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go,g0boobooooboobooboobo.obooboobobbooboob
ooosés0DOOOOODDOOODODOO EwlerD0ODOOODODOOOODO.ODDOODOO,0000O
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gobooobooooboobboobobo.000bo0o0bo0obo0bobooOgO Lagrange
gobooboo,obooobooboobbooboob,ooboobbooobobooobo
gbooooboboobooobooooooboboooboo.oocoobooboo,boo0o00a
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O00. 0000000000,000000000D00000 Kelvin Helmholtz 000 O
gooboobobobob. bob,0b0b00b00,0b0000000000000000d
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000000000000000000000 Birkhoff6)| 00 000000000000
000000000. 000,8000000000 Kaneda[35] 0 Caflish & Li[15] D OO0
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goboooooooooooboooooboo0o. ogo, 00000000000 00o0on
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oooooooooooO0O0D0,000000 BirkhoffFRott 10000000,
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gooo,000oooobooood,boooooooboooooooooo0o. ooog, oo
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%+(ﬁ~V)ﬂ = —Vp, (1)
diva = 0. (2)
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0 sSoooooooooog,oooo0o0oo00o0o000Oo0. 000, 00000000o
0,000000000000 oO0DOOO:
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0000000, 000,70 SO000000000000,¢*0000000000 700
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[p] = 0. (5)

000,[A]0 SO000000 AO jump [A]=AT—A-00000000.0000,000
000 @, =(@-A)R000p0 SO0000000000,000000000 @) =a—d.1
0S00000000000.

00,0000000 jump ®=[¢,, 0000000 jump U = [@] = [V¢] = [7)]0 SO
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i(P) = _ﬁ / /S 3(Q) x 7249, (6)
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a = V(R()‘laA%t))a (7)

R(M,A2,0) = R\, \).
0000,0000000000000000000 jump 0
(I)(Ala >‘2at) = ¢+(R’()‘17>‘27t)) - ¢7(§(A1’ >‘2at))7

gbooog,oooo.
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000, BernoulliDOO (4)0 (5) 00,
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0000000000 LagrangeO OO OQOO.
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W =Jix[Ve¢] = (R xRy) x|Vl
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= O Ry — PR,
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0,0000000 (The sheet strength) 000, 0000000000.
PR, — BIR,

R, Ao t) = Q= 2
R1 XRQ

9)

[Birkhoff-Rott 000000] 00000000 (8)0000,000000000000
0000.O,Budid 000 (z,9,2) 0000,000000000000,000000

4 =u(z,y,t)é; +v(z,y,t)é, +0e,
000.000,000000 9QOOoOO RO®'0DO0ODOODO.
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R(A1, A2, t) = (x(A1,1),y(A2, 1), Aa), PO(\1, Aa) = (\q).
goooo,0bo0boboooooooo,

Ry=¢, o) =7(\), @=0, W=yN\)e
|:||:||:|.DDDDDDDDDDDDDDDDDDDDDDDLagrangel]l]l]l]l])ql]f‘l]
0000000,00000 (2(,¢),y,t) 0000000 2(T,t) = 2(T,¢) + iy, t) 00
goooo,0bo0bbooog.

0z 1 (1)

— (I, t) = — BN shv— A 11

A 27ripv/z(I‘,t)—z(I‘,t) (11)
ooo,z0O 00000000. OCOOOODO Birkhoft-Rott OO OGO OGO, OO, 00

Lagrange 00000 I'O0000000O0O0OO (circulation) D000 0OO0OOO0OOOO.
goog,booboboan
2(T+1,t) = 2(T,t) + 1, (12)
oooooo,000000000000.
0z 1 ! , ,
C(0,8) = —pv [ () cot n(=(I,t) — (T}, 1))dI%. (13)
ot 210 Jo
o0o00ooO0o0ooo0ooooOo0o0ooooOoooooOoooon.
00o0,00000000 RI)Ooooooooo.
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3.1 Kelvin-Helmholtz O O OO

00000,000 2(I,t)=T0 Birkhoff-Rott 0D 0O (11)D000000. OD0OOOO,
gbooooboobooooobo.oboboboooo,ob0o0bobooooboooooonog
00, Kelvin-Helmholtz OO OOODOOOODOO.

go,000000000000b0o0oobooo.

o0
=T+ Z an(t)er,

n=-—oo

000 Birkhoff-Rott 00 OO OOOO,

o~ dan o _ L /°° r’

d = om -

1 0 1— eln(F -I)
~ drl n inI’
2mpv/,oo (F i Z A PR

< 1 —ellnl?
pv 7= 0, pv —r = 7|n|,

goboo,boobobodb e, 000000000000000000O0.

ooo. 000,

da_, 1in|

— = —ay.

dt 2
gb,b00000000000000,n0 —mO000000O

dan_|n|

dt 21
good.ooobfd,e,0a_,, 0O00O0O0DOOOOOO0O0O
]
2
00000000,0000000000000~0000000000000 exp(o,t)00
gooooob. oo oooobbbbbbooooooooooobooooon
00000,0000000 (high-wavenumber instability) 00000000000 (short-
wavelength instability) 0 OO0O. 00, 000000000, 0000000000000
Hadamard DO 00000 (Ill-posed) DO O.
go,0o0o0oooooooooooobo,0bbobobobobbooobbooo,bbobobo
000000000000 (Kiya & Arie[36], Sakajo & Okamoto[65]) 0000000. OO,
Moore O Griffith-Jones[51] 0000000000000 O0O0O0O00O0OOOOOOOOOO
ooo.
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00000000 BirkhoffFRett 0O OO OOOOOO, 00000000 OO0OOOODOO
ggodo,bbobboooooboboboooooob.oobbobbbooooboboboboo
000000 Birkhoff6)] 00000000000, 000 Sulem, Sulem, Bardos & Frisch[76]
gbooo,0oboooocooobooooboboooooboon.

000,0000000000000 BanachOO B,O00O0O.

lulle = o+ sup  EEI) Zul )

) O<a<l.
(z,0),(2,¢)Ebs | — ! |

000, |uls = supg gep, lulz +i0)| 000, bs = {(z,s);z € R/7Z,[¢| <s}000. 000
00000,000000000000 Cauchy-Kowalewski O 0O [55] O Birkhoff-Rott O O
gobooobooooboooo,0cboob.

Theorem 1 (Sulemetal. [76])) 00 so0000, 0000 B, 0000000, |t < a(se—s)
O, Birkhoff-Rott 000000 B,000D00.

00,00000000000, CaflischO Orellanal9) 0000000000 0OOOOOO.
gbooooobooo.goo,b0boobcobooo.
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r+s(,t), (s0DO0DO0O0)
s(Tt), (sObooo)
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(D, t) = 2(T, 1).
000 Birkhoff-FRott OO OO OO0,

Os* B 1 o d¢
a0 = ‘%pv/_oo Cr s+ 0 —s(T)

B[s|(T,t), ¢(=TI'-T.

u,s00o0roocooooobooboooboooooooboooooooooobob. boog,
s=sy+s_ 000,

(o) (o)
sy (Tyt) = Z Apent s—(T,t) = Z A_pe it
n=1 n=1

gobooo.ooo,

Bls| = Blsy + -] = Bls;] + Bls_] + Dls, s_],
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goboooooon.
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1 o0 1 1
Bls+](T) _’GEW/§<<+a@+o—&mm‘Z>“

I [ s (T4Q) s, (T)
o [mé+&@+0—&@ﬂg

000, |érs(0))<i000000000000000. 000,

5T+ ) = 54(T)] < 3¢

oo0o,00000000¢=0000000000.00000,00000000D000O
gbooobooboooooobooo.

1 8F5+
Bls,]| = -5+
541 = 3T rss
000 Bs_]0000DO.
1 ars,
Bls | = —=°=
e S vy
0000 BirkhoffRott 000000000000,
8 1 8I‘S+ 8{‘5_

()" + (s2)7) + Dlsy,s). (14)

1
& _§1+8F8+_§1+8FS,

000,000000000.
(s4)" = (") (5-)" = (")

oo0,000 H,A_O000O0OO0O00OO0OO000O000O00,00000000000DO
oooooooog, (1400

d(s_)* 1 Orsy

8t - 2 1 + 81"5-‘,— +H+D[s+78*])
d(sy)" 1 Ors—

o~ aiions. T H-Dlses)

000.0000s0000000,00000000000000. 00000, y=il0
000000, f(y) =s4(0) 0000,
at’ T 21 v a,f

+H,D,
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gobobooobo.oob,obboobooboobooboboboobbooboboobo.

¢ =1+10,f, p=0¢" =1-10,f".

ooo,
dp io (1
o 20y <¢> + Eq, (15)
dp 10 (1
o 20y (s0> e (o)

000. 000, E =id,(H,D) 000 Ey = —id,(H,D)000. 00, B0 B,0000
00,00000000000000.

dp io [1

at 28y(¢>’ (a7)

1ol i0 1

a 5@(5)’ (18)
Ogdooooooodooooooooooooooogon.

Theorem 2 (Caflisch and Orellanaf9]) D00 £>10000,00 e>000000, p> 0,
¢, pi €A, ={¢| 60 Rey<p0000 }0000DDODOO.

i = Uy + [lpi = 1, <e.

000, ¢l, =supge ., o) OO0 (9], =suppe , (18], + 6y (y)],) DO DO
000,0000 ¢(y,0) = ¢ 0 @(y,0) = ; 0000, (17)0 (18)000 0 < t <
kmin(2p,e ") 00000, 000, ¢(-1), p(-t) € Aypy, (p(t) =p—r~1)000DO,

60 1) = Upy + 19 8) = Upy < K2,
T 1 _ _
Ho(st) = Ulipy + [10(o8) = Ulipy < 27(k27 =),

goooo.

00000000 LaxOOOODODODOOOOD 44000000

U, 000000000000000000 ¢o000 oO00O0.000,s40s_0000O
oooo,b0ob pooooooooOOobObO,000bb00D0 HyDO H-DOOOoOoo4Q,
00000000 (150 (16) 0000000000000, 00000 Cauchy-Kowalewski
gbooooooo.

Theorem 3 (Caflisch and Orellanaf9]) 0 <k <1,0<a <1, p>0000. s(I0) O OO
ugbdeononog,

sup [s(T,0)| + |0rs(T,0)| < e,
[Im T|<p
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0000000. 000, 2="T+s00 Birkhoff-Rott000000 0 <t < T = xmin(25, e )
00000.000,00s00000 ¢0 ¢0,0<p<(p—-£)00000 p,t0000,
ogoooo.
B t
166 = 20) (s Dllap + 116 = G0) (- Dllap < Ce exp (—4 (p— —)) .

2K

000,000 -|l,0000000000.

||¢||0¢p = |¢|p + sup M

_ YANe%
e y,Re y'<pyy ly =yl

3.3 Uuggooo

000000,0000000000000000000,00000000000000
000000000000.0000000000000000,000000000000
000000000000000,000000000000, BirkkhofOOOODOOOOO
0000000000000 0000000000000000. 000,00000000
0000000000000000000000000 [5, 43, 45, 50, 62, 74, 75, 78, 79] O
0000000,000000000000000000000000000000. 000
0,00000000000000000000,0000000000000000000
0000000000000 0000.00000000000000000, Birkhof OO
000 2000000000000,000000 BirkhoftRott 00 OOO0O0D0O00OODOO0O
Sobolev 000 H,(n>3)0000000000. 000 Caflisch[10]0000000000
oooo.

0000000000000, 0000000000000

z(=I,t) = —z(T, ).
00, BirkhoffRott 000 O0D0OOOO0DOOO so000D0. O000O,000

05 1 > s(C+¢) = s(¢)
a0t =g [ S

2mi
O000O00.000,HOHilbert dO000OO, H[sp]=(0rs)+ —(0ps)- DO0O00OO. O
0ooooooooo,0c0o0ooooooooooooooon.

so(T,t) = e(1 — i) {(1 - e*%*iF)H” - (1- e3+iF)1+”} . (20)

00000000 ¢t=0000000000 se~C|T***00000000,0000000
ar~sorr ~C|T»"10000000000000. 0000,0<v<100000000
gbooooobooooo.

dg

%H[SF], (19)
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0000000000000, 000 Birkhoft-Rott 000000000 OD0OODOODOOO
ggd.

2(D,t) =T + so(T,t) + r(T, ¢).
00,000000000000000000. e0000OO0O,1>v>a>0,ImT|<pO
000000 sO0D0O0,00 HolderOOODOOOO.

[s(I) = s(I")|

|s|, = sup |s(I)|+ sup T

|Im r|<p [Im r|,|Tm 17|<p,T£T”
oo0,se000000000DO.

() 000000 (1900000.

(i) 50 t>00000,ImT|<L{0000000.

(iii) so0 t—oo0 000D,

(iv) t=00 s,00000 (1+»)0000000000. 000,

|30|/J+|8F50|p < C’ee*(§*P)
02s0], < Ce(1+(|t| - 20— e=(B-0).

00,00000000000000000 (2000,000000000O000O0O0OOO0O.
gbo,oo0o0oog.

Theorem 4 (Caflisch and Orellana/10]) e DO 000000 . 1>v>a>0000. 5o 0
00 (i)-(w) 000000000, 000,0000 +(I,4)0000,

z2(I,t) =T + so(I',t) + (T, t)

0¢t>0,sImT| <t (@00,x0 k>2limor=20000000)0, Birkhoff-Rott 0
0000000.000,r0¢t=00r,+4_=000000000,

t
[rlo + |Orrlo < Cé? exp (—|2—|> , (21)

t
|0frlo < Ce (14t ") exp (—%) ; (22)

000.000,C0 0000, '0 (v—)"'000000000000.

g00oO0oooooooO, BiekhoffFRott D OOD0ODOD ¢t>00000000t—-0000
gbooooooooboboo. oobobo,0b00b0+>0000000000000
O000O0000O0. 00, Duchon O Robert[21] 0000000000000 0O0OO0OOO
go,b0obodgboobobooobooobooboboo. obb,o0¢t=00000000
OO0O00oooooooo,0000000000 Caflisch Orellana000. OO0 20
BirkhoftfRott 0 000 00COO0O,0000000O0OOOCCOOO00O00ODODOCOCOO
go.
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1. (T, t) = z*(T,—t). (00D0)

2. 2,(T,t) = 2(T,t —to). (0DOOODO)

3. zp(T,t) =n"1lz(nl,nt). (00DODODDODO)
0000,0000000,000000.

Corollary 1 ¢, o, v Theorem /000000, so0 t<00000 (i)-(iv) 000000
0.000,s 000000 (19)000t=-000000,t=000000000000
0.000,0000 00000, 2(00,¢)=T+s0+7r0¢<0,sImD|<[t{00000
Birkhoff-Rott 00000000, 000, t=00 ry —é_ =00 t=00 (21)0 (22)00
oo.

ubooooooboooobobo.

Corollary 2 O TO00000000,000 2(I',0)0000, Birkhoff-Rott0 0000 2(T,t)
000004000 1+»)0000000000.

gbo,000oboooocoooboooon.

Corollary 3 000 ¢, k> 3,1, 60000, |so|gr <0cDO0DOD0 z2=T+5 0000,
sup |04 2|0 t =ty <é000000000000000. 00 Birkkoff-Rott 000000

0000 H* (k>3)0000000.

00, BirkhoftRott 000000000 ODOOO0OOOOOOO,Ebin[22]00000000
goooo.

Theorem 5 (Ebin/22]) n(t)0 Birkhoff-Rott0 000000 n(0)0000000, {(¢.(0), (e (0)}
0 c~0 (»0),70)) D000000D0000000.000,0000000000000
000 {¢()}00000,¢@#)0000+¢0000,»#)000000.

gogboob,opobobboboboobooboobooboobooboo,boobo
gogobooobboooobboobobooobboo. boobobooobboooboobo
go.

3.4 MoorelUDUIUODOOODOODO

0000 BirkhoftfRott 00 000 OO0OOOOOOOOOOOODO, 000000000
gboobgobo,obooooobobobobobobobobobobobobobobo.
gooo,00booobooboobooooooroooboooboooooboooooDog
oo0ooooooooo,0roggooooooo0o0oooooooboooooooDon
gobooboobooobboob. boo,boobooobooob,boobobooobo
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000oo0oooo00o0oooo0ooooooooooooO, 0000000 oooDooO
o0oooooooOoD. 0oo,000000000000000O0, 000000000
00oo0o0oo0oooDoOo0oooDoo0ooDoooooooDo,0Dooooooooo
000ooodooooooooo0o0oD. 000000, 000oo00oooooooon
00o0o0oo00oooo,00000D0o000oDoo0o00oDooooDoOoOoooDooOO. O
00,00000 Moore[53, 54] O Birkhoft-Rott D00 D00 ODO0OO0DOOOOO. O0DOOO,
00000000000000.00,0000000 Localized Approximation Method[12]
oooooooo,000poooooooooooooon.
Moore 0000 00D ODOO Birkhoft-tRott 00 OO0 OOOODO.

z(I',0) =T +iesinT, —o00 < I < 0.
gb00oodooooobooooooono.

2(0,t) =T +20 ) Ap(t)sinnl,  Ap(0) = Sebp1.
n=1

000 Birkhoff-Rott 00000000, 000000000O.

dA_, e 1 * du S s?
3 © f——pv/ —<1+E+¥+~~ . (23)

27 u
n=1 -

ggo
S(w;T) = 3" A ()T (1 — e
n=1

000.000 (23)0000 'l 0oooo00o0ooooo.

dA_, 1
dt o _2_71'i {A”I(n)+r1+§r;=nA7’1AT2I(rlvr2)+”'

R Z A’rlA'r2~-~A,,,KI(7"1,7A2,...77"K)—|—...}.

ri+re+-trg=n
000, I(r,rs,...,rx) 0000000000000,
o0 . . .
I(ri,re,...,Tx) = / (1 - em“) (1 - elrzu) (1 - e"K“) u B+ gy, (24)

0,00 4, 00000 O(e'"‘)DDDDDDDDD,DDDDDDDDD,DDDDDDDD
ooooooo.
Ay = ™A+ ™2 A+t

000000000 O("yoooooo 4,0000000000,000 (23)0000 n
000000000000000000. 00000 »,00000000,00 (24)000
ooooooooooo,

I(ri,ro, -+ ,rg) = W(—l)KiKHmrg---rk, rp>1, (i=1,---,K),
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oo0.00poo,b00000 A, .O0000DOOO.

dA_ 1 . .
dtno = 5 {Ano(—l)n + Z Ay 0Aryo(—i)2rirg 4 - -
r1t+ra=n

> AnAm~-~ATK<—1>Km2~-~rK+'~+A?o<—i>”}.

ritratotrr=n

Moore 0, 000D00OO0CO0DOODOOODOODOOOOODOO.
5 1 1
e"AnONt_l(Zﬂ)_%(l—i—i)n_? exp {n <1+§t—|—1n (Zd))}’ t> 1. (25)

000000000,00 144 +logt,=n(4)00¢0000,0000000 exp0DO

€

goooooopoboD,t=t.0000O0DO0O0O0O0O0O0O
z(I‘,tC)NI‘—i—Ze”Anoei"F:I‘—i—ZCn*%ei"F,

(00O0,COon000000DL)0D0D0O0DO0OO0OD. 0ODO,0000000D00O0O0ODO
ugbozgooOo

z(It) =T+ 23—?(1 +1) {(1 —eiFee)% _ (1 _eireg)%},

000.0006()=1texp(t+1)000,t—¢0e©—-1000,00000000

3
y = |z|z.
00000000.000,00000 #(T,4)0¢ 00000000000,

K(T,t) = 1—? (tc—t+((tc—t)2+4f‘2)%)% +O<%>.

goodog, it —-t. oo, doguooooobobbbbo0o. oooogo
000000,000000 3-000,000000 (cusp-singularity), 0 00000000
(curvature-singularity) 00 O0000OO.

3.5 UUgoboooogdg

Moore DD ODDODOOODOOO,000,0000000D000DOO0DOOOODOO
O00000000. 00, Meiron, Baker & Orszag[49] O, Birkhoff-Rott 00000000 ¢
O TaylorOOODOOO

z(I,t) =T+ i 2 (D)™

000,00000000 2(H0000C0O0O0O00. O0O0O,00000000O0OO0O0OO
gooobo,00boboboooobooooooobboog.oo0,000b000 Moore
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00 Fouwrier OO O0O0O0OO0O0O0O,D0D00000000 MooreOODODOOODOOOODOO
go.
000, Krasny[37)0, 0000000 [62)0000, BirkhofffRott 00000 OO

z(I',0) =T 4+ €(1 4 i) sin 27T

gogboobooboboo.oobooboobooboo.oo,0obo3b0b0o038000O
gooboooobooo4000.00000DO00D0DOOOODOO,000D00 t=0.38
000000000000.050,000000 FourierDOOO,0000 |A,]0000
gooooOoOo0obooOobOOobO.OD0o0obO0O0obOoOo,0booboooboDOoboooboooDbo,
g0ooobOoobboOooooobo,boooooboo n~5000000000.0000000
0000, Krasny OO0 DOO0O0O0000O Fourier 0000, 00000000000 Sulem O
00ooooOo [rroo00,0000000oo0ooo

[An| ~ C(t)n"" exp(—na(t))

000000000,pd o(t)DO0O0D0O0O0O0O0OCO. 00,000000 Moore OO O
00,00000000 (25)0000000000.060 o) 000 t=03800000
000000. «) 0000000000000 000,0000 00000000000
g,0bb00obo0ob0ooo0oooobooo0. 000, Krasny OO O0ooooooooOog
ubbpld2<p<3b0bboobOoO0o,0b0obo0ooboobooooboobooboonog
g.obog,goboboobooboboobboobboobbo,0obooboooboobo
goo,000000000000b000b00,0b0 p0dn MoorelOODOO 25000
gboooobooboooooboboooog.

000000,000000000000000600, Shelley[72]0000000OOOO,
00 Birkhoft-Rott 0000000000000 00OO00O000O0O00 SidiO Israeli[73]
000000000000,0000000 BirkhoffRottDOODOOODOOODODO. OO
gbooooooobooooon.

z(I',0) =T + ecosT.

000,0000000000 2= (2,y)0 Fourier 00 X,(¢), Y,(t) 0000000000
00,Moore 1000000000000000

| Xn(t)] ~ Cpn™Pe(1+ Dxn_l) exp(—nay), (26)
Y, (t)| ~ Cyn™Pv(1+ Dynfl) exp(—noy), (27)

goooooobo. bo,booobooobboo,ooboboobobo,boooboobo
Fouwrler 000000000000 0ODO0OOODOO. (OO0OO0O,000000000000
0000000000000 U0ooooOO0.) 0000, MooreDOOOOOOOOOOOO
ooooooooog,ooo o, =0,0,=0000000000,000 p, ~2500
Up,~300000000000.
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Vortex Sheet Curvature
05 50
t=0.30

-0.5 -50
t=0.35

t=0.38

—

04:00¢=0300 038000 BirkhoffFRott 00000 O0OO0OOOOOOOOOOO
gooboob. bobobobobobobobobobo,00000000,000040
gbooooooboooog.
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t=01 — —
02
03
0.34 7
036
037 -~
0.375 - 4
. 038 -
‘\"/: i
<
108 | i
10-10 L \: i
10—12 X R T [ N SN
1 10 100

mode n

0 5. 0000000 Birkhoff-Rott 000 O0O0ODOO0ODOOOODOOOOOOOODODO. DO
00000000000000000 - 2000.

0.5 T T T T T T T
at) ——
0.45
0.4
0.35

0.3

a(t)

0.25
0.2
0.15
0.1
0.05

0 1 1 1 1 1 1 1 1 1
0.34 0.345 0.35 0.355 0.36 0.365 0.37 0.375 0.38 0.385 0.39

time

06 000000000000000000000000000000000000000
00 a(t)000.
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Shelley 000000, Moore0OOOOOOOOODOOODODOOODOOODOO,00yO
MooreUD DO OODOOODOODOOODOODOOODOOOOO,0DOO0DOODODOOO
g %—I:IDDDDDDDDDDDDDDDDDDDDD.DDD,DDDDDDDDDDDDD
0,000000 1+»)000000000O00O0O0DOOOOODOOOOO0O, 000 Moore
g000o000O0o000O0o0bDo0O0oDOboO0ooOoooooon, ShelleyOOOODOOOO
EIn_3|:||:||:|DDDDDDDDDDDDDDDDDDDDDDD.DDDDDD,%—DDDD,
gboooobooooboboooobooboooobooboboooboobo.

000000000,0000000000000000 CaflischO [13,16)|000. OO
g %—DI:II:II:IEIDDDDDDDDDDDDDDDDDDDDDDDDDDDDD 100000
o0,000000rooooo00ooooo0o,0booooooo0oooooboogoro
gboooooo,0oo0oooboobobooooobobooboooo,booo0ooooa
goooooo.booooboooo,booboobobboobobooroooooooog
g %—DDDDDDDDDDDD.DDD,DDDDDDDDDDDDDDDDD roooon
gbooooooobooobo, 000000000 %—DDDDDDDDDDDDDDDDDDD
gbooooooo.

O000Do0oooooO,CowleyD 200000000000000.000,00T00O0
0000000000000 00000000,0000000000 Moore[53], Krasny[37]
000 Shelley[72) DD OO0O0OOODO0O,0000000.0000,ShelleyOOOooooQ,
yoono n~2 00000000 000000dodoooooooooooooan, Shelley
00000yO000O0»3000000000000000000000O0O. 00000,
Moore [ %DDDDDDDDDDDDDDDD.

3.6 000 Roll-upO
3.6.1 DOOOOOOOOOOO

000000000000000000000000000000O00 BirkhoffRott 00
000000000000000000.00000000000000000000000
000000000 KadenOO [33)000000,00000000,0000000000
000000 [4, 24, 25, 26, 43, 45, 50, 52, 59, 62, 74, 75, 78, 79|00 00000. 0000
0 Saffman64) 0000000000000, 000000000000000000000
000000,Kaden000O0OO0O0O0000 Prandtl[58) 00 00000000000000
oooooo.

00000000000000000000000.

z:tmf(ﬂ)eie, I‘zt"g(@)eie.
0000 Birkhoff-Rott O O0O0O0OOO,0000O0O00OO0OCODOOOOOOODOO,O0

0000000000000 Saffman[64] 00000000. O0OOO0OO0OOO0OOOOOOOO
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DDDD,Alexander[Q]D NOOOOOOOooOoooooooooao.
o=t fOCTTR) 1<p .

00 NOOOOOOOOOODODOOOOOOOOO00 Birkhoft-Rott DO OO OOOOO
0000000000 0000,0000000000000000000. Kaneda[34] O
00000000000 BirkhoffRott 000 000000000000, OO0, Pullin[61] O
Birkhoff-Rott 0000 OO0O0O0O0O0ODOOCOOOOODODOOOOOOO.O0O0O0,000000
0o0ooooooooooooooo. 00,0000000000 Birkhoff-Rott 0000
O0o00oooO0o,WuRDoOoooOooooouoooooooooo.

3.6.2 ODO0OO0OOOOOOOOODOOOOODO

000000 Birkhoff-Rott 0000000000 DODOOODOOOODOOOO,O0D0O
gobobooobooobooobooboobooboboob.boo,boobooboobo
gbooboobOo,0coboo0ooobooobooobooooooooboobOoooooonog
00000000O0O0000000. 000 MooreDOOOOOOOOOOOOO,0D0O
0000000 Birkhoft-Rott OO0 OO0D0OOOO0ODOOOODODO,00000000O0O
gooooboooooooboo,0ogb,b0400b0obooobo0oobD,0boooboog
gboooobobooboooboooo.booooobooobo,boboooobooooonoag
gooooOoOoOoOoOoOoOODO,000000 BirkhoffDOODODODDODODOODO.

goboboo,oobbooobboooboboo,oobbooobo. obb,booob
gogboobgoboobobooboboooobobooooobog,bobooboboon
BirkhoffRott OO0 000000, 0000000000000 0OCOCOOO0OCODOOOO
g000000ooooooogo.oooooooooo, 1980000000 Birkhoff-Rott
00oo0oooooUoU0o0o0 (Do0)ooO,0000000,000000000000
gbooooboooobobooooobooooboooboooooobao.

gbo,00o0ocoboooobooooooo,bcoobooboboooboo.oooogo
000,0000000 Navier-StokesOOUOO 000000 O0O0O0DODODOOO, EulerO
gogboobgoboobgobooboooboboo,obbooboooobobooboboon
oo0oooooooD. 000, Eder00000D000CO0O00OOOOOOODOOOOO. OO
000000000O000,00000000000000D0000O00O0O0 (vortex layer)
0000000000 000.00000000000000 BakerOd Shelley3) 00000
gooobo.0ooo0oboooboooboobooooboobooboobD,b0ob0b00bO Hou
O[270000000000. 000,0000000000000 BirkhoftfRottOO OO
gboobooboboboboobobobobooboboboooooooooooo. oobaao,
00000 Cherin[l9)0 00000000 “00” 0000000000000 Krasny[38]
goboooboooo.

00 BirkhoffFRott 00O OODOOOOOOOODOO, 0000000000, OO0,
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0010000000 (12)0000,00000000000¢6>00000,00000
(z(T,t),y(T,t)) DOOD0ODOD0O0O0DOODO0OODOUOOOOOO.

Ox I sinh 27 (y — 9)

— (I = = T’ 2
ot (T:7) 2 /0 cosh 2w (y — §) — cos2m(x — &) + 52d ’ (28)
oy 1t sin 27 (x — &) ,

—(T = = 1. 2
ot (I.1) 2 /0 cosh 2w (y — §) — cos2mw(x — &) + 52d (29)

00,000000000+@)=1000000.000000006=00000,000
000 BirkhoffRott 000 (13)000000000000.

000000000 BirkhoffRott D00 (28) 0 (29) 0000000, 00000000
00006 —0000000000000000O0000000O00.000000,000
00 Birkhof Rott 00 00000000000, 000000000000000000C0
000000000 [11]. 00, BirkhoffRott 000 D0000D000000000,000
000 (0000)000000000000000000 [47,48). 00000,00000
00000000000 Birkhof Rott 000000000000,

00,000000000000000000,00000000000000000,0
000000000 00000O000. 000,0000000000000,000000
00000000 RungeKutta OO OO DOOOODOODOO. 07046=010000000
000000000000,0000+¢=06000000000000000000000
00.000,/000000,000 Birkhof Rott 0000 00000000000000
0000000000.00,000000006—0000000000000000. 0
800 60000,00¢t=100000000000000000. 0000000000
000000,§0000000000,0000000000000000000000C0O0
0. KrasnyD § - 000000000000,00000000000000000000
00000000000000. 000,0000000000000000, BirkhoffRott
00000000000000000000000C00C000000000. 0000000
00,$400000.

00,00000000000000000000000000000C000000 Birkhoff
000000000000, 0000 Navie-Stokes 0000 00000000000000
0.00000000 BirkhoffRott 000000000 O0000C0D, 00000000
000000000000. 000 [30,39,40,56,65 67] 00000000. 00,0000
000000000000000000000001(7,23,63. 00,00000000 460
000,00000000000000000000,00000000000000000
000000,000000000000 BirkhofRott 000000, 0000000000
00000000000000000000000000. 00, Nitsche D Krasny[56] O O
000000000000000000 BirkhoffRott 00 0000000000000, O
00000000000000000000.

00,000000000000,0000000000000000000000000
000000000.0900000000000000000000000000 ¢=10
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10 t=0.00 t=0.60

0.0

t=0.20 t=0.80

t=0.40 t=1.00

— | —®

07:6=01000000000 (28)0 (290000 ¢=000¢=1000000

O0¢=11500000000 [66. DOOOOOUODODOOOOODODOOOODOOOOO,
gogbogoboboobgoboooob,bboboboobobooobobobooboboon
gboooooboboooobob.oboooooboboooobobobobooobon
gboooobooboooboboooobooooooobobooooboobooon.
00,0000000000000000, KrasnyO Nitsche42]000000000O. O
goboobooboobooboobbobbobbobbobboobooboobo.
00,0000000,0000000000000000O00DDOOCOCOOOO (1]
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10 delta=0.05 delta=0.15

—~ ® T &6 T

0.0

delta=0.10 delta=0.20

—® T 5 T

08 O0000000006=00501,015000 0200000 ¢=100000000
00 (28)0 (29)0000

4 OO0O0O0OOO0OOoOobOoooboo

§3.62000000000000COODOOO0O0O0OOOOOOOOOOOOOOOOOOO
gooooooo. ooo,oboooooooboooboobo,ooobo0o,00b00000
goobooobooooooboooooobobobooboooooooooooboboboDbog
O0.00,00000000000000000000, Birkhofft-RottOOOOOOOOO
gboooobooboooboboooobobooooboooboboo,0o00ob0boonoa
g,00b000bogb,0bobobo0oboooboobo0ob0o0oD. 0000 Krasny U
goooooogdooooogooooo,s—o00000O0DOOOOODODOOOODODO
g,gboooobooboooobobooboooboboooooboboobooboon. o
g,gbobooboo,oboboooooobooob,b0bo0oboobooooboobooboono. od
gboo,0o0obooboobooboooboobooooooooon.

gooooo,b0oooooooooo. 0, 0boobooooobooo,00obo0ooooo
gbooboobo,bobooboobooobooooboobooooooooog. oo,00004d0
oooooooOoooO,0000o00o0o0 (¢v,0)00C00,00000000000O00
goboooooboobooooobobooooboobob. oo, obobbooooboooboooboog
gobooooooboboooobooobooooobobooob0 boooobobobooboooboo
gboooooboooobocobooog.
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gopogIr ogor=+00000000000T0=929000000000 6 O

t=10.000000




gob,00bobobobboobooboobooboobooboobo,oboaon
0 (00o0oo00o0)00o00o00oO0oO0o0oO0O0, 00000000 OO0DOO0
ug.gbooo,boobooboboooooooboobo,0obooobooobooooog
oooooO0oOoOoO0.oo00O0OO000O00gopoobod#40000000000DOOOOO
g00o00oOo00oooU0bDO00DbO0 é=00D00000000O0O, Birkhoff-Rott O
000000000000000 (00000)0D00U0o0O0000ooO00oUoooOoO0Oo
gboooooa.

00o0,0000,00000000000000D0000 [7O)OO00O0DO. 000000,
Birkhoff-Rott D0 D OOO0OO0O0OO,(28)0 (29)000000O00O0UDOOOOOOUOOO,
0—00000,000000000CCOOO00000O0. OO0, 0DD0O0CCDBOO
gbooboobooooobooobooboooooboooboob,boob0oooooboog
000000 BirkhoffRott OO0 O OOOOOOODOOOODOOOO.

4.1 0O0OO0O00O0O0OOOOO0OO0OOOOOO0

000000000000000,83.500000 SheleyDOOOOOODO0O0O0O0O0O.
000,000000000000 00 MooreD0OODDOOOOOOOOODOO,5£00
0000000000000000000000000000,000000000000.
oooo,

e 00000O0D0DOOOOOODOD,
e BirkhoffRott 0000000 «(,¢),y(T,¢)00000000.
000,000000000000000000000000.

e OO ODODODLOOODOODLO

O0000z,yOOO0ODDOOOODOOOOOD BirkhoffFRott ODOOOODODO.

OO00O00O0D0O0 Birkhoff-Rott 00 OO0OOOOOOO0OO0ODOO,000 nO0O
gooooao

OO00000000D0O000D0000000 Runge-KuttaODOOODO.

Runge-Kutta OO0 000000000000 2,y 0 T'00000O0O00O0ODOOO
oooo.

2(T,t) =T+ Y Xp(t)exp (2mikT), (30)

y(T,t) = > Yi(t) exp (2mikT) . (31)
k=—1%
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00 X;Y: 0 Moore D000 (26)0 (27) 000000000, 00000 ag(t) 0O
a,(y00000.

0000000000000000 o,(t)000 at)0000 0000000000000
000,0000001.0x103000000000000000,00000000,00
gboooO0ooOobOoOoOOoOoDOoDOOOO.

oo0o,0000000000. 00, 0000000ogoooooo00 é0D0OOOOO,O
000oood0ooooooooo0o0ooDoO0o0. 000, 000oo0ooooooooo
000000000000 0000O000DO00D0DO000000. 000 Kelvin-Helmholtz
0000000, 000000000000o0000oDoo0oDoOo0o0O0, 00000000
0000.000,0000000000000D000000, Krasny O Fourier-Filtering O
0 @B37ooo0,0000000000o00o0oo0oUOoU0oOooOooO0on. 00O, o
0000000000, 0000Doo00o0o000,00oo00DoDo00ooooo0oon
000o0oooooooOo,0Do00 o000oooooooo. 00,00000 filtering
0000000000000 000000000 Caflisch[18] 0000000000, OO0
00000000,00000000000000000000 filteringDOODO 1.0x 10718
oooooo.

00000000000 KrasnyOOOOQOOOOOOODOOOOO.

Re z(I',0) = T +40.01sin27T,
Re y(I',0) = 0.01sin2xT.

ugbo,t0d00y000,000000000000000D0O0O0,0000000A0.

42 [0OO00D0OOOOOé=0.100

goooooobooé0DDOI0O00DODOOO0DOODOOODO 1000O0.0D0ODO0ODO
gboobobobobobobobobooboob. bo,00b0obobo,00000040
gboobooboboobooboooooboooooooobooob,000b00oo0o0oooa
gobooobooboooooo,bboobbobboobooooba. bb,o0boo0
gooboooooo,Ret>060000,000000000000000000D00DO00
gb.0000o0oocooobobooboob,bobooboobobooooobooooonog
gbooooboooob.0oooobobooboobooooobooooooboon.

go,gbooboobooooboboboboooobobboobobooooboobon
gogobogooobobo.bob,bobobobobobobobobooboooooo, o
O000Ret>06000000000000C00000 11000.0000000D0OO
gbo,0bobooooobooboooboobooboooooboobo. bo,0booooobooobaa,
goooobooboooboobobooboooobooooooooDooono,Ret>0600
gboobog,bobooooobobobobobobobobobobobobobobo.
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gobooboooboobooboobooboobobb. 0 1200b00000000
00000000000 (0O)oo0oU0oDoO0o0oUooO0 (O)oDoooooO. 00000
g,00booo0boooobobobooboboooooboboobobooboooboooooon.
gb,0000b0000o00o00b0boocoooboobooboooooobob,bc0onoa
gobobooobooobooobooboobooboboobooboo.booba,bo
goboboobbooboboobbooobooobooobooobbooboooobo
gbooooboboobo.bobooboobooo,0o0b00obobooooboooooonoag
gooooooooooooOoooo,0og0 d—o00000O0DOODOOOOOOODDOO
gg.

Imt
o

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
Ret

010:d=010000000000000000. OOODODOOODOODODODODODO
go.

43 0O0O0ODOOODOOdV—o0ODO

go00,000000000éd0oDOO0000DOOOOOOODOOOOOOODOODODO
00.0 130 §=0.05,0.075,010000000000000000000. 0000DO
gboooooobobobooobooboo,0ocoboboobooooo,oo000o0004d
gobbooboobboobbooboobobooo. booboooboooobooobn,
goboooooooooooob,0b0bb 40b0oboboooooobooobooooDbOg
ooo,00ooo,ooépopooooon.

0 15000000000000000000s00000DO0O0O0OOOOOODO.OOO
gobobooobooobooobooboobo,boobooboobobooboo. bo
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0.1 T T T T T

0.05 - b

Imt
o

-0.05 b

0.1 L ! ! ! !
0.6 0.7 0.8 0.9 1 11 12

011:9=01000000Ret>0600000000000000000DO00O00ODOO.
gogbgobooboboobooboobooobg.

goooo,s0000000D0O00,0D0DO000000DODOOOOOOOO,000O000O
O BirkhoffRott 0 0000000000000 OOOOOOOO. DO0OoOoooooooo
goboobgobooboboo,opooboboobooboooobobooboboon
0O0000o0ooooOo0o0odO0.ogoog, BirckhoffRott 0O DOOOOO0OO0O0O0ODDODO
gbooboooboobooboobooboboooooobo,0coooOoboobOoooooog
gooooooo.0OoOo,oooooooOoOsOOOO000O0OO0O0O0OOOOOOOOOO
0000,000000D00000000, Birkhoft-Rott 00 O0O0O0ODODOOOOOODDOO
g00o0o0ooOoOoooo0bDo00. 0bo0o0DbD, 00000000 Birkhoff-Rott O O
gbooboobooboooobooobooobooooOoboooboobooooobooooo,od
gboooobooboooboboooobooboooooboobooobobo.

go,gboobooboob boobobg,bobbooboboobobobooobob
gbogbogobobobob.obo,uobobobobobooboooooooobono, oo
0000o0oooooooooo0O0,00000o0oooooooOgOOnO Birkhoff-Rott
gboboooooobbooooooooboo. ogb,0b0o000bo0oo0obooooooon,d
gbogbobobobobobobobobobobobobobobobooboobooon
gg.
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Imt

1.0

Ret=0.6
integration path: Im t=0
rrrrrrrrrrrrrrrrrrrrrrrrr bl Ret
— T 0.6 j\et
0.0

Ret=0.7 2"
\f\ ’ ’ T’\
h Lﬁ

012:0000000000000000,000000 (D0)0,00000000000
(00). 000o00D0o0Oo0oO0oU,00000UD0OO0oDoOO.

4.4 0O0O0O0O0ODOOOOOOOOOO

gboobooboobooboooooo,0oocobooobooobooobooooooboogoon
g.gbgobooobooobooboobooboo,oobooboobooooboobo
gobobo.ooboooboobooboobgo,boobooboobooooboobo
gboooooo,bocoboobobooooobo,oboboooooboobooobooboooOoonbag
gobo.oooboo,booboobooboooboobooboobooooboobo
0,00000000000000000D0OO, passivescalar0000000000DOOO
gboooobobooooo.boobo,0cob0obooboobobooooobooooonog
0,00000020000000000,0000000D000 passivescalarO0O000O
goboboobooo. bgo,bbogoboobbooboo,oboooboooboobo
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0.8 r

0.4 r

0.2 -

-0.4 f } ]

0.6 - .

-0.8 | T - i

U 14:0000000000000.000000,000000000A0O.
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0.6 - i

04 1

0.2 | 1

Imaginary t
o

-0.2 - 1

0.4 | i

0 0.2 0.4 0.6 0.8 1 1.2 14
Real t

015 060000,0000000000000000000.000 §=0.45,0.4,0.35,
0.3, 0.25, 0.2, 0.15, 0.1, 0.05, 0.025.

OO000. 00, passivescalar 000000000000 DOO0OOOOODOOODOOODOO.
0000000 (x(T,t),y(T,t) (000000 T'O passivescalar 000000000000
O000000000.)000 passivescalar 00000000000 DO0OOOO.

dx 1 sinh 27y dy 1 sin 2mx

dt 2 cosh 21y — cos2mx + 62’ dt 2 cosh 2wy — cos2mwx + 62’ (32)
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