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Decaying turbulence in density stratified fluid with a Prandtl number up to Pr = 70 is investigated by the direct numerical
simulation. In turbulent flow with a Prandtl number larger than unity, it is well known that the passive scalar fluctuations
cascade to the scales smaller than the Kolmogorov scale, and shows the k=1 spectrum in the viscous-convective range, down
to the Batchelor scale. In decaying stratified turbulence, the same phenomenon is initially observed for the buoyant scalar of
high Pr(= 70), until the Ozmidov scale becomes small and the buoyancy becomes effective even at the Kolmogorov scale.
After that moment, however, the velocity components near the Kolmogorov scale begin to show strong anisotropy dominated
by the vertically sheared horizontal flow which reduces the vertical scale of density fluctuations. An analysis similar to
Batchelor (1959) indeed shows that the vertically sheared horizontal flow reduces the vertical scale of density fluctuations,

without changing the horizontal scale.
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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 Prandtl number Pr is very large (Pr =
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
Prandtl number in isotropic turbulence was investigated in a
seminal paper by Batchelor [1], who predicted that the high-
Pr(>» 1) scalar dissipates at the wavenumber of kg =
Pri/2ky (kj being the Kolmogorov wavenumber), and the
scalar variance spectrum is proportional to k*~* in the viscous-
convective subrange (ki < k* < kg). These results have been

confirmed later by experiments [2] and numerical simulations [3].

On the other hand, turbulence in a density-stratified fluid has
been investigated by a number of numerical simulations (e.g. [4-
6]). Most of them, however, assume Pr =1, so that the
behaviour of the high-Pr stratifying scalar and the Pr-effect on
the fluid motion have been largely unknown. In this study, we
have performed direct numerical simulations of decaying
turbulence with a Prandtl number up to 70 as a prerequisite to
understanding the behavior of a very high-Pr active scalar like
salinity (Pr = 700).

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, i.e. the temporal evolution of an initially
prescribed perturbation, is analyzed by direct numerical
simulation. As the initial condition, an isotropic velocity

distribution is given, and the salinity perturbation is set to zero.

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. As a time-stepping algorithm, the 4th
order Runge-Kutta method is adopted. We begin the computation
with 20482 grid points, and reduce the grid points to 10242 to save
the computational resource after the high-wavenumber
components of the salinity perturbation decay (t = 6).

The initial Reynolds number and the initial Froude number
are fixed at Rey=UjLy/v* =100 and Fry=U;/
(N~*Ly) = 1, respectively, where Uj is the initial rms velocity,
Ly the initial integral scale and N* the Brunt-Vaiséld
frequency determined by the mean density gradient dp*/dz*.
In this study, the variables without an asterisk represent the non-
dimensional quantities scaled by the length scale Ly, the velocity
scale U and the salinity scale —Lydp*/dz*.

3. Results

We show in figure 1(ab) the spatial distributions of the
potential energy at t = 4, for low and high Prandtl numbers
(Pr =1 and 70). At this early time, the flow is only weakly
affected by buoyancy since the the time in the unit of Brunt-
Vdisala period is small and the Ozmidov scale is still larger than
the Kolmogorov scale. There is a strong effect of the Prandtl
number on the potential energy, since Pr controls the cascading
process of the scalar. The potential energy distribution at Pr =
70 (figure 1b) has much smaller structures than thatat Pr = 1
(figure 1a), since the Batchelor scale of the scalar with Pr = 70
is much smaller than that with Pr = 1, which is equal to the
Kolmogorov scale.
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Figure 1. Spatial distributions of the potential energy at (a,b)
t =4 and (cd) t = 40. Each figure shows the
isosurfaces of (a) p'?/(2Fr¢) = 6PE at Pr =
1; (b) p'?/(2Fr®) =6PE at Pr=70; (c)
p?JQFr®) =4PE a Pr=1,; (d) p'?/
(2Fr@) = 4PE at Pr = 70, where PE is the
spatially averaged potential energy.

The corresponding spectrum of potential energy is shown in
figure 2. The spectrum extends toward a higher wavenumber for
a large Prandtl number. We should note that the potential energy
spectrum at Pr = 70 is proportional to k= in the viscous-
convective subrange (kyx < k < kg ). This implies that the
buoyant scalar behaves like a passive scalar (cf. Batchelor[1])
unless the buoyancy affects the flow as small as the Kolmogorov
scale.

As time proceeds, the Ozmidov scale becomes smaller and the
buoyancy becomes dominant down to the smaller scales,
including the energy-containing scale. At a much later time (t =
40), the isosurfaces of the potential energy have pancake
structures as shown in figure 1(c,d). Since the smaller-scale
fluctuations observed when t = 4 (figure 1a,b) have already
decayed, only the large-scale structures remain. There are
horizontal wrinkles on the surface of pancakes of potential
energy at Pr = 70. These are the small-scale vertical structures
observed only at high Prandtl numbers, not observed at lower
Prandtl numbers. The vertical variations in density perturbation
is generated by a vertical shear of the horizontal flow, which is
dominant at the Kolmogorov scale (cf. [7] for more detail).
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Figure 2. Prandtl number dependence of the potential energy
spectrum Ep(k) at t =4. Arrows show the
Ozmidov (k,), Kolmogorov (ki ), and Batchelor
(kg) wavenumbersat Pr = 70 from left.
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