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Flow Structures Al -
Fluid flows are coherent in e &\/f
space and time.

\

Nonlinearities generate WW"“*/Z,.E. = it
structure on many scales. T
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Defining “Dynamics”

1
i 8 AR
ot 0




Defining “Dynamics”

ou 1
- u - Vu = —=-Vp+ vViu
Of B
Triad Interactions:
Generate new length scales




Defining “Dynamics”

ou 1
- u - Vu = —=-Vp+ vViu
Of B
Triad Interactions:
Generate new length scales

Energy injection
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6cm

Measure velocity field with PTV

90 pm particles, ~35Kk per
frame

Advect virtual particles
through field

NTO, H. Xu, & E. Bodenschatz, Exp. Fluids (2006)
NTO, P.J.J. 0’Malley, & J.P. Gollub, Phys. Rev. Lett. (2008)
S.T. Merrifield, D.H. Kelley, & NTO, Phys. Rev. Lett. (2010)
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Field Conditioning

e .

Ensure velocity field is 2D by 0 ﬁ'
projecting onto basis modes e

Define three sets of modes:

. streamfunction .
O: boundary en®y
®: potential . -

S
- sl
E A=
L.
Lekien et al., J. Geophys. Res. (2004)
D.H. Kelley & NTO, Phys. Fluids (2011)

g%
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Field Conditioning

O
T ® “inc
oo ® “comp
©» 0.8
: Mg
> $
-g 0.6
: 0.4 e .
g !
8
02t 8 f
O
Chv e i .
O 1 1 1 1
50 100 150 200
Re

D.H. Kelley & NTO, Phys. Fluids (2011)
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2D Turbulence

/ Inverse energy transfer

s Forcing (injection).
o 107} <. Forward enstrophy
A . transfer
10E%r
sl -
=10 L
107700 10! 102 103 104

G. Boffetta, J. Fluid Mech. (2007)
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Write equation of motion for filtered energy:

HE™) 0J ) ™ gut™
= o g T
ot 8332 8$j 8xj

G.L. Eyink, J. Stat. Phys. (1995)
M.K. Rivera et al., Phys. Rev. Lett. (2003)
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Write equation of motion for filtered energy:

HE™) 0J ) ™ gut™
= SEERS P e g (08
ot 8513@ 8$j 0xj

Change In
energy at
a point

G.L. Eyink, J. Stat. Phys. (1995)
M.K. Rivera et al., Phys. Rev. Lett. (2003)
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Write equation of motion for filtered energy:

HE™) 0J ) ™ gut™
= SEERS P e g (08
ot 8513@ 8$j é)xj

Changein  Spatial
energy at transport
a point

G.L. Eyink, J. Stat. Phys. (1995)
M.K. Rivera et al., Phys. Rev. Lett. (2003)
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Write equation of motion for filtered energy:

DR M s ne

= 1%
ot BZUZ 8$j 8xj
Changein  Spatial Viscous
energy at transport dissipation

a point

G.L. Eyink, J. Stat. Phys. (1995)
M.K. Rivera et al., Phys. Rev. Lett. (2003)
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Write equation of motion for filtered energy:

DR M s ne

— 1/ H(T)
ot 8513@ 8.’133' 8xj
Changein  Spatial Viscous Coupling
energy at transport dissipation to other
a point scales

G.L. Eyink, J. Stat. Phys. (1995)
M.K. Rivera et al., Phys. Rev. Lett. (2003)
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Write equation of motion for filtered energy:

r () (e ()

ot 8332 8.’133' 8xj
Changein  Spatial Viscous Coupling
energy at transport dissipation to other
a point scales

- 3y Dug
H\" e _(Uiuj)(r) -4y ) ;x@]

G.L. Eyink, J. Stat. Phys. (1995)
M.K. Rivera et al., Phys. Rev. Lett. (2003)
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0.01}

Spectral Energy Flux

(M) (cm?/s®)
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015 l I | ] I
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0.02 | I i | I ]
Spectral Energy Flux
0.01 3
oog :
AN
s R R
T ~0.04
\:/ -
-0.02
-
~0.03 ! i . ° - - -
0.15
l ' ] . ‘ :Eon
i 5§ o
0.1+ < 01
02
oo’\(; . o3
f; 0.05/
5 » 5 -
0 3cm K -
05 11 1 fs : 25 é 3%5 4
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Energy

r=0.6 Lf

Enstrophy

We



Spectral Energy Flux
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rlL. =050 Spectral Energy Flux

5cm
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Spectral transfer is not
constant in time!

How does is change?
What are its dynamics?

wo ¢

W N - O -
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Spectral Energy Flux
Time Evolution
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Energy Flux Correlations 1.5 |
1t
'__J
0.8 =~
(-
i R

—02 B ] ] ] 1 ]

0

D.H. Kelley & NTO, Phys. Fluids (2011)
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Enstrophy Flux Correlations 15
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Spatial Dependence of Integral Times

rL/TL

D.H. Kelley & NTO, Phys. Fluids (2011)
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Aside: Lagrangian Coherent Structures

n
e
1R
TR wﬂ
g 4 < €
X(t,) O(x,1,,At)

. . (03 09,00,
(Right) Cauchy-Green strain tensor: C;; = T
FTLE: 0-(33 tO) At e m In \/)\max zg

G. Haller & G. Yuan, Physica D (2000)
G.A. Voth et al., Phys. Rev. Lett. (2002)
S. Shadden, F. Lekien, & J. Marsden, Physica D (2005)
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LCS Organize Mixing

G. A Voth et aI., Phys Rev. Lett. (2002)

30°N
26°N
22°N
o L N
J Olascpaga (R‘S'N(AS')
SN g B tk}.w"_
[R°N ' S
OR"W 04" W Q0" W 86"W 82°W
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FTLE Field

D.H. Kelley & NTO, Phys. Fluids (2011)
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Spatial Averages

10
a
(Y)A
|
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A
&
L
A
=
o —
3:‘ —r/L=0.75 o
-15[|—r/L = 0.90 £
— 3 slope 1 /
‘L“" ik = 1 — a8 //
V' ooff =125 L /
(L =15 < //
ik =2 .
iy W - .
SR -y . integration time T (s)
N > 4 6

integration time T ()
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Spatiotemporal Averages

0.02} g
c?/-\
»
AN
5
Iy -
N\
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©
®
'_ {:-----------------------------N ------------
+
by
E —0.02{_"""""-"""""""N ______________
V
0.04 Eulerian dashed; Lagrangian solid . .
- 2 4 6 8 10

integration time T (s)
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Summary

Spectral fluxes have nontrivial
spatiotemporal structure

Spectral transport couples to spatial
transport

Appropriate Lagrangian averages
reveal coherent dynamics

LCS may separate dynamically
distinct regions

http://leviathan.eng.yale.edu
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