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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)
Particle-resolving Lagrangian cloud model is developed, and the results are compared with a conventional method; (ii)
multiscale turbulent clustering of polydisperse cloud droplets is modeled considering the gravitational settling; (iii) the scalar
transfer across a wind-wave interface is investigated by using a DNS of air-water two-phase flow; (iv) a multi-particle model
of the scalar dissipation rate in turbulence is proposed; (v) effects of initial disturbance on turbulent diffusion in a jet flow is

investigated.

Keywords: turbulence, multi-scale simulation, multiphase flow, scalar transfer, sub-grid scale model

1. Particle-resolving direct Lagrangian cloud model

Collision coalescence of cloud droplets is an important
process in rain drop formation. To investigate turbulent
enhancement of droplet collisions, we have developed the
Lagrangian Cloud Simulator (LCS), which is based on a
three-dimensional direct numerical simulation (DNS) of
particle-laden turbulence. The conventional LCS tracks large
rain drops (which are spherical particles of Dp>A and/or
Rep>1) wusing the point-particle (PP) approximation
considering the hydrodynamic interaction (HI) between
particles. However, it does not consider the influence of
microscale wake flow from a falling rain drop on the collision
growth of surrounding particles. Thus, we have implemented
the immersed solid method (ISM) [1,2,3] to the LCS and
conducted a highly-parallelized computation to obtain
turbulent collision statistics. 4096 particles are imposed to a

[— )
Fig. 1 Turbulent energy dissipation rate (5122 grid points, 4096
particles); (left) PP-BiSM (1-way) and (right) ISM. Color
indicates the energy dissipation rate in a logarithmic scale. The
VDVGE was utilized for visualization.

fully developed turbulence, resolved by 5128 grid points. The
result shows that the energy dissipation rate for the case of
ISM is larger than the case of PP-BiSM (the PP
approximation with the HI effect) (Figure 1). In addition, the
LCS with ISM can reproduce significant particle clustering,
that was not observed using PP-BiSM. We have also
confirmed that the present LCS-LSM is feasible for the larger
computation using 20482 grid points and 5.12 x 10° particles.

2. Influence of cloud droplet clustering on radar
reflectivity factor

Inertial motion of cloud droplets causes clustering in
turbulence. Previous studies pointed out that turbulent
clustering of cloud droplets can enhance a reflectivity factor in
radar cloud observations. To estimate the quantitative
influence, we have performed DNS of particle-laden
homogeneous isotropic turbulence using the LCS and
developed a clustering intensity (number density fluctuation)
spectrum model for polydisperse cloud droplets. This fiscal
year, we have improved the model to consider effects of
gravitational settling. The comparison with the DNS results
confirmed the reliability of the improved model (Figure 2) [4].
The improved model was applied to cloud simulation data,
obtained using the multiscale atmosphere-ocean coupled
model, MSSG. The quantitative influence of turbulent
clustering on radar reflectivity factor has been confirmed in a
realistic situation of maritime cumuli, considering the effects
of gravitational settling, clear-air entrainment and refractive
index fluctuation.
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Fig. 2 Weighted number density spectra for turbulent

clustering of droplets with a typical size distribution in cumuli
for (@) g=0and (b) g =9.8 m/s?.

Fig. 3 Scalar distribution in a two-dimensional jet at high
Reynolds number. Turbulent Reynolds number is 530 in the
shear region.

3. Development of wind-wave turbulence

Wind waves and sea sprays enhance the heat and water
vapor transfer at the air-water interface. Effects of surface
tension reduction on the wind-wave development and the
scalar transfer have been investigated using the DNS of
air-water two-phase flow. The results show that the wave
height increases significantly when the surface tension is
reduced to half. In contrast, the scalar transfer (gas absorption)
decreases due to the surface tension reduction. This indicates
that turbulent scalar transfer is weaker for the smaller surface
tension case.

4. Multi-particle model for scalar dissipation in
turbulence

In order to accurately predict turbulent mixing and
diffusion using large-eddy simulations for high Reynolds
number turbulence, a multi-particle model of the scalar
dissipation rate has been proposed [5]. The performance of the
proposed model has been verified using DNS database of
two-dimensional jets with scalar diffusion at high Reynolds
number (Figure 3). The proposed model was then applied to
an LES model. The results show that the proposed model
predicts scalar statistics in jet flows in a good accuracy but

low computational cost. The proposed model is easily
applicable to a flow with chemical reactions.

5. Effect of initial disturbance on turbulent
diffusion in a jet

Axisymmetric jets are commonly observed at e.g.
hydrothermal vents and industrial chimneys. The scalar
diffusion in an axisymmetric jet has been studied in many
literatures, but effects of breaking symmetry are not fully
understood. Thus, the effects of initial disturbance on
momentum and scalar transfer in a jet have been investigated.
The disturbance is applied at the inlet of jet to form
streamwise vortices. The results show that large-scale motion
due to the streamwise vortices remains in the downstream
region, while small eddies exist only in the upstream region.
The vortices change the streamwise and azimuth distributions
of turbulent diffusion coefficients. This result indicates that
initial disturbances play important roles for scalar diffusion.
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