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We have investigated decaying stratified turbulence for Schmidt numbers ranging from Sc =1 to 700 by direct
numerical simulations. In the final period of decay of stratified turbulence in saltwater (Sc = 700), the potential energy
pertaining to the density fluctuation has a “flat spectrum’ in the viscous-convective subrange, rather than a k=1 spectrum
usually observed when the stratification effect is insignificant. This particular spectrum appears since the potential energy near
the Kolmogorov scale or the primitive scale of stratified turbulence decreases significantly due to the persistent conversion of
potential energy into kinetic energy by the counter-gradient density flux, where the primitive scale is defined by \/W with
v* being the kinematic viscosity and N* the Brunt-Vaisala frequency.
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1. Introduction

The atmosphere and the ocean, when temporary averaged,
are stably stratified with larger density at lower height. The
density stratification in the ocean is generated by 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 convection 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 kp =
Sc'?k}, (ky being 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. [4-6]). 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.

In this study, we have performed direct numerical simulations
of decaying turbulence with a Schmidt number up to 700 to
understand the behavior of a very high-Sc buoyant scalar.

2. Direct numerical simulation

We consider a density-stratified fluid in a cubic region with
the periodic boundary condition. Decaying turbulence in the
stratified fluid is analyzed by direct numerical simulation. The
initial wvelocity 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 equation under the
Boussinesq approximation and the transport equation of the
density perturbation. The governing equations are solved by the
Fourier spectral method.

The initial Reynolds number and the initial Froude number
arefixedat Rey = UjLy/v* =50 and Fry = Uy/(N*Ly) =
1, respectively, where Uj is the initial rms velocity, Lj the
initial integral scale and N* the Brunt-Vaisilad frequency
determined by the mean density gradient dp*/dz*. The
variables without an asterisk represent the non-dimensional
quantities scaled by the length scale Lj, the velocity scale Ug
and the density scale —Ljdp*/dz*.

3. Results

Figure 1 shows a time development of the radial spectrum of
potential energy Ep(k) for Sc =1,7,70 and 700. When
Sc =700 (figure 1d), a potential-energy spectrum proportional
to k=1 is generated near the Kolmogorov wavenumber at t =
4. This initial spectrum is similar to a variance spectrum of a
passive scalar of Sc > 1 in isotropic turbulence [1].

However, the potential energy decays with time, and bending
of the spectrumappearsat t = 8. Atthe same time, the spectrum
becomes flat at wavenumbers higher than the wavenumber at
which the spectrum bends, which is approximately k = 7 for
the period of 8 <t < 20.

In decaying turbulence, the Kolmogorov wavenumber
decreases with time, while the Ozmidov wavenumber increases.
Then, the Kolmogorov wavenumber and the Ozmidov
wavenumber coincide (k; = kg,) at the primitive wavenumber
of stratified turbulence kj = /N*/v*[8] in due course. In the
present numerical simulations, its nondimensional value is kp =
(Rey/Fr)/? = 7.1. Therefore, as far as we can identify from
figure 1(d), the bend of the spectrum appears near the primitive
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wavenumber. The primitive wavenumber kp is constant in time
since it is determined by the stratification N* and the viscosity
v*. Also, kp does not change with the Schmidt number Sc
since it is independent of the diffusion coefficient of density x*.

Such bending of the spectrum is not observed at low Schmidt
numbers (Sc < 7; figure 1a,b). However, when Sc increases to
70 (figure 1c), a weak bending of Ep(k) is observed at k =~
7 after the k=1 spectrum is generated.

The bending of the potential energy spectrum is caused by the
counter-gradient density flux persistently peaking at k = kp,
which converts potential energy into kinetic energy [9].
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Figure 1. Time development of potential-energy spectrum Ep(k) for (@) Sc =1, (b) Sc =7, (c) Sc =70 and (d) Sc = 700.
The symbols show the Kolmogorov wavenumber (O), Ozmidov wavenumber (@) and Batchelor wavenumber (A).
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