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Abstract Collisions of small and heavy non-spherical particles settling in turbulence are very important for systems such as ice clouds
and proto-planetary disks where the particle spectra evolution is strongly dependent on the collision induced growth rate. Still, the
influence of the particle shape on the collision probability is virtually unknown. Building on our recent investigation on the collision
rate of monodisperse suspensions of ellipsoidal particles (Siewert et al., J. Fluid Mech. 758, 686-701, 2014), we show theoretically
and by direct numerical simulations that the behavior of ellipsoids subject to turbulence and gravity is different from the behavior of
spheres. Due to the dependence of the particle settling velocity on the particle orientation, the relative velocity at contact is influenced by
turbulence. When ellipsoids differ either by mass or shape, their contact velocity is randomized by the randomized particle orientation.
For particles much heavier than the fluid these orientation dependent settling velocity differences are larger than the relative velocities
directly induced by the turbulent fluctuations.

INTRODUCTION

During the last decade one field of very active research was the estimation of collision rates of small and heavy spherical
particles suspended in a turbulent flow. Motivated by several problems involving collision induced particle growth such as
droplet growth in warm clouds [8] and planetesimal formation in proto-planetary disks [14], a large number of numerical
[12, 13, 3] and theoretical [6, 5, 2] studies has been conducted on inertial spheres in turbulence. Several interaction
phenomena of particle inertia with fluid turbulence and gravity have been identified increasing the collision rate of small
particles. Most of these findings are now experimentally verified [1, 9, 4]. Thus, it is accepted that turbulence can
dramatically accelerate the particle spectra evolution since the growth rate of the very small particles in the beginning is
moderately enhanced [15].
However, the collision rates of non-spherical particles in turbulence are virtually unknown. We recently showed that the
collision rate of monodisperse suspensions of ellipsoids is drastically increased compared to spheres of the same mass
due to an order of magnitude increased relative velocity at contact [11]. In this study, we show results for the bidisperse
collision rate of ellipsoids of different size or shape.

THEORY

Very often the density of particles suspended in a turbulent fluid flow is much higher than the fluid density. For liquid
or frozen water particles and many types of solid particles in turbulent air a density ratio of the order of 1000 is typical.
Hence, the gravity induced settling velocity vt takes on large values, i.e., is large compared to the turbulent fluctuation
velocities even if the particles are smaller than the smallest turbulent scale, the Kolmogorov scale ηk. However, for non-
spherical particles these settling velocities are orientation dependent. Fig. 1 shows the non-dimensional settling velocity
and time scale of prolate ellipsoids at the aspect ratio β = c/a = 4 as a function of the particle size. While the particle
time scale remains small, the orientation dependent settling velocity is significantly higher than the Kolmogorov velocity
scale at this moderate turbulence intensity. Even the orientation dependent spread is on the order of the Kolmogorov
velocity scale, thus the orientation distribution is more important than the turbulent velocity fluctuations. The orientation
distribution of inertial non-spherical particles is a very complex problem itself [10]. However, like for spheres it can
be argued that the motion of ellipsoids of different size is basically uncorrelated such that the clustering or preferential
concentration effect is only of minor importance [7]. Hence, the orientation at contact can be assumed to be random
and the collision rate can be provided by calculating the relative velocities of randomly orientated particles settling in a
quiescent flow. This is shown exemplarily in fig. 2.

SIMULATION

To confirm our arguments, we conducted direct numerical simulations of a streamwise decaying turbulent flow and tracked
several million one-way coupled particles by a Lagrangian point particle model based on Stokes flow conditions [7, 10,
11]. The relative velocity at contact is sampled assuming contact at separations of spheres at equivalent volume as the
ellipsoids [11]. The results are also shown in fig. 2. It can be seen that the results match the theoretical predictions well.
Hence, the direct contribution to the relative velocity by the turbulent fluctuations is negligible but they are important for
the randomization of the particle orientations.
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Figure 1. Dimensionless parameters characterizing ellipsoidal
particles at an aspect ratio β = c/a = 4 in a turbulent flow at
a turbulent Froude number Frt = uk/

√
ηkg = 0.3. Settling

velocity non-dimensionalized by the Kolmogorov velocity scale
Sv = vt/uk (–) and particle time scale non-dimensionalized by
the Kolmogorov time scale St = τp/τk (- -). The gray shaded
area represents the orientation dependent spread.
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Figure 2. Non-dimensionalized radial relative velocities at con-
tact < |wr| > /uk of a reference ellipsoids at a/ηk = 0.03 and
β = 4 as a function of size of the collision partners at β = 1. For
comparison < |wr| > /uk calculated for the ellispoids settling
randomly orientated in a quiescent fluid.

CONCLUSION

The results highlight the importance of combined effects of turbulence and gravity on small inertial particles and narrow
the importance of particle clustering in turbulence to perfectly spherical particles. We believe that the presented arguments
apply not only to ellipsoids but to all kinds of non-spherical particles as the prerequisite of orientation dependent settling
velocities is generally fulfilled by non-spherical particles.
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