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We have performed direct numerical simulations to investigate the difference in turbulent diffusivities between heat (whose

Prandtl number is Pr = 7), which forms density stratification, and a passive scalar (whose Schmidt number is Sc = 700).

Under weak stratification (Fry = 1, where Fry is the initial Froude number), the turbulent diffusivities of density (heat) and

the passive scalar are significantly different, whereas the difference vanishes under strong stratification (Fry << 1). The

difference in the turbulent diffusivities is due to the difference in the magnitude of the counter-gradient scalar flux, which

persists at the primitive wavenumber of stratified turbulence. For the strongly stratified fluid, the buoyancy oscillation occurs

at low wavenumbers sooner than the scalar transfer to high wavenumbers, so that the persistent counter-gradient scalar flux at

the primitive wavenumber is absent and the turbulent diffusivities of density (heat) and the passive scalar become identical.

Keywords : Stratified Fluid, Decaying Turbulence, High Schmidt Number, Vertical Scalar Flux, Turbulent

Diffusion

1. Introduction

The atmosphere and the ocean, when time-averaged, are
stably stratified with larger density at a lower altitude. The
density stratification in the ocean is generated by both salinity and
temperature. However, most previous studies of stratified
turbulence have addressed the case where only one scalar
contributes to the density change, and few studies have
investigated the behaviour of multiple scalars in stratified
turbulence[1].

In this study, therefore, we analyse the turbulence transport of
a passive scalar of high Schmidt number (Sc = 700) in a
temperature-stratified fluid (Pr = 7), focusing on the turbulent
diffusivity. This system can be regarded, for example, as a model
of the diffusion of pollutants in the thermocline in the ocean. Such
a problem has been investigated by direct numerical simulation
[2] and laboratory experiments [3,4]. It has been reported that the
turbulent diffusivity of density (active scalar) K, differs from
the turbulent diffusivity of the passive scalar K¢, and the basic
mechanism was explained by linear theory [S]. This report
describes how the strength of the density stratification affects the
difference of the turbulent diffusivities between density and the

passive scalar.

2. Direct numerical simulation

We consider a temperature-stratified water (i.e. Pr = 7)ina
cubic region, where the periodic boundary condition with a
period of 4w is imposed. The stratified fluid also contains a
high-Schmidt-number ( Sc = 700 ) passive scalar, whose
concentration has a constant vertical gradient in the quiescent
state. Decaying turbulence in the stratified fluid is analysed by

direct numerical simulation. The initial velocity field is isotropic,
but the initial density and passive-scalar perturbations are 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 and passive-scalar perturbations. These governing
equations are solved by the Fourier spectral method.

The initial Reynolds number is fixed at Rey = UjLy/v* =
50, while the initial Froude number Fry = U5/(N*Ly) is
varied from 0.1 to 5, where Uj is the initial rms velocity, Ly
the initial integral scale and N* the Brunt-Viiséld 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, the density scale —Lydp*/dz* and the
passive-scalar concentration scale —LydC*/dz* (where dC*/
dz* is the vertical gradient of the passive-scalar concentration in
the quiescent fluid).

3. Results

Figure 1 shows the temporal variation of the turbulent
diffusivities for density K,(= p’'w) and for passive scalar
K. (= C'w) (where the overline represents the spatial average
and the quantities with a prime represent perturbations from the
quiescent state). Note that the abscissa is not the time non-
dimensionalised by Ly/Ug, but the buoyancy time ty(=
N*t*/(2m)), that is the time non-dimensionalised by the Brunt-
Viiséla period.

Since the initial density and passive-scalar perturbations are
absent, both turbulent diffusivities increase with time until
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Figure 1. Temporal variation of the turbulent diffusivity of
density (heat) K, (Pr = 7) and passive scalar K; (Sc =

700). The abscissa indicates the buoyancy time ty(=
N*t*/(2m)).

ty ~ 0.15. After that, they decrease to be negative at ty =
0.28, independent of the initial Froude number. At ty < 0.28,
when the turbulent diffusion coefficient takes a positive value,
there is little difference between K, and K. During this period,
the smaller the initial Froude number (the stronger the
stratification effect), the smaller the value of the turbulent
diffusion coefficient, indicating that the turbulent diffusion is
suppressed by the buoyancy acting as a restoring force.

At ty = 0.28, when the turbulent diffusivity turns negative,
a difference between K, and K. is observed. This difference
is due to the difference between the Prandtl number (Schmidt
number) of the density and passive scalar (ie. Pr(=7) #
Sc(=700)), and it is shown that negative (counter-gradient)
vertical density flux is more significant when the Prandt] number
(Schmidt number) is larger (e.g. figure 32 of Komori & Nagata
[3] and figure 7 of Hanazaki [6]).

The spatial scales that contribute to the difference in turbulent
diffusion coefficients are then discussed using the cospectrum of
vertical scalar fluxes. Figure 2 shows the temporal evolution of
the cospectrum of vertical scalar fluxes. We start with the typical
caseof Fry =1 (figure2a). Atlow wavenumbers, there is little
difference between the vertical flux of density (Pr = 7) and the
vertical flux of the passive scalar (Sc = 700), which oscillates
around zero and whose amplitude decays with time. The peak of
the cospectrum is at k ~ 2, which agrees with the peak of the
initial kinetic energy spectrum. On the other hand, at high
wavenumbers, a counter-gradient (negative) vertical scalar flux
develops from the high wavenumbers until ty ~ 0.4 and then
decreases monotonically. In this case, the counter-gradient scalar
flux persistently peaks at the primitive wavenumber of stratified
turbulence kp = /N*/v* (or kp = /Rey/Fry in the non-
dimensional form). The difference of the turbulent diffusivities
(i.e. the vertical scalar fluxes) between the density and the passive
scalar is due to the difference in the amplitude of the counter-
gradient flux at the primitive wavenumber. The counter-gradient
flux is more significant for the passive scalar, whose Schmidt
number is larger than heat (Sc = 700 > Pr = 7), so that the

turbulent diffusivity becomes smaller. It should be noted that the
effect of the difference in the Schmidt number (Prandtl number)
does not appear as a difference in the scale at which the counter-
gradient flux occurs.

On the other hand, for strong stratification (Fry = 0.1), the
counter-gradient scalar flux at the primitive wavenumber does
not exist and only the time-oscillation at low wavenumbers is
observed (figure 2b). This is because the buoyancy oscillation at
low wavenumbers occurs in a shorter time than the transport of
the scalar perturbation to higher wavenumbers, resulting in the
absence of the scalar perturbations smaller than the Kolmogorov
scale [7]. Hence, there is no difference in the cospectra of the
vertical density flux and the vertical passive-scalar flux, and thus
their integrated values, i.e. the turbulent diffusivities, become

identical.
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Figure 2. Temporal variation of the premultiplied

cospectrum of the vertical density flux k X C,r, (k) (dotted
curve) and the vertical passive-scalar flux k X C¢r,, (k)
(solid curve) for (a) Fro=1 and (b) Fry = 0.1. The
vertical dotted line indicates the primitive wavenumber kp =

+/ Reg/Fry, whose values are (a) kp = 7.1 and (b) kp =
22.
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