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Importance of micro-scale turbulence processes is increasing as the resolution of Earth-science simulation models becomes

higher. Thus, this project performs direct numerical simulations (DNS) for multiphase turbulent flows to clarify a part of the

complex turbulent processes in Earth science. The main achievements are as follows: (i) Wavelet analyses are applied to clarify

the multiscale structure of inertial particle clustering which has significant influence on the cloud turbulence process at high

Reynolds number; (ii) The growth mechanism of wind waves on the air-water interface is investigated by using DNS of air-

water two-phase turbulent flow, and the contribution of surface tension to the wave growth is clarified.

Keywords : turbulence, direct numerical simulation, multiphase flow, multiscale analyses

1. Introduction

Various complex turbulent processes play important roles in
Earth-science simulations. Understanding of the processes will
improve the reliability of such simulations and lead to a better
understanding of ocean and atmospheric phenomena. Many
aspects of the turbulence processes remain unexplored due to the
computational cost for high Reynolds number turbulence and the
difficulty of accurate computation for mixing and reaction. The
aim of this project is to investigate the mechanisms of multiphase
turbulence phenomena and develop new parameterizations,
performing direct numerical simulation (DNS). In this fiscal year,
we have investigated the multiscale statistics of cloud droplet
clustering in turbulent flow using the Lagrangian Cloud
Simulator (LCS) and the wind-wave growth mechanism using an
air-water two-phase turbulent flow simulator.

2. Inertial particle clustering in cloud turbulence
Cloud droplets are suspended in high Reynolds number
turbulence. Inertial particles such as cloud droplets are swept out
from turbulent vortices by centrifugal force and show a non-
uniform spatial distribution. This phenomenon is referred to as
turbulent clustering. Turbulent clustering enhances turbulent
collision and coalescence in the raindrop formation process [1,2].
It is also suggested that turbulent clustering enhances the cloud
radar reflectivity factor [3]. The structure and formation process
of turbulent clustering have been investigated numerically and
experimentally, but the turbulent clustering mechanism at high
Reynolds number has not been sufficiently clarified. In this study,
DNS of turbulence have been performed and wavelet analysis
has been applied to the obtained particle distribution data to
elucidate the multi-scale structure of turbulent clustering in high

Reynolds number turbulence.
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Fig. 1 Total number density field n (top left) and scale
contributions n; obtained by the wavelet analysis for the
scale [; = 272 (top right), 27* (bottom left), and 278
(bottom right) [4].

The LCS has been used to compute homogeneous isotropic
turbulence and track the individual motions of inertial particles in
a Lagrangian manner [1,2,3]. A cubic computational domain with
periodic boundary conditions is used. The number of grid points
were 5123 — 20483 so that the Taylor-microscale-based
Reynolds number became Re; = 204 — 531. A maximum of
tracked
simultaneously. A scale decomposition based on wavelet analysis

one billion Lagrangian inertial particles are
was applied to the number density field of the inertial particles
[4]. Figure 1 shows the number density field n for the Stokes
number St =1 and the scale contributions n; obtained by the

wavelet analysis.
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We examined the scale-dependent skewness and flatness
factors, S [nj] and F [nj], for several Stokes numbers St, as
shown in Fig. 2. For St = 1, as the scale becomes smaller,
S [nj] shows large positive values and F [nj] increases. This
indicates that clusters are more pronounced and intermittently
distributed at small scales. On the other hand, for St < 0.2,
S [n j] is negative at intermediate scales, which are larger than the
Kolmogorov scale 7. Itis also found that F [nj] becomes larger
as St decreases in that scale range. These trends indicate that for
small Stokes numbers, voids are more pronounced and
intermittently distributed. We also found that for Re; = 300,
S [nj] is negative at larger scales when the Stokes number is 1.
This suggests that voids play an important role in the clustering
structure formation.

These results would contribute to appropriate modelling of the
multiscale turbulent clustering structure in high Reynolds
number cloud turbulence based on the clustering formation

%’

mechanism.
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Fig. 2 Scale-dependent skewness factor S [nj] (left) and

flatness factor F [nj] (right) for St < 1 [4]. The horizontal
axes are the wavenumber k; normalized by the Kolmogorov
scale 7.

3. Surface tension effect on wind-wave growth
mechanism

Wind waves and sea spray enhance the heat and water vapor
exchange between the atmosphere and ocean. In this fiscal year,
the effect of surface tension on the wind-wave growth
mechanism has been investigated using the DNS of air-water
two-phase turbulent flow [5]. The computational domain was set
to 20 cm x 3.84 cm x 3.75 cm, and periodic boundary conditions
were set in the streamwise and spanwise direction. A well-
developed wall turbulence was imposed initially in the air side,
while the initial flow field in the water side was static and the
initial interface was flat. The development of wind waves for 7
seconds was calculated.

A comparison between the case of the water surface tension
and the case of half the water value shows that the wave growth
is faster for the smaller surface tension case. Thus, the wave
height spectra were compared to clarify the effect of surface
tension on the wave growth mechanism. Figure 3 shows the time-
averaged one-dimensional wave height spectrum S, (k). For

gravity-capillary waves, wave energy is transferred from the

significant waves to capillary waves by harmonic resonance [6].
The results show that, when the surface tension is reduced, the
energy transfer from the significant waves to the resonant
capillary waves is suppressed, and then the significant waves
accumulate more energy. This causes the increase in the wave
growth rate due to the surface tension reduction.

10°%¢ .

107k ]
— 10*
E 107
—_ IO-IU;
=10
“ 0]

10-|3:

10-I4

107 10°

k[m']
Figure 3 Wave height spectra S, (k) for the case of the
water surface tension (¢ = 1.00,,) and the case of half the
water value (¢ = 0.50y,) [5].
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