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Stably stratified turbulence often induces internal gravity waves, which transfer energy and momentum from the wave source.
Turbulent structures are important in the internal gravity wave generation because the structures are associated with turbulent
motions with specific length and time scales. This project investigates turbulent flow structures in a stably stratified flow.
Direct numerical simulations (DNS) are performed for a stably stratified shear layer with a very large computational domain.
Our simulations confirm that hairpin vortices appear in the stably stratified shear layer and they promote turbulent mixing of
density and momentum. Very long structures elongated in the streamwise direction are also identified in streamwise velocity
profiles. Both hairpin vortices and elongated flow structures make a large contribution to turbulent kinetic energy. DNS is
also conducted for turbulent boundary layers, whose flow structures are similar to those found in the stably stratified shear
layer.

Keywords Turbulence, Stable stratification, Internal gravity wave, Direct numerical simulations,
Turbulent/non-turbulent interface

1. Direct numerical simulations of a stably stratified stably-stratified, temporally-evolving, shear layer where shear

shear layer

Turbulent flow structures are important in internal gravity
waves induced by turbulence. Wavelengths of the internal
gravity waves are often determined by characteristic length
scales of turbulence, which are strongly affected by the
turbulent flow structures. We have employed direct numerical
simulations (DNS) in order to investigate turbulent structures
in a stably stratified flow. DNS have been performed for a

and stratification are localized in a thin layer [1]. A DNS code
based on finite difference methods solves the incompressible
Navier-Stokes equations within the Boussinesq approximation.
The streamwise, spanwise, and vertical directions are denoted
by x, y and z, respectively. Periodic boundary conditions are
applied in the horizontal (x and y) directions. The DNS is
initialized with the vertical profiles of mean streamwise
velocity and density given as hyperbolic tangent functions,

Fig. 1 (a) One of small-scale vortical structures at the top of the stable stratified shear layer. (b) The same vortex as in (a) is
shown with color contours of streamwise velocity fluctuations and fluctuating velocity vectors on the x—z plane crossing the head
of the hairpin vortex. (c) Small-scale vortical structures in the middle of the stable stratified shear layer. Color contours show the
streamwise velocity fluctuation. In these figures, isosurface of second invariant of velocity gradient tensor is used for visualizing

vortices.
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each with thickness ho. Details of the DNS can be found in
[2,3,4]. A computational domain with a size of (448ho, 84ho,
140ho) is large enough to investigate large-scale flow
structures.

2. Turbulent structures of a stably stratified shear
layer

Figure 1(a) visualizes one of small-scale vortices found at
the top of the stable stratified shear layer. The vortex has a
hairpin shape, and is similar to the hairpin vortex found in
turbulent boundary layers [5]. A large number of vortices with
a hairpin shape appear at the top of the stably-stratified shear
layer. Figure 1(b) shows the same hairpin vortex with color
contours of streamwise velocity fluctuation and velocity
fluctuating vectors. The hairpin vortex appears with negative
velocity fluctuations (blue) between the legs of the hairpin
vortex. The head of the vortex induces a rotating motion,
which contributes to vertical transfers of density and
momentum.

Figure 1(c) shows small-scale vortices in the middle of the
shear layer. The distributions of vortices are intermittent in
space. More vortices appear over the regions with negative
streamwise velocity fluctuations (blue). Regions with positive
and negative streamwise velocity fluctuations display
elongated patterns in the streamwise direction. The
streamwise length of these patterns is about 10 times of the
shear layer thickness, and highly elongated flow structures
appear in the stably stratified shear layer.

3. Spectral analysis

Figure 2 shows an energy spectrum of streamwise velocity
fluctuations. Spectral peaks can be found at A/&:= 1 near the
top of the shear layer and at A& = 10 in the middle of the
shear layer. These peaks are close to the streamwise length
scales of the hairpin vortices and highly elongated flow
structures found in Fig. 1. Therefore, the flow structures
identified in Fig. 1 make large contributions to turbulent
kinetic energy. Further spectral analysis has also confirmed
that the hairpin vortices largely contribute to turbulent mixing
of density and momentum [4].

We have also conducted DNS of a turbulent boundary layer,
and compared the flow structures between the boundary layer
and the stably stratified shear layer. The DNS database of the
turbulent boundary layer has also been used for investigating
the turbulent/non-turbulent interface in the turbulent boundary
layer [6, 7].
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Fig. 2 Energy spectrum of streamwise velocity
fluctuation Ew(ks). Here, kx is wavenumber in the x
direction, Ax= 27k« is wavelength, & is mixing layer
thickness, Uo is velocity difference across the mixing
layer.





