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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) The influence of turbulent clustering of
polydispersed cloud droplets on radar reflectivity factor is investigated and modeled; (ii) a DNS code for air-water two-phase flow is
developed in order to investigate the development of wind wave turbulence and sea spray generation; (iii) the mechanisms of fluid
entrainment through turbulent/nonturbulent interface is investigated by using the DNS for spatially developing turbulent patches
under stably stratified conditions and a mixing model for heat and mass through the interface layer is developed; (iv) the momentum

transfer mechanism in shear mixing layer is investigated and the driving force of the inverse gradient momentum transfer is clarified.
Keywords: turbulence, multi-scale simulation, multi-phase flow, radar reflectivity factor, turbulent/nonturbulent interface

1. Enhancement of radar reflectivity factor due to shows that the droplet clusters for different droplet sizes are
turbulent droplet clustering in cumuli spatially correlated. An empirical model to estimate the radar
Cloud droplets disperse nonuniformly in turbulence. This reflectivity factor has been developed considering the spatial

phenomenon is referred to as turbulent clustering. Recent studies correlation, and applied to realistic cumulus data obtained by a

revealed that turbulent clustering of monodispersed droplets can high-resolution cloud simulation (Onishi & Takahashi, 2012 [3]).

increase the radar reflectivity factor of convective clouds [1, 2]. The estimated radar reflectivity factor and the increment due to

For evaluating the influence of turbulent clustering on actual turbulent clustering indicates that turbulent clustering can cause

radar cloud observations, it is necessary to consider droplet size a significant error of radar cloud observations. It is expected that

distributions. Thus, this study has investigated the quantitative the results will contribute to improvement of radar observations.
influence of the droplet size distribution on the radar reflectivity

factor enhancement using the three-dimensional direct numerical 2. Sea spray generation mechanism at wind wave

simulation (DNS). The spatial distribution of droplets (Fig. 1) air-water interfaces
Wind waves develop on the ocean surface, and the heat and

water vapor transfers across the wind-wave air-water interface
influence development of tropical cyclones. The transfers can
be enhanced by the turbulent flows near the interface and sea
sprays. Thus, this study aims to clarify the quantitative influence
of wind wave turbulence and sea sprays on the heat and water
vapor transfers, and the generation mechanisms of wind wave
turbulence and sea sprays under the collaboration with Kyoto
University. A DNS of air-water two-phase flow [4, 5] has

been performed on the Earth Simulator. The results confirm

the reliability of the DNS for wind waves at a low wind speed.

Figure 2 shows the wind wave air-water interface observed in

Fig. 1 Turbulent clustering for three droplet sizes.
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a wind-wave tank experiment (provided by Dr. N. Takagaki
and Prof. S. Komori) and that obtained by the DNS. Ripple

formation is observed for both experimental and numerical

results. On the other hand, the Kyoto University group
succeeded in reliable simulations of the atomization process. We
will combine these techniques and then clarify the mechanism

of sea spray generation under high speed conditions.

3. Evolution mechanism of turbulent patches under

stably stratified conditions

Generation of local turbulent patches in stratified
environments is often observed in the atmospheric boundary
and oceans mixing layers. The turbulent patches are surrounded
by laminar (or weakly turbulent) flows. The interface region
between turbulent and nonturbulent flows (which is the so-called
turbulent/nonturbulent interface) governs the development of
turbulent flows. Thus, this study has investigated properties of
the turbulent/nonturbulent (T/NT) interface using the DNS for
the turbulent patches that spatially develop under the stratified
conditions. Lagrangian tracking of fluid volumes entrained from
outside of turbulence has revealed that the vortical structures
near the T/NT interface play important roles for the entrainment
(Fig. 3) [6]. Under the stably stratified condition, buoyancy
changes the interface shape (Fig. 4), and the geometrical change

reduces the total entrainment rate [7].

10 Entrained fluid

Irrotational boundary

V)
L)X b =0.5 0.5

Fig. 3 (a) Vortical structures near the T/NT interface (irrotational
boundary) obtained by the DNS, and (b) concentration field of
entrained fluid (white).

Entrained fluid

Fig. 4 Boundary of turbulent patch (T/NT interface) in (a) nonstratified
mixing layer and (b) stratified mixing layer. The color shows the
interface height from the centerline.
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Fig. 2 Wind wave air-water interfaces under the low
wind speed condition (5 m/s) observed in wind-
wave tank experiment (left) and that obtained by
DNS (right).

4. Momentum transfer in shear mixing layer in

turbulence transient region

Free shear turbulence is frequently observed in atmospheric
and ocean flows. This study has investigated the mechanism of
momentum and scalar transfer in a shear mixing layer, in which
the momentum is partially transported in the inverse gradient
direction. A DNS has been performed for the shear mixing layer
spatially developing from laminar flows to turbulent flows. The
driving force of the inverse gradient transport is surveyed by
evaluating each term of the momentum transport equations. The
results show that the pressure diffusion term contributes to the
inverse gradient transport at the outer edge of the mixing layer,
while the pressure-strain correlation term -p(0w©y) contributes
in the center of the mixing layer (Fig. 5) [8]. Further, it is
clarified that the inverse gradient momentum transport appears

not only in nonturbulent region but also in turbulent region.
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Fig. 5 Visualization of pressure diffusion term (upper) and pressure-

strain correlation term -p(0w0y) (lower). These terms contribute
to the inverse gradient momentum transport. Negative values
(blue) indicate the inverse gradient momentum transport.
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