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Turbulence in a salt-stratified fluid (P=700) is investigated by means of a direct numerical simulation which does not invoke a

turbulence model. We have found that the salinity perturbation shows a spatially intermittent pattern after the buoyancy effect comes

into play even at the smallest scale of the fluid motion. Examination of the potential energy spectrum and its budget reveals that

the intermittent pattern is generated by the persistent counter-gradient vertical salinity flux, which converts the potential energy at a

particular wavenumber range into the kinetic energy and makes the potential energy decrease significantly.
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1. Introduction

The atmosphere and the ocean, when temporary averaged,
are the density stratified fluids with larger density at lower
altitude. The circulation in the deep ocean is driven by the
density difference of seawater, whose density is determined by
salinity and temperature. The salinity, in particular, has a very
small diffusion coefficient, so that the Prandtl number Pr, which
is the ratio of the kinematic viscosity of fluid v" to the diffusion
coefficient «, is very large (Pr=v'/x =700). Thus, the salinity
perturbations decay slowly, and we need to resolve a structure
much smaller than the smallest-size eddies in the flow.

The convection of a passive scalar in isotropic turbulence
was investigated in a seminal paper by Batchelor [1],
which predicted that the high-Pr(»1) scalar dissipates at the
wavenumber of k, =Pr'”? k" (k" the Kolmogorov wavenumber),
and the scalar variance spectrum is proportional to ™' in
the viscous-convective subrange (k, <k'<k,). These results
have been confirmed later by experiments [2] and numerical
simulations [3]. On the other hand, stratified turbulence has been
investigated by a number of numerical simulations (e.g. [4,5]).
Most of them, however, assume Pr=1, and the behaviour of the
high- Pr stratifying scalar and its effect on the fluid motion have
been largely unknown. In this study, we investigate the decaying
turbulence in a salt-stratified fluid (Pr=700) to shed some light

on these problems.

2. Direct numerical simulation

We consider a salt-stratified fluid in a cubic region with
the periodic boundary condition. Decaying turbulence in
the stratified fluid, i.e. the temporal evolution of an initially
prescribed perturbation, is analyzed by direct numerical

simulation. As the initial condition, an isotropic velocity
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distribution is given, and the salinity perturbation is set to zero.

The system is governed by the continuity equation, the
Navier-Stokes equation under the Boussinesq approximation
and the transport equation of the salinity perturbation. The
governing equations are solved by the Fourier spectral method.
As a time-stepping algorithm, the 4th order Runge-Kutta method
is adopted. We begin the computation with 4096’ grid points,
and reduce the grid points to 2048’ to save the computational
resource after the high-wavenumber components of the salinity
perturbation decay (=6).

The initial Reynolds number and the initial Froude number
are fixed at Re,=U, L, /v'=50 and Fr,=U, /(N L,)=1,
respectively, where U, is the initial rms velocity, L, the initial
integral scale and N* the Brunt-Vaiisild frequency determined
by the mean salinity gradient dS"/dz". In this study, the variables
without an asterisk represent the non-dimensional quantities
scaled by the length scale L, , the velocity scale U, and the
salinity scale -L, dS7/dz".

3. Results

At an early time of /=4 (fig. 1a) when the Ozmidov scale
(~0.13) is larger than the Kolmogorov scale (~0.05), the salinity
perturbation below the Ozmidov scale is free from the buoyancy
effects since the regions of high potential energy, visualised by
the iso-surfaces with scales smaller than the Ozmidov scale, look
isotropic. As time proceeds, the Ozmidov scale decreases while the
Kolmogorov scale increases and the Ozmidov scale finally becomes
smaller than the Kolmogorov scale. Then, even the smallest scale
of fluid motion is affected by stratification. In this final period of
decay (fig. 1b), the large-scale structure shows a typical "pancake"
structure, but the small-scale structures show a spatially intermittent

pattern, gathering together to form a larger isolated patch.



Fig. 1
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Spatial distribution of the potential energy S*/(2Fr,’) at (a) =4 and (b) =24. Iso-surfaces of 25% of the maximum value in each figure are red-
coloured. The sides of the blue and pink cube correspond to the Ozmidov scale (L, =(¢/N")"?) and the Kolmogorov scale (L, =(v"/¢)"),

respectively, where € is the kinetic energy dissipation rate.
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Fig. 2 (a) Temporal variation of the compensated potential energy spectrum. (b) The budget of the potential energy spectrum at =24 (D,: potential

energy dissipation spectrum, Cg,: vertical salinity flux spectrum, 7,: potential energy transfer spectrum). The vertical lines show the
Kolmogorov (ky), the Ozmidov (k,) and the Batchelor wavenumber (k).

Figure 2(a) shows the temporal variation of the compensated
potential energy spectrum. Initially (¢#<4), a plateau
corresponding to E,ock™ is observed, consistent with the
Batchelor's prediction for the viscous-convective subrange [1].
This shows that the high-Pr active scalar behaves similarly
to the high- Pr passive scalar, as far as the buoyancy effect is
negligible. However, after the buoyancy becomes effective at
the smallest scales of fluid motion (#>7), the potential energy
spectrum begins to take a different form. The potential energy
components with the wavenumber of £~10 decreases faster than
the other components, making two local maxima at £k~1 and
k~40. The former corresponds to the scale of the large isolated
patches observed in fig. 1(b), while the latter corresponds to
the small-scale structures constituting each patch. The rapid
decrease of the potential energy at k~10 would be explained
by the vertical salinity flux. The budget of the potential energy
spectrum in the final period of decay (fig. 2b) shows that the
persistent negative/counter-gradient vertical salinity flux is
dominant in the range of k,<k<k,, and the potential energy is

persistently converted to the kinetic energy.
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