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Layering around meddies

Seismic image of a meddies in the Gulf of Cadiz
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Layering around meddies:
« a physical manifestation of an interior
route to dissipation in the oceans »
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Strongly stratified turbulence

Small horizontal Froude number: F;, = NLLh <1 (Ro = f% = oo)
h

Billant & Chomaz (2001),
Lindborg (2006)

Godeferd & Staquet (2003)

- Strongly anisotropic
- Three-dimensional dynamics



Properties of strongly stratified
turbulence
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v’ _Kinetic energy spectrum: E(ky) = 016K2/3k7h 4
E(ky) ~ N2k 3

v'_Condition on viscous effects:

v’ _Direct cascade of energy

Cl ~ 0.5

(Lindborg, 2006; Waite & Bartello 2004;
Riley & de Bruyn Kops 2003,...)

R = —gnu— = ReF}, > 1
022
€K . .
R, x R (Turbulence intensity or
vIN?2

buoyancy Reynolds number)
(Brethouwer, Billant, Lindborg & Chomaz 2007)

(Lindborg, 2006, ...)



Outline

* Some physical mechanisms involved in the
cascade: transition to stratified turbulence from a
single columnar dipole

* Experimental and numerical studies of stratified
turbulence forced by columnar dipoles



Direct Numerical Simulations of a pair of
counter-rotating vortices

- Boussinesq approximation

- periodic box
- reference frame where the vortex pair is steady initially
Fy, = 0.66 Fy, = 0.66
Re = 1060 Re = 3180
t=0 t=0

Deloncle, Billant & Chomaz (J. Fluid Mech., 2008)



Enstrophy evolution for Re=1060

35

301
251
207
A

151

10}

Exponential growth of Zh

duy, \ 2 : :
Ly, ~ (d—zh> => Strong vertical shear due to the bending

of the vortices by the zigzag instability



What saturates the enstrophy growth ?
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=> Saturation of the zigzag instability due to viscous effects

(not due to nonlinear effects)




N = S N R = L

=)
(=)

= N

(=}

Shear instability for Re=3180 ?

Density perturbatlons
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Criterion for the Kelvin—Helmholtz instability

N2 1 1

~J X
2 / 2 !
max (ﬂ) Z’I;JICL:F Fh Rth
dz (Riley & deBruynKops, 2003)
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Spectral analysis of the breakdown

Exc(ki, t)e, 2k

1072}

for high Re

Re = 28000 Fj =0.045 1024 x 1024 x 128

Compensated spectra t = 4.1

Third step:
__ fully developed turbulence

1071 -

*\ \ scaling of Lindborg (206)
\ . for the spectra éﬁfﬁll%_b
: developed stratified turbulence

10° N
kn/ kb, k;/ ks ky ~ i : Buoyancy wavenumber

Transition to turbulence by a sequence of instabilities:
zigzag instability — shear instability — turbulence

Augier, Chomaz & Billant (J. Fluid Mech., 2012)



Outline

* Some physical mechanisms involved in the
cascade: transition to stratified turbulence from a
single columnar dipole

* Experimental and numerical studies of stratified
turbulence forced by columnar dipoles



Experimental set-up

o
4

dipole
< zig-zag instability

- z

forced turbulence instead of decaying turbulence =>
R: ~ Const

Augier, Billant, Negretti & Chomaz (Phys. Fluids., 2014)
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Effect of the buoyancy Reynolds number

PIV in vertical cross-sections
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=> transition from viscous to inviscid regime when Rt is increased
but the maximum Rt is not large enough
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Numerical simulations

@ Navier-Stokes solver (Boussinesq approximation):

pseudo-spectral code, MPI parallel computing, from 256 X 256 X 128 to 768 X 768 X 192

@ DNS with forcing similar to the experiments

m in physical space with columnar dipoles (Lamb-Oseen)
m periodic in time
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Augier, Billant & Chomaz (J. Fluid Mech., submitted)
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Time evolution
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Compensated horizontal and
vertical spectra




Simulations for large buoyancy
Reynolds number

Fy, Re R R+ £h2 X L, th X N,

0.29 28000 2355 5.3 162 x2.29 17922 x 256
0.5 22500 5625 10 162 x 4.00 10242 x 256
0.66 22500 9800 20 162 x 5.33 11522 x 384
0.85 20000 14450 25 162 x6.86 8962 x 384

- quasi-DNS with weak hyperviscosity (Kolmogorov length scale nearly resolved)

- smaller box to resolve finer scales

- dipoles are periodically produced at a random location




Time evolution

667, R ~ 4500 (R,
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Horizontal and vertical spectra for R = 20

(1152 x 1152 x 384)

Ex(ki)ec k"

4 ~
/\\/‘/mk;\ : | — prediction of
| b Lindborg (2006)
_ 27
ky = 7,
10-11 Shear instability
100 | 101 ”102
kh/K7 kz/K

Augier, Billant & Chomaz (J. Fluid Mech., soumis)



Vertical spectra
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Conclusions

 Transition to turbulence from coherent vortices by a
sequence of instabilities: zigzag and shear
instabilities

* Forced stratified turbulence:

- spectra in agreement with the theory of strongly
stratified turbulence, but there exist deviations.

- direct transfers to the buoyancy lengthscale

- return to quasi-isotropy for scales smaller than the
Ozmidov lengthscale

* Next: weakly rotating stratified turbulence



