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>, DCu FO,F jON« _TyW,” , VI # A O8F,  wWO#qy% E+$Q . T!|_ ,4iWF FOF
O X%Ty#q] . TYWxA>)ajo
M 4
= 2BU 1 = 70+( 1)Tcp (23)
FGU 0 ™*“3+ , Yac, 6[_" ™“3+ YE»"' . »2  )YY5$#q, FOOiT 6@
@)WE L “LkED 9CQ)*, TG 6
_ L |+ D d
=2 U (24)
1 1)Cu FO#q 9
! !
= _sgn@ert Xp 2 .o oy XpBId (25)
2 2 7 2B 2 g

+a¥% 1, k?tXPeC#x Bjzj OLtF"i# A9nit F (42).© ,LkEi 4LT
& F44F5 ,vwEi | XDCOXxEn&IL$Y (#: <fwEi\DUXDC® xEn&9L$Y, wk
iBl,,FOOX xEoltFo F5, , D 7 > yFO)-C»%M& ). )E FO#q9

X 1
| =sgn(z)atan T ; 4= Z—In(x2+ ?2%) (26)

+a%TYyW=n[%? (26) |, E FOF j, k,xAj Ty#q @ , @63%0Z0L$ (4 3).
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a 1.0 b 1.0
0.5 1 0.5
N 0 v 0 0
—0.5 —1 —0.5
—1.0 -2 —1.0
—1
4 2
C»&FUFUU &= ( =0:01,B=1) °C4 .(@) }N& 2,=,b)LqNs6 2 4=
a 1.0 b 1.0
1 0.5 1 0.5
w0 0 w0 0
—1 —0.5 —1 —0.5
-2 : - —1.0 -2 -1.0
—1 0 1 2 3 —1
X
43
D&FUFUU®2= ( =1) °C4 .(a) }N& 2 ,=,(0) LgNd 2 4=
34 56>ND*<D%# >N¢E
9944 ZiYsFOO|jXF jy@ A>Ei? ,a C S- ho65 1
L+Dn#wo5 6>ND*< .5 1EY %, n5U]%A5 Dn#w '+ Y % @,°> N
e
F=(n 1) oU + oUQ ; n=2;3 27)
n'f , 1\ONO _2-$3%+#q, EE£ y, WE , N UNO _"ie#q, EELKE . )Y5$#q, ? (27)
Ya= »#q, 4y e? (6) ¥%4?(9) G? (14) ¥%"-(< . )95%#q, +a ¥a#NGYy 6 3 > 145$6 3
9i\j[ L VWE>TET? - Ya5$#q, T = (IMZWE,N#IWJ0= ) FEce?>M

B* YPoeC> £ , \Nature would never care these numbers if it could recognize scalar and vector
potentials” (Liu 2019). j4U %,®a}, xPj ,F ZE*6+ 0y Kutta-Joukowski-Filon E*6,
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1°0 "y KJF E*6 (Wu et al. 2018).
jAR>? (27), +X?(17) % ? (19) C

u®= iOF m (G G )+v (28)
i ulvv 1“1 F o (G G)F Zie I“I/ . F XANiC &°3p? (17)
no2]“ , ™;9x, °= FrG. 0éM ,ANIQ &+X,1_ Fr G.p , +X
0Z G /@ A>Ei? (21) aCao¢f.51¢C"
z
= io (1 )(F 1 G)ds= ':2 OSX
12 E e (29)
Q :—Os(n r ) (Fr G)dS= U
b6< E*6 CAR.
9cO,” ,F ZAi>6p? (16) * ANIC Y%Q , =ICt%}IM p 8 E,EE+|0 6>7/j,
X792 (14). V'E3? (29) ¥4 ? (14) > >, FOGU, 4B 958N© J -CQ)*TwE, 0z
z
0 Sn r (U )dsS= ,U (30)
j..2” ) @ Gu.

Fti, _ , 2 (27) <-'f*6Aé:21.22F2 , v u Yu G-= #Gy, # X1P%%ANIC]-$0
dPY =E=+, E*60 .200 ,F TZ6FO O, (©EO0 6 “%Q allf @ \"y# ", 71:)
XTYyW »5Y#q]x+OEh (F&WEhIh )#q, +...(™Mf, ?2+#{*F1C*3p [, WE WLKE ,
6[L” (n 1) oU ¥ oU, aC’ %uQ !

ff,0-_® Xdx'&; ) “Q  +X-$0 #Gy, 06 / .S ® fF Z
‘& ,FOa_? (27) /F ;$h$@F '? : Z% Vg, V, |:$hEé+| Y% xEé+|FO CAOF , !
'ShEé+| _ 0 Z2-$ % +#q, F n#q ZM’ wW. | C» %M& @ 4YyE+6G0 6 Fj#NGy. X
W 06 OQw 7

Qw = ~ ! i, (z!y y',)dS (31)
3XF j>Majn#qZM :, k'Cea L
F= X\Lm ( oU + oUQw) (32)
! +a? (1) Ey. 8)95%#q , » © Ej
z
= x!,dS (33)
W
j é i+X TLu#{Gy FAN1C 0PY%F E #{e? , S-*%LkE e ? , )Ei "4iWF j,” 0 ?D /&5
*Gy4x "AN, )aOLIET ", F j_¥%5%F FO, ZxéA .p ,Cu FOO jX072£Q 02 x
+O, N#(6 y7-P "M 6, ..., 0s=D/éF "N Ei4i WF j !
0éM , mIN »5Y#qT! _Cu FO#q 9 =r,%0# A4 1ly «8 44 ], E+0;>5 ~ ,yP

F EE+0;,(© +GYy 268Gy ASY O Adly X8E ® ?]G-FO " ...>@ LA Gy . F _ j ,4aE=0;
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a9 . , . b .20

— BRI — BEHEIR
0.9 A zyp=1 J 0.15F * ww= 50
" Ty=2 m zy=100
® Ty=25 ® 1z, =400

O A A A 0 A i A
0.1 0.5 1.0 1.5 2.0 0.1 0.5 1.0 1.5 2.0
M M
4 4
C» j+,62 A RAE-2822 }Lq N31!LA>#wP¢Cj! L, (46 .Axlig! Re=6:5 10°, =5:0.

048 = +M0% < ¢ E L*<A3N%#+ ¢ E (27),°5 O .1\- :$FF ¢ E (32) "thw M  f A xw ,°
5 0.() }N31! ,(b) LqgN31! (Liu et al. 2015)

G-7-Ece Fj-(A #NGyj , 3 X ;$hF j> y, " E3 , °8 DU, " XEce F @#NGYy 6 3,” (©!°
Ad (»2,  "%d# >M x+0,#NGY |" Eé+| rn#g#NGyi CJ ,vbaCJ ). p6<6+%o ;>
y G OF /#NGy, 4i W -

4 4 RAE-2822 6, » WLk E,AN1C5 1¥*6AeN#{,"E® , ANICO _ Re = 6:5 1(F,

=5:0,B?f )" Liu 1y (2015). 14i _6, »>"M' AEO 61C C, | , 03 fS*6AET706 , ea_
?2 RQ7)+X  VaQN#, | .&B(@lV'_=<n#qZM'}57 xw :+X? (32)1CC, wLkE. XC
2 @27 {} , .4y jT65, )RGY*6Aé*9,B , LTFOI _ JCQN. )YwE
= * X5 E, xw ;,Taylor T27-% CAF FO , 0 *)aD FO%d# >, #NGy| agq
"E3>n, xA . Cu FOj ,+a¥%n#qX1%3# »f;LI ™i ., XAL¢PeC> 1D 1
jOZ?6<9LE, | ,Taylor TZF 1@00 . vL¢ xw TW, XaZFO 093 $G-, ya ,Anl
12 (32),/N# .

Y¥LKE , 92 (32)1CC, % ? 27)N'#{, XE FO>Cu FOj08% , }65  j#NGy k?+
*$A YEé+|r, >651 +a ¥a1%d# , » f ,8$#NGYG-L6 ] % 9LE | .v_XD FO|T65
[((fW , £7f xw ~ 400ZVK & Qy *'N9f<> Q ,F _ jD FOj, “%d# x+O
J#NGY J 88,1, nF) . *%4iWF j, 0?D /e AN 1" &4i WF j,” Z xD /EET" O(10%),

FF W%AN1C ,jO .
3.5 i#Ad(8 E5

8#!", )F [*6A8, é# Aé(©8t S &y M
3.5.1 *<A3,°45]5 °©

Xp98E*6A&] , 9F j*6AéC , WLk E4iW ICt 3% @#q] , AN.Z2@1°#1 (#:
Burgers (1920) e 0 K,MZ E h 8 E,” AGy*6A& , FA&7- X1°#1 A21.2 ¥4 08\W :>?  (27) a5%
F T/y*6Aé,” A+X93$J-A> . X aGy*6Aé], 8E+8§9)#NGy., 4iwWiCtw ,Vv06'F
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FO&LS$, 1C€ ,6<D@ " »5Y#q9EpLEW , 0?7 Kang 1y (2018)). n'f , ,88F ZOt *

(©8¢,” EKM _ pF j4i WF | * . jB$>F&é, )<g'&;Fj8E®?YF je?SZ
"E3. p Ty= »e? (5)* ,4yE+0Z,1y?£C Prandtl #NE e ?
z
F=o u !av (34)
\%
"2,>00 - u ! £ Lamb.Gy (FGU-++CO"') > 0ZMZ4iW'D @ E , 3M0?+FO Qu Ya#N
Gy! |” ,6<E éAkYw652-$ ,p =SI . XpG?y; ,FIyE"_ wE/ (©& .)aX

21,9 ? (34) [FOO, ]I_+#gFOO U, 2a00£1°F@4iW e ? (7). )!” ,von Karman Y
Burgers (1935) "5 * AR > , v , é# F2+X % Yi5$#q . AiW>"ET? = _k7-Me] 1 E*69¢
C,.?2(@27) ¥%? (@32 ] 95%$wE®?_2Z]a, )a

2«1° ,TYW, E+,880Z»Lk , >7j@k» @, n#qZMO0 6
z

D= (P, P)dS; P=p+ = ojuf? (35)
W 2

S00 - o MZ4ATW, . )% 95%#q, ? (34) F 9 ZMZ4i WLk E 6GY £B! ,LKE , 3 ¥ »Lk,
Yy KLKE . 6<F ZKLKEX? (27) 1e4iW iCt% Q .)a".zAdA , B! ,Lk E XF jC» %M& ,
»Lka @ jKLKE (Zou et al. 2019);F XF j*6Aé]>7)a ] Qw C» %Q .

3.5.2 *<A3,°0F8] -(V*< 0$/AE

5 i Fj*6A8892ZFIW ,O&Xx?+°8E @ ?Gl, Gy ™+XF @— Gy>fj . »1

, 2 14" 2 (5) )TYW »5Y#q, @~ , '"AE%7AEG-=?AY . v'FOOF Zr
IQF =O,F?2+FJE+44726@ ;" Gy, 0Ar | £48Z1 .48Z26@ _ZA4AIWF1C, ffXF
j*6A&17- U +8% .51 ,+aStokes E*6F 6< )a , WLKE #1048 Z1(©9, JIFw 2G
6,3 Y0 6 ,F9 £ .F OleF-0!>"> | FiyJIWYw2W _E h#q Vg 67¢
n#qp Ve, (©O9WCX ,6<n#qA;$h&hF j& 6>7)a j#NGY j .F E-(f$'k~H)a>"> ,
«A’48Z26@ ,9U % /jLNE, ("™*6\CX

X 2F2*6A&] , =r#qj9 4lyMZ4iWE=0;>5 =~ |, »260 FAYORO>ARO Atqd
6/& AO#N A%d# , s8#TYy W3+ )$Y O, MZ4iwWIiCtWw, 3 )8E_ = G-9;y09 9 ,F
Eijy2..G-7-06N7A0,5 j3 ) %Q F TZF @-Gy, xA ,6<D)00%MB* ¥
PeC>?F _Z $!kLNE , !1,xp? (9] -*12Z .FOGlU 90ZZj*\@ G
040> T8 E, ANIC , X=<PeC> ;9=r>")3a,44|*\@ G !=%a , j..Me}65
£CA >EM44Z1JIWYw2W)8E, aCQ)" .V G =%a6l>, (M*6i$A , s 44 7Z]j
X#Q ] UG YaEé+|:, W°6V8FP @, . »2,Gp~. , TyCu FO#q], wE Ya# Lk +X%5
# 7068# ANIC *«; v=0_ "%d# J x+0 6 3#NGY6< XF j+%0 ;CAF) , +a ¥ XTy#q |%d# ,”
iG dL¢s ,j,F6»RO |, SFJE+TyLt' &+ ,8% ., pG Eé+|#NGy#q (BVF), 6<é
o +X(™M' BVF 631C*<g, wLkE  (Wu et al. 2018).

I” | XF j*6Aé] 7-FJE+ x» 8 f6A, » 8 , XF j*6Aé] C1°..>7 : =r  »

5Y44j)wWLkE 9L$ O, iy , P6<WLKE, ®?>= »4y " ®?89%U"-(<,’? , 6<
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= Y ZCu FOPEC> 2 M ="2 . @2-(< . '@0{, WLk, (™*6i$AJ"¥"i=%
= »Ty#q{] .F Z )aj Batchelor (1967),” 0Z?0&¢ Efa Az , AOj= »Ty W#q
fAY#qf @E-"16 , jWJ *\2%X.D0O'Ou™  #qf, 90#qQD &G-7-$5

fj*e
3.5.3 F pM"48 ] ~F p*<Ad c,°(1A>%)ze
ff ,Fj5#qk_Q OMZ4iW, .L"IMZAiW#NEF, »5Y44j, 0>$D | 4/yMZ4i

W, 22fi Liu 1y (2014). 6<5 0 8 EE*6 n.oe _° XF jJAN1C,  8E55>7/[ @) YaQ 4
WICT£3+. F _Z9CO, w:™ : +X4i W £3+>7[jMZ4iW(™*6= = 7- ,6< 2+ * ' | £F
TZGYyG- _= #{,” . 4IW*6A&, B FJh _9!>MZ4iW5 I, [«>'Gy, , VXFGuo _
+X TZ= #{Gy Y%Q [ W?e>Gy .8'f+a Flyw(®©, é?nljF jMZ4i W, N-j
"XW.51, f4WFj ,Fly\B ",/ 78'f# af

4 )a&H D} No(Y*< >$A&

ADAE T 2ZF2*6A&,” é# A8(O8¢ ,)a XEce AABAB)RGY >wW E, (™M*6 «$A X 20, IM : |
OF "4y *)aTO0E 1, Fle . .9ZK O>U-puF]—-Y0 >~ % € # G++X, \ 1yEce0+*6
A&, 3X1\0IQF+WH5 «}X9!-. 0500 /@ Gu (Ackroyd 2015): X }5H 6 {, #q
fOX>5H'WS8 , p X0Z9k@ FMZ)0,6, »: , 16,M'#q fD C" ;6,M’ L Y iz
Bernoulli E*6, :6,M'» E~%:6,M" ,6<x+OfwE. v_, Panton (1984) X! = »#q %o € ]
05*1 CFD,51 ,>>X}5H6{> , :6,M#qf Ei>5H{} , :6,M#qf "D 'n
#qGu ey, ::>MFOO " \1yEce0+?6 E, WCJ . F Z5 i?AB($J —: V455 {> , @ %o
(X]-E(™*6 EB.\ 8 o4x ;Y3 X 2020 o(x#,L" 2019 a(x: \1lyEce0+ 20%. v_F #L”
fj...>M#q@ ,0ZKIB@Gu ,a=7- E+...iF,; @G0 . !l , aZLNE,Li&é aXF
GUF Z»€>> , 6N« XCJIrM :S*«A%'$5 ,}9 7-x+0O9B$=E, 201 , #,L"FO
EKIB, wB$ .

EO —5%-& ECX+AWE «$A,” -1 (Regis 2020)0daB$:\pUIl, —rM :Aa , 0;8
.Ff2..AIAN7-XQ02]0>|,0 j LV —e?!=7-@GU'DDBwE x+0, | ."F B
FAGFf *T£% wE$A, lylywB$09 > W, @ : =VAO J">UTD%ARA> wWE@®?, v
=-( 36U>"(™*6 . ;M61ZF ZTY..0AQAé .B "NB$ \UI~ —rM " :7-+X +AIAN
Oj  \ —e?" _8x,v09Ctl, e?9UE+%é& 01.,4y"/ L=U ¥, 6
30j \®D@E-" F=ma" 3)wWE,  "ZN#">0 T1P%AfAI ,45j)10» . .]k
@ W% =12 &*6AEN#{>TPY#HGY {LS, » =_  KJ ®?9B ,6<_#q@6/&6~ |«
12k@ 4iWF | . 'f3)axX">U0@ @ E hwLk E ZF2*6Aé , *%3 AéARAfO9BS=E ;
6<izwE))RGYy, 4iWICtW , A7- 01° .., € ?-$ +L NE,” \CX

", MaFZ Kl @?j*peAGAEWE, (™*6$A .0"IF ZMD ...0,@ Guj \)B
GYy@Gu 3!l "s @GuU ;6<°=*6-ce KJ ;¢ ?,/@ GUF wB$0 j \MZ)RGYy@ Gu:M’ 'f"
4320 “WLKE, (™M*6i=3%= »Ty#q{] , MAQA& = »V5$#qaOf . - :I'5
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1.6 T
[
[
L)
1.2 F
O 0.8
04T o SR
——- GfEEL
0

0 10 20 30 40 50 60 70 80 90
)

45
/0&62 A NACA0012 °} N31!LA>#wqg@ L, (46 .0°u<>: OPA5 O Re=5 1(f. <o
45 KJ ¢E O Kutta —, "0 ]F rA*<A3N#5 O ,C =2 (I8, <fplU )YWuetal
2015)

JBGY@ GGODC «IMZ LE ~ , yM0?255 D Y%~ ,LiZ)WE$SA9FOxJ =<, N#
\-XF Gim 7-5 *¥;a, FKEAK. * , 1*6A84682w X Wu 1y (2015) [® " . \82ué, 0
M\, _\-1\OE65 > FT} GaHLc AFé8B6 S , XWF*6 W -82028ZY -L’

pE, OzEWE, «$AE (20140983 ).
41 U 6#w : '™ a0 °)aH

AZAép Tyi#qe{ , wE+ald,” Joukowski)RGYy ce ?(6) & E. Joukowski . "FP  >5H
@ jM&,” JoukowskiB, » , '6! @ ' 90OEce, 6!5#q , 9>5H Kutta ‘& 4 E 16, »)R
Gy(ly % 0Ece 6 I5#q,)RGY ), ,* TwEL: k@ %6, »E O F, 14226 » . XF Zi#q .Y
], 7-AT#)RGY +86,» uG 0Zw #, #N .FzZ#N _V-O1°X ? Prandtl G!—+0O S :f =
JIPva.  i2RGY,,YE , 0Z0+'f_@,j6,0 9¢ C)RGY Yaw E , 0 E+Y ;0 Z2)BGy1ly
ly',  \_@#N, F z#N%~"uX#qf] . -$0n/j*e (46). %_& p_o#N,-$0
20 @DY*j6)RGY £wE#N, " X .F ZTPY%ESG G y>0 W J %0 €26 jAR >w E)RGY ~ X
49 AR 7

vV_,?(6) 0% , aOEXxXN'F—-65T! _X9!-%IW#b WLv,” —-65{L$ , EC§, W AP
(Darrigol 2005, Bloor 2011). 9! - —65 5 Rayleigh, Lamb, Kelvin 1y &, G-=-( ? (6). o

\*6+a _ : iz Kelvin )BGY E*6, j6, = 7- ]+O 9 x+O)RGY . 9CO,” _, 1 Kelvin (1869)
*00 RGY, 2% ¥ , ,E*6  ,!1*_ Rayleigh (1878).D0! 1 0Ece 6 !5#q @ GG 2 ... + *7- "4i
0>|,5*3 . )¥%wE#N Y _ @#N, IPY@ G 9! - —-65 Jereys YPEBS p_ @#N @ Y6, »)RGY ,
MO?++X “JJF y 1, Kelvin E*6, p KI+X 1 T!Q , 6<KIfT!Q =1y %) T 0!Q

f6< , Prandtl ,” 'i LOO£7,” _@F awn8z020 —, ... ,)-x COxdA™WHI

' A+X %0 jATAN , 6< = _€6<A&Ff, ~9 £*6A8, 4éM'G-w%7F . [z KJ E*6*00 7T/,
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46
6°0-'1e P,°p62 " -~ D5N+_0,° e b#x

(Prandtl & Tietjens 1934)

... 195% 6, w E4i*6Aé , 1918 m« E 14y " ~FO0*'D @ E —

.. Ip 1906 ©1CC8F % 7420 o. "z2Q OA6' Prandtl —
8% #

6, »41 F*6Aé Y240K f*6Aé ,
S *p . 6<9-8Z020*"D @ E -,

#n,CQ)", X 6AF jtAé &B$ : \Rayleigh, Lamb YiKelvin )#qfE-1@ Z2J ,
#B'5 6, )BGY _w E, k2% | . TZ)00 1°F Z##, &15] +*6A&(™*6,” AY46
0Z_0;8 , 0Z_ vE«,  —a& ."(Darrigol 2005)\9!-60"D@E - 0O5 —(™M*6—-a&
6<c-e160"D@PE-0O5 -2i%, 0;8 M\ Xee Tripos (#:407««W—-(©9
/0 fANIC @5 %63 h, é? ), *p: ..* —(™M%6-F¥%c¢-°_ -L ..* ° E
- F{L$ " X-p 2 " (Bloor 2011).
=E+, )aX yMT . 'i-#n5$0,)RBGY@ GU, .Z+%o ; T*6A8,". ~ . X Ty#q wAl

., K ®?Z Fy Kelvin))BGy, E*6 ; w#, #N®=")alE-f ; «=7-A0j Prandtl ) _

@#N, P20 a_)WECS$A, %L 7@ GU , 2ayXlcy;p0Zeé, (€BYF zé®ay
0g, !=1)RGyp Gi -

i
jI6@ Ty#q],)BGYy2% ... = 7- €% ?
Ty#g Q» ], X<OZEé+|‘&; ,Euler €0;;y;@ =_0 . Tr'i<0éAF @,/#qf
JFOOF @, 3 {L$qAe-()% 0+£7AFOOLSY , 2+ »EF5 . X"I(™MM'F @, #q f Ya(™M’
5" ). XEZ.Y] ,6,» )BGy MZ_(™M :FO

{LS .+ _2I" (Bernoulli h 6"ily0r=
O7AL$Y, DO 6 ,+as#q ' &A6,»'(@% Kutta ‘& O .ZE .5 187,88M&LKE

F Z D'Alembert YB\ (1\ 2.482" ,F Z51"4y>0U1 @ " E FO »5Yi#q ). Fly
7AL$SY _O/y(™CX'1G ? XUI Ty*6Aé]=_ , jL$YM"N9#q fCX&é . Fti,” _ ,Fly
, 2?0 Baker (1982). 7!” ,B8A@ 7 AL$ Y8 DU, %D F " 2y, vzl

, MO?x N®30*\WCX . XUI/’
17_ =<

20&€ 0-$ &5 )a
= (™CXE- f,KJ ce ?Gi, )RGYF _(™CX,”G? H9 =_ , 3 EwE, jff'fall 52 1
42 U ? #w : }ND)&H °>$/ *BR

.F & Bernoulli 0 6a=-+XT ,#qf, »EY%

) Ty i#q Q » 1\0ZiF _F «9(#q
(Kelvin 1869, p. 225) ].) 0#N  (vortex)

@7- {L$"N 9FO g1° ..., £3+ T . Kelvin X !4y "Aé -
;M Ey :\lnow dene 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 _, 0#N _0G 6 +?F @,#q
f.BF @IMZp!Eé+|PE+s #qf»Ep8S .Kelin F Z#NEy_ V8F2 f[Aé (d0{Y%
“C° 2020), v F1aB$5S 7 * 9 O#q =7-1° ... "+X Bernoulli ,FO O { »E£3++yF . »
T: |, Euler, Lagrange ¥4 D'Alembert X 18 F4U] & *00 Euler é0; & a63<*E+90#q . = »
Euler é€0;,” 0 O a_#NGY é0;

@ +ur! ! ru=0 (36)

f&, OQE£-° , )% ! =0, O#g , Euler é0; O0G£0 60'QC" Bernoulli €0;, p
6<® @; vIU#], @ =-® . p F9}xPiG-nA% .DO! G#qa O .5 1°#NF @/
DO/ @F 10ZF4U . T! |, Lagrange (1781) *T0Zi#qE*6 : 21 u Y%! 9+?Lf&L$
., (@ AW, 19 t=0 &#q@ 0 ,36"hF 0 . )? (36)"rTF@LfwQ, &L$, , Y+X!
UEIQ W a7-Afi > E*6. >+ Cauchy X 1815 oF Qls °F Zi#q E*6:m 1 1y Z#q fCX&é (07
Truesdell 1954, Frisch & Villone 2014). f Helmholtz (1858) ¥4 Kelvin (1869) 0 K#NF @.D0!, & |
=IN#NGy, «$A , X AO90#qJ"" X, } ;*00*6A& . Helmholtz 9 Z#NGy1N E*6 Y4

Kelvin , )BGYy E*6 TLu : _  Lagrange-Cauchy i#q E*6) 9 0#q,-$ 0 @

XF ZQ»Gi, Ty90#qQ»yfqAe7ALSY ,KJ wWE*6Aé], )RGy?+ "p9F EE
*6, f40 . ViZF EE*6 ,62A" U#wc,°F b # Y+U)aH , * # @ H e b#x,%#xH
H >
43 U 1? #w : }ND)&H ,°(Y*<E3 %o

2i#q f % "N OTyW , & JO2u=""d_$, (Goldstein 1969), Ci, X |E(™*6 A4y E
10 {j \¢'d" $5Npi‘7h:=J?2uCu . "N O L Lv 9x+0, =@0 \#q f4y =+
C,0CaC*T#N " «=8&¥, jF& \0Ca% ", i\C=*#N , 9%O0+. £ 9#N , «
f=>.1!T ,p= » NS é&0;

Du
— = |
ot PP (! (37)
x> STMAE » E-(y : STTAE#NGY p/° Ty W i ° ,F} Lv 9x+OB$
J\0CaC*f#N " X Helmholtz-Kelvin & & "4y.Ff , 21 | = O(1), FO x)"d ¥402

'DeB$ ! NO -+ ,1V8 Ty#NF @*6A8, yF

O0'>@7-0' ,=1N39J3?2 . |E+X{0_¢éy Ty#qQ»]p 9 uG YiEEé+ :,/L$Y ,°7
ALSY @y%, 90#q . Prandtl ,/Eé+|r*6A& 1, DAlembert YB\, » /j*  p62)aH °(Y
CME® %0 g eEi+, x . 'B*'B$ , XTy#q], j6,=_ \2(", ,6<k0-p 0 r3WDU, Eé+|r>"= | |
6, )RGY Y4~ «8F r>"= CF r>*=Xj6, @ &% :m" n#q , X8DUB!,; 8§ @LO [#N , a _

_o#N. % wWE)RGY Y4 @#N, (™MCXE- fG-m1Y. 02 A380 Oj ,%D * U=80m/s a7-7®
026<C§ PFO " 250m/s a7-15 8Z . "n-p6F 600t, GyGYy,6< @j, "G ST _j1{
=LkE 1? (7)) ],FOO U. F g W6<87- WE , uf"G «86,"$ 6E, Eé
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+ rGu, 0#NGy!' F ZZgpM, .Y , a_">0U CFD 1C» p-$0.2A0, »1 , 4 4 pljd
ji10»
NOIQF+WH5 «> 91--65" "i/AIL 6@ b Ty#qEoe ATy#q . 1926 o

A )Ty#gAR 1?2 (7) , IPYa %*6Aé@ GU *)a Y Filon Lk E ce ?. ©AGE+ Ty#q_ @#N@ Gl
[ Jereys *Ece A* ¥ NS é0;, wE.DO} .F *)af Glauert £%02'D @ E -, "1\ 0\4y "9!

B %o € (Glauert 1926). Glauert = 'i Y Prandtl 8 EE= "l. 'Eé+|r*6Aé , 9!- O0SE
_ 1 Prandtl —#n,”—65 . m1N —]04y,” Prandtl wLk E ;e ?2"N 9Ty WNO>"M': _ \ Ty ",
v Glauert jB3:)RBGY*6A&, (™M*6 *p Ty W#q @, >M Ty,"DDBE e ? @00, ' & _Ty W3+

l O0v 60, 6<=_UI Ty#q wAI, 0.F _6,»: Eé+rX Re!l ;'$@FF I |,

0 jM'#N (vortex sheet), F Z2% _ Helmholtz O/E x E+,” . I" &Eé+|r¥an#q37r, EOC» %
M&6<r u, #NGyC» ¥ 08 W, 1!# A0 6j9LEIEM#N|O

z z
= lim I'dn = lim n @udn=n [ul]] (38)
10 g 10 g
'] [[u]] _FOOL$Y X(™M :£FG O#q¥%(™MMFOO{ . 2, M#N (™MCX, 6<5 = MZ
(™MCX,” 7AL$ Y, Eé+|rv8+asd7rX M063 ™LKYirp#q @ &, '1°FQ » ,37- 1
19L€E E OEé+| rv8 +a s 7 rpy,” k#NGy ,*a )BGY . ¥%_ X Taylor Tz2% Ca,” ‘&; ,Aa
j6,>>M'j @B j6,jV,)RGya _
Z z
= ds = n [[u]ds (39)
@B @B

8#!", FMO 1,: ) %Ty#q, Kelvin E*6 @dxgf ?2+X p_@#N @Y wE#N" X, k)R
Gy, F7-@00G ?
6.2 "B$ , Kelvin )RGY E*6B$,” _: + ... <040#q fCX&E ™ @, (MCX#NGYINRGY = & X0?

L$:,, , *X&L$:,, . VE*_9'&° :#qf TYA“»Af0 EQi , O£08\?y;
Bernoulli 0 6 "X, & . Ty W, »a.d+NRGY, , , W ,3 p "9 °x+OFp9"
‘#.a . k#NGy ,,1 _ 0 » . X Kelvin & 3>0-;S _08\)RGY,, 0Z(© » _
SF }>Up Kelvin )RGY , ,]6/& * J)aX.Ff , X O8F #q fM%!",” +[02L$ Vi ], ) 95%
#0, k#NGY jM& 6<) ¥58$#q, K)RGY,” &LS$, jM& . £
z
. ldV=0 (n=3); ddtl =0 (n=2) (40)
F Z51_2F2 ,)Ty#qe+ @00 (95% k#NGy jM& #NGy “/-$05 1 , ¥5$ k)RGY, &L$ =
W _dKwF (Wu1982) O xAi>,). I” , fa9l-W8 y) KJ ce ? YaPrandtl TPY, *6+a,
aG-= @00 1.
AfB$>: wWE <8 Eé+| rGu, #NGyYF ZA&Y , \+ Eé+| r*6Aé =@08 >,5 | , va"

49Cpu* Prandtl & "5 @ GG, 93$ . p 1984 o, 010 -1 C§ (da{ 1984), \-1\0 E
65.X=<j8% it E|L@F E<F ZAéY ,vq 8} , f Y \0}if=#qfE-aeADA)R
Gy, (M*6E- fLNE & FO}% . .1t  Prandtl , TP%@ G v?20 CwE «8 Eé+|r, @ GU , &

Ri, F y 1D65 UA=& . =E+ )aXF ZAe Y, .z2I"X>0cCe«Co# O 1 . > 2015@,9!-02
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"DBE-"a Ackroyd E*f ~¥% Wu 1y (2006) -(<,”A& Y : \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."”
44 }ND)&H Y+Ur° OK4

joTy W 9 G#g, )RGY@ GUC_« A |, FM0?+ 1,0 Z £KAL NE : 6, :, #NGYy V4)RGY _ 2
.. x+0,? x+OE=0;,/(™*6 1W2... ?2’'@0{, j6, #NGy, $A _dx ?

7- 0 j y#NGY j%D F," (™*6 j f =I' 0/y ,$A _0j, 0y , ]+O9BC{$A , £ X\ *#NGy
iM&, )R 3Gl x+O#NGY. $A G 1+O @(™ {L$, £3+ @ E - [1£3+ , F-$R pGE=0; , 9
&L$N2; EDGAO.F @ | "£3+2FO0 {#NGYy£3+F@ E - E+X{ y E+X £3+(2wE
{ #GE3+), G-=72% 1£3+ .N2i 0; , WE{ #G£3++_ wEMZ!"'5 @ Gu,"Aé&& {0
) IAGA&?f Wu 1y (2015, pp. 294-295). Gp~. , X#qjuG ,MZ . fE r f Y%#q@, 1»
W2rTr sG-_#NGy$A!] f _...}JCXGy, fOE ,T vs #NGy%a 0 °3 P ?

(35) , #Eé , é0; a _MZU£!Q, , Lagrange-Cauchy i#q E*6,” ‘& a=@00T . )TYyW#qf,!"?
FO™NO r2, v3=_$A

YaxX, “MAQAE,’ FG fE, = »Ty W9 (#q , 1é0;"N 93AN© . >"M’ :-; , Lagrange-
Cauchy i#q E*6 y'f @00 , v XTLu#q @ #NGy.z2TX=<j8J ]+0 9" *a . £7X
Helmholtz (1858) ,” & . Ff , 7-O X 0 Z1NFf,” 01 FJE+ » E79 46< X 01 ¢ * 0 Z 6#N
e, @] *00#N)R*6A&, 12 .  °F Z*6Aé&>1Lu,.-.0 | Lagrange YB\. 21B$ |,
D'Alembert YB\F-L,” Lk E, (™*6E-f ,Prandtl )3~ 1, Eé+|rGu,#NGy ,v "N97
*1+O @, 1£3+ ; FOxlagrange YB\F-L,”a_BE-f,/$A || 3 8$LKE , +,8%w
E, >65_ $$! r'Q,” YB\

Lagrange YB\) 1 N!4x —65,” " D'Alembert YB\$ u . Eé+| r*6AéL F>zZF4U
Truesdell (1954) X ! C:3]04y 1$5F Z YB\,” 1" 1Aé (XFOGUO0 {j#NGy |, MZ@ A W),
'O)Ff :\$08&, _ , %0 —AC:t % OF ,Aé -G- XGy = x E65 ,'KIB JE nfB>"> o #N
GYXTYyWH#q f], x+OJZC ¥~ *6@ ." »1: , 'FO& 5/dL 0731

F dL 07J _ Lighthill (1963) DR *,~. 63<e= » NS é0; (36) X (x;z) EM':, 6Gy’? |
6 !1+X "M%!' £ >M' . #q fFO O, TYLtW ? E-pDFO O 9TYyLtW , p ™:# AE%TA
E,” £>

l1@p_ l@p. @!

tep, @ l@p G (41)
@x @ @z @x
N0?2>">7A»ERO,8$#NGY, # A ™ “). £ "N 9#NGY |, 9 9#NGYF «#qj6 _ X
(MM’ : ax+0, , I"? #Eé >"#NGy,” x+0)- . Lighthill (1979) +X4 71°>'L@ >F Zjf , £
KN TYyW C2*3=7-% @6< 7-% @ .F _0ZpG, ]+09, IE=0; ,»ERO_ L #N

Gy x+0 _1, j»E_£>1' E—-Gy ,TYW™“|yPh0ZpG £> 1Ee ~ 0ZpG
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4 7

#xH AEi+, @°Y+UpllpE4  (Lighthill 1979)

£>'1E+0; , !*00" »ES z6€.al, &L$ . +a¥%@p= O(1), @! 8 _<Gy4x, Ty WC°
2, #NGy R O aCoW

FZz.Y> ,#NGyYi» E XEé+|:, 6V 8 C#NGY, %D F =% CAUE!Q é0;,"?6 » , Lagrange-
Cauchy i#q E*6 x ,#NGy ]+O9 +a»ERO x+0O . o ZEé+| rGu, #NGyG- _F g,
( »ERO,” BlasiusEé+|r],#NGy 8 }5H ). ? (41) ">Ué ™ .. 95% »5Y#q f4YE+
+?2F @*f>M', 8’ , @ TYan, Eé+#NGYy @ E - (0?/ Wu 1y (2018),'F Ad).

|C# 2, _ , Lighthill £3+ (41) | =*)a X#qj uG , #NGy é0; ] ,p X"} 1800 f£¥
#NGIMZ@ AW, tAé1>U-+e1q  ;6<FJh, FOO{ »E>F MO?+FO OTyLt W,’Eé+| ‘' & ,
é <f.Ff? (41), @d°3Gj \-(éW*& " {0 (Schlichting & Gersten 2000)6< Z ,Gy?0.
\ :08.x:m ;T6"0 , T49[9[,1=?A ". 6 fM0O?+63<sFO ( #NGy>"F & j#NGy €0;" @Gy €0;

Q TOLf , MO?+>e ULt DE&+|‘ & #.L"WLf 7-V+ Z@ 2 (41) JF <& /26Gp .F .
7- _jdx Lagrange YB\,/@ &4y 1, &L$D O" D'Alembert YB\F ?+K™,” 0 Z*6Aé | . 6<
D, Lighthill £3+E6 G+ XA % €%C:t]C yP (0, %0 —@_ Panton 1984).

Lighthill \& -Gy ? (41). j-Lu(™*6—+ N® 20 FAU(™*6—@ a,” J§\-L6]E TE#q
fE—EO1L , XFA820 F4U#q f E—F ... & %!Q E+X 4 7 (Lighthill 1995), a _>Af .

FA7* +a%f#,0-$ Eh#q ,6<= »Eh#q #q@J"El £>1&, 1 Tk
x@é0; ]6»°  ,=7-72 $5 “6AE+0;, INag .51, X.D0!j6,)BGY *$A,” 1K.] ,
Lighthill £3+ (41) __07-E@AS, O)B ,6<D _Me 6 €F GAGEDAS,”. 21?463 nZ IK. , a
ON«Ee AMZ E h#q~ »,  »€_0ZDFO _@6,»#q@]1»ER O, *a , Eé+|r,” *00 U |

6/6, 6/6#, " @ N+@># a ,Kutta ‘& (XTy#q]>)aj(© E(™*6» & ), *00 ¥ j6,)RGY
> @#N’ @1ylyE+0;, _Z,=r MZEh6/é#gL NE .F ZL NE "+a Zhu 1y (2015) S 7$! »
DO/, FGU )AEEh#q)RGYyW ?,” Kutta ‘& S Z1°?2+B$> .

j TYi#q*6Aé =8 qgAeL$Y , +gqAeFOOj9wW2W ,Kutta ‘& O0M _&jEF, £K/

WA, VXTYWO0#q] , 3ApFD,  wAlEee @ Z8'f, BE-»& ) e . *]
Iy(™*6 » & Sj>F Kutta ‘&, FINO . Zhu 1y (2015) Gn{ 5/y (}M °,  Taylor TZ |
0), | X6,» @, MZE hE+0; JF@ OEGAO *F E=<» & +0, &L$ . ,.Do>"> 9

von Karman ¥ Burgers (1935) *,>F _ Z X(© E-UL$ +0O, » & . :6,M'Lt-p 6/&# XFO 0
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=Y =
—0.078
—0.079
0.994 0.995 0.996 0.994 0.995 0.996
xT xT
c d
—0.075
—0.075
—0.076
—0.076
> —0.077 > —0.077
—0.078 —0.078
—0.079 —0.079
0.994 0.996 0.995 0.996 0.997 0.998 0.999
X xT
48
C % A A5*#w b Kutta — , 01 EyOAc ~ H4&,q,°vG t]D5N5#wD 5 ° . 400
48 -4 ,#w4o; U 048 A>2M™ D5NLzF H t°F/46 ; 3 048: B6f& 0,° 846 . C4: #xH

(vorticity). N, S p5 & AMA&i, S° p €EMA&I. (a) t =0:026, @>2M~ D5N @$n ? * </fi#, F/48 A
846 G @$n61EC(b) t = 0:029, </fi# % 6 , @>2M#w b A 7L.z-y F/46 A 846 G @$n61EC¢ °F

pPO-1'"" . 18p626 9i)aH . () t=0:050,F/46 (0-1TGA$n , 848= °</A =
x( ABN-C- , Fpeb#x°M ~ . (d) t=0:100,40 F e b#x,%#w %C"& (501 G A$n (zZhu
et al. 2015)

SULS$#, a, #q B Y Lt-p , >P«&E >6, » >5HGY 8 (063 4 8). 2 _6,» _ @ > ;> M#q @4y >5H

4y 6/6# A :$h EEce " ijNa#q6<;,” 6+ , 21277 -p>5HOO+Y*_@#N | 6,»009¢C
)BGY Kutta ‘&,'F Z>F C Batchelor (1967),"AO <. =E=+ Karman Y Burgers, >F ],
0Z(@B \ X048, Eh1l; " P, j»& +t0&#q@yfQ OMZEh . ! >F)A ' »&

+0 &L$G-" Karman-Burgers » & S ,6<D # S6.7,” &L$A0 E
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45 )aH D} N>$A£E L E5

WLK E «$A, 1“5 @ GG+ 9 ~ §,” 10; . Prandtl —#n X 0 M,” Ty#qv a u5 * @ GulLi
X*6A&:8 6!B$ , j4/yMZ!"5 wB$OTéi{L .3 i<(©&é a_, 3)RGY ,B .
FOO{ »E>F , | +X Bemoulli E*6 6@ Gu/Z0, wE . vVF _=7-@1/
9Ty W 9 0#q Q »7- X L)RGY*6Aé ¢ ... <& E3, 1"72(™*6@ GU , £j6,,)B

Gy 8 'Eé+|r],/#NGy . v_, . J)a 0D @D E — %o €E+ 61° ... '—\ Prandtl —#n,” O
F@E ° KI E*6fSUI Ty*6A€+Aa , )WE, @ GUF E+% X =8#m, (e 1, FO+ = 7-B$

=@, .F=06_m>%& ,+J8# :m>%Glauert (1926) 1. p Ty 0#q Ty 9 0#q 7
9Ty 9 G#q , pw E)RGY, .2A0 ~ [(MCXE- f,".ZAO , %! 1+$A,.2A0 LY OleF ...G-¢{
=C. XI“72*6Aé*00{>0ZF4U, 0aY , BIQ-1 WHQfE-ARDPE-Ca®e%%8 , |

<jPYWE$A, 0 —*6@ 6<55 UE

5 5A0D<«Q

S.- * Ehwlk E 2F2*6A& , 7 -pF j*6Aéé# % @ TATYW »5Y#q, ... . XE
h#q93+a y, 4/y k+k =r#q @5 ~>E+0;)8E jy, = »F »5YF j*6Aé , 9702Z+X
Fjé# C /5 0AL°#1 A2i.z,” ) A(™ ,>"> WLk E7- O 6 [ 8+X i#q)BGY ¥4 9 O#q -
JIWFW2W>j@ 2F2,4iWoe? .FTZ=3%$0 #,F @-Gy ¥ #, (™M*6)RGY { #q -

L, _#Q@*IMZAIW,(©1>A L pCe?¥= »Ty#qY% (<, B$>x+O wlk E, /(™

6jfYa"SAYa= »#q . »5Y#q]44], 4ly(©PE+0; Y5 “)8E, iy , X4i FF jG-
7-FJE+#q @ * 9,48 Z6V 8 j*6Ece F @ 6+X Z j £#NGY j>7/j, ' ?

F j*6A&, +*D 1"9,®n , 01980 1m *)af,Ja, >F ,8#0"4y15 ...79
q% a. X~FO#q @], "4y @ 1G 6 £¥%=r#q D E Y E.  *6Aé ce ? , SO A+X =1/
0;#q @] . 'f6<, +X %.DO'R-$h ¥4TOO 1y jMZ E h#q @, F j*6A&F 9 uF 0!+ O3R . >~FO
0*"'D@E—(y ,TYW »5Y#q f, Q FO0*"D B E —*6Aé X K 01A&L$SU'NIZW,F ...
£3+5*6Aé E+_OF op}0d 3R - JF IMO #, TIP%F  IPYAR .I"F ,F j*6
Aé VuF j*6Aé2 .. Nay%n >, O A(A, TIPY%Ys 10PY%2 ... 11 ,G-M0?+Z+'55 UE

EhwlkEZF2e? 7-XTYyWOu#q@1C" , I")wE(™*6 +$A 01°#1, )RGy@ GU
¢ 7-XTYyW O 0#q]9¢ C8#m,*6@ , £ Ej6, WE,)RGY Y~ 8 j6,E€+| r],” d#N
Gy 6<F E#NGYG- _7A» ERO4y(™MTYyLt* & C*+, . +..-0TYy W ¥ 9 0#q, MZI5 @

GUG-= 7-@1 . AMZ CJIB+65L@GUWE,F Z(™M*6 +$Ay #qfE-Y0A'DBE—+= @
El, Gy?+ + N,

8* BX -28'f0 —*H CtUN®- (11472016, 91752202).

269 Y% )d

H5% .2016. TV W »5Y F#qwLk E,’5 0*6Aé*p .[S Aé- ]. GU: G UW —(LiuL Q. 2016. Uni ed theoretical
foundations of lift and drag in viscous and compressible external ows. [PhD Thesis]. Beijing: Peking University).
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The universal steady lift and drag theory and the physical
origin of lift
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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 ¢ 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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