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The breakdown of internal gravity waves in a stably stratified fluid generates turbulence, which promotes the mixing of mass,

momentum, and energy. This project investigates turbulence generated by the internal gravity wave breakdown. Direct

numerical simulation is performed for a stably stratified flow over a two-dimensional hill. The breakdown of the internal gravity

wave excited over the hill generates the turbulent patch. The turbulent patch possesses large potential enstrophy, which is almost

0 outside the patch as the internal gravity wave does not propagate the potential enstrophy. The potential enstrophy is also used

for detecting the interface that separates the turbulent patch and the outer region with internal gravity waves. The buoyancy

Reynolds number is large in the turbulent patch, where small-scale turbulence exists. However, it rapidly decreases across the

interface, which indicates that turbulent motions at the interface are suppressed for almost all length scales by the stable

stratification.

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

turbulent interface

1. Direct numerical simulation of turbulence

. . Sli

generated by the breakdown of internal gravity waves \ 2 |

Direct numerical simulation (DNS) is performed for a stably- Sponge area $ ey
stratified flow over a two-dimensional hill. Figure 1 shows the U&j>
schematic of the flow, where the inflow on one side of the i i

. . . xXSp. XSp

computational domain has a constant velocity Uy. A constant ﬁ. \—FSI' ~Non-si | S |
background density gradient dp/dz is assumed in the flow. x 2 ! e = w
Fundamental characteristics of this flow were studied by DNS in Figure 1 DNS of a flow over a two-dimensional hill.

[1]. The streamwise, spanwise, and vertical directions are .
. . boundaries, where Lyg, = 25hy and L5, = 2h,.
denoted by x, y, and z, respectively. We introduce the

following normalized variables: position x; = X;/hy; time t =
£/(ho/Uo); velocity u; = #1;/Uy; density p = p/ho(—dp/
dz); pressure p = p/poUZ, where p, is a constant reference
density and - represents a dimensional variable.

The hill with the height h, is located at the center of the
bottom boundary. The shape of the hill is given by

zp(x) = @ [1 4+ cos(%)]

> (Ix] < m).

The computational domain size is

(Lx' Ly, LZ) =
(100hg, 10hg, 10hy) . Non-slip boundary conditions are
applied on the hill with an immersed boundary method while slip
boundary conditions are applied to other parts of the bottom
boundary and the top boundary. The convective boundary
conditions are used for the outflow boundary. Periodic boundary
conditions are applied inthe y direction. The grey region in Fig.
1 is a sponge zone, where a 2nd-order low pass filter is used for

suppressing spurious reflections of internal gravity waves at the

The governing equations are the incompressible Navier-
Stokes equations within the Boussinesq approximation. The flow
is characterized by three non-dimensional parameters: Reynolds
number Re = Uyhy/v ; Froude number Fr = Uy/hoNy ;
Prandtl number Pr = v/k. Here, v is the kinematic viscosity,
Ny, = \/W is the buoyancy frequency, g is the
gravitational accelatation, and k is the diffusivity coefficient in
the density transport equation. The DNS is conducted for
(Re, Fr,Pr) = (2000,0.6,1).

The DNS code is based on a finite difference method. The code
employs the 3rd-order Runge-Kutta method for temporal
discretization and 2nd-order central difference for spatial
discretization. The Poisson equation for pressure is solved with
the BICGSTAB method. This code was also used in our previous
studies on stably stratified turbulence [2-5]. The number of grid
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Figure 2 (a) Enstrophy and (b) potential enstrophy in a
turbulent patch generated by an internal gravity wave
breakdown.

points in each directionis (N, Ny, N,) = (4000,1000,1000).

2. Flow visualization

Figure 2 visualizes the turbulent patch generated by the
breakdown of internal gravity waves over the hill. Figure 2(a)
shows a contour plot of enstrophy w?/2 = @ - w/2, where @
is a vorticity vector. The turbulent patch appears in the middle of
the internal gravity wave around the center of the figure as
visualized by the enstrophy pattern associated with small-scale
fluctuations of turbulence. The turbulence also arises beneath the
turbulent patch because of the separated flow behind the hill.
Figure 2(b) shows potential enstrophy I1%/2 = (w - Vp)?/2.
The potential enstrophy is not directly influenced by buoyancy
and does not propagate with the internal gravity waves. Therefore,
I12/2 is large only in the turbulent regions in Fig. 2(b).

3. Turbulent/non-turbulent interface
The turbulent patch is further investigated in the region in the
white box in Fig. 2(b). The turbulent patch is detected as the
region of |I1| = I, where the threshold is determined by the
dependence of the detected turbulent volume on Iy, [4]. Then,
the interface between the turbulent patch and the outer non-
turbulent region is obtained as the isosurface of |I1| = ITy,. We
define the local coordinate {; whose origin is located on the
isosurface of |I1| = I,. The direction of {; is the interface
normal direction. Here, {; < 0 and {; > 0 are located in the
turbulent and non-turbulent regions, respectively. Averages taken
conditioned on ; are denoted as (*);.The buoyancy Reynolds
number near the interface can be defined as Rey,; = &, /VN}
with the kinetic energy dissipation rate &; and the buoyancy
frequency:
g = (Z/Re)(sijsij)l.

Ny = =(g/po)(0p/0z);.
Figure 3 shows the buoyancy Reynolds number near the interface,
where the coordinate ¢; is normalized by the Kolmogorov scale
in the turbulent region. The turbulent patch for {; < —307n has
an almost constant value of Re;; = 50, which is high enough
for small-scale turbulence to exist under stable stratification.
Rey,; gradually decreases as the interface {; is approached,

102

100 L

20 40

40 20 O
¢/n

Figure 3 Buoyancy Reynolds number near the interface of
the turbulent patch.

then rapidly drops to Rep; ~ 1 near the interface. For these
small values of Rep,; for {; = 0, the stable stratification
suppresses turbulent motions at almost all length scales. This is
also related to Fig. 2(a), where the outside of the turbulent patch
exhibits the patterns of internal gravity waves without small-scale
turbulence. A similar profile of Rey,; was found in a turbulent
wake in a stably-stratified fluid [6] although the turbulent patch
is generated by a different mechanism from the turbulent wake.
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