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[&] 1: A photograph of Vincent van
Gogh's The Starry Night (1889), which
currently hangs in the Museum of
Modern Art in New York.
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R RA B LR &5 LCS

Lagrangian Coherent Structure(Haller Z£, 2000): the most repelling (HEFR),
attracting (I 5]), ... material surfaces (4 B 552M@) ...

EIx;

ZHEJIANG UNIVERSITY



https://courses.washington.edu/me431/handouts/Album-Fluid-Motion-Van-Dyke.pdf

FIH&EA B LR 45 44 LCS

Lagrangian Coherent Structure(Haller &, 2000): the most repelling (HE ),
attracting (B 3|), ... material surfaces (4 B 52H@) ...

[&] 2: Karman vortex street behind a circular cylinder at Re = 140. Integrated streaklines are
shown by electrolytic precipitation of a white colloidal smoke, illuminated by a sheet of light.
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https://courses.washington.edu/me431/handouts/Album-Fluid-Motion-Van-Dyke.pdf

LCS 5 FTLE
FIH&BA H A £514 LCS

Lagrangian Coherent Structure(Haller &, 2000): the most repelling (HE ),
attracting (I 5]), ... material surfaces (4 Bt 55 M@) ...

BPRAT B2 EiE R HL FTLE
Finite-Time Lyapunov Exponents (FTLE) can be used to find separatrices in
time-dependent systems.
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https://shaddenlab.berkeley.edu/uploads/LCS-tutorial/overview.html
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MakER:

Passive particle

e

d
= u (x,t). M

Unsteady fluid flow
(vector field)
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ft& A B L AR H R g fmik

MakER:

Passive particle

avt
— X =u(xt). ()

dt
Unsteady fluid flow
(vector field)

x(t) = xo +/t u(x(t), 7)dr.

AR

Ftt0 (x0) flow map

)
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nrie B B YL ARIEh N R Sk
%&ﬁﬁéﬁ Passive particle

d ﬁ 5X

—Xx = u(xt). (M I

dt
Unsteady fluid flow
(vector field)

ant

(@) (b)

x(t) = xo —l—/ u(x(t), 7)dr.

to 4: (a) filled-circle points and empty-circle points are
initial conditions of all trajectories at initial time to; (b)
filled-circle points are final positions of trajectories at
time ¢ for the flow map derivative at position x; j x (to).
(Li &, 2022)

Ftt0 (x0) flow map

)

s

ZHEJIANG UNIVERSITY




REESAREN

X =X,
(3)

Unstable manifold Stable manifold
{ y=-y+xi

& 5: % (3) IEE
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REESAREN

. Unstable manifold Stable manifold
X=X, 27
. 3) — N~
{y =—y+x2 \/j/ \\&// )
1
« unstable manifold (AN A TET \ \J \&/
) = attract (R 3]) = 0
+ stable manifold B2 E ) \ \ /
= stretch (ZE 1) /repell (HE 1 /
)
2y -2 0 2 4

& 5: % (3) IEE
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5| &S HE R

o IEEERF (unstable manifold) = I} 5|£544 (attracting structures)
T2 E R (stable manifold) = HERRZ544 (repelling structures)

Fluid parcel J l !
T o e o A

aLCS
aLCSs and fluid folding

Fluid parcel
8- -
rLCSs and fluid stretching

[&] 6: The role of attracting (aLCS) and repelling (rLCS) LCSs in fluid deformation. (Li & 2022)
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5| &S HE R

o RFRAERF (unstable manifold) = W 5| 4544 (attracting structures)
« F2E R (stable manifold) = HERRZ544 (repelling structures)

Unstable manifold

Saddle point

- -2
Deformed fluid parcel \
|
Fluid parcel

1
Stable manifold

[&] 7: A fluid parcel approaching the saddle point astride one material line (the repelling stable
manifold) eventually becomes drawn out and away from the saddle point along the orthogonal
material line (the attracting unstable manifold). (Peacock & 2013)
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TTHEIE

- Z{EEE flow map F|,

* 31 & flow map Jacobian

Ax(t)
AX(I’(})
Ay(t)
Ax(to)

VF{ ~

« TEFTLE
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Ax(t)
Ay(to)
Ay(t)
Ay(to)




Z{aEZE flow map
BRHLAT A BRI AE RA B AR ARk

ix =u(x,t) = x;j(t+ot) = x;(t) + vi;(t) -ot.

dt
Passive particle flow velocity field

s

ZHEJIANG UNIVERSITY




Z{aEZE flow map
BRHLAT A BRI AE RA B AR ARk

%x =u(x,t) = x;j(t+ot) = x;(t) + vi;(t) -ot.

Passive particle flow velocity field

Ax

Ay

Passive particle 0z

b= 140 — P A
t t+5t
$
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1T & flow map Jacobian

i j+1(t)
z; j+1(to)
T Flow map F}, zi5(
‘Ti—l,j!to) Tit1,5(to) wi1,4(t Tig,5(t
x; i—1(t
i (t0) zisa )
Ax(t)  Ax(b) Xip1,j(t) —xXi—1,(0) Xip1,j(t) =Xi—1,(t)
t . | Bx(to) Ay(to) Xip1,j(to) —xi—1,j(to)  Xijp1(to)—x;j—1(to)
VE, = 1Ry 2y | = | xpa () —xiys 1) YOyt |- @
Ax(to)  Ay(to) Xiy1,(to)—=xi—1(to)  Xijy1(fo)—xij—1(to)
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1T & FTLE

FTLE: &£ AR i 18] A B9 R K HL

o(Fy;%0) = T log (\/ Amax [(VFfU)TVFfU]) : )

max eigenvalue of
right Cauchy-Green strain tensor

i 54+1(1)
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flow map F. :

x(t) =x0 + /tU(X(T),T)dT.

to

Ftto (x0) flow map

« HI[A) (forward) 14y = HERL5# (repelling structures): t > t
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AY [o ["ﬁ 157 Iﬁ h*/\ﬁ

flow map F. :

x(t) =x0 + /tU(X(T),T)dT.

to

Ftto (x0) flow map

« HI[A) (forward) 14y = HERL5# (repelling structures): t > t
« J51a) (backward) fR4y = MR 5| 4544 (attracting structures): t < tg
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Correlation coefficient
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8: Pearson correlation coefficient between the attraction rate field and the benchmark
backward-time FTLE field as a function of integration time, T|, in hours. (Nolan £, 2020)
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t4 4%

1y =H

* LCS XE X (Haller £, 2000): the most repelling, attracting material surfaces.

+ Finite-Time Lyapunov Exponents (FTLE) can be used to find separatrices in
time-dependent systems.
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https://shaddenlab.berkeley.edu/uploads/LCS-tutorial/overview.html
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