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Small-scale shear layers that internally exist in turbulent flows are investigated with direct numerical
simulations of incompressible isotropic turbulence. The shear layers are detected and analyzed with a new
method based on a triple decomposition of velocity gradient tensor. Flow visualization shows that regions with
shearing motions have a sheet-like structure. The shear layers appear in a region of biaxial strain, whose
compression sustains the thin shear layers. The shear layer thickness normalized by the Kolmogorov scale hardly
varies with the turbulent Reynolds number. The Reynolds number of the shear layer is high enough to collapse
due to the shear instability, which results in the formation of small-scale vortex tubes.

Keywords :

1. Internal shear layers in turbulent flows

Turbulent flows with stable density stratification are often
observed in the natural environment. Vertical turbulent motions
at large scales are strongly suppressed by buoyancy under stable
stratification. However, small-scale turbulence can be generated
by vertical shear due to large-scale horizontal motions even in a
strongly stratified fluid [1]. In turbulent flows, the regions of
intense shear appear as a sheetlike structure, which is called a
vortex sheet or a shear layer. In this study, a new method is
developed to investigate the shear layers that internally exist in
turbulence.

We consider a triple decomposition that decomposes a velocity
gradient tensor Vu into three components of rotation (R), shear
(S), and elongation (E) as Vu = Vug + Vus + Vuy [2].
Hereafter, a component of a second-order tensor is denoted with
subscripts, e.g., (Vu);; = 0u;/dx;. The shear layers can be
detected with the shear intensity I = [Z(Vus)i j(VuS),-j]l/z.
The detail of the numerical algorithm of the triple decomposition
was presented in [3]. The statistical properties of shear layers are
studied by an averaged flow field around the shear layers. The
center of a shear layer is detected as a local maximum of Is.
Then, we introduce a shear coordinate system ({y, {2, {3),
whose origin is located at the center of the shear layer. The
velocity components in the three directions are denoted by
(u4,up, u3). The direction ; is taken in the vorticity direction
of the shear tensor. The directions of {, and {5 are determined
such that the shear is represented solely by dus/0d{,. Ensemble

averages are taken for all detected shear layers as functions of

(Cl! (2! 63)

Turbulence, Direct numerical simulation, Shear layers, Turbulent structures

2. Direct numerical simulation

The shear layers analysis is applied to the direct numerical
simulation (DNS) database of incompressible homogeneous
isotropic turbulence [4]. The governing equations are
incompressible Navier-Stokes equations, which are numerically
solved with a DNS code based on a fractional step method.
Spatial discretization is based on the 4th-order central difference
while the 3rd-order Runge-Kutta method is used for time
integration. The Poisson equation for pressure is solved with the
biconjugate gradient stabilized method. A statistically steady
state is achieved by a linear forcing scheme [5]. The Reynolds
number is defined as Re; = u'Ly/v, where u’ is the root-
mean-square of velocity fluctuations, L, is the integral length
scale, and v is the kinematic viscosity. DNS is performed for
Re; = 140,350,900,2200, and 5600, for which the
number of grid points is 2563,5123,10243,20483, and
40963, respectively.

3. Shear layer characteristics in isotropic turbulence

Figure 1(a, b) visualizes isosurfaces of the shear intensity Is.
A large number of shear layers exist in the flow. Regions with
intense shear have a flat shape, which indicates a layer structure.
The size of the shear layer is 0(10n) in Fig. 1(b), where n is
the Kolmogorov length scale.

Figure 1(c, d) shows mean velocity vectors and a color contour
of mean shear intensity Is evaluated with ensemble averages of
all detected shear layers. The results are presented for the {,-(3
plane at {; =0 and the {;-{, plane at {3 = 0. The shear
layer with large I; can be identified between two parallel flows
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1(a) Isosurface of shear intensity. (b) Close-up of the box in (a). (c, d) Mean velocity vector and mean shear

intensity around the shear layer: (¢) {,-{5 planeat {; = 0;(d) {;-{, planeat {3 = 0.

in +{3 directions. The mean velocity on the {;-{, plane
suggests that the shear layer forms under the influence of biaxial
strain with compression inthe ¢, direction and elongation in the
{; direction. The relation between the shear and biaxial strain is
consistent with Burgers’vortex layer, which is one of the exact
solutions of Navier-Stokes equations.

Further details of the shear layer analysis can be found in [4].
It was shown that the shear layer thickness normalized by the
Kolmogorov scale hardly varies with the Reynolds number. The
Reynolds number of the shear layer is high enough to cause the
shear instability. Indeed, flow visualization proved that the shear
layer collapses and generates a small-scale vortex tube. We have
also shown that the interplay between the shear and the biaxial
strain significantly contributes to enstrophy production and strain
amplification. The present shear layer analysis was also
conducted with the DNS database of a turbulent planer jet [6, 7].
Comparison between the isotropic turbulence and the turbulent
jet indicates that the small-scale shear layers have some universal

properties that do not depend on flows.
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