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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 in order to clarify a part of
the complex turbulent processes in Earth science. The main achievements are as follows: (i) Direct tracking simulation of individual
droplet motions in a vertically developing cloud is achieved by the Lagrangian Cloud Simulator (LCS); (ii) multiscale turbulent
clustering of polydispersed cloud droplets is investigated and modeled; (iii) the wind wave development mechanism is investigated
by using a DNS of air-water two-phase flow; (iv) spatial development of turbulent patches and corresponding turbulent mixing
mechanism near turbulent/nonturbulent interfaces are investigated and Lagrangian diffusion model is proposed; (v) effects of large-

scale coherent structure in a transient shear mixing layer on the turbulent energy dissipation is clarified.
Keywords: turbulence, multi-scale simulation, multi-phase flow, radar reflectivity factor, turbulent/nonturbulent interface

1. Quasi-one-dimensional simulation of cloud droplet activation, condensational growth, collisional growth, and
growth using the Lagrangian Cloud Simulator droplet gravitational settling. The LCS has been applied to
(LCS) a benchmark precipitation experiment case, the Kinematic
The Lagrangian Cloud Simulator (LCS) has been upgraded Driver (KiD), using an extremely vertically elongated quasi-

to compute all the warm-rain processes in a vertically one-dimensional domain (Fig. 1). This pioneering simulation

developing cloud, including cloud condensate nuclei (CCN) achieved direct tracking of individual droplet motions and
their growth to raindrops [1], allowing analyses of Lagrangian

I=e0m statistics of raindrops. The comparison with a conventional

cloud microphysics model [2] confirmed the reliability of the

1000m direct tracking simulation.

2. Multiscale correlation of turbulent clustering for
bidispersed droplets
Cloud droplets distribute nonuniformly in turbulence. Recent

500m studies revealed that turbulent clustering of monodispersed

droplets can increase the radar reflectivity factor of convective
Dime () clouds. In order to estimate the quantitative influence in actual
radar observations, however, it is necessary to develop a

0.5 parameterization considering droplet size distributions. Thus,
this study has investigated a multiscale spatial correlation of
turbulent clustering for two droplet sizes [3]. Fig. 2 shows

Fig. 1 Lagrangian droplets in the extremely vertically elongated quasi- . o . .
one-dimensional domain. The horizontal domain size is 1 cm x the spatial distribution of droplets obtained by the three-
1 cm, while the vertical length is 3 km. Raindrops (blue and red) dimensional direct numerical simulation (DNS). The multiscale

are settling from the cloud. correlation of clustering was represented by the coherence of
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cross spectrum for droplet number density fluctuations. The
results show that the coherence decreases exponentially as the
wavenumber increases. The decaying trend of the coherence has
been parameterized considering the Stokes number dependence.
It is expected that the proposed parameterization will contribute

to improvement of radar observations.

1.0

Fig. 2 Turbulent clustering of droplets.

3. Wind wave development and sea spray generation

mechanisms at air-water interfaces

The heat and water vapor transfers across the wind-wave
air-water interface can be enhanced by the turbulent flows near
the interface and sea sprays. Thus, this study aims to clarify
the generation mechanisms of wind wave turbulence and sea
sprays and the quantitative influence on the heat and water
vapor transfers. A DNS of air-water two-phase flow has been
performed to clarify the influence of surface tension change
on the development of wind waves. The results show that
the significant wave height for the small surface tension case
increases faster than that for the large surface tension case
[4]. This result indicates that the reduction of surface tension

enhances the development of wind waves.

4. Spatial development and turbulent mixing mech-

anism of local turbulent patches

Local turbulent patches in laminar flows are often observed
in the atmospheric boundary and oceans mixing layers. The
development of turbulent patches is attributed to entrainment
of nonturbulent fluid through the interface region between
turbulent and nonturbulent flows, which is the turbulent/
nonturbulent (T/NT) interface. The development of turbulent
patches have significant influence on the turbulent diffusion
of scalar. Thus, this study aims to investigate the spatial
development of turbulent patches and corresponding turbulent
mixing mechanism using the DNS for the isolated turbulent
patches such as planer jet, mixing layer, and turbulent boundary
layer [5]. Fig. 3 shows the temperature and scalar concentration
distributions in a compressible gaseous jet. This study has
proposed a model to compute the effects of molecular and
thermal diffusions using Lagrangian fluid particles [6]. It is

confirmed that the proposed model predicts the diffusion effects
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at the turbulent core region and those around the T/NT interface

in a good accuracy.

sl

Fig. 3 (a) Temperature and (b) scalar concentration distributions in a

compressible gaseous jet.

5. Effects of large-scale coherent structure in sheared
turbulence on the dissipation of turbulent energy
Free shear turbulence is frequently observed in atmospheric

and ocean flows. This study has investigated the turbulent

energy dissipation mechanism in a shear mixing layer spatially
developing from laminar to turbulence [7]. The turbulent energy
dissipation coefficient C, was evaluated by performing a DNS.

The results show that C, varies in the fully developed turbulence

region (Fig. 4), where Re, decreases in the streamwise direction,

though C, is typically constant. The proper orthogonal
decomposition (POD) for the time series of the velocity implies
that the C, variation is caused by a non-equilibrium turbulent
energy dissipation in a flow filed with almost uniform-size

coherent vortices.
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Fig. 4 Variation of (a) Re, and (b) C, in the streamwise direction
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