, �ê��8�'f�)�²�…�º�þ Joukowski �0�û,´F	�Z \ �þ4ï�WF�
j�`2î.ž

F�
j " ,´*6Aê#n�[�Ø�¯�`
�	»5Y#q�±�O�¤CÓ , ����:‡
=*6Aê�æG-�.�Å�•�¶F	�Z�é
A,´.D0¦ , �þ*6Aê


¼� �l Q���]�M!•?ò���` KJ 	w�Ë�Ê*6
XQ��Ê� FO�;�ý'f�9�x , �¦�] Finn 
¼ Gilbarg (1957, 1958)

�º�=
�	»�¼5$�ï#q*6Aê�U�l�Ø�¯�`MŽ4ï�W�Ê� FO#q , Añ�>�? (6) �)�¼5$#q�ý'f�@0û , 6<�95$�&
8

�Ë1y�¾M&. F	�ËF��…B�?ñ�H5‡	� (2016) ,´F Aô , �vG-"Ñ�9Eî�`�ê���O�K,´�žF2�W-��7 .

3 U��]
%	Á5_�Ð�n#w,º�¤F8	}Lq�Ñ*<Að

3.1 �L��+‚F�
p,º�<	p5	�º


XF��•�žF2*6Aê�{�} , 	Š�·OÆ�x+XMŽ�Ê�h4ï�WF�
j�é#� , �*0û�¶�0�Z�£�¾�F��+|#q
j�6	j5�

�´,´�E*6 (�H5‡	� 2016):

�K*< . �� V1 �e	;
aF��Þ(Ÿ�‰,º�L��+‚0°L* , 
^��0­F��:#w�‰�­�?
}	6�]C^ , M•!˜�L�•	6FUF�

�Þ . �O
 �?U��]�=M”�Ð�n�=
%	Á5_#w73�U���&#�,º�˜�E�=�¦>¦���f��0­F�M•!˜�L
}	6F��Þ(ì�7 . +g

!š
%5��6
fA÷�D�?�`
³NÎ :

(1) �Ð�n#w	p Vst �û+gM”�Ð�n#w	;
* ;

(2) �C
%	Á#w	pVinc �û+g
%	Á5_#w	;
* ;

(3) ��U�#w	p Vinv �û+gU�#w	;
* .


�!” , F	�Ë V1 ,´�€	j��G-�_�ê�j,´*6Aê Q
» , �m1Ñ
X�¦�µG��•
����¯+X \ ��0§F� " ,´�²�% . �;

M’�û4ý,´�žF2*6Aê�_�Ê�h�€���],´2î.ž*6Aê . �:F 
­NÈ 1 "�E³'Ï.� , 
dKwF� (Wu 1981) �.�W�Ë�j

B3; 
­NÈ 2 OÆ�x+aLandau 
¼ Lifshitz (1959) L@�>, �¦+a Sa�man (1992) �§�ƒAñ�> ; 
­NÈ 3 �_	Š�·OÆ

!QAñ�>,´ (�H5‡	� 2016).

3.2 	}Lq�Ñ,ºF�
pF��Þ�œ>ž/p�D Stokes �Ð*<

F¥'—Joukowski-Filon 1y�ê \ �þ4ï	FF�
j�`2î.žF�
j " ,´D�4ï , OÆ�xM0�ÿ�?(5) FÓ�g, �ºTÿ�W
�

	»5Y
8�Ë�œ�?+X4ï	FF�
j,´Eé+|0��6>˜/j , 
�4ï�WF��l , �¦
�+XF��Ø�–Gÿ>˜/j���
�1�žF2�W . �§�ƒ


` , �� � 
¼ � � �j�6�€,´�F$}#q,´�š�7Tÿ�W3+� 
¼4å
ATÿ�W3+�  , �³��
¼�ö�Ö
XF�
j
w
��h�l , �I

�Ê�h4ï	F NS �é0;�j

� 0U � r u 0 = �r (p � � � #) � � r � ! (10)

�³
��9�? (2) �Š4å Z�6@�, �¦4å
AG��6
�0��6�0!Q

� 0U � r � = � (p � � � #) ; � 0U � r u  = � � r � ! (11)
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�ž!” , 
��º
8�Ë,´F�
j4ï	F>˜Eî�?�É�@

F = � 0U �
Z

S
n � r � dS � � 0U �

Z

S
nu  dS + �

Z

S
! � n dS (12)

�¦�] � ! � n = � �ý�_�Ø�Ë�–Gÿ , �v
��O�Ù�? (11) Añ�>

� ! = � 0U � u  � � 0r (U �  ) (13)

�þ6<�Ç

F = � 0U � ��� � + � 0U Q + � 0

Z

S
n � r (U �  ) dS (14)

�n'f , �¼5$#q,´ Joukowski �œ�? (6) 
¼ Filon �œ�? (9) �">Û�Ø�¯�`
�	»5Y#q . �? (14) ,´1\�9N©
��*

)à
X�95$#q , �Ç/j#q
A#ÑGÿ ! x = �r 2 x �)
8�Ë�•�9CQ)^ . �v�j�Ç�`F	N©,´�§�ƒ�’�? , �õN«"r�Ç  

,´4ï	FF�
j@� , ?ñ
>. F	Gü, �x63���? (14) ,´5��´ . �n'f , �9N©0��6G-�§�9 (n � r ) � F ,´�’�? , �¦�]

F �j�+�?�PGÿ
j , � �j�+�…
��Î�í,´�PGÿ�F1Ç1V�ˆ0� . �¾�_0û	£�#�`�¯�y Stokes�Ê*6 : �)�+�?Eé+|

�j @S,´�"M’ S, 9� F F�5��Ã�6!å
��Þ , �I�9
Z

S
(n � r ) � F dS =

I

@S
dx � F (15)

6<�)L��"M’ , �? (15) 
#Eé�jM&. 
�!” , +a�? (2)�Ã�? (3) 
¼�? (14) 
�?ñ , �²�Ì � 
¼  %�Cã�¯�y Stokes

�Ê*6,´�‘�& , �a�J
��`M&
8�Ë,´�ŸB\ (	5�� D'Alembert ,´M&Lk�Ë�ŸB\). �§�ƒ
`B$ , �? (14) 	5
[�¶

�0�ZGý?±�T�Ý (�w�Z,´�_ , Stokes �Ê*6,´F	�Z�Œ+X , �l�~!”�}"Ñ�9>Û���`E÷ ):

4ë `�õM”!™�O�]�Ð*< . U��]
%	Á5_�Ð�n#w	}Lq�Ñ�Â�ž�›8 � 
Â  
^�Â5*�,,º�P�r�] (#w��


�F�FP ) 
Â�?5*�,,º�}�8�] .

�¼5$#q� 
¼  ,´�J�l�W�_'Ï.�,´ , �"
X�? (6) 
¼�? (9) �n/j�*�• . �95$#q���_	…F�FJ,´ , 	wLk

�Ë
�7-�•8� � 
¼  ,´�w�2�W . F	�Z�M�#�•8� Goldstein (1931). #��? , F	/ý�J�l�W
¼�w�2�W
�7-�*

)à
X4å Z�ï�] , FO�Ö
j
¼�¦��
�#{(™*6Gÿ�õN«�_	…�l,´
¼MŽ�w�2,´ . +a�¾F	�Z5��Ì , � 
¼  �],´

!“�IG��6
XAÑ1Ç	wLk�Ë�&
���+•	ë , 6<�³��,´�w�2G��6
XAÑ1ÇFO�Ö�&�õN«-(�Â�å#¸ .

�Ä�ƒ-;�` : �)�¾#q��	üF�FJ,´�¼5$#q , (™�ƒ�EC§,´� �Ø Helmholtz �ï�Z�õ�k�_�J�l,´ . �²�Ì�p

63<•,´#q���_ V1 , �³	5
[�¶�p�9� �Ø , �»�²�n#q�],´�˜G�#ÑGÿ
j , FÓ�x�J�l�W�¦�=�*)à . �vF	�&

V1 �]�=�Ý�;>|,´
_�Ø#Ñ�¯�Ç#q
j�õ'f�_MŽ�Ê�h,´ . �Œ�j V1 �€��,´�Ê�h#q�� Vst �k?±�º
_�Ø#Ñ

�ÂL”
X�F , �õ
XF	�&4å Z�ï�}
�7-�_�J�l,´ .


<*6 , �)�¾#q��	…F�FJ,´�95$#q , 
X�Ê�h#q�� Vst ,´�;$h�+�?F�,´�n#q�ZM’ W �: , �õ'f�ý�9�n

#Ñ0¯E÷, Vst �=
�7-�¼�˜�ú���p�9� �Ø
j . F	�_ � 
¼  �§�9�w�2�W,´	Ï
��p
X . �;M’,´F�
j@�Añ�Î

�¶F	/ý�w�2�W , �³��
XAÑ1ÇFO�Ö
j�&,´.ž-(#¸ . �=E÷, � 
¼  ,´�95$�w�2�W�_
V�ÿ�¦�¼5$�J�l�W

FÓ�g
XMŽ4ï�WF�
j�•�ˆ
X , 	¤�_�Z�J�Z�ðP¼�•Lî���ðP¼,´L�NÈ .

3.3 4ë `F�
p,º�0�b@��ï#�

�j�¶�¼�@
�	»5Y	wLk�Ë,´�95$�Ø�¯ , 
<�&�)
�	»5YF�
j,´4å ZE÷0;9ç�ÇGÿ	F*6@� , M0?±@��À


`"r�Ç�Ê�h
�	»5Y Oseen�é0;@� . Filon 
¼ Goldstein ,´�é#��_�+�® Oseen�é0;,´�¼�74×� @� , �=�r

�ÇK¯. �v#��?�`
XF�
j?ò��65-;�• , �+�…�9L€(™�ƒG-
�?ö�j&é(æ5��´ , �H5‡	� (2016) Eœ6<G÷+X�¶
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1°#1�Ç�J,´�*�\@��é#� . F	/ý�é#��_�Ð��*6���–L’ Lagerstrom 1y (1949) 
X�0�-5	#§�Ë,´.D0¦�Õ


z�]���*,´ , �¦�]	5��4ï	F NS �é0;4å Z�6@�,´3+5�AêF . 
��������º4ï	F NS �é0;�*�\@�+X�¾1°

	FEé+|�r*6Aê,´�MB��¦�Z�@�Ï , �_+XKI�¶
`�é .

4ï	F4å ZF�
j�*�\@��é#�,´?±&é
����²���²�; . OÆ�x, (™�ƒ5	#q
j�í�Ð�0�Z�F�Ë , �³
X4ï	FF�


j>˜)à�j�}�¾	Ï&é,´&é(æ�Ë

f = �
F
� 0

� (x ) (16)

F	GüF �_(™�ƒ
��`,´
8�Ë , � (x ) �_ Dirac Delta �-�  . F	�Z�F�Ë,´�ˆ
XB$�> , � 
¼  �ÿ5�,´4å
j
¼

 Z
j�=�ÿ���µ�FEé+|,´4ï�W
jFÓ�g�Â-()�0û , 6<�_�Â-(6V
8

� = �
1
� 0

F � r G� ;  = �
1
� 0

F � r G (17)

�¦�] G� 
¼ G �_4å Z
j,´�*�\@� , 
�+X4ÿ�¨,´0��6
��’
¼(©!º�-� �é#��Š@��À.D0¦ , 
X�¼5$
¼�9

5$#q�]�9�=
<,´�’�? .

3.3.1  `
p

�F�Ë F �×+O,´ Z
j , 
XF�
j f = 0 %�CãOseen�é0;,´�û�ÖG��6

�
r 2 � 2k@x

�
! = 0; k =

� 0U
2�

(18)

�>PœC›� ���£ . 
�
�)àFO�Ö,´ Z�6Gÿ�ý
��6@��*�0�Z���ûG��6

u  =
1
� 0

r (F � r G ) + v; v = �
1

4� �
� F ; � � 4� U@x G (19)

�¦�] � !“�_ Lamb (1932) �E�•,´#ÑGÿ�ï (Lamb ,´5��Ì�õL€�¾�Ê�h�¼5$�FE¤�)0 #q ), 	£#ÑGÿ�k
�

�É�@

! = r � v =
1

4� �
F � r � (20)

6< � ,´�n#q0��6
Z

W
� dS �k1y�¾ 2� =k, +a!”
�Añ , �\�•J¸�)F�
j;´�n#q�*0û,´ Taylor �T�ž (8) ,´

1\�9�? , 
X4ï�WF�
j�•�@0û . 
4 1 �»/j�¶ � ,´�Á
. . �)�95$#q , 
�)à G "ï x !“	zE¤�9�w�2�W

G =
1

4� U
� [0; k (r � x)] ; r =

p
x2 + y2 + z2 (21)

�¦�] � (�; �) �_�:�=�¼�7 Gamma �-�  . 
�!”  �•�9�w�2�W . F�
��Ç�`�0�Z1°	…,´
8�Ë�œ�?

F = � � 0U
Z

W
vdS (22)

�? (22) �_ Goldstein (1931) �)�=
�	»5Y#q,´�0�Z�]L$5��Ì . 	Š�·�7�* , Goldstein �Z7-�Š�`�Å,´	Ï
�

�{�0�_"Ñ7-�º4å Z�6@�C_�«�`�Å .

3.3.2 4ë
p

Tÿ�W4å
j,´�*�\@����ÍC†�¾M'B*�  , 	ø�ÍC†�¾PœC›�  M = U=a, a �jF�
j�‚�Ê� FO . 
�!” , �=

�õ?±�6�[63<•�¼�Ã�95$,´@� , 6<�D?±J¸�)�Ê� FO�ÃCµ� FO
¼F�� FOF	�9�ZFO�Ö93
$�6�[.D0¦ . �W�ƒ
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z
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x

a                                                                                                   b


4 1

#×H��õ � (k = 10) ,º�Ç
4 , 	Õ&ï�p�}�8&ï , �¬LzF�
��rF��]�Ä 1 (�c�ù0°,³�: ). (a) �Â5* , (b) �?5*�/

0&�©M˜

�:B$ , �Ê� FOF�
j,´>|�j
¼�=
�	»�08$ , 
����0�Z
��’ � =
p

1 � M 2, 6<�D�k�,�x�Ä�_��Tÿ,´ ; Cµ

� FOF�
j�IM•
��’ B =
p

M 2 � 1 
¼ M =
p

2 ,´#q�Ø6„3+ . Gý?±,´�_ , 4ÿ�¨"D�ƒ�Ø�Ë�–
¼Q�FO0ª"D

�Ø�Ë�–�0-$�_�=63<•Tÿ�W,´ (Tÿ�W�x�Ä
�
XLt-p#qEé+|�r�]�*)à ). Cole 
¼ Cook (1986) 
X�¦D�� 

FO0ª"D�Ø�Ë�–,´�C:‡�]�º��TÿF�
j�Š�`�¼Lf� �Ø , �ý�=7-
�)à�¦!“.ž,´$@F�>|�j . 6<	Š�·OÆ!QAñ

�> , D�Cµ� FO,´F�
j�õN«�_Tÿ�W,´ , 
V�I��#�
A��0§F�,´
w	0#q�y%�E÷$Q . �T�¦�_ , 4ï�WF�� FOF�


j�õ�ˆ
X�¾Tÿ#q�] . Tÿ�W�x�Ä>˜)à�j	ò� 

� =
�M 4

2BU
� 1; � =

� �

� 0
+ ( 
 � 1)

�
� 0cp

(23)

F	Gü � 0 �j� �™�“3+�  , � 
¼ cp �6�[�_'��™�“3+� 
¼�Ê	»"�'� . �»�² , �)�¼5$#q , FO�Ö�ï � 
��6@�

�@�)	w�Ë L 
¼Lk�Ë D �9CQ)^,´�TG��6

� =
L� l + D� d

2� � 0U
(24)

�¦�]�)Cµ� FO#q�9

� l =
�
2

sgn (z) erf

 
x � B jzj

2
p

� jzj

!

; � d = �
�

2B
erf

 
x � B jzj

2
p

� jzj

!

(25)

+a�¾ � � 1, � �k?±
XPœC›#�x � B jzj � 0 LtF�"ï#�
A�9�n:‡
�	F (
4 2). (©�[
` , Lk�Ë�ï � d L”	Ï

&é�F�4�4F�5� , �v	w�Ë�ï � l 
XD�Cº x E¤�&�9L$�Ý (#� : <­'f	w�Ë�ï�\DÛ
XD�Cº x E¤�&�9L$�Ý, 	w�Ë

�ïB!�,,´FO�Ö
X x E¤LtF�	¤�_F�5�,´ , �D���7� > �ÿFO)·C»�¾M& ). �)�Ê� FO#q�9

� l = sgn (z) atan
�

x
� jzj

�
; � d =

1
2�

ln (x2 + � 2z2) (26)

+a�¾Tÿ�W�=�n
[�¾�? (26) �] , �Ê� FOF�
j,´�k�,�x�Ä�j��Tÿ#q�Ø , � �Ø�6�3�¾�¤�Z0ªL$ (
4 3).
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4 2

C»�&FUFU�Ü�õ2�= � (� = 0 :01, B = 1) ,º�Ç
4 . (a) 	}�Ñ�õ 2� l =� , (b) Lq�Ñ�õ 2� d=�

2
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0
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z
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4 3

�Ð�&FUFU�Ü�õ2�= � (� = 1) ,º�Ç
4 . (a) 	}�Ñ�õ 2� l =� , (b) Lq�Ñ�õ 2� d=�

3.4 5��6
>�Ñ�Ð*<�D
%#•
>�Ñ�¢�E

�9�¶4å Z�ï
¼FO�Ö
j
XF�
j,´@��À>˜Eî�? , �a
��Ç�`	Š�·,´�h�ó5��Ì :

�L��+‚�Ð�n#w,º5��6
>�Ñ�Ð*< . 5��1�E(Ÿ�‰,º n 5*U��]
%	Á5_�Ð�n#w�’+^
^(Ÿ�‰�@,º
>�Ñ

�e

F = ( n � 1) � 0U � ��� � + � 0U Q ; n = 2 ; 3 (27)

�n'f , 1\�0N©�_
²-$�¾�•#q,´�Ë	£�¯�y,´	w�Ë , 1\�¼N©�_"ï�•#q,´�Ë	£Lk�Ë . �)�¼5$#q , �? (27)


¼�=
�	»#q,´4ÿ�¨�œ�? (6) 
¼�? (9) ��	ú�? (14) �¼�˜-(
< . �)�95$#q , +a�¾#ÑGÿ�6�3�>�¼5$�6�3

�9�i�\	j�[ , �¦	w�Ë,´>˜Eî�?� �­�_�¼5$#q,´�T�= (�¦MŽ	w�Ë,´N´#{�l�W�¶�0�= ). F	�Ë�œ�?�>M'

B*� 
¼PœC›� ���£ , \Nature would never care these numbers if it could recognize scalar and vector

potentials" (Liu 2019). �j4Ú�%,®�¤�},´�xP¡ , F	�Z�Ê*6�•
�0 �j�¯�y Kutta-Joukowski-Filon �Ê*6 ,
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1°0 �¯�y KJF �Ê*6 (Wu et al. 2018).

�jAñ�>�? (27), +X�? (17) 
¼�? (19) 
��Ç

u 0 = �
1
� 0

F � rr (G� � G ) + v (28)


��j u 0 
¼ v �_!“�I,´ , F � rr (G� � G ) F	�Z�ï�•�_!“�I,´ . F	
���
XAÑ1Ç ��� � �&�º�³�þ�? (17)

1\�0�?�]�“L” , �™�;�9�x,´ � 0 = � F � r G . 
��0�éM’ , AÑ1ÇQ �&+X�`,´�I�_ F � r G . �p�� , 
�+X

�0�Z G ,´@��À>˜Eî�? (21) �aCã�O�¶ . 5��Ì�Ç�`

��� � = �
1
� 0

Z

S
(n � r ) (F � r G ) dS =

F � ex

2� 0U

Q =
1
� 0

Z

S
(n � r ) � (F � r G ) dS =

F � ex

� 0U

(29)

�þ6<�Ê*6�ÇAñ.

�9CÓ,´�_ , F	�ZAñ�>�õ�þ�? (16) �*
�AÑ1Ç ��� � 
¼ Q , �=�ÍC†�¾�}M’�þ
8�Ë,´Eé+|0��6>˜/j�,

�*,´�? (14). �v"�E³�? (29) 
¼�? (14) >˜�> , FÓGü,´4ß�95$N©�J�­CQ)^�¶	w�Ë,´�0	z

� 0

Z

S
n � r (U �  )dS = � 0U � ��� � (30)

�j�…�²!” , �J��@�Gú .

F‡�î,´�_ , �? (27) <­'f*6Aê�:2î.ž�žF2 , �v u � 
¼ u  G-�=
�#{Gÿ , ��#�
X�ÎP¼
¼AÑ1Ç�]-$�Õ

�ðP¼. �=E÷, �Ê*6�0��.ž0û , F	�T�Z�6FO�Ö,´(©�Ê0��6 ��� � 
¼ Q �a0û	£
��@ \ �¯�y
�#{ " ,´�¶ : �)


XTÿ�W
�	»5Y#q�]�×+O�Ê�h (�F�&
w�Ê�h ) #q,´�+�…(™�ƒ, 
�?±#{�*�F1Ç�*�³�p
�,´	w�Ë
¼Lk�Ë ,

�6�[L”�� (n � 1) � 0U 
¼ � 0U, �a�Ç�` ��� � 
¼ Q �¶ !

�ƒ'f , �0�­�_�®�`
X�ð�x�‘�&�; , ��� � 
¼ Q 
���+X-$�Õ
�#{Gÿ,´0��6���/ . 	Š�·�®�`�¶F	�Z

�‘�& , FÓ�a�_�? (27) ,´F��;$h$@F��’�? : 
��Ž�¾ Vst ,´�� V, �¦�:$hEé+|
¼�×Eé+|F0�`Cã�OF� , �¦

�;$hEé+|�_�0�Z
²-$�¾�•#q,´F��n#q�ZM’ W . �I ���  C»�¾M&�DQ 4ÿE÷�6G�0��6
�	F�j#ÑGÿ.�
X

W �:,´0��6 QW

QW =
1

n � 1

Z

W
(z! y � y! z )dS (31)

�³
XF�
j>˜)à�j�n#q�ZM’�:,´�k'C�•�a . 
�!”

F = lim
x W !1

(� 0U � ��� + � 0U QW ) (32)

�¦�] ��� +a�? (1) �Ê�y . �õ�)�95$#q , �•
��º ��� �É�j

��� =
Z

W
x ! x dS (33)

�j�é�ï+X�ÎLu#{Gÿ�FAÑ1Ç�ðP¼F	�Ë
�#{�œ�? , 	Š�·�*�¾Lk�Ë�œ�? , �)Eî�`4ï�WF�
j,´�0�?D
/ë5	

�*�¶Gÿ4×�`AÑ , 
�)à�0LîEî�`,´F�
j�_�¼5$F�� FO,´ Z�×�é
A . �p�� , Cµ� FOO��j
X�0�72£Q�0ª�×

+O,´N#(6�ý7-�P�`
`M’ ; 6,�…,´�0	s�=D
/ëF�"Ñ�`Eî4ï�WF�
j !


��0�éM’ , �m1Ñ
�	»5Y#q�T�¦�_Cµ� FO#q�9�=�r,´%ð#��Ã'å�Î1y�•8�4å
j,´E÷0;�>5��´ , 	ý�P

F	�ËE÷0;,´(©�±Gÿ�²6ðGÿ�Ã$Y�Ö�Ã'å1y
X
8�Ë�œ�?�]G-F0�`�…
>�@�jLÀ
�Gÿ . F	�_
��j , 4åE÷0;
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xW=1

xW=2

xW=5

xW=50

xW=100

xW=400

1.2

0.9

0.6

0.3

0

C
l

0.20

0.15

0.10

0.05

0

C
d

0.1        0.5           1.0           1.5           2.0

M

0.1        0.5           1.0           1.5           2.0

M

a                                                                                                   b


4 4

C»�j+‚62
Á RAE-2822 	}Lq�Ñ31�¦LÅ�›#wP¢C¡�¦
�	L,º�(4õ . A×1Í	ø�¦ Re = 6 :5 � 106, � = 5 :0� .

�Ô4õ: �=�ü�÷M˜0%�<�¢�E�L*<AðNº#•�¢�E (27) ,º5	�Ò . 1\
- : $FF��¢�E (32) 
^�t#w�`M˜�ƒ�Ä xW ,º

5	�Ò . (a) 	}�Ñ31�¦ , (b) Lq�Ñ31�¦ (Liu et al. 2015)

G-7-Eœ	F�j-(�Ä,´#ÑGÿ
j , �³��
X�;$hF�
j> �ÿ,´"�E³�� , �º8�DÛ,´�ˆ
XEœ	F�@#ÑGÿ�6�3,´(©!º

	 Aà (�»�² , �_�"%ð#�
>M’�×+O,´#ÑGÿ
j"�Eé+|�r�n#q#ÑGÿ�í�¯�Ç�J , �v�Þ�a�Ç�J ). �þ6<�õ+‰�;> 

�ÿ�Ç�0F�,´#ÑGÿ,´4ï�W�-�  .


4 4 �_ RAE-2822 6,
»	wLk�Ë,´AÑ1Ç5��Ì
¼*6AêN´#{,´"�E³ , AÑ1Ç	ò� �_ Re = 6 :5 � 106,

� = 5 :0� , B�?ñ�·)^ Liu 1y (2015). �Î4ï�_6,
»>˜M’�Ä�Ë0��61Ç�Ç,´�l , �º�³�ƒ�Š*6Aê�7�ö , �•�a�_

�? (27) +X � � 
¼ Q N´#{,´�l . &é(æ1V
'�_�=
<�n#q�ZM’�}5ž xW �:+X�? (32) 1Ç�Ç,´	wLk�Ë . 
X�Ç

�`�? (27) �{�} , �.4ÿ���j�T65,´���_)ßGÿ*6Aê
*�9,´B��� , �¦�ÎFÓ!“�_ �  ,´CQ)^ . �)�¾	w�Ë , 
�

-;�* , 
X5	�Ê,´ xW �; , Taylor �T�ž7-%�Cã�`F�� FO , �0���*)àD�� FO%ð#�
>,´#ÑGÿ
j , �  �a�9�¶

"�E³�>�n,´�x�Ä . �`Cµ� FO	j , +a�¾�n#q
X�Ì%ð#�	»�f�;Lî���™�í , �  ,´�x�ÄL¿PœC›� �Î�Ð�
�1

�j�0�Z�?6<�9L€,´�l , Taylor �T�žF��l�@0û . �vL¿ xW �Î�W , �  
X�¤�ZFO�Ö93
$G-�¸���ÿ�a , Añ�Î

�¶�? (32) ,´N´#{ .

�)�¾Lk�Ë , �9�? (32) 1Ç�Ç,´
¼�? (27) N´#{,´
X�Ê� FO�>Cµ� FO	j�08$ , �}65�_
��j#ÑGÿ�k?±

�•$À�¾Eé+|�r , 
>65�I�_+a�¾�Ì%ð#�,´	»�f�,8$#ÑGÿG-Lö�]�¾�9L€	j�� . �v�_
XD�� FO	j�T65��

�[-(�ƒ�W , 	£�¯�ƒ xW 
��` 400 �Z�VK¯�& QW �•"Ñ�9�f�‹�` Q , F	�_
��jD�� FO	j,´!“%ð#��×+O

,´#ÑGÿ�J�,8$�¸�í,´�nF) . �*�¾4ï�WF�
j,´�0�?D
/ë�`AÑ , !”�&4ï�WF�
j,´ Z�×D
/ëEî�` O(108),

F�F��W�¾AÑ1Ç��,´�j�Ö .

3.5 �ï#�Að(¯8¨�E5	

8#!” , 
����)F�
j*6Aê,´�é#�Aê(©8¢�Š��&é	ý�M .

3.5.1 *<Að,º4õ�]5	�º


X�p�9
8�Ë*6Aê�] , 
��9F�
j*6Aê�Ç�`,´	wLk�Ë4ï�W
`�ÍC†�¾� �Ø#q
j , ��2î.ž	ø1°#1 (#� :

Burgers (1920) �¤�0�K,´MŽ�Ê�h
8�Ë,´�âGÿ*6Aê , �FAè7-
X1°#1�Ã2î.ž
¼�08\�W�:�>�? (27) �â5¾.

F	�T/ý*6Aê,´�Ä+X93
$�J�­�Â>• . 
X�âGÿ*6Aê�] , 
8�Ë�•�§�9�)#ÑGÿ.�,´4ï�W�ÍC†�W , �v0��6
'�F
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F��9�&L$�,� 1Ç�€ , 6<�D�Ø�¯�`
�	»5Y#q�9�Ë�pL€�W , 	ò?ñ Kang 1y (2018)). �n'f , �,8$F	�Z0±�*

(©8¢,´�£K^�_�þF�
j4ï�WF��l�*
� . �jB$�>F	&é , �)
<�g�‘�&�;,´F�
j
8�Ë�œ�?
¼F�
j�œ�?�Š�Z

"�E³ . �þ��Tÿ�=
�	»�œ�? (5) �*
� , 4ÿE÷�0�Z�‚1y�?	£�Ç Prandtl #Ñ�Ë�œ�?

F = � 0

Z

V
u � ! dV (34)

!”�?,´>Û0��-�  u � ! 	£ Lamb .�Gÿ (F	Gü�-+•CO
' ) ��>˜�0�ZMŽ4ï�W"D�Ø�Ë , �³M0?±FO�Öu 
¼#Ñ

Gÿ! �¡�ˆ , 6<�Ë,´�é
A�k
¼�¼65
²-$ , �p���=�Š�Ï . 
X�pG��?�y�; , F	/ý�Ë!“�_	w�Ë,´(©&é . )à
X


�?ñ , 9��? (34) �]FO�Ö,´�]�l�_�•#qFO�Ö U , �³�a0û	£1°	F�@4ï�W�œ�? (7). �)!” , von K�arm�an 
¼

Burgers (1935) �"5	�*�¶Añ�> , �v����,´�é#�
�F2+X�¾�¼5$#q . 4ï�W>˜Eî�?�=�_�k7-M•�]�l�Ê*69ç

�Ç,´ . �? (27) 
¼�? (32) �],´�95$	w�Ë�œ�?�_�Z�]�à,´
�)à .

2«�l
` , Tÿ�W,´�E�•�,8$�0�Z
»Lk , 
���>˜/j�@�k	»� �Ø,´�n#q�ZM’0��6

D =
Z

W
(P0 � P) dS; P = p +

1
2

� 0ju j2 (35)

�¦>Û0��-� �•�_MŽ4ï�W,´ . �)�¾�95$#q , �? (34) F��9�ZMŽ4ï�WLk�Ë�6Gÿ	£B!�,Lk�Ë , �³
¼
»Lk,´


¼�_�kLk�Ë . 6<F	�Z�kLk�Ë
X�? (27) �]	¤4ï�W
`�ÍC†�¾ Q . )à�".žAñ , B!�,Lk�Ë
XF�
jC»�¾M& ,


»Lk�a�@�j�kLk�Ë (Zou et al. 2019); F	
XF�
j*6Aê�]>˜)à�j QW C»�¾Q .

3.5.2 *<Að,º�¤F8�]
��¬(Ÿ*<�o$Æ


���-;�` , �j�¯F�
j*6Aê�§�9�žF}�W , OÆ�x?±�º
8�Ë�œ�?Gü,´
�Gÿ�˜+XF��Ø�–
�Gÿ>˜/j . �»�Î

�: , �? (14) !“�_�? (5) �)Tÿ�W
�	»5Y#q,´�Ø�¯ , �¦�]!“�Ä�Ë
¼�7�Ä�ËG-�=?ñ�¶ . �v�`FO�ÖF	�Z�r

!QF��=�O , F�?±FJE÷4å Z�6@��;"¹�`
�Gÿ,´�0�Å�r , 	£4å Z�ï . 4å Z�6@��_�Z4ï�WF�1Ç , �ƒ'f
XF�


j*6Aê�]7-
��U�`�±8$ . 5��Ì , +a Stokes�Ê*6F�6<
�)à , 	wLk�Ë
�#¹	ú4å Z�ï(©�9,´�J�l�F�w�2G�

�6 , �³��
¼0��6��,´F9
����£ . F��0!•,´F-0¦>˜�> , F	/ý�J�l�W
¼�w�2�W�_�Ê�h#q�� Vst �õ'f�7�¢

�n#q�p�V�•,´(©�9�WCX , 6<�n#q
A�;$h�&�h�`F�
j�&�õ>˜)à�j#ÑGÿ
j . F	�Ë-(�ƒ$!�k,´
�)à>˜�> ,

�«�Å,´4å Z�6@��¸�9�Ù�¾��/jL�NÈ,´(™*6�\CX .


X�žF2*6Aê�] , �=�r#q
j�9
4/ýMŽ4ï�WE÷0;�>5��´ , �»�²�ö�Ö
�	F�Ã$Y�Ö�ß�Ö�>'å�ß�Ö�Ã#q�Ø

�6/ë�Ã�û#Ñ�Ã%ð#� , �s8#Tÿ�W3+� �)$Y�Ö,´MŽ4ï�W�ÍC†�W , �³���)
8�Ë�_�=�_G-�9�¡
ý�Û9��9 , F	

�Ë�¡
ý�²�…G-7-�06Ñ7A�o�‚5��j�³���) ��� � 
¼ Q F	�T�ZF��Ø�–Gÿ,´�x�Ä , 6<�D)�0û�¾M'B*� 
¼

PœC›� ? F	�_�Z�¸$!�k,´L�NÈ , �¦1„�x�þ�? (29) �]
���-;�*1��Z . FÓGü, 
��9�0�Z Z
j�*�\@� G 

�04ø	ò�>�¶
8�Ë,´AÑ1Ç , 
X�=
<PœC›� �;�9�=�r>˜)à,´4å
j�*�\@� G� �¦�=�*)à , 
��j	…M•�}65

	£Cã��>˜Eî4å Z�ï�J�l�W
¼�w�2�W�)
8�Ë,´�ðCQ)^ . �v G� �=�*)à6ü
>,´(™*6�i$À , �s�_4å Z
j


X#q
j�µG�
¼Eé+|�:,´�µ/°6V
8FP�@,´ . �»�² , �G�p
˜.� , ��TÿCµ� FO#q�],´	w�Ë
¼#�Lk
���+X%ð

#�
¼7Ø6ð#�AÑ1Ç�*�•; �v�=�õ�_�"%ð#��J�×+O�6�3#ÑGÿ6<
XF�
j+‰�;CãF) , +a�¾
XTÿ#q�]%ð#�,´

�iG��dL¿�¸�j,´F6	»�ß�Ö , �³FJE÷TÿLt�‘�&�•
����,8$�¸�j,´�pG�Eé+|#ÑGÿ#q (BVF), 
�6<�ê��

�•
���+X(™M’ BVF �6�31Ç�*
<�g,´	wLk�Ë (Wu et al. 2018).


�!” , 
XF�
j*6Aê�]
�7-FJE÷�x�»�§�ƒ�6�À,´�»�õ , 
XF�
j*6Aê�]
��Ç1°	…�>�¶ : �=�r,´
�	»

5Y4å
j�)	wLk�Ë
��9L$�Õ,´�¡
ý , �þ6<	wLk�Ë,´�œ�?�>�=
�	»4ÿ�¨�œ�?�§�9�¼�˜-(
<,´�’�? , 6<
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�=�_
¼���ZCµ� FOPœC›� �² M =
p

2 �;,´�œ�?-(
< . �’@0�{ , 	wLk�Ë,´(™*6�i$À�J�"�¼�˜�i�=�¾

�=
�	»Tÿ#q�{�] . F	�Z
�)à�j Batchelor (1967) ,´�0�Z?ò&é���Ë�¶�à,´Añ�ž , ��AÔ�j�=
�	»Tÿ�W#q

�ƒ�4�¾#q�ƒ�Ø�Ë�–,´�]�ó , 
��j�W�J� �*�\�²�%
X.D0¦�9�µ�™��,´#q�ƒ,´�9�û#q�Ø�&G-7-$5� 
`

��/j�*�• .

3.5.3 F�
pM”4õ�]
^F�
p*<Að�c,º(¯!À>ž)æ

�ƒ'f , F�
j5�#q�k�_Q��ÖMŽ4ï�W,´ . L”�¶MŽ4ï�W#Ñ�Ë�F, 
�	»5Y4å
j,´	ò�>�$�Ð�j�¶
4/ýMŽ4ï

�W, �²?ñ Liu 1y (2014). 6<5��0
8�Ë�Ê*6	¤.œ�_�º
XF�
jAÑ1Ç,´
8�Ë5�5�>˜/j�@�) ��� � 
¼ Q ,´4ï

�W�ÍC†�£3+. F	�_�Z�9CÓ,´�w:™ : +X4ï�W�£3+>˜/jMŽ4ï�W(™*6�=�_�=
�7- , 6<�_?±���*���' , 	£F	

�T�ZGÿG-�_�=
�#{,´ . 4ï�W*6Aê,´B���FJ�h�_�9�¦�>MŽ4ï�W5��Ì,´���[�•>‘Gÿ,´ , �v
XF	Gü	¤�_

+X
��T�Z�=
�#{Gÿ ��� � 
¼ Q ,´�W�?�•>‘Gÿ . 8�'f+|�a��F	/ý�w(©,´�é�?�n/jF�
jMŽ4ï�W,´N­�j

�ˆ
X�W . 5��Ì , �`�¶4ï�WF�
j , F	/ý \ B��� " ,´.ž8�'f#¸�a�¶ .

4 )åH��D	}�Ñ,º(Ÿ*<�›$Æ

���:AØAê�¶�žF2*6Aê,´�é#�Aê(©8¢ , )à
XEœ
AAØAê)ßGÿ�>	w�Ë,´(™*6�•$À. 
X�ž	ú,´�rM’�: ,

�0F��"4ÿ�*)à�¶�0�Ë
��Ì,´F�!• . �.�9�ZK¯�O>Û
-�µ�F�]�–
¼O�>|
ˆ�‰�€�¯#�G÷+X,´ \ 1yEœ0+*6

Aê", �³
X1\�0!Q�F+|�W�H5��•�}
X9!
-�.�_�_�0>Û�Õ
�,´@�Gú (Ackroyd 2015): 
X�}5H�6�{,´#q

�ƒ�õ
X
>5H"w
8 , �p��
X�0�Z�9�k@��FMŽ�)0 ,´6,
»�: , �:6,M’#q�ƒD��Ç"��;6,M’�� , �¾�_�i�ž

Bernoulli �Ê*6 , �:6,M’	»�Ë�~�¾�;6,M’ , 6<�×+O�¶	w�Ë. �v�_ , Panton (1984) 
X�¦�=
�	»#q�‰�€�]

�0��5	�*�¶ CFD ,´5��Ì , >˜�>
X�}5H�6�{
> , �;6,M’#q�ƒ�`Eî
>5H�{�} , �:6,M’#q�ƒ���"D��`�n

#qGü	ë�¶, �:�;>˜M’FO�Ö��"� \ 1yEœ0+" ?ô�Ê,´�W�Ç�J . F	�Z5��Ì?ñB(�$�J�–�:
¼5•5��{
> , �ê�‰

(x�]�–�É(™*6�ÊB.�\ 8 �¤4×�;�¼
X 2020 �¤(x#¸L”�¶ 2019 �¤(x�: \ 1yEœ0+" ,´?ò�% . �v�_F	
�#¸L”

�¶�j�…�:>˜M’#q�Ø��,´�0�ZKIB�@�Gú , 	¤�=7-���Ë�+�…�iF�,´@�Gú . �¦�Î , �¤�ZL�NÈ,´Lî&é�a
XF	

Gü. F	�Z�»�€>˜�> , �õN«
X�C�J�rM’�:�Š�*�«�Å%´$5 , �}�9
�7-�×+O�9B$�=�Ë,´�ž	ú�·1� , #¸L”FÓ

�ËKIB�,´�wB$ .

�É0��–5¾
-�ê�ÊCX+Á	w�Ë�•$À,´�·1� (Regis 2020)�0�d�aB$ : \ �þ�U�l,´� �–�rM’�:Aâ , ��0;�8

��.�Fƒ�²�…AîAÑ7-
XQ�0ª�]O�>|,´O��j , �v� �–�œ�?�¦�=7-@�Gú"D�Ø	w�Ë�×+O,´	Ï
� . " F	
�B


�FAèFƒ�*�¶�£�¾	w�Ë�•$À,´/ý/ý�wB$�0�9��>˜�W,´�Ø
� : �=
VAÔ�J�">Û�ÎD%Añ�>,´	w�Ë�œ�? , �v

�=-(���³6ü
>,´(™*6 . �;M’�6�Í�žF	�Z�T�Ý�…�0AØAê . B��·"ÑB$ \ �U�l,´� �–�rM’ " �:7-+X�•AîAÑ

O��j,´ \ � �–�œ�? " �_�ð�x , �v�0�9Ct�l,´�œ�?9ÛE÷�¾�ê���0'Ï.�,´4ÿ�¨,´ L = �U � �¶ , 
����6

�³0 �j \ 0ª"D�Ø�Ë�–,´ F = ma". �³�)	w�Ë,´!“.žN´#{�">Û��� �ÎP¼Añ�Î , 
4 5 �j�¦�0�» . 
.�]�k

@��W�¾� = 12 � �&*6AêN´#{�>�ÎP¼#{Gÿ�{L$,´�•���=�_ KJ �œ�?�9B� , 6<�_#q�Ø�6/ë�¯ � �l�•/ë

�¶�?�k@�4ï�WF��l . ��'f�³)à
X�">Û�Ø�¯�@�Ê�h	wLk�Ë�žF2*6Aê , �*�¾�³,´AêAñ�Ä�ƒ�0�9B$�=�Ë ;

6<�i�ž	w�Ë�))ßGÿ,´4ï�W�ÍC†�W , �Ä7-���01°	…,´�é�?-$�+L�NÈ,´�\CX .


�!” , �;M’�a��F	�Z KJ �œ�?�j�*.p�•AØAê	w�Ë,´(™*6�•$À . 0 "ïF	�Z�MD��…�0,´@�Gú�j \ )ß

Gÿ@�Gú", �³�¦�Î�_!“5�@�Gú ; 6<�º�=*6-œ KJ �œ�?,´@�Gú�F�wB$0 �j \ MŽ)ßGÿ@�Gú". �:M’��'f�"

4ÿ?ò���`	wLk�Ë,´(™*6�i�=�¾�=
�	»Tÿ#q�{�] , �;M’AØAê�=
�	»�¼5$#q�a�O�¶ . 
���-;�` : !“5�
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4 5

�/0&62
Á NACA0012 ,º	}�Ñ31�¦LÅ�›#w�q@�
�	L,º�(4õ . 0°�ù
<
> : �ÔPÂ5	�Ò, Re = 5 � 106. <•

4õ: KJ �¢�E�Ö Kutta �—�,
^4õ�]F��r�A,º*<AðNº#•5	�Ò , Cl = 2 � � (!š�, � 	‹�ƒ�p�]�Ü ) (Wu et al.

2015)

,´)ßGÿ@�Gú�0D�C �•�¦MŽ��LÉ
��ˆ , �ýM0?±5�5��Ð���¼�´ , Lî�Z�)	w�Ë�•$À�9FÓ�x�J�=
<,´� N# .

�\�·
XF	Gü�m
�7-5	�*�¼�¤,´FkEÁK.�‘ , �¦*6Aê4ö8²
w
�
X Wu 1y (2015) �]�®�` . �\8²�µ�é,´�0

�M(x�\ , �_�\�·1\�0�Œ65��>˜
��F�T�}��	ú�aH�Lc�ÃFé8B�6	Š�� , 
X�WF�*6���W�–8Z0ª8Z�Y�–L’

�p�Œ,´�Õ
z�É	w�Ë,´�•$À�Ê (2014 �¤ 9 �8 3 �� ).

4.1 ��U��õ#w : !™.¤	ª/”0�,º)åH�

AØAê�þ��Tÿ�ï#q�•�{ , 	w�Ë+a	Ï�û,´ Joukowski )ßGÿ�œ�? (6) �ã�Ê . Joukowski �.�´FP�¶
>5H

@��jM&,´ Joukowski 6,
» , �¦�6�¦�
@�
��’�`�9�ûEœ,´
6�!5�#q , �9
>5H Kutta �‘�&�ã�Ê�¶6,
»)ß

Gÿ(1y�¾�ûEœ
6�!5�#q,´)ßGÿ ), �,�*�¶	w�ËL¿�k@�
¼6,
»	Ê�Ö
�	F,´!“.ž?ô�» . 
XF	�Z�ï#q
.�Ÿ

�] , 
�7-Aî�#)ßGÿ�•8�6,
»�µG��0�Z�w�#,´#Ñ . F	�Z#Ñ�_
V-O�Î�ˆ
X ? Prandtl 	ú�¦�–+O�Š�¶:‡
=

,´�ÎP¼ . �����i�ž)ßGÿ�¸�‚�Ý�Ê , �0�Z0±'f
_�Ø,´�j6,�0��9ç�Ç)ßGÿ
¼	w�Ë , �0�Ê+Y�;�0�Z)ßGÿ1y

�l	ý
',´ \ 
_�Ø#Ñ", F	�Z#Ñ�¼�˜�µ
X#q�ƒ�] , 
���-$�Õ�n/j�*�• (
4 6). �¾�_�ê���þ
_�Ø#Ñ,´-$�Õ

?ò��
����Ø�Ý�*�j6,)ßGÿ	£	w�Ë#Ñ,´�ˆ
X . F	�Z�ÎP¼Eô�ú�ý>Û�W�J� �‰�€?ö�jAñ�>	w�Ë)ßGÿ�ˆ
X

,´4ÿ�¨Añ�ž .

�v�_ , �? (6) �0�*)à , �aOÆ�x
XN¦�F�–65�T�¦�_
X9!
-
¼!W#b�WLv,´�–65�{L$ , �EC§�¸�W�¹AÞ

(Darrigol 2005, Bloor 2011). 9!
-�–65	5�� Rayleigh, Lamb, Kelvin 1y�ê , G-�=-(���? (6). ����,´�*

�\*6+a�_ : �i�ž Kelvin )ßGÿ�Ê*6, �j6,�=
�7-���]+O�9
`�×+O)ßGÿ . �9CÓ,´�_ , !“�_ Kelvin (1869)

�*0û�¶)ßGÿ,´�²�%
¼�¸�‚�Ê*6 , !“�_ Rayleigh (1878) .D0¦�¶�ûEœ
6�!5�#q��@�Gú�²�…�+�*7-�"4ï

O�>|,´5•*3 . �)�¾	w�Ë#Ñ
¼
_�Ø#Ñ,´�ÎP¼@�Gú, 9!
-�–65 Je�reys 	ýP£B$: �þ
_�Ø#Ñ�Ø�Ý6,
»)ßGÿ ,

M0?±+X�`�J�JF
	ý�¶,´ Kelvin �Ê*6 , �p��KI+X�¶�T!Q , 6<KI�¶�T!Q�=1y�¾�)�¶�0!Q .

'f6< , Prandtl ,´���'�i
�LO�0�£�7,´�_�ØF��à�¤8Z0ª0��–,´
��… , )·�x
��Ç0±.d�Ã�™�W�H�Ì ,

�¦�Ä+X�¾O��jAîAÑ , 6<�=�_
€6<AêFƒ, �¯�9�£*6Aê,´
4�éM’G-�¼�7	F . �����Í�ž KJ �Ê*6�*0û�¶;´
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4 6

�6�`0·'l
e�Þ,º�p62
^�¬
D5N+_�0,º
e�Þ#× (Prandtl & Tietjens 1934)

6,
»4ï	F*6Aê
¼4öK¯�ƒ*6Aê , 
��…�¶�95$�j6,	w�Ë4ï*6Aê , �` 1918 �¤�•�Ê�¶4ÿ�¨�~FO0ª"D�Ø�Ë�–

,´�*.p . 6<9!
-8Z0ª0ª"D�Ø�Ë�–,´
��…�I�þ 1906�¤1ÇC§F�%��¶4Ö20 �¤ . 
"�æQ��ÖAô�' Prandtl �–

#n,´CQ)^, ����
X�6�ÀF	
j�¹Aê�&B$ : \Rayleigh, Lamb 
¼ Kelvin �)#q�ƒ�Ë�–�¶@��Z�J , ��8$��#�

�#B‘5��j6,,´)ßGÿ�_	w�Ë,´�k?±	Ï
� . �T�Z)�0û
`�Î�`F	�Z�##�,´�ê�I5j�•*6Aê(™*6,´AÝ4ó . ��

���0�Z�_��0;�8 , 
��0�Z�_�¤E«,´� �–�æ ." (Darrigol 2005) \ 9!
-�60ª"D�Ø�Ë�–�Ô5	� �–(™*6�–�æ ,

6<�ç
-�ê�I�60ª"D�Ø�Ë�–�Ô5	� �–2î$‹,´��0;�8 ." \ � � � � � � 
X�•�• Tripos (#� : 4Ö�7�•�•�W�–(©�9

,´�0�‡AÑ1Ç�@5�
¼63�h,´�é�? ) ,´�*.p�:
��…�*,´� �–(™*6�·	F
¼�ç
-�°�_�–L’
��…�*,´�°�_�Ë

�–�·	F�{L$�ˆ
X-p���2 ." (Bloor 2011).

�=E÷, )à
X
���	ý�M�¶ . ���'�i�–#n5$�Ô,´)ßGÿ@�Gú,´.ž+‰�;�¶*6Aê,´.��¯ . 
X��Tÿ#q�wAî

�; , KJ �œ�?.ž�_F
	ý Kelvin )ßGÿ�¸�‚�Ê*6 ; �w�#,´#Ñ�®�=�`)à�ÎE­�ƒ ; �•�=7-AÔ�j Prandtl �)
_

�Ø#Ñ,´�ÎP¼?ò���a�_�)	w�ËC§$À,´�¼�7@�Gú , �³�a�ÿ
XLc�y�;�þ�0�Z�ê,´�¡�€�Ø�ÝF	�Z�ê�*)à�¶

�0�g , �¦�=
�1„)ßGÿ�þ��Gü�• .

�j�¶*6@���Tÿ#q�],´)ßGÿ�²�%�…���=
�7-���ê%��? , M0?±
�N®�³�0�*�\,´�WCX . 
X�U�l,´��

Tÿ#q Q
»�] , 
X
<�0�ZEé+|�‘�&�; , Euler �é0;,´@��=�_�0 . �T�r"ï
<�0�é
AF��Ø,´#q�ƒ , 7-���=
<

,´FO�ÖF��Ø , �³���{L$�qAè-(�)%�0+	£�7
AFO�ÖL$�Ý , 
�?±	»�ËF�5� . 
X"ï(™M’F��Ø,´#q�ƒ
¼(™M’

�{L$�•�_�²!” (Bernoulli �h� 
����õ"ï!ÿ�0�r�=
� ). 
XF	�Z
.�Ÿ�] , 6,
»,´)ßGÿ��MŽ�_(™M’�:FO

�Ö�7
AL$�Ý,´
�D�0��6 , +a�•#q�‘�&�Ã6,
»�’(æ
¼ Kutta �‘�&�_�0
`.ž�Ê . 5��Ì�õ'f�,8$M&Lk�Ë

F	�Z D'Alembert �ŸB\ (1\ 2.4 8²�"���` , F	�Z5��Ì�"4ÿ>Û�U�l
`�Ø�¯�`�Ê� FO
�	»5Y�ï#q ). F	/ý

�7
AL$�Ý�_�0/ý(™CX�’�1
G ? 
X�U�l��Tÿ*6Aê�]�=�_ , 
��jL$�ÝM’"Ñ�9#q�ƒCX&é . F‡�î,´�_ , F	/ý

?ò&é�0-$�&5��`)à�� , �²?ñ Baker (1982). �ž!” , B8Aê�7
AL$�Ý8�DÛ,´%D	F�_"����?�y,´ . �v�²�Ì

�=�_(™CXE­�ƒ, KJ �œ�?Gü,´)ßGÿF��_(™CX,´
G? �H9��=�_ , �³���Ë	w�Ë,´�j�f�ƒ'f�aLî��5ž���¶ .

4.2 ��U��?��#w : 	}�Ñ�D)åH�,º�›$Æ�•BR

�)��Tÿ�ï#q Q
»,´1\�0�Z�iF��_F��•�9�û#q . F	�& Bernoulli 0��6�a�=�­+X�¶ , #q�ƒ,´	»�Ë
¼

�Ø7-�{L$"Ñ�9FÓ�g1°	…,´�£3+�¶ . Kelvin 
X�¦4ÿ�¨Aê�· (Kelvin 1869, p. 225) �]�.�)�û#Ñ (vortex)

�;�¶�Ê�y : \I now de�ne a vortex as a portion of 
uid having any motion that it could not acquire by
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uid pressure transmitted through itself from its boundary." �?�M�_ , �û#Ñ�_�0G��6
��+�?F��Ø,´#q

�ƒ , B�F��Ø�¦MŽ�þ�¦Eé+|�PE÷�•,´#q�ƒ	»�Ë�p8$ . Kelvin F	�Z#Ñ�Ê�y�_
V
8F2
��ƒ�[Aê (
d�û�{
¼

�˜Cº 2020), �v��F	!åB
$5�Š
`�7�*�¶�9�û#q�=7-1°	…
`+X Bernoulli ,´FO�Ö { 	»�Ë�£3+�•�ÿF . �»

�Î�: , Euler, Lagrange 
¼ D'Alembert 
X 18 �F4Ú�]
&�*0û Euler �é0;�&�a63<•E÷�9�û#q . �=
�	»

Euler �é0;,´�û�Ö�a�_#ÑGÿ�é0;

@t ! + u � r ! � ! � r u = 0 (36)

�ƒ�& , ����0û	£-;�` , �)�¾ ! = 0 ,´���û#q , Euler �é0;
���0û	£0��6�0!Q�Ç�` Bernoulli �é0; , �þ

6<�®�`@�; �v�9�û#q,´@��=�­�® . �p��F	�9�}�xP¡G-�n
A�¾
�.D0¦���û#q�a�O�¶ , 5��Ì�º#ÑF��Ø,´

.D0¦�ØF��¶�0�Z�F4Ú . �T�¦�_ , Lagrange (1781)���*�¶�0�Z�ï#q�Ê*6 : �²�Ì u 
¼ ! �9�+�?Lf�&L$

�,�  (@��À�W), �I9� t = 0 �&#q�Ø���û , �³�6"hF����û . �)�? (36) "rF@Lf	wQ�,´�&L$�,�  , �Y+X�¦

U€!Q�W�a7-Añ�>�Ê*6. 
>�• Cauchy 
X 1815 �¤F��0!•�ºF	�Z�ï#q�Ê*6:m�Î�`!ÿ�Z#q�ƒCX&é (	ò?ñ

Truesdell 1954, Frisch & Villone 2014). �ƒ Helmholtz (1858) 
¼ Kelvin (1869) �0�K#ÑF��Ø.D0¦,´�&�I ,

�����=1Ñ#ÑGÿ,´�•$À , 
�
X�¯AÔ�9�û#q�J�"�ˆ
X,´�}���;�*0û*6Aê . Helmholtz �9�Z#ÑGÿ1Ñ�Ê*6
¼

Kelvin ,´)ßGÿ�Ê*6�ÎLu�:�_ Lagrange-Cauchy�ï#q�Ê*6�)�9�û#q,´-$�Õ�Ø�¯ .


XF	�Z Q
»Gü , ��Tÿ�9�û#q Q
»�ý'f�qAè�7
AL$�Ý , KJ 	w�Ë*6Aê�],´)ßGÿ?±
��`�p�9F	�Ë�Ê

*6,´�f4Ö . �v�i�žF	�Ë�Ê*6 , 62
Á
^��U�#w�c,ºF��Þ��#��Ý+U)åH� , �•��#�@�H�
e�Þ#×,º#×H���

� H��› .

4.3 U��]�?��#w : 	}�Ñ�D)åH�,º(Ÿ*<E³�‰

�²�Ì#q�ƒ�¼�˜"Ñ�9Tÿ�W , �ê���J�O?ù�=�`"d�_$¯,´ (Goldstein 1969), Ci�,
X�¦�É(™*6�–Aâ�y�Ê

�]0 �{�j \ �¢"d ". $5Nþ
i�`7h�:�=�J?ù�Ç�ù�� , 
��j"Ñ�9'��Ô�’ . Lv���9�x+O,´
=@0 \ #q�ƒ4ÿ�=�•

�C, �0�C�a�C�*�¶#Ñ " �•�=&¥ , 
��jF	�& \ �0�C�a%� ", �i�\�C�=�*#Ñ , 
��9%�0+ . 	£�¯�9#Ñ , �•�_�•

	¶�=�> . �¦�Î , �þ�=
�	» NS �é0;

�
Du
Dt

= �r p � r � (� ! ) (37)


���-;�* , �>��>˜!“�Ä�Ë,´	»�Ë-(	ý ; ��>˜�7�Ä�Ë,´#ÑGÿ�µ/°
`
¼Tÿ�W�¡�ˆ , F	�}�_Lv���9�x+OB$

,´ \ �0�C�a�C�*�¶#Ñ ". 
��_
X Helmholtz-Kelvin �&���ê���"4ÿ.�Fƒ , �²�Ì ! = O(1), FÓ�x�)"d
¼0ª

"D�•B$ � ! N©
����-+• , 1V
8��Tÿ#ÑF��Ø*6Aê,´�ÿF .

	w�Ë,´!“5�@�Gú�•
��9F��•Tÿ�W#q�Ø�}7-Eœ�•
–FD , Tÿ�W�•8��dL¿#q�ƒ�6�€��?ô.à�Î,´�ØGÿ

�Ô�’�>�Ø7-�Ô�’ , �=1Ñ�³�9�J�? . �¦�Œ+X�{�0�_�é�y��Tÿ#q Q
»�]�p�9�µG�
¼Eé+|�:,´L$�Ý , �º�7


AL$�Ý
��@�y%�,´�9�û#q . Prandtl ,´Eé+|�r*6Aê
�1„�¶ D'Alembert �ŸB\ , �•��/j�* �p62)åH�,º(Ÿ

C^E³�‰�g�eEï+‚�x . �’B‘
`B$ , 
XTÿ#q�],´�j6,�=�_ \ ?( " ,´ , 6<�k0¯-p�0�r3WDÛ,´Eé+|�r>“�= , �j

6,,´)ßGÿ�¼�˜�•8�F	�r>“�= . F	�r>“�=
X�j6,
_�Ø�&%�:m�`�n#q , 
X8�DÛB!�,�;	§�@Lö�]#Ñ , �a�_


_�Ø#Ñ. �¾�_	w�Ë)ßGÿ
¼
_�Ø#Ñ,´(™CXE­�ƒG-:m�Î�¶ . �0�æ A380 �Ò�j , %�D��` U = 80 m/s �a7-7®

0ª6<C§, �ÐFO�` 250 m/s �a7-�15���8Z . �ˆ�n-p�6F� 600 t ,´GýGÿ, 6<
��Ø�j,´�˜G��Š�Ï
��_�j�¶�{

�=Lk�Ë���
�1�? (7) �],´FO�Ö U. F	�g���W6<8²7-,´	w�Ë , �u'f�˜G��•8��j6,
˜
$���œ�6	Ê,´Eé



1\ 1 �O 
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+|�rGü,´�ð#ÑGÿ ! F	�Z	Z�g�p�M,´
.�Ÿ , 	¤�_�">Û���  CFD 1Ç�»�p-$�Õ.žAÔ,´�»�Î , 
4 4 �p/j�õ

�j�¦�0�» .

1\�0!Q�F+|�W�H5��•
> , 9!
-�–65�`���'�i,´AïL��ó�@�¶�����þ��Tÿ#qEœ
ATÿ#q . 1926 �¤

�*)à�¶�)Tÿ#qAñ�Î�? (7) ,´�ÎP¼
¼*6Aê@�Gú, �*)à�¶ Filon Lk�Ë�œ�?. �©AôE÷��Tÿ#q
_�Ø#Ñ@�Gú

,´ Je�reys �•Eœ
A�*�¾ NS �é0;,´	w�Ë.D0¦ . F��*)à�¶ Glauert �£�¾0ª"D�Ø�Ë�–,´1\�0�\4ÿ�¨9!

B��‰�€ (Glauert 1926). Glauert �`���'�i
¼ Prandtl 
8�ŒE÷, 'Ï.��¦Eé+|�r*6Aê , �_9!
-�_�0
Š�Ê

�_�1 Prandtl �–#n,´�–65 . �m1Ñ�–�]�û4ý,´ Prandtl 	wLk�Ë�œ�?"Ñ�9Tÿ�WN©, >˜M’�:�_ \ ��Tÿ " ,´ ,

�v Glauert �jB3 : )ßGÿ*6Aê,´(™*6�*.p�_Tÿ�W#q�Ø, >˜M’��Tÿ,´"D�Ø�Ë�œ�?�@0û,´�‘�&�_Tÿ�W3+� 

� ! 0 �v � 6= 0, 6<�=�_�U�l��Tÿ#q�wAî,´ � � 0. F	�_6,
»�:,´Eé+|�r
X Re ! 1 �;,´$@F�F��l ,

0 �jM’#Ñ (vortex sheet), F	�Z�²�%�_ Helmholtz OÆ�x�E�•,´ . !”�&Eé+|�r
¼�n#q�š�7�r,´	Ê�ÖC»�¾

M&, 6<�r�µ,´#ÑGÿC»�¾��0§�W , �
�1�¦#�
A0��6�j�9L€�l	£M’#Ñ�j�Ö


 = lim
� ! 0

Z �

0
! dn = lim

� ! 0

Z �

0
n � @n udn = n � [[u ]] (38)

�¦�] [[u ]] �_FO�ÖL$�Ý, 
X(™M’�:	£�FG����û#q
¼(™M’FO�Ö�{�� . 
�?ñ , M’#Ñ�_(™CX,´6<5
�=�_MŽ

(™CX,´�7
AL$�Ý, �_Eé+|�r
¼8�+a�š�7�r
X��M063���™Lk
¼�r�µ#q�Ø�&,´1°	F Q
» , �³7-���Î
`

�
�1�9L€	Ê�ÖEé+|�r
¼8�+a�š�7�r�µ,´�k#ÑGÿ , �•�a�_)ßGÿ . �¾�_
X Taylor �T�ž%�Cã,´�‘�&�; , Aà

�j6,>˜M’�j @B, �j6,�j�V,´)ßGÿ�a�_

��� =
Z

@B

 dS =

Z

@B
n � [[u ]]dS (39)

8#!” , F�M0
�1„ : �)�¾Tÿ#q , Kelvin �Ê*6
��@�ð�x�g�¶ ? +X���þ
_�Ø#Ñ�Ø�Ý	w�Ë#Ñ�ˆ
X,´�k)ß

Gÿ�¸�‚F�7-�@0û
G ?

�ö.ž
`B$ , Kelvin )ßGÿ�Ê*6B$,´�_ : �+�…
<�04ô#q�ƒCX&é�´�@,´(™CX#ÑGÿ1Ñ, �¦)ßGÿ�=�õ
X0ª

L$�:�¸�‚ , �•
X�&L$�:�¸�‚ . �v�Ê*6�_�9�‘�&,´ : #q�ƒ��Tÿ�Ã!“	»�Ã�ƒ0��Ë�9�ï , �Ö	£�08\�?�y�;

Bernoulli 0��6�ˆ
X,´�‘�& . Tÿ�W,´�*)à.d
•�¶)ßGÿ,´�¸�‚�W , �³
����þ���`�9
`�×+O�F�þ�9�`��


`#¸�a . �k#ÑGÿ�¸�‚�I�_
��0
��» . 
X Kelvin �&���³>Û-;�Š�_�08\)ßGÿ�¸�‚,´�0�Z(©�» , 
��_�`

�ŠF��}>Û�þ Kelvin )ßGÿ�¸�‚�]�6/ë�*�• . )à
X.�Fƒ , 
X��0§F�#q�ƒM‰!’,´��+|0ªL$ V1 �] , �)�95$

#q, �k#ÑGÿ�jM&; 6<�)�¼5$#q, �k)ßGÿ,´�&L$�,� �jM& . 	£
Z

V1

! dV = 0 (n = 3) ;
d� 1

dt
= 0 ( n = 2) (40)

F	�Z5��Ì�_�žF2,´ , �)Tÿ#q�•�@0û (�95$�k#ÑGÿ�jM&�_#ÑGÿ���“,´-$�Õ5��Ì , �¼5$�k)ßGÿ,´�&L$�=


��W�_
dKwF� (Wu 1982) OÆ�xAñ�>, )́. 
�!” , �ƒ�¤9!
-�W�8��	ý�) KJ �œ�?
¼ Prandtl �ÎP¼,´*6+a ,

�aG-�=�@0û�¶ .

�Ä�ƒB$�> : 	w�Ë�•8�Eé+|�rGü,´#ÑGÿF	�ZAê�Ý , �\�•�_Eé+|�r*6Aê�=@08��>,´5��Ì , �v	¤�"

4ÿCµ�* Prandtl �&��!“5�@�Gú,´93
$ . �þ 1984 �¤,´�01÷0��ž�·1�C§ (
d�û�{ 1984), �\�·1\�0�Œ

65�.
X�=
<
j
8
¼:‡�Œ�]L@F E÷F	�ZAê�Ý , �v	q���¤�} , �ƒ��
¼���\�0�}:‡
=#q�ƒ�Ë�–�æAØAê)ß

Gÿ,´(™*6E­�ƒL�NÈ�&, FÓ�}�‰�¸�¸'Ï�¹ Prandtl ,´�ÎP¼@�Gú, �v?ù�Ç	w�Ë�•8�Eé+|�r,´@�Gú�¸�à

RÌ, F		ý�¯1D65�úAæ�¶ . �=E÷, )à
XF	�ZAê�Ý,´.ž!“
X>ÛCº�•Cº�¯#�
`�Õ
��¶ . �` 2015 �¤ , 9!
-0ª
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"D�Ø�Ë�–
"�æ Ackroyd �É�*�¶���~
¼ Wu 1y (2006) -(
<,´Aê�Ý : \Thus it is that the streamlined

airfoil, through its enforcement of separation solely at the trailing edge, through viscous action creates

a �xed and steady amount of 
uid vorticity in its boundary layers, which in turn generates the overall

circulation and hence lift. We 
y, therefore, courtesy of the air's very small viscosity, a fact which seems

near-miraculous when we consider that even the smaller modern airliners possess weights equivalent to a

dozen or more double-decker buses."

4.4 	}�Ñ�D)åH��Ý+U,º
��ÒK4

�j�ºTÿ�W�9�û#q,´)ßGÿ@�GúC_�«�`�Å , F�M0?±
�1„�0�Z�£K^L�NÈ : �j6,�:,´#ÑGÿ
¼)ßGÿ�_�²

�…�×+O,´? �×+OE÷0;,´(™*6
��Ì�W�²�… ? �’@0�{ , �j6,�:#ÑGÿ,´$À�_�ð�x ?

7-�O�¡
ý#ÑGÿ
j%D	F,´(™*6�j�f�=!’�0/ý , $À�_�0�j,´�0/ý , ���]+O�9BC�{$À , 	£
X�\�•#ÑGÿ

�jM&,´)ß�³Gü�×+O#ÑGÿ. $À	ú�¦+O�@(™�{L$,´�£3+�_�Ø�Ë�–,´
��Ì�£3+ , 
���F-$ß�`�pG�E÷0; , �9

�&L$Nª�¿
���EØAÔ . F��Ø�–,´�¡�ˆ�£3+�²FO�Ö { #ÑGÿ�£3+�F�Ø�Ë�–,´�Œ+X { 	ý�Œ+X�£3+ (�²	w�Ë

{ �;#G�£3+ ), G-�=�Ž�¾
��Ì�£3+ . Nª�ï���0�; , 	w�Ë { �;#G�£3+�•�_	w�ËMŽ!“5�@�Gú,´Aê&é�{�0 ,

�)�¦AôAê?ñ Wu 1y (2015, pp. 294-295). �G�p
˜.� , 
X#q
j�µG� , MŽ�
�¸�ƒ�Ë r � f 
¼#q�Ø,´�Ì	»

�W�² r T � r s G-�_#ÑGÿ$À, �¦�] f �_	…�}CXGÿ,´�ƒ0��Ë , T 
¼ s �_#ÑGÿ
¼'å. �0���º�³���Ð�`�?

(35) ,´
#Eé , �é0;�a�_MŽU€!Q,´ , Lagrange-Cauchy�ï#q�Ê*6,´�‘�&�a�=�@0û�¶ . �)Tÿ�W#q�ƒ , !”�?

F��9�™�“N© � r 2! , �v�³�=�_$À .

)à
X , 
��`�:M’AØAê,´���FG��ƒ�Ë,´�=
�	»Tÿ�W�9�û#q , �¦�é0;"Ñ�9$ÀN© . >˜M’�:-; , Lagrange-

Cauchy �ï#q�Ê*6�ý'f �@0û , �v
X�ÎLu#q�Ø�]#ÑGÿ.ž�Î
X�=
<
j 
8�J�� �]+O�9
`�*)à . 	£�¯
X

Helmholtz (1858) ,´�&���•.�Fƒ , 7-�O
X�0�Z1ÑFƒ,´�01�FJE÷	»�Ë79�â6<
X
��01��ç�*�0�Z
6#Ñ

)ß�• , �@�j���*0û#Ñ)ß*6Aê,´�Í�ž . 
����ºF	�Z*6Aê�>�ÎLu,´.�-.0 �j Lagrange �ŸB\ . �²�ÌB$ ,

D'Alembert �ŸB\F-L�,´�_Lk�Ë,´(™*6E­�ƒ , Prandtl �)�³,´
�1„�_Eé+|�rGü,´#ÑGÿ , �v���¦"Ñ�9�7

�*�¦+O�@,´
��Ì�£3+ ; FÓ�x Lagrange �ŸB\F-L�,´�a�_B�E­�ƒ,´$À || �³���,8$Lk�Ë , �•�,8$	w

�Ë , 
>65�_�$$!�r!Q,´�ŸB\ .

Lagrange �ŸB\�)	¶��N¦4×�–65,´
 � "� D'Alembert �ŸB\�$�u . Eé+|�r*6AêL��F
>	z�Z�F4Ú ,

Truesdell (1954) 
X�¦�C:‡�]�û4ý�¶
$5�F	�Z�ŸB\,´	¶
"�¹Aê (
XFÓGü0 �{�j#ÑGÿ
j,´MŽ@��À�W),

�¦�O
)Fƒ : \ �$�ú�ê,´�_ , �‰0��–�Ã�C:‡
¼�0F�,´Aê�·G-
XGý�=���x�Œ65��,´KIB� , F	�n'f>˜�> : #Ñ

Gÿ
XTÿ�W#q�ƒ�],´�×+O�J�Z�Ç�`�¼�˜,´*6@� . " �»�Î�: , �`FÓ�&
�5j�dL��07J�¶ .

F	�dL��07J�_ Lighthill (1963) DR�*,´ . 63<•�=
�	» NS �é0; (36) 
X (x; z) �£M’�:,´�6Gÿ�’�? ,

�6�¦+X�`M‰!’�£�¯>˜M’ . #q�ƒFO�Ö,´TÿLt�W�?
£-p�ÐFO�Ö�•�9TÿLt�W , �p��
��™�;#�
A�Ë
¼�7
A

�Ë,´�£>‘
1
�

@p
@x

= � �
@!
@z

;
1
�

@p
@z

= �
@!
@x

(41)

1\�0�?>˜�>�7
A	»�Ë�ß�Ö�,8$#ÑGÿ,´#�
A�™�“)· . �£�¯�;�é"Ñ�9#ÑGÿ , 9��9#ÑGÿF��•#q
j�õ�_
X

(™M’�:�à�×+O,´ , !”�?
#Eé��>˜#ÑGÿ,´�×+O)· . Lighthill (1979) +X
4 7 1°�>
`L@�>�¶F	�Z�j�f , �£

K^�_Tÿ�W�¯�Ç�?*3�=7-%��Ø6<
�7-%
�Ø . F	�_�0�Z�pG�,´���]+O�9,´
��ÌE÷0; , 	»�Ë�ß�Ö�_
� , #Ñ

Gÿ�×+O�_�Ì , 
��j	»�Ë�_�£>‘�1'��Ë�–Gÿ , Tÿ�W�™�“�I	ý�P�þ�0�Z�pG��£>‘�1Eœ
��`
��0�Z�pG�
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4 7

#×H�
^Eï+‚�@,º�Ý+U�p�l/p�E
4 (Lighthill 1979)

�£>‘�1,´E÷0; , �¦�*0û"�	»�Ë�Š���Z�6�€.à�Î,´�&L$ . +a�¾@x p = O(1), �@z ! �õ�_
<Gÿ4× , Tÿ�WCº

�? , #ÑGÿ�ß�Ö�aCº�W.

F	�Z
.�Ÿ>˜/j , #ÑGÿ
¼	»�Ë
XEé+|�:,´6V
8�¯�Ç#ÑGÿ,´%D	F�=%�CãU€!Q�é0;,´?ô�» , Lagrange-

Cauchy �ï#q�Ê*6���x , #ÑGÿ
������]+O�9
`+a	»�Ë�ß�Ö�×+O . �¤�ZEé+|�rGü,´#ÑGÿG-�_F	�g�•,´

(��	»�Ë�ß�Ö,´ Blasius Eé+|�r�],´#ÑGÿ�•8��}5H ). �? (41) �">Û�ê���™�…�`�95$
�	»5Y#q�ƒ4ÿE÷

�+�?F��Ø
*�ƒ>˜M’,´�õ�’ , �´�@�¶�¼�¤,´Eé+|#ÑGÿ�Ø�Ë�– (	ò?ñ Wu 1y (2018) ,´F Aô ).

�l�Ç#��?,´�_ , Lighthill �£3+ (41) �¦�=�*)à
X#q
j�µG�,´#ÑGÿ�é0;�] , �p��
X!”�} 180 �¤�£�¾

#ÑGÿ\ MŽ@��À�W" ,´�¹Aê�]>Û�-+•�¹�¶ ; 6<FJ�h,´FO�Ö { 	»�Ë>˜F 
�M0?±FO�ÖTÿLt�W,´Eé+|�‘�& ,

�ê��<­'f.�Fƒ�? (41), 	¤�õ�º�³�G�j \ -(�é�W�‘�& " �{�0 (Schlichting & Gersten 2000) 6<�Z�¸Gý?ö.

\ �:0§.×:m�;Tô"ù , �T�49[9[,¶�=?ñ ". �õ�ƒM0?±63<•FO�Ö{ #ÑGÿ>˜F �&, 
��j#ÑGÿ�é0;"��ØGÿ�é0;

Q��¶�0Lf , M0?±>•�uLt�ÐEé+|�‘�&��#¸L”	wLf
�7-�V�•,´�Z@� , �? (41) �}F��•�ê��,´?öGþ . F	�¸
�

7-�_�j�ð�x Lagrange �ŸB\,´@��ã4ÿ	¶,´�&L$D��Ö"� D'Alembert �ŸB\F�?±K¯,´�0�Z*6Aê	Ï
� . 6<

�D, Lighthill �£3+Eô�ú�•
�
X�A� �‰�€
¼�C:‡�]�Ç�`	ý�P (�0��,´�‰0��–	ø�_ Panton 1984). 
��_

Lighthill �\�ê�¸-;Gý�? (41). ���j
-Lu(™*6�–+|
�N® 20 �F4Ú(™*6�–�@�a,´�J	§�\�·Lö�]�É�¶�É#q

�ƒ�Ë�–�Ê�01� , 
XF Aô 20 �F4Ú#q�ƒ�Ë�–F��…�&�½!Q�E+X
4 7 (Lighthill 1995), �a�_�>Añ .

F��Ä�7�* , +a�¾�£#�,´�0-$�_�Ê�h#q , 6<�=
�	»�Ê�h#q�_#q�Ø�J�"Eî�`�£>‘�1�&,´�’�1 , �¦�k

�×�é0;�_�]
6
»,´ , �=7-�ž��$5� 
`�6�ÀE÷0;,´
��ÌNª�¿ . 5��Ì , 
X.D0¦�j6,)ßGÿ�•$À,´
��ÌK.�] ,

Lighthill �£3+ (41) �_�_�07-EØAö,´�0)ß , 6<�D�_M•�6�€F��ØAêEØAö, .́ �²�Ì?±63���¤�Z
��ÌK. , �a

�õN«Eœ
AMŽ�Ê�h#q. �¨
»,´�»�€�_�0�Z�ÐFO
_�Ø6,
»#q�Ø�]	»�Ë�ß�Ö,´�*)à , Eé+|�r,´�*0û	ú�¦

�6/ë , �6/ë#�,´�’�@�Ã0+�Ø�>#¸�a , Kutta �‘�& (
XTÿ#q�]>˜)à�j(©�Ê(™*6�»�& ) ,´�*0û
¼�j6,)ßGÿ

�>
_�Ø#Ñ�’�@1y1yE÷0; , �_�Z�¸�=�r,´MŽ�Ê�h�6/ë#qL�NÈ . F	�ZL�NÈ�"+a Zhu 1y (2015) �Š�¶$!�•

.D0¦ , F	Gü
��)�ã�Ê�Ê�h#q)ßGÿ�W�?,´ Kutta �‘�&�Š�Z1°?±B$�> .


��j��Tÿ�ï#q*6Aê�=�õ�qAèL$�Ý , �•�qAèFO�Ö
j�9�w�2�W , Kutta �‘�&�0�M�_�ê�j�EF�,´�£K^

�wAî . �v
XTÿ�W�9�û#q�] , �³�Ä�þ�F�Ð,´�wAîEœ
��@���Z8�'f,´�Ø�Ë�–�»�& . �)!” , �ê���.���*�J

/ý(™*6�»�&�Š�j>˜F Kutta �‘�&,´F9N© . Zhu 1y (2015) �G�n�¶ 5 /ý (�}M’���`,´ Taylor �T�ž�_�¦

�0 ), �¦
X6,
»
_�Ø,´MŽ�Ê�hE÷0;�]F@�0EØAÔ�*F	�Ë�=
<�»�&
�+O,´�&L$ . ����,´.D0¦>˜�> , 
��9

von K�arm�an 
¼ Burgers (1935) ���*,´>˜F �_�Z
X(©�Ê-ÜL$
�+O,´�»�& : �:6,M’Lt-p�6/ë#�
XFÓ�0
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-0.077

-0.078

-0.079

y

-0.077

-0.078

-0.079

y

S'

S'
S'

N
N

S

S'

0.994           0.995           0.996 
x

0.994           0.995           0.996 
x

S

N

S'
S'

↩   ↩  ↩   ↩             

vorticity:
-0.075

-0.076

-0.077

-0.078

-0.079

y

-0.075

-0.076

-0.077

-0.078

-0.079

y

0.994                  0.996 
x

0.995     0.996     0.997     0.998     0.999 
x

a                                                                                                     b

c                                                                                                     d


4 8

�C
%	Á�Â5*#w�Þ Kutta �—�,�01�Eý0A�c���`��H�4è�,�q,º�vG��t�]
D5N5�#w�D�	�‡5	�º . 4ü�Ô

4õ: -â�,#w4õ ; U��Ô4õ: �A>žM˜
D5NLzF�H��t,ºF/4õ ; ,³�Ô4õ : 
B�6
f&ï
��0,º�	8¨4õ ; �Ç
4 : #×H�

(vorticity). N , S �p5	&ï
ÂMÃ&ï , S0 �p	€MÃ&ï. (a) t = 0 :026, �@>žM˜
D5N�@$n�?�`�</ñ#�, F/4õ
Â�	

8¨4õ
G�@$n61E¢. (b) t = 0 :029, �</ñ#��‰�6 , �@>žM˜#w�Þ�Â�žLz-v, F/4õ
Â�	8¨4õ
G�@$n61E¢,ºF�

�Þ0·'l�’!˜ . ��!š�p62�6��9í�Í)åH� . (c) t = 0 :050, F/4õ�(0·'l�Î
G�A$n , �	8¨4õ�=�
,º�</ñ� �=

�x�(���Â5N	­C­ , �F�p
e�Þ#×,ºM��˜ . (d) t = 0 :100, 4ú�F
e�Þ#×,º#w�‰C^&ï���(5�01
G�A$n (Zhu

et al. 2015)

-ÜL$#¸�a , #q�Ø�¼�˜Lt-p , 
>P«&é�>6,
»
>5HGý
8 (	ò63 
4 8). �³�_6,
»
_�Ø
>�;>˜M’#q�Ø4ÿ
>5H

4ÿ�6/ë#�
A�:$h�ÈEœ�`�i�jNª#q6<�;,´�6+| , 2î.ž
`�7��-p
>5H�0�û+Y�*
_�Ø#Ñ , 6,
»�0�û9ç�Ç

)ßGÿ. Kutta �‘�&,´F	�Z>˜F �Ç�`�¶ Batchelor (1967) ,´AÔ
< . �=E÷ K�arm�an 
¼ Burgers ,´>˜F �],´

�0�Z(æB� \ 
X�04ø,´�Ê�h�1�; " 
��P , 
��j�»�&
�+O�&#q�Ø�ý'fQ��ÖMŽ�Ê�h . �¦��>˜F �)�Ä,´�»�&


�+O�&L$G-"� K�arm�an-Burgers �»�&�Š , 6<�D��#��Š�ö.ž,´�&L$AÔ�Ê .
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4.5 )åH��D	}�Ñ�›$Æ,º�E5	

	wLk�Ë�•$À,´!“5�@�Gú�•�9
~
§,´	¶0; . Prandtl �–#n
X�0�M,´��Tÿ#q�v�æ�µ5	�*,´@�GúLî

��
X*6Aê�:8�
6�¦B$ , �j
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The universal steady lift and drag theory and the physical
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Abstract Since the birth of modern aerodynamics, various theories on lift and drag have been de-

veloped and validated extensively in aeronautical applications. However, the far-�eld force theory had

long remained at low-speed incompressible 
ow. Based on the analytical solutions of the linearized

Navier-Stokes equations in the steady far �eld, the authors and their collaborators extended the classic

Kutta-Joukowski lift theorem to both two- and three-dimensional viscous and compressible 
ows, and

thus �lled the long-standing gap in theoretical aerodynamics. Why can the simple formulas based on

linearized approximation still be accurately valid for highly nonlinear complex 
ows? This issue of great

interest involves the methodological characteristics and physical mechanism behind the uni�ed force the-

ory and is the �rst task of this article. Moreover, there has been an abnormal phenomenon regarding

the physical origin of lift that, despite the already mature and fully veri�ed rigorous lift theory, vari-

ous di�erent hypotheses still keep surfacing frequently in various nonscienti�c publications and media.

This indicates that the issue is really complicated and has not been thoroughly clari�ed in textbooks,

monographs, and classrooms around the world. Now, the universality and high conciseness of the uni�ed

theory enable one to reach a clear answer to this issue by rigorous logical arguments in the most direct

way. This is the second task of this article.

Keywords theoretical aerodynamics, lift, circulation, Kutta condition, viscous 
ow
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