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High-resolution direct numerical simulations (DNS) of multiphase turbulence are performed to elucidate turbulent transport
processes in atmospheric and ocean phenomena and to improve the reliability of high-resolution atmospheric and ocean
simulations. In this fiscal year, the clustering structure of cloud droplets, which affects the droplet growth process in cloud
turbulence, is investigated particularly to understand the multiscale characteristics of the particle number density distribution
at high Reynolds number. The results show that for high Reynolds numbers, a pronounced bump appears in the particle
number density spectrum at low wavenumbers. This result suggests the existence of a large-scale inertial particle clustering

mechanism.
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1. Introduction

To improve the reliability of high-resolution atmospheric and
ocean simulations, improvement of elemental physical models is
necessary. Micro-scale turbulent processes are particularly
important because they have a significant influence on heat and
water vapor transport and cloud development. In this project, we
aim to develop turbulent process models by elucidating transport
process in multiphase turbulent flows using direct humerical
simulation (DNS). In particular, we focus on the cloud droplet
growth in cloud turbulence, where turbulence plays an important
role in promoting raindrop formation. We investigate the
multiscale clustering structure of cloud droplet distribution in
turbulent flow. Inertial particles are ejected from turbulent eddies
due to the inertial forces and show a non-uniform spatial
distribution. This is referred to as inertial particle clustering.
Clustering of cloud droplets promotes the collision growth of
cloud droplets, and can also cause the increases of radar
reflectivity factor. Inertial particle clustering in turbulent flows
has been studied extensively by numerical simulations and
laboratory experiments. However, clustering behavior in high-
Reynolds-number turbulent flows such as flows in actual cloud
turbulence has not been fully understood. In this study, we
perform a high-resolution DNS to investigate the multiscale
characteristics of the particle number density distribution due to
inertial particle clustering at high Reynolds number [1].

2. Direct numerical simulation of cloud turbulence
The Lagrangian Cloud Simulator (LCS) [2, 3, 4] was used to
obtain inertial particle clustering data. The governing equation of
the air flow is the Navier-Stokes equation for incompressible
flows. A cubic computational domain with periodic boundary
conditions was used. A statistically stationary homogeneous

isotropic turbulence was formed by applying an external force to
large scales with wavenumbers of k < 2.5. To examine the
influence of the external forcing for turbulence on particle
clustering, we used two different forcing schemes: linear forcing
(LF) of Ref. [5] and random forcing (RF) based on Ref. [6].

The motion of a large number of particles in turbulent flow was
tracked by the Lagrangian method based on the point particle
approximation. Small spherical particles were assumed to be
subjected to the acceleration corresponding to the drag force
proportional to their relative velocity.

The relevant dimensionless parameters are the Taylor
microscale Reynolds number Re, and the Stokes number St.
For the case of LF, 5123, 10243, and 20482 grid points were used
to obtain turbulent flows with Re; of 204, 328, and 531,
respectively. For the case of RF, 5123, 10243, 2048%, and 4096°
grid points were used to obtain turbulent flows with Re, of 155,
251, 402, and 678, respectively. The Stokes number St was set
to 1.0 for all DNS cases. The maximum number of particles
tracked in DNS was 3.2 billion. After forming a statistically
stationary turbulent flow, the particles were seeded uniformly and
randomly in the domain. Particle distribution data were obtained
at 10 time instants after a spin-up period of 10 times the
representative time scale.

Figure 1 shows an example of the spatial distribution of
particles for the case with Reynolds number Re;=678 and 3.2
billion particles. In figure 1, the cluster size is extremely small
compared to the computational domain size because the
Kolmogorov length 7 is approximately 9.7 x 10~%. It is also
observed in figure 1 that there are intermittent void regions with
relatively large scales.
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Fig. 1 Spatial distribution of inertial particles obtained by
the DNS for Re, = 678 and 3.2 billion particles. Particles
inthe range of 0 < x < 47 are plotted.

3. Particle number density spectrum

To clarify the multiscale characteristics of the particle number
density distribution, the energy spectrum of the particle number
density was calculated based on the particle distribution data
obtained by the DNS. To remove the Poisson noise from the
number density spectrum, an analytical Fourier transform is
applied to the discrete Lagrangian particle data. To reduce the
computational cost, the spectra were calculated for 19 selected
wavenumbers. See Matsuda et al. (2014) [3] for details.

Figure 2 shows the obtained number density spectra. For low
Reynolds numbers, a peak in the number density spectrum
appears at kn =~ 0.2, as reported in Ref. [3]. This is consistent
with the previous finding that clustering is pronounced at scales
close to the Kolmogorov scale. For high Reynolds numbers, the
spectra show a significant bump for low wavenumbers kn <
0.03 in addition to the peak at kn =~ 0.2 . The low-
wavenumber (i.e., large-scale) bump can be observed for both LF
and RF cases. Therefore, the large-scale bump is independent of
the forcing schemes used for turbulent flows. This result suggests
the existence of a large-scale clustering mechanism different
from the well-known clustering mechanism pronounced near the
Kolmogorov scales.

4. Concluding remarks

We have examined the multiscale characteristics of the particle
number density distribution by performing a high-resolution
DNS at high Reynolds number. The DNS is performed with
computational grids of up to 4096° points and with up to 3.2
billion Lagrangian inertial particles. The particle number density
spectra obtained from the DNS data show a pronounced bump in
the low wavenumber region (kn < 0.03) at high Reynolds
number. The low wavenumber bump is independent of the
forcing schemes for turbulence. This result suggests the existence
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of a large-scale inertial particle clustering mechanism.
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