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Fig. 2 Instantaneous snapshots of (a) absolute value
of the vorticity on the x-y plane, (b) pressure on the
x-yplane, (c) scalar on the x-y plane, and (d) scalar

on the xzplane.
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Fig. 3 Circumferentially averages of the terms in
KHMH equation at (a)x/Z = 2.0 and (b) x/Z=5.0.
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Fig. 4 Circumferential averaged of the terms in SBSS
equation at (a)x/L =2.0 and (b) x/L=5.0).
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Fig. 5 The normalized third-order structure function

verse radial direction for (a) energy (b) scalar.
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Fig. 6 The normalized power spectrum for velocity and
pressure at (a) x/L = 0.5, (b) x/L = 2.0, and (c)
x/L = 5.0 . The right color contour maps are the
instantaneous snapshots of the pressure field at (d) x/L =
0.5,(e) x/L = 2.0,and x/L = 5.0.

AWFFEIHFERTIE B - Bk R 2 L —H ¥
DA—s3—=a ¥ a—4 (NEC SX-ACE) Z AWV TiThH
Az, E TR - A (No. 18H01369, No. 20K04264)
DY R— N EZiT 7.

SCHR
[1] K. Takamure, Y. Ito, Y. Sakai, K. Iwano, and T. Hayase,
“Momentum transport process in the quasi self-similar
region of free shear mixing layer,” Phys. Fluids 30, 015109
(2018).
[2] Y. Tto, K. Nagata, Y. Sakai, and O. Terashima,
“Momentum and mass transfer in developing liquid shear
mixing layers,” Exp. Therm. and Fluid Sci. 51,28 (2013).
[3] K. Takamure, Y. Sakai, Y. Ito, K. Iwano, and T. Hayase,
“Dissipation scaling in the transition region of turbulent

mixing layer,” Int. J. Heat Fluid Flow 75, 77 (2019).

-27-4



- Earth Simulator Proposed Research Project -

Numerical Study on Inter-scale Transfer of Energy and Scalar in Turbulent
Mixing Layer

Project Representative
Yasuhiko Sakai Dept. of Mechanical Systems Engineering, Nagoya University
Authors

Yasuhiko Sakai*!, Yasumasa Ito*!, Koji Iwano*!, Takumi Okawa*!, Keigo Matsusda *?
"1 Department of Mechanical Systems Engineering, Nagoya University

*2 Center for Earth Information and Technology, Research Institute for Value-Added-Information Generation, Japan
Agency for Marine-Earth Science and Technology

Direct numerical simulation (DNS) was carried out for a spatially developing turbulent mixing layer to investigate turbulent
energy and scalar transport mechanisms in both the developing and developed regions. Scale-by-scale energy budget analysis
based on Karman-Howarth-Monin-Hill (KHMH) equation was employed to reveal inter-scale transport of energy and scalar.
The results indicate that the inverse cascade phenomenon of energy, which is firstly documented in the fully developed region,
is closely related to evolutions of large structures of pressure.
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1. Introduction

Turbulent mixing layer is one of canonical flows and its flow
characteristics changes along the downstream direction. In the
past study, the state is divided into three regions: developing
region, quasi-developed region, and fully-developed region. In
particular, the quasi-developed region has shown some unique
features such that the turbulent dissipation coefficient is not
constant even though the major turbulent statistics satisfy typical
distributions, and therefore, it is of great interest to clarify the
physical mechanism appearing in this region. In this context, the
scale-by-scale analysis based on the structure functions are a
common method to reveal the inter-scale transfer of energy and
scalar. Thus, in this study, we performed a direct numerical
simulation (DNS) in a mixing layer and applied scale-by-scale
analysis for turbulent energy and scalar transport.

2. Direct numerical simulation

Figure 1 shows the schematic view of the computational
domain. It is a rectangular box with Ly X L, X L, = 7L X L X
0.8L, where L is the length in the y direction, with the
corresponding mesh numbers of N, X N, X N, = 5600 X
800 x 600. The inlet Reynolds number Re (= UL/v), where
U is the average inlet velocity, M is the vertical length of the
computational domain, and v is the kinematic viscosity, is set to
12000. The Schmidt number Sc for the passive scalar was set to
1. The governing equations are dimensionless NS equations and
scalar transport equation. The velocity and scalar fields are solved
us- ing a finite difference method with the fractional step method.
The Poisson equation is solved by the con- jugate gradient (CG)
method.

3. Results and discussion
Figures 2(a), (b) shows the instantaneous snapshots of (a)
absolute value of the vorticity on the x-y plane, (b)

€ =00 7.0L
Fig. 1 Computational domain
x/L
0.0 1.0 2.0 3.0 4.0 5.0 6.0
L i 1 i 1 i 1 i 1 i 1 i ]
0.5
) (a)
S, 0.0 f——remn et b Al i #g."-'_"i'.';-}_-f-g‘ v, ?'.‘?:-'

Fig. 2 Instantaneous snapshots of (a) absolute value of the

vorticity on the X-Y plane, (b) pressure on the X-Y plane, (c)
scalar on the X-y plane, and (d) scalar on the x-z plane.

pressure on the x-y plane, (c) scalar on the x-y plane,
and (d) scalar on the x-z plane. Figures 2 (a) and (c)
illustrates confirms that the mixing layer develops
toward the downstream direction and the flow becomes
turbulent. From Figs. 2 (b) confirms that large-scale positive
and negative pressure appears in X/L < 4.0 but such large-scale
structure disappears in the downstream region of X/L > 4.0. Also
it is found from statistical analysis on turbulence intensity and
turbulent dissipation coefficient that, in the present mixing layer,
X/L <1.5 corresponds to the developing region, 1.5<x/L <3
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Fig. 3 The normalized third-order structure function

verse radial direction for (a) energy (b) scalar.

corresponds to the quasi-developed region, and XL >3
corresponds to the fully-developed region. Thus, in the following
section, analysis are conducted with focusing on the regions
around X/L =2.0 and x/L =5.0.

4. Inter-scale transfer for turbulent energy and scalar

The distribution of the third-order structure function is shown
in Fig. 3. Here, although details of the scale-by-scale analysis is
not shown here to save the space, the positive value means
normal cascade and the negative value means inverse cascade.
The X-axis corresponds to the distance of interest. Figure 3
indicates that both energy and scalar represent a normal cascade
behavior in the fully developed region (X/L = 5.0). However, the
trend is different at the upstream region (X/L= 2.0). The scalar
shows a normal cascade behavior in all the distance but the
energy shows the inverse cascade in r/A > 2. A possible
explanation causing this difference is the effect of pressure. In
fact the governing equations indicate that the scalar transport
equation is similar to momentum equations in NS equations
except for the lack of pressure gradient term. Thus, we plot the
power spectrum of velocity and pressure in Fig. 4 (a) -(c) together
with the instantaneous pressure map in Fig. 4(d)- (). As we can
see in Fig. 4(a), the red line and black line indicates the
normalized power spectrum of velocities and pressure
respectively. Clear peaks are observed for both velocity and
pressure in the upstream region, which proves the existence of
large-scale structure. With the development of the flow, the clear
peak of velocities in the power spectrum breaks up while the
pressure one still exists as shown in Fig. 4(b). Eventually, both
the peaks of pressure and velocities disappear in the further
downstream region where the flow is fully developed. This
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Fig. 4 The normalized power spectrum for velocity and
pressure at (a) x/L = 0.5, (b) x/L = 2.0, and (c)
x/L = 5.0 . The right color contour maps are the
instantaneous snapshots of the pressure field at (d) x/L =
0.5,(e) x/L = 2.0,and x/L = 5.0.

phenomenon can be represented more intuitively by the contour
map of pressure. The large structures of pressure corresponds to
positive and negative pressures area that appearing in the con-
tour map. With the development of the flow, the large structures
of pressure emerge in Fig. 4(e) still exist, whereas no clear peak
appears in the power spectrum for velocity fluctuation. In the
further downstream region where the flow is fully developed,
large structure for pressure, i.e., the imbalance, disappears, and
only the structures are observed. This fact indicates that the
imbalance between the evolution of velocities and pressure
induces the inverse cascade phenomenon for energy when A >
2 at developing region of x/L =2.0.

5. Summary

An inverse cascade phenomenon for turbulent energy is observed
in the quasi-developed region, while such behavior is not
observed for scalar. The results of power spectrum and
visualization indicate that the imbalance between the evolution
of large structures of velocity and pressure induce this
phenomenon.
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