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We have investigated the Froude number dependence of decaying stratified turbulence by direct numerical simulations. When
the initial Froude number Fry is larger than unity (Fry > 1), potential-energy spectrum initially shows a k~!-spectrum at
high-wavenumber region, just like a passive-scalar spectrum well-known as the Batchelor spectrum. However, the potential-
energy spectrum begins to show a significant local decrease near the primitive wavenumber kp = W (where v* is the
kinematic viscosity and N* is the Brant-Viiséld frequency) due to the persistent conversion into the kinetic energy by the
vertical density flux. On the other hand, when Fry < 1, only a small amount of potential energy is transferred to and above
the Kolmogorov wavenumber, since it is converted into the kinetic energy in a shorter time before it is transferred to the high-
wavenumber region by nonlinearity. This means that the Schmidt-number effects will not be significant in strongly stratified

fluids.
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1. Introduction

The atmosphere and the ocean, when time-averaged, are
stably stratified with larger density at lower altitude. The density
stratification in the ocean is generated by both salinity and
temperature. The salinity, in particular, has a so small diffusion
coefficient that the Schmidt number Sc is very large (Sc =
v*/k* =700 with v* being the kinematic viscosity of fluid
and k* the diffusion coefficient).

The transport of a passive (i.e. non-buoyant) scalar of high
Schmidt number in isotropic turbulence was investigated in a
seminal paper by Batchelor [1], who predicted that the high-
Sc (» 1) scalar dissipates at the wavenumber of kg =
Sc'?k}, (kj is the Kolmogorov wavenumber), and the scalar
variance spectrum is proportional to k*~! in the viscous-
convective subrange (kx < k* < kg).

Turbulence in a density-stratified fluid has been investigated
by a number of experiments (e.g. [2-4]) and numerical
simulations (e.g. [5-7]). Saltwater (Sc = 700) has been often
used in the experiment of density-stratified flow, whereas most
of the numerical studies assume Sc =1 because of the
difficulty in resolving a small Batchelor scale of the high-Sc
stratifying (i.e. buoyant) scalar.

Recently, the Schmidt number dependence of stratified
turbulence has been investigated for Sc < 70 by direct
numerical simulations [8]. Furthermore, a direct numerical
simulation of salt-stratified turbulence (Sc = 700)[9] found
that large-scale “clouds' composed of small-scale structures in the
potential-energy distribution appear in the final period of decay.
This phenomenon was attributable to the rapid decrease in
potential energy due to the continuous energy conversion into

kinetic energy through the counter-gradient vertical density flux
at the primitive scale of stratified turbulence.

This study is an extension of the previous numerical study [9],
and investigates the Froude-number (i.e. a non-dimensional
parameter representing the strength of stratification) dependence
of decaying salt-stratified turbulence (Sc = 700).

2. Direct numerical simulation

We consider a salt-stratified fluid (i.e. Sc = 700) in a cubic
region, where the periodic boundary condition with a period of
4m is imposed. Decaying turbulence in the stratified fluid is
analysed by direct numerical simulation. The initial velocity field
is isotropic, but the initial density perturbation is absent.

The temporal variation of the flow is governed by the
continuity equation, the Navier-Stokes equations under the
Boussinesq approximation and the transport equation of the
density perturbation. These governing equations are solved by
the Fourier spectral method.

The initial Reynolds number is fixed at Rey = UgLy/v* =
50, while the initial Froude number

Us

=—2 1
L (1)

FTO

is varied from 0.1 to 5, where Uy is the initial rms velocity, Ly
the initial integral scale and N* the Brunt-Viisild frequency,
which is determined by the undisturbed density gradient
dp*/dz*. Hereafter, the variables without an asterisk represent
the non-dimensional quantities scaled by the length scale Lj, the
velocity scale Ug and the density scale —Lydp*/dz*.

3. Results
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Figure 1 shows the temporal evolution of the premultiplied
spectrum of potential energy, i.e. k X Ep(k) for three different
initial Froude numbers (Fry = 5,1 and 0.3 from top). For
weak to moderate stratification (Fr, = 5 and 1), the potential-
energy spectrum shows a similar time-evolution (figure la,b).
Initially, at ty ~ 0.5 the premultiplied spectrum has a plateau
near the Kolmogorov wavenumber, which corresponds to
Batchelor’s k=1 spectrum [1]. Subsequently, the premultiplied
spectrum near the primitive wavenumber kp (indicated by the
vertical dotted line) decreases rapidly, leaving two peaks at low
and high wavenumbers. The local decrease in the potential-
energy spectrum occurs since the counter-gradient vertical
density flux persistently has a peak at the primitive wavenumber
and the potential energy is converted into the kinetic energy [9].

In contrast to the cases of weak to moderate stratification
(figure 1a,b), the premultiplied spectrum for Fry = 0.3 (figure
1¢) does not exhibit a plateau near the Kolmogorov wavenumber
representing the k! law. Instead, k X Ep(k) maintains a
single peak at a low wavenumber, corresponding to the integral
scale of the initial perturbation. We should note that the potential
energy is not transferred so much above the Kolmogorov
wavenumber in spite of the very high Schmidt number (Sc¢ =
700). The reason for this is that the Brunt-Viisila period is so
small that the potential energy is converted into the kinetic energy
sooner than it is transferred to and above the Kolmogorov
wavenumber, and eventually most of the energy is dissipated at
the Kolmogorov wavenumber due to viscosity. This means that
the Schmidt number effect will not be significant in strongly
stratified fluids.
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Figure 1. Temporal variation of the premultiplied potential-

energy spectrum k X Ep(k), for(a) Fro =5,(b) Fro=1
and (¢) Fry = 0.3. Symbols on each spectral curve show the
Kolmogorov wavenumber (O), the Ozmidov wavenumber
(@) and the Batchelor wavenumber (A\). The vertical dotted
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turbulence kp = \/Rey/Fry, whose values are (a) kp =
3.2,(b) kp = 7.1 and (c) kp = 13. In the legend, time is
represented by two kinds of non-dimensional time (advection
time t(= Ugt*/Ly) and buoyancy time ty(= N*t*/
(2m)).



stratified fluids”, Proc. AIP Conf. on Nonlinear Properties of
Internal Waves (ed. Bruce J. West), pp.79-112, (1981).

[6] P. Bartello, and S. M. Tobias, “Sensitivity of stratified
turbulence to the buoyancy Reynolds number”, J. Fluid Mech.
725, pp. 1-22, (2013).

[7] A. Maffioli, and P. A. Davidson, “Dynamics of stratified
turbulence decaying from a high buoyancy Reynolds number," J.
Fluid Mech. 786, pp. 210-233, (2016).

[8] S. Okino, and H. Hanazaki, “Decaying turbulence in a
stratified fluid of high Prandtl number”, J. Fluid Mech. 874, pp.
821-855, (2019).

[9] S. Okino, and H. Hanazaki, “Direct numerical simulation of
turbulence in a salt-stratified fluid”, J. Fluid Mech. 891, A19,
(2020).

-23-7

- Earth Simulator Proposed Research Project -



