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Solid atmospheric particles, such as ice crystals, pollen, dust, ash and microplastics,
strongly influence Earth’s climate, ecosystems and air quality. Previous studies have
typically relied on analytical models valid only for very small particles or experiments in
liquids, where the particle-to-fluid density ratio R is much lower than values encountered
in the atmosphere. We combine a novel experimental set-up with particle-resolved direct
numerical simulations to study the settling of sub-millimetre ellipsoids in still air. Particle
shapes span elongation and flatness values 0.2 < EL, FL < 1.0 at a density ratio R =
1000 and particle Reynolds numbers 2.1 < Re, < 4.5, a regime well below the onset
of wake-induced instabilities. Nonetheless, we observe unexpectedly rich dynamics: all
non-spherical particles exhibit damped oscillatory motion, and some triaxial ellipsoids
follow fully three-dimensional, non-planar trajectories due to rotation about all three axes.
Simulations at lower density ratios (R = 10, 100) confirm that these behaviours are driven
by strong lateral forces happening only at R = 1000. Key settling characteristics exhibit
nonlinear and non-trivial dependencies on shape. In the two-dimensional phase space
of elongation and flatness, settling velocity is symmetric about the principal diagonal
(EL = FL), while oscillation frequency and damping rate show symmetry about the anti-
diagonal. Flatness strongly influences pressure drag, while elongation governs lateral drift
and swept volume, which can reach up to ten times the particle diameter and four times
the volume-equivalent sphere, respectively.
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1. Introduction

There are numerous examples of non-spherical atmospheric particles from both natural
and anthropogenic sources. Examples include volcanic (Rossi et al. 2021) and wildfire
(Bodi et al. 2014) ashes, sand (Merrison 2012), dust (Mahowald et al. 2014; van der Does
et al. 2018) and microplastics (Brahney et al. 2020; Tatsii et al. 2023; Reininger et al.
2025) (see figure 1a). Those particles are known to have various impacts, from increasing
health risks for humans (Horwell & Baxter 2006; Manisalidis et al. 2020; Zhang et al.
2020a) to the radiative properties of clouds (Baran 2012; Matus & L’Ecuyer 2017), which
influence the weather and climate (Ramanathan er al. 1989; Norris et al. 2016). However,
our understanding of the transport properties of these particles is rather limited. This is
due to the lack of theoretical models for heavy particles larger than 0.1 mm in air, and the
existing experimental data come almost exclusively from studies conducted in liquids. The
experiments in liquids (e.g. Willmarth, Hawk & Harvey 1964; Jayaweera & Cottis 1969;
Field et al. 1997; Belmonte, Eisenberg & Moses 1998; Lopez & Guazzelli 2017; Roy et al.
2019, 2023; Esteban, Shrimpton & Ganapathisubramani 2020; Will ef al. 2021; Baker &
Coletti 2022; Cabrera et al. 2022; Giurgiu et al. 2024), in which the dynamic similarity is
observed using the particle Reynolds number Re,,, provide many insightful findings on the
settling behaviour of non-spherical particles, with

D
Re, = "L (L1)
v

where D, is the diameter of a volume-equivalent sphere, vy is the terminal velocity of
the particle, and v is the kinematic viscosity of the ambient fluid. Here, Re, quantifies
the relative importance of the inertial forces compared to the viscous forces acting on the
particle (Happel & Brenner 1983; Khayat & Cox 1989; Gustavsson et al. 2019).

However, the ratio of particle to fluid density

rR="r (12)

Pf

which in air is typically of the order of 1000 for most solid particles, cannot exceed much
beyond 10 in liquids, as summarised in figure 1(b). Recent experiments at low Reynolds
numbers in air, particularly for axisymmetric shapes such as spheroids, have advanced
our understanding considerably. Analytical and empirical approaches reveal that particle
inertia strongly affects settling dynamics, often inducing pronounced transient oscillations
(Bhowmick et al. 2024) or sustained orientation instabilities at Reynolds numbers much
lower than those observed at low R (Tinklenberg, Guala & Coletti 2023). While these
findings clarify the behaviour of axisymmetric particles or thin disks, the broader phase
space remains unexplored, in particular regarding how non-axisymmetric features shape
settling at Reynolds numbers applicable to a wide range of atmospheric particles, i.e. 1 <
Re, < 10 at R = 1000 as shown in figure 1(b). This raises a critical question: how do these
non-axisymmetric features, which are key to generalising our insights across the diverse
shapes in the atmosphere, affect settling dynamics?

This study targets the parameter range 1 < Re, < 10 at R = 1000 (p, = 1200 kg m3
and pr =1.2kg m~3), which is relevant for many atmospheric particle sources yet remains
largely unexplored experimentally or numerically. We examine the settling of heavy
ellipsoids of various shapes in still air, leveraging their utility as surrogates for irregular
particles (Bagheri & Bonadonna 2016). By combining novel experiments with particle-
resolved direct numerical simulations (DNS), we uncover complex transient dynamics and
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Figure 1. (a) Natural and anthropogenic sources of non-spherical solid particles that impact the weather,
climate and ecosystems. (b) Atmospheric particles in the phase space of particle Reynolds number Re, and
particle to fluid density ratio R (Kajikawa 1972, 1992; van Hout & Katz 2004; Pruppacher & Klett 2010;
Bagheri & Bonadonna 2016; Allen et al. 2019; Zhang et al. 2020b). The relevant Re, and R of this current
study are shown with the black ©.

highlight a largely uncharted regime of non-spherical particle behaviour, with important
implications for understanding particle-rich atmospheric environments.

2. Methods
2.1. Experiments

The Gottingen Turret, the experimental set-up for this study, is developed at the
Max Planck Institute for Dynamics and Self-Organization (MPI-DS). It features four
synchronised high-speed cameras — TX, TY, BX and BY — imaging an air-filled glass
chamber (GC) where particles are injected by a particle injector (PI) and fall under gravity
in still air, as shown in figure 2(a,b). Two cameras capture each of two overlapping volumes
from orthogonal directions (see figure 2b), enabling full three-dimensional (3-D) tracking
of particles with at least one dimension >100 pm.

All cameras are equipped with Nikon ED AF Micro Nikkor 200 mm lenses, operated
at F-stop 22 and 1: 1 magnification, resulting in an image pixel size of 6.75 wm px .
The effective exposure time is 2.5 ps. The camera system is synchronised in a leader—
follower configuration, with camera TX acting as the leader, and its strobe signal used
to synchronise the remaining three follower cameras. Given the fixed data throughput
of 9 Gpx s~! (Phantom VEO-Series, Vision Research, AMETEK), maximising spatial
resolution required a trade-off with temporal resolution. We employed the maximum
available resolution 4096 px in the Z (falling) direction, corresponding to a vertical
observation window of approximately 28 mm per camera at 1: 1 magnification, yielding
a total vertical measurement distance of approximately 55 mm when the top and bottom
camera fields of view are combined. The horizontal field of view is 720 px (4.86 mm).
Images are captured at frame rate 2932 frames per second. At this temporal resolution,
changes in the angular motion of the particles are sufficiently small to allow for accurate
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Figure 2. (a) A 3-D CAD drawing of the air-filled glass chamber (GC) and the particle injector (PI) for
releasing particles inside the GC. (b) Schematic representation of the illumination of the GC and the positioning
of the mirrors (M) for imaging the particles by the upper TX and TY cameras, and the lower BX and BY
cameras. Axis Z is in the direction of gravity. (c¢) The shapes of ellipsoidal, non-spherical particles of this
study are defined with two shape parameters — elongation EL and flatness FL — keeping the volume constant
(equivalent to a sphere of 140 um diameter D.,). The particle shape-space is divided into four categories:
I — near spherical, II — prolate/elongated, III — highly non-spherical ellipsoidal, and IV — oblate/flattened
shapes. (d) Laser microscope scans of two 3-D printed particles from categories I and III. The 3-D surface
features are <1 wm in size. (¢) Experimental observation of oscillations in angular orientation and lateral drift
when non-spherical particles are falling under gravity g. Images (a) and (b) are adjusted from figure S1 in the
supplementary information of Bhowmick et al. (2024).

reconstruction of angular dynamics, typically below 100 Hz. A detailed description of the
set-up is provided in Bhowmick et al. (2024).

Ellipsoids are 3-D-printed using a NanoScribe system (Photonic Professional (GT) User
Manual, Nanoscribe GmbH 2015), achieving surface resolution <0.3 wm. The photoresist
acrylic resin IP-S (CH1 72Np.08600.37) is polymerised via two-photon polymerisation (Liu
et al. 2018). The particles are printed in stacked polymerised layers <0.6 pm thick, with
mass density p, = 1200 kg m~3, matching many atmospheric particles (see figure 1b).

For imaging, particles are carefully transferred from the glass substrate to an injection
needle for controlled release into the air-filled glass chamber, which is positioned in
such a way that the cameras capture the transient settling motion of particles a few
centimetres (adjustable) below the detachment point of the injection needle. All particles
are initially placed on the tip of the injection needle so that their largest surface area is
in contact with the needle. Such an arrangement results in their maximum projected area
being oriented normal to gravity. However, high-speed imaging of the release process
(performed in separate experiments) revealed that the initial orientation cannot be reliably
controlled. In some instances, particles detach in arbitrary orientations with non-zero
lateral velocity, despite consistent placement. The initial release vertical velocity, however,
can be controlled to some extent by adjusting the vertical position from which the needle
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is released (Bhowmick et al. 2024). This height was adjusted such that for the majority of
core experiments for a given shape, both the transient and terminal phases of the settling
motion occurred entirely within the tracking volume.

The vertical distance between the detachment point of the particle from the injection
needle and the start of the imaging field is adjustable and is selected to ensure that both
transient dynamics and the terminal settling state are fully captured. The terminal state
is defined as the point in time at which the vertical acceleration of the particle |a,| falls
below 0.2 m s~2. This threshold was chosen based on an analysis of vertical acceleration
profiles within the field of view, and serves as a conservative lower bound that accounts for
all measurement uncertainties. We also calculated particle lateral drift §, which is defined
as the total lateral path length traversed by the particle (normal to gravity) in the xy-
plane over fixed settling distance 55 mm (corresponding to the full height of the combined
observation volume). As mentioned above, there may be non-zero initial lateral velocities
when particles are injected; however, these do not constitute systematic biases. Therefore,
we focus on the general statistical analysis of lateral drifts based on the experimental mea-
surements. Further details on the 3-D calibration procedure, sub-pixel spatial accuracy,
and computation of velocity and acceleration can be found in Bhowmick et al. (2024).

The particles of this study are of ellipsoidal shape, defined by two shape parameters:
elongation EL, and flatness FL, as visualised in figure 2(c) and defined as

1 S
EL=—, FL=—, 2.1
L 1
where L, I and S are the longest, intermediate and shortest dimensions of the particle,
which are orthogonal to each other. The main characteristics of the ellipsoids investigated
here are summarised in table 1. The shapes considered in this study are divided into
four categories, each containing an equal number of cases. The particle shape space is
categorised as follows: category I — near-spherical, II — prolate/elongated, III — highly non-
spherical ellipsoidal, and IV — oblate/flattened shapes (figure 2¢). The control parameter
in our experiment is the particle mass (or volume), which is equal to that of a volume-
equivalent sphere with diameter D,; = 140 wm for all particles. The particles are produced
using two-photon polymerisation 3-D printing, which enables us to achieve an explicit
control over particle shape and size with sub-micrometre printing resolution; e.g. see
microscope images of the manufactured particles in figure 2(d).

Highernon-sphericity causes increased drift from the observation volume, affecting
imaging success rates. The sphere had the highest success rate (34.4 %), while the
ellipsoid with most flatness and elongation (EL = FL = 0.2) had the lowest (11.5 %). Data
analysis follows a camera model (Tsai 1987) to generate 3-D world coordinates from
calibration grid images. The centre of mass and longest particle length are determined
via ellipsoid fitting, and the velocity and angular orientation are extracted accordingly
(Bhowmick et al. 2024).

2.2. Simulations

We employed particle-resolved DNS based on the lattice Boltzmann method (LBM) (Succi
2001) to model the settling dynamics of atmospheric particles in a quiescent fluid. The
numerical solver Palabos Turret (Bhowmick et al. 2025a,b), originally developed by the
Palabos group (Latt ef al. 2021) at the University of Geneva, was further modified and
verified at the MPI-DS for this study. It solves the quasi-incompressible Navier—Stokes
equations via the LBM and Newton’s equations for particle motion, coupled through the
immersed boundary method (IBM) (Ota, Suzuki & Inamuro 2012). It is validated through
comparisons with analytical predictions and experimental observations of the free-fall
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Category no. EL FL L (pm) I (Lm) S (jum) Re, 7, (ms) Exp/DNS

I 1.00 1.00 140.0 140.0 140.0 4.49 .77 A
I 0.80  0.80 175.0 140.0 112.0 4.31 89.72 VA
I 0.65  0.65 2154 140.0 91.0 4.03 110.43 XA/
I 1.00  0.80 150.8 150.8 120.6 4.40 83.27 NN
I 0.80 1.00 162.0 130.0 130.0 4.47 7712 N
II 0.50 1.00 2222 111.0 111.0 4.19 90.32 N
II 0.30 1.00 3124 93.7 93.7 3.78 107.21 XA/
II 0.20 1.00 410.0 81.8 81.8 3.36 122.81 NN
II 0.50  0.80 239.4 119.7 95.8 4.02 104.94 N
II 020 0.80 441.0 88.0 70.6 3.21 142.11 N
II 030  0.70 352.0 106.0 74.0 3.49 136.63 N
I 0.50 050 280.0 140.0 70.0 3.60 143.55 NN
I 0.30 030 466.0 140.0 42.0 2.76 238.90 N
I 020 020 700.0 140.0 28.0 213 358.86 X
I 050 020 380.0 190.0 38.0 2.78 264.39 N
111 020 050 515.8 103.1 51.6 2.81 194.73 N4
v .00 0.50 176.4 176.4 88.2 3.99 113.95 VA
v 1.00  0.30 209.1 209.1 62.7 3.55 160.11 V4
v .00 0.20 239.4 239.4 479 3.15 209.87 N
v 0.80  0.50 204.7 163.7 81.9 3.89 122.71 NG
v 0.80 020 2717.8 222.2 44.4 3.06 226.04 N
1A% 0.70 030 266.0 186.0 56.0 3.38 181.17 VN

Table 1. Details of the particles, with category numbers, shape parameters elongation EL and flatness FL.
Here, Re, = Degur /v is the particle Reynolds number based on the equivalent sphere diameter D.; = 140 um
and on the observed terminal velocity vy from the DNS. The Stokes time 7, = (0,/18p¢)LI /v provides an
estimate of the particle response time, where p, = 1200 kg m~3 and p r=12kg m~> are the mass-densities
of the particle and the air, respectively, and v = 1.5 x 1075 m? s~ is the kinematic viscosity of air. For all the
particles shown in this table, R = 1000. A ,/ indicates the presence of data; otherwise, a x is shown.

dynamics of particles of different shapes, including spheres, ellipsoids and volcanic
fragments, across a wide range of Re, (Bhowmick er al. 2025a).

Palabos Turret utilises a regularised LBM with a BGK collision operator (Bhatnagar,
Gross & Krook 1954) to resolve the 3-D flow field with a uniform Eulerian mesh. The
fluid is modelled as particle populations, which follow the evolution rule as

fix+& 8 1+60=f"+ (1 -~ %) . (2.2)

Here f;, fi(o) and fi(l) are the particle distribution function and its equilibrium and off-
equilibrium populations, respectively (Bhowmick et al. 2025a). The index i =0, ...,

g — 1 identifies the elements of a discretised velocity space {& i}?:_ol, which is represented
by the D3Q27 lattice; §x and 4t are the spatial and temporal resolutions, respectively; and
T is the relaxation time, which relates to the kinematic viscosity v through the speed of
sound ¢, as

— 25t ! (2.3)
V=cj T ) .

Macroscopic variables of the fluid, such as density p and velocity u, can be calculated by
taking a weighted sum of the particle populations:
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p=Y_fi u:%. (2.4)

The hydrodynamic stress tensor o, which is used for the evaluation of the fluid forces on
the solid surface, can be obtained directly from f; as

1
o:—pI—F(E—l)ZEiEi(ﬁ—fio). (2.5)

Here, p = c2p is the fluid pressure, and 1 is the identity matrix. The first (second) term on
the right-hand side of (2.5) corresponds to the pressure (friction) component of the stress
tensor.

Solid particles, represented by non-deformable Lagrangian surface meshes, are
immersed in the fluid and allowed to move and rotate freely (figure 3). Given a total force F
acting on a particle of mass m, the position of its centre of mass x, translational velocity v
and angular velocity @ are governed by

dx dv F dd

o A m A
respectively. Here, d is an orthonormal triad attached to the particle and following its
motion. With inertia tensor J and torque T, the evolution of the particle’s rotation is

@, (2.6)

d -1

g°=J T 2.7
Forces on the particles, such as gravity and fluid-induced inertia, are computed using
the IBM. In particular, the ‘multi-direct forcing’ approach (Ota et al. 2012), with an
iterative procedure, is used to couple translational and rotational dynamics between fluid
and particle.

Similar to the experimental set-up, the computational domain is a rectangular chamber
with constant pressure (i.e. density) imposed at the top, a no-slip condition at the bottom,
and periodic boundaries on the lateral sides, as shown in figure 3(a). Based on mesh
independence tests carried out on various shapes, we have found that the lateral width of
the computational domain must be at least 10 times the largest particle dimension, L, to
minimise the wall effects. It is also found that at least 10 fluid points in the smallest particle
dimension are needed to resolve the boundary layers, and to ensure reliable simulations
of translational and rotational dynamics (figure 3b). The spatial resolutions of the fluid
and solid surface meshes are approximately matched, with resolution ratio close to unity
(figure 3c). These constraints make it computationally infeasible to simulate the
full settling trajectory, from rest to terminal velocity, within a single domain. For a
computational domain of size 10L x 10L x 1000L, with mesh resolution Ax = S/10,
the total number of mesh points becomes (10L/Ax)? x (1000L/Ax) = 103L3/S>. For a
typical case with EL=1/L =0.3 and FL= S/I = 0.3, this gives S/L = EL x FL =0.09,
thus the total number of mesh points is approximately 103/(0.09)% 2 1.37 x 10", which
makes such a full-domain simulation currently computationally extremely challenging.

To address the computational challenges of simulating particle settling over long
distances, we developed a truncated settling chamber, illustrated in figure 3(a), which
is comprehensively discussed and validated in Bhowmick et al. (2025a). The domain
vertically spans approximately three times the lateral width, amounting to approximately
30L for the particles considered in this study, and is divided into three vertical sections:
(1) a sponge zone at the top, occupying 10 % of the total height, designed to damp spurious
pressure waves generated by numerical artefacts; (ii) a central region where the particle
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Figure 3. (a) The 3-D computational domain showing a particle (black ellipsoid) at an intermediate stage
of settling under gravity in the z-direction, after being released from rest at height 4,47 Periodic boundary
conditions are applied laterally, while the top boundary is held at constant pressure, and the bottom boundary is
a no-slip (wall) boundary. (b) An exemplary simulated particle with EF = 0.2 and FL = 1.0, shown alongside
a portion of the surrounding fluid domain. The cross-sectional colour map represents the local velocity field.
(c) A close-up view of (b), showing the uniform Eulerian mesh in the fluid domain, and the Lagrangian surface
mesh on the particle.

settles sufficiently at distance from all domain boundaries; and (iii) a near-ground zone at
the bottom, also comprising 10 % of the total height. The bottom boundary, representing
a no-slip wall, serves to prevent artificial air entrainment and downward flow that could
arise if periodic boundary conditions were used on both the top and bottom boundaries.

The particles simulated in this study are released with initial velocity zero and oriented
such that the longest dimension, L, is aligned with gravity, resulting in the minimum
projection area perpendicular to gravity at the initial release height hjpiriq (figure 3a).
Once the particle reaches a lower height A4, both the particle and the surrounding flow
field are duplicated and repositioned at the top of the computational domain, effectively
resetting the particle to its initial height 4,4 to continue its descent. This copy-and-
reposition procedure is repeated until the particle reaches its terminal state, defined as the
point at which the vertical acceleration satisfies |a;| < 0.01 m s~2. This approach enabled
efficient simulation of various particle configurations without requiring a domain long
enough to capture the entire settling trajectory. Nonetheless, the simulations remained
computationally intensive. For instance, the most demanding case, with EL=FL =0.3,
was performed on the supercomputer Cobra at the Max Planck Computing and Data
Facility, employing grid resolution 4.2 um, a total of 4.11 billion mesh nodes, and 15
360 MPI tasks, amounting to 3.1 million computing hours.

As mentioned earlier, Bhowmick et al. (2025a) have found very close agreement
between numerical results obtained from Palabos Turret and experimental measurements
for various regular and irregular shapes in a wide range of particle Reynolds numbers.
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For the ellipsoids studied here, validations are also presented in § 3.1. The numerical
simulations provided detailed information, including the particle’s position, velocity,
orientation and surface force distribution, and the surrounding velocity field. This
comprehensive dataset from numerical simulations complements the experimental
measurements and allows the two approaches to be cross-validated. Quantities measurable
by both approaches for cross-validation include the terminal velocity, the lateral drift §, and
the oscillation frequency and decay rate of the oscillation amplitudes of the longest axis of
the ellipsoid (L). In simulations, § is defined as the total lateral path length traversed
by the particle (normal to gravity) in the xy-plane until it reaches the terminal state.
One-to-one comparison of § between experiments and simulations is not possible since
in experiments the initial conditions could not be controlled precisely enough (see § 2.1),
although their statistical signatures can be compared. Additional quantities accessible only
through simulations include the pressure and friction components of the drag force, as well
as the total swept volumes in the lateral (¥ ) and vertical (¥;) directions.

2.3. Normalisation

In the following, normalised parameters are denoted by *. The spatial coordinates
x*, y*, z* and the drift §* are normalised by the equivalent sphere diameter D.,, and
velocity v is normalised by the terminal settling speed vr. Time ¢ is normalised as
T* =tvr/D,4. The pressure components of the drag force on a particle are expressed in
dimensionless form as P* = P/F,, where F, denotes the vertical component of the drag
force. The vertical and lateral swept volumes, lI/Z* and lI/j, are normalised by the particle
volume JTDSq /6. In simulations, ¥, is defined as the total volume swept by the particle
(normal to gravity) in the horizontal directions until it reaches the terminal state, whereas
Y, is the total volume swept by the particle in the vertical directions until it reaches the
terminal state.

3. Results
3.1. Experimental observations

We have conducted a total of 262 successful experimental runs for different particle shapes
and density ratio R = 1000, with each shape having from 9 to 22 runs (see example
snapshots from experiments in figure 2e). By covering a wide range of flattened and/or
elongated ellipsoids, we comprehensively explore the phase space of diverse particle
shapes. This approach also serves as an effective proxy for irregular particles with
similar form (Bagheri & Bonadonna 2016), eliminating the need for infinite case-by-case
investigations. The particle Reynolds number achieved here ranges from approximately
Re, =2.1 to 4.5, as also detailed in table 1. This is significantly lower than the threshold
Reynolds number of approximately 100, beyond which an unstable falling pattern is
observed due to hydrodynamic instabilities in the wake of the falling particles in air and in
liquids (Willmarth et al. 1964; Ern et al. 2012; Auguste, Magnaudet & Fabre 2013; Esteban
et al. 2020; Tinklenberg et al. 2023).

Our experiments show that ellipsoids of various shapes exhibit orientation oscillations
and lateral drifts as they settle in still air at 2.1 < Re, <4.5 and R = 1000. The more
flattened (low FL) or elongated (low EL) the ellipsoids are, the more pronounced these
effects become. The top view of the particle trajectories (figure 4a) and the histograms
of lateral drift (figure 4b) show the intricate falling behaviour of the investigated particles
observed in experiments. Across all shape categories, particularly in categories II-1V, there
is a notable lateral drift exceeding 10D, during experiments. Some particles exhibit wavy
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Figure 4. (a) Top view of the drifting trajectories of the non-spherical particles from experiments (zoomed in
for better visibility) coloured by particle categories I-IV shown in figure 2(c). Here, x* and y* are the two lateral
components normalised by D,,. (b) Histograms of the normalised lateral drifts (8% = §/D.,) with bin width
0.25 §* from experimental measurements presented here. Here, § is calculated as total lateral displacement in
the xy-plane over fixed settling distance 55 mm, corresponding to the full height of the combined observation
volume in experiments. Also, Ny is the number of experimental runs for a specific amount of §*, and the
median and standard deviation values are shown as med. and o. (¢) Top view of the drifting particle trajectories
from the DNS (rotated for better visibility), where the particles are released with zero initial velocity and
minimum projection area normal to the falling direction. Shape parameters (EL, FL) for the non-planar
trajectories are annotated next to the tracks. (d) Comparison of the terminal velocities vy and frequencies of the
angular oscillations f of the particles from experiments (vertical axes) and DNS (horizontal axes). The error
bars are equivalent to one standard deviation variation. The dashed diagonal line shows 1:1 correspondence
between experiments and DNS. The maxima of relative differences between the experiments and DNS are less
than 3 % and 10 %, respectively, for vy and f. We use R = 1000 for all the results presented in this figure.

lateral trajectories, while some others also make multiple sharp turns (figure 4a). The
elongated particles in categories III and II have the highest median lateral drift, while
the standard deviation of lateral drift in categories II-IV is four times higher than the
near spherical particles in category I (figure 4b). As will be shown below, these lateral
movements have a significant effect on the swept volume of the particles as they fall.
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3.2. Numerical trajectories and validation

To fully understand the dynamics behind the complex trajectory of these particles at
R = 1000, we have replicated the experiments with large-scale DNS. As mentioned earlier,
all simulations are carried out with a fixed initial condition, i.e. release with zero initial
velocity and minimum projection area normal to the falling direction. Top views of DNS
trajectories also reveal the wavy lateral motion of the particles (figure 4¢), with sharp
turns and lateral drifts up to 6D,, for category III, compared to only one D, lateral
drift for category I. Of the seven triaxial ellipsoids exhibiting non-planar motion, four
belong to category III, two to category II, and one to category I, whereas none belongs
to category I'V. This suggests that non-planar motion is common in extremely flattened
and elongated triaxial ellipsoids, but occurs more frequently in elongated particles than in
flattened ones.

The excellent quantitative agreement between the experiments and DNS for the terminal
velocity vr and oscillation frequency f of the particles (figure 4d) suggests that many
features of the transient dynamics are independent of initial conditions and could be
generalised to real-world scenarios. For each shape, the standard deviation of vr is less
than 2 % of its magnitude, and for f itis less than 16 %, despite a large variability expected
in the initial conditions of the experimental trajectories. This shows that the effects of the
transient dynamics captured in the experiments are not dependent on initial conditions.

3.3. Effect of density ratio R

Having successfully validated our DNS against the experimental measurements, we
turn our attention to distinguishing the role of particle to fluid density ratio R in the
settling dynamics of non-spherical particles with the same Re,. We have selected one
particle shape (fixed EL and FL) from each of the particle categories I-IV, as shown in
figure 5. The density ratios R considered in this subsection in addition to R = 1000 — i.e.
R =100 and 10 — are representative of typical conditions for volcanic ash/snow aggregates
in the atmosphere and particles in water, respectively. As expected, particles need a
longer settling distance before reaching terminal velocity as R increases. For instance, at
R = 1000, the required z* = z/ D, is approximately an order of magnitude longer than at
R =10 and 100.

A key new observation from figure 5 is that at R = 1000, the trajectories exhibit marked
twists and turns, unlike at lower density ratios, for all the cases shown. The sequence of
accelerating and decelerating intervals, as represented by the colours of the trajectories,
also differs significantly at R = 1000, especially when compared to trajectories with
R =10. Similar to figure 4(c), different particle shapes/categories show clear influence on
the lateral drift of the 3-D trajectories in figure 5. Near spherical ellipsoids (EL = FL =0.8
of category I in figure 5b) show less lateral drift than the other categories. Spheroids
(EL=0.2, FL=1.0 of category Il in figure 5(a), and EL = 1.0, FL = 0.2 of category IV in
figure 5(d)) exhibit lateral drift in a planar two-dimensional motion with amplitudes larger
than the ellipsoid with EL = FL = 0.8. For the most non-spherical ellipsoid simulated here
with EL = FL = 0.3, which is a category III shape in figure 5(c), significant lateral drifts
up to five times D,,; combined with a complex 3-D motion are observed.

We further compare the key particle quantities from the DNS of the EL=FL=0.3
ellipsoids at R = 1000, 100 and 10, but at the same Re, =3 in figure 6. As observed in
figure 5(c), particles need a longer settling distance before reaching terminal velocity as
R increases — for instance, at R = 1000, the required z* =z/D,, is approximately 6.3
(3.6) times longer than at R = 10 (R = 100), which is an expected behaviour. However,
during the transition to terminal state, orientation oscillations and force histories deviate
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Figure 5. Settling dynamics of particles with four different shapes, each examined at density ratios R = 1000,
100 and 10. The particle Reynolds number Re), is held constant within each shape category. Trajectories of
particles for (a) EL = 0.2, FL = 1.0 (category II), (b) EL = FL = 0.8 (category I), (¢) EL = FL = 0.3 (category
M), (d) EL=1.0, FL=0.2 (category IV). The 3-D trajectories are coloured by the instantaneous acceleration
az, and their two-dimensional projections are coloured grey. Distances are normalised by D.,.

significantly at R = 1000 compared with R =10 or 100 (see figure 6). For example,
oscillations and the progression of the transient motion to the final state also differ
significantly for vertical vy and lateral v velocity components as shown in figure 6(a,b),
especially the latter showing strong fluctuations at R = 1000. Figure 6(c,d) show that the
damping of the amplitudes of the angular oscillations for the pitch angle ¢y (L-axis angle
from horizon) and roll angle ¢; (/-axis angle from horizon) weakens as the density ratio R
increases, leading to change from rapidly damped to under-damped oscillations. Another
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Figure 6. Various EL=FL=0.3 particle quantities at different density ratios R =1000, 100 and 10:
(a) normalised vertical velocity v} = v;/vr, where vy is the terminal velocity; (b) normalised magnitude of
lateral velocity v = (vf + v%)o‘5 /vr; (c) pitch angle ¢ (L-axis angle from horizon); (d) roll angle ¢; (I-axis
angle from horizon); (¢) normalised pressure component of the drag force in the vertical direction, Pf=P/F,
where F; is the vertical component of drag force; (f) normalised magnitude of pressure components of the drag
force in the lateral direction, P} = (sz + P)?)O‘5 /F;. The normalised time T* is calculated as tvr/D,,. The
transient dynamics of R = 10 and 100 particles show a rapid damping of angular oscillations and a significantly
lower P} compared to the R = 1000 particle.

significant difference can be seen in figure 6(e,f) with regard to the contribution of the
pressure component of the drag force. In particular, a large lateral pressure component of
the drag force P} development is recorded for R = 1000, which also correlates with the
lateral drifts during each twist and turn. These simulations support the conclusion that
the ratio of particle to liquid density R is a key parameter governing the settling pattern,
lateral dispersion, and evolution of velocity and hydrodynamic forces for free-falling,
non-spherical particles, even at low Reynolds numbers considered in this study.

3.4. Detailed settling dynamics at R = 1000

We now turn our attention to the particle with EL = FL = 0.3 and R = 1000 to understand
the fundamental physical processes behind twists and turns (figure 7a.b) in the particle
trajectories. This particle serves as a representative case for all other shapes, as it exhibits a
combination of all the dynamics observed in other cases studied here, allowing us to study
settling dynamics in more detail without analysing each case individually. Figure 7(a)
shows that the particle follows a non-planar, nonlinear 3-D trajectory characterised by
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Figure 7. Settling dynamics of EL = FL =0.3 particle at density ratio R = 1000 in air. (a) The 3-D particle
trajectory (coloured by the instantaneous acceleration a;) and its two-dimensional projections (grey) at
Re, = 3. Different transient phases are marked by: circle — start of angular motion, star — a pitch angle ¢
(L-axis angle from horizon) of 45°, and square — onset of terminal state. (b) Top view of the particle trajectory
together with the superimposed particle images. Time ¢ evolutions of: (¢) particle velocity normalised by
terminal velocity v* = v/vr (v} is the vertical component, and v is the magnitude of the lateral components);
(d) particle orientation (¢, is the pitch angle, and ¢y is the roll angle — /-axis angle from horizon); and (e) the
particle’s pressure components of the drag force P* = P/ F, normalised by the vertical component of the drag
force F, (P} and P} are respectively the vertical component and the magnitude of the lateral components). At
oL =45° (97 = —17°): (f) the velocity distribution and streamlines of airflow around the particle (coloured
based on v}), and the surface distribution of v* ; and (g) the surface distributions of P} and P}. (h) The surface
distribution of P} at ¢y = 0° and 90°.

alternating phases of acceleration and deceleration. As depicted in figure 7(b), the particle
rotates about all three axes, with pronounced pitch (i.e. L-axis angle from horizon) and
yaw (i.e. S-axis angle from horizon) motions clearly visible in the top-view projection. The
transient motion of the R = 1000 particle occurs in three phases (figure 7): (i) an initial
acceleration phase — the particle accelerates from zero initial velocity without changing
the initial orientation; (ii) a damped angular oscillation phase — the particle undergoes
angular motion that results in lateral drift; and (iii) a terminal state — the particle stabilises
to a terminal orientation with which it reaches the terminal velocity.

During the initial phase — until 0.05 s of time in the transient motion, which is marked
with the purple circles in figure 7 — the particle retains its orientation while accelerating,
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resulting in no lateral drift or lateral velocity v (figure 7c). Its pitch ¢ and roll ¢; angles
remain at their initial values 90° and 0°, respectively (figure 7d). At this stage, the vertical
P} and lateral P} pressure components of the drag force are minimal, indicating that skin
friction dominates (figure 7e,h).

Beyond 0.05 s of time (purple circles in figure 7), the particle enters an angular
oscillation phase, marked by rapid changes in pitch and roll angles (figure 7d), and a
sharp rise in lateral velocity v} — up to 14 % of the terminal vertical speed (figure 7c).
The proportion of pressure components of the drag force P* also increases significantly
(figure 7e). As the pitch angle passes ¢ =45°, the vertical velocity v} overshoots by
approximately 30 %. At this orientation (grey stars in figure 7), the lateral surface velocity
becomes notably uneven (figure 7f), with a lateral pressure component of the drag force
contribution P} reaching ~50 % of its vertical counterpart P (figure 7e). This ensuing
asymmetric distribution of pressure components of the drag force (figure 7g) induces
torques in both lateral and vertical directions, causing pronounced twisting and turning
as the particle settles towards its terminal state in a nonlinear manner.

The particle’s orientation oscillates with two distinct frequencies: 26.9 Hz for pitch ¢,
and 51.8 Hz for roll ¢;, decaying exponentially at rates 21.2 Hz and 40.2 Hz, respectively
(figure 7d). Oscillations in v}, P} and P} match the pitch frequency, while the roll
angle has minimal effect. Here, P} is in phase with ¢z, whereas v} and P} lag by
90°. By 0.24 s of time in the transient motion (green squares), the particle settles into its
terminal orientation — maximising cross-sectional area against gravity — and all parameters
remain constant: v} =1.0 and v} =0.0, ¢, =¢; =0°, and P =0.82 and P} =0.0.
Comparisons across density ratios (figures 5¢ and 6) show that at Re, ~ 1, these complex
trajectories and recurrent angular oscillations only arise at high R, despite the absence of
flow separation or recirculation as shown in figure 7(f).

3.5. Angular dynamics at R = 1000

Figures 8 and 9 show the evolutions of the pitch, roll and yaw angle deviations from the
horizon as functions of time for four particle shapes corresponding to those presented in
figure 5, but only from R = 1000 simulations. These angles are defined as ¢ = sin™! (n,),
where n = (ny, ny, n;) is the unit vector along axis I" € {L, I, S}. For all these particles,
the initial orientation is given by ¢r =90° and ¢; = ¢g=0°, while the terminal
orientation is pg = 90° and ¢y = @7 = 0°. As aresult, o7 and ¢g should definitely change
their initial values, while for ¢y, it is not necessary to change value to reach the terminal
orientation.

The most straightforward cases are the spheroids shown in figures 8(a) and 8(d), which
exhibit a damped oscillatory transient as ¢ (or ¢g) progresses from 90° (or 0°) in perfect
synchrony towards 0° (or 90°), while ¢; remains unchanged. For the triaxial ellipsoid with
EL = FL =0.3, shown in figure 8(c), all three angles show damped oscillations towards the
terminal state, albeit each in a very different manner. While the behaviour of ¢ is similar
to that of the spheroids, ¢g is not in sync with it. Furthermore, ¢ approaches its terminal
value in a peculiar way, bouncing back below 90° twice before starting to oscillate around
it. On the other hand, ¢; exhibits damped oscillations around 0° throughout the whole
process. In contrast, the triaxial ellipsoid with EL = FL = 0.8 shown in figure 8(b) exhibits
yet another type of angular dynamics. Remarkably for this shape, ¢; flips to 90° during
the first half of the transient, then relaxes back to 0° during the second half, both times
through damped oscillations. For this particle, ¢ changes only during the first half, while
@s changes only during the second half.

The angular dynamics shown in figure 9, as expected, depict the same trends discussed
above; however, here the magnitude of the angular velocities reveals another aspect

1021 A27-15


https://doi.org/10.1017/jfm.2025.10674

https://doi.org/10.1017/jfm.2025.10674 Published online by Cambridge University Press

T. Bhowmick, Y. Wang, J. Latt and G. Bagheri
(a) (b)

135 S —
EL=02,FL=10 47 A eL=rL=03(")
90 T ]
~ .
an
g 45f
S
0
45 R —
0 005 010 0I5 020 025 030 0 01 02 03 04 05 06 07 08
©
_
an
Q
s
S

—45
0

0.05 010 015 020 025 0300 0.05 010 015 020 025 030

t(s) t(s)

Figure 8. Evolution of pitch ¢y, roll ¢; and yaw ¢g angles at density ratio R = 1000 for four ellipsoids with
(a) EL=0.2, FL=1.0 (category II), (b) EL=FL =0.8 (category I), (c) EL=FL=0.3 (category III) and
(d) EL=1.0, FL=0.2 (category IV) from the simulations.

of the settling dynamics. In particular, it is evident that the highest angular velocity
occurs for the oblate spheroid with EL = 1.0, FL =0.2, for which both ¢; and ¢gs reach
227 rads™! (figure 9d), while for the prolate spheroid they peak at approximately 140
rads™! (figure 9a). For a triaxial ellipsoid with EL=FL=0.8, ¢ and ¢; reach 96
rads~! in the first phase, while in the second phase, ¢; and ¢ reach a higher peak at
approximately 115 rads~! (figure 9b). Finally, for the triaxial ellipsoid with EL = FL =
0.3, ¢7, ¢7 and @5 peak at approximately 142, 106 and 151 rad s~—!, respectively, with ¢g
being the first to reach its maximum.

3.6. Phase-diagrams of settling dynamics of ellipsoids at R = 1000

In this subsection, we systematically explore a broad range of ellipsoid shapes in
both simulations and experiments, parametrised by elongation EL and FL (figure 10).
Comprehensive datasets of key particle quantities — such as terminal velocity vr,
oscillation frequency f, decay rate of the angular oscillation w, and other relevant
quantities for each particle shape — are tabulated in tables 2—-5. The particle to fluid
density ratio R is 1000 for all cases shown in these tables, containing both simulation
and experimental observations. Figure 10 contains the contour plots of these tabulated
particle quantities in the phase space of particle elongation EL and flatness FL.

Over the examined phase space of particle shape, the terminal velocity vr varies by
a factor of 2.5 (figure 10a), having similar sensitivity to both elongation and flatness,
resembling ellipsoids in the Stokes regime (Bagheri & Bonadonna 2016). This factor —
the normalised terminal velocity — is inversely proportional to the ratio of the particle’s
surface area to that of its volume-equivalent sphere. Elongated or flattened ellipsoids fall
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Figure 9. Evolution of the angular velocities of the pitch ¢, roll ¢; and yaw ¢g angles at density ratio
=1000 for four ellipsoids with (a) EL=0.2, FL=1.0 (category II), (b)) EL=FL=0.8 (category 1),
(¢c) EL=FL =0.3 (category III) and (d) EL= 1.0, FL = 0.2 (category 1V) from the simulations.

with increased surface area in the direction of gravity in the terminal state that leads to
increased air resistance, thus reducing vy compared to the volume-equivalent sphere.

In contrast, the angular oscillation frequency f peaks for flattened, non-elongated
particles, showing up to a twofold increase (figure 10b). Consistent with the trends
observed for pitch angular velocities in the preceding subsection, oblate shapes (category
IV) exhibit the highest oscillation frequencies, peaking at approximately 40.6 Hz for the
oblate spheroid with EL = 1.0 and FL = 0.2. Specifically, the category IV particles have
median oscillation frequency 37.6 Hz and standard deviation o = 1.9 Hz. In comparison,
categories II and III display moderate frequencies, with median values 29.6 Hz and
29.5 Hz, and standard deviations 0 = 2.8 Hz and o =4.5 Hz, respectively. Category I,
representing the near-spherical shapes, exhibits the lowest oscillation frequencies, with
median 25.1 Hz and standard deviation o = 6.2 Hz, indicating greater variability among
the particles in this group.

The highest exponential decay rates, denoted by 1, are observed for the oblate spheroids.
However, across all ellipsoidal shapes considered,  ranged from 18.9 Hz to 24.2 Hz with
standard deviation 1.4 Hz, indicating that the decay dynamics is only weakly dependent
on the particle shape. For the three experimentally and numerically measurable quantities
— i.e. terminal velocity vy, oscillation frequency f and exponential decay rate u —
we find close agreement between experiments and simulations, as shown in tables 2-5.
Although the experimental set-up did not allow precise control of the initial release
velocity, and almost no control of the particle orientation, this agreement shows that the
transient dynamics for the considered set of shapes and Reynolds numbers is essentially
independent of the initial conditions. Furthermore, the observed agreement also validates
the experimental design, the data post-processing procedures, and the configuration of the
numerical simulations, e.g. mesh resolution and domain size.
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Figure 10. In the phase space of particle elongation EL and flatness FL, the distributions of (a) the terminal
velocity vr, (b) the oscillation frequency of the angular orientation f, (c) the decay rate of the oscillation
amplitudes p, (d) the terminal state contribution of pressure component of the drag force in the vertical
direction P7, (e) the normalised lateral drift §*, and (f) the normalised lateral swept volume ¥7. The scattered
data are linearly interpolated using grid data in Matlab (R2023b). In the transient motion of a sphere, f and
( are not present, which are shown as white triangles in the upper right corners of (b) and (¢). For ellipsoid
EL=FL=0.2, only vr was measured. The diagrams in (a) and (b) show values from the experiments, while
(c—f) are from the DNS. See table 1 for the main characteristics of the particles. Note that R = 1000 for all the
particles shown in this figure. Detailed tabulated data used to produce parts of this figure are in tables 2-5.

The DNS allow us to consistently compare quantities such as lateral drift and swept
volume under a fixed initial condition — zero initial velocity and minimum projection area
normal to gravity — and to analyse force distributions and secondary oscillations around the
intermediate axis. The terminal-state pressure component of the drag force contribution,
Py, expressed as the fraction of the total vertical drag, shows a strong dependence on
particle flatness (figure 10d). It increases from 43 % for a sphere (EL=FL=1.0) to
82 % for a highly flattened ellipsoid with EL = FL = 0.3. For comparison, the pressure
component of the drag force contribution for a sphere in the Stokes regime (Re, <
1) is approximately one-third (P =~ 33 %), increasing to 43 % at the larger Reynolds
number investigated here (Re, =4.5). This trend is expected: as Re, increases, inertial
effects become more pronounced and increasingly influence the pressure field around
the particle, while the relative contribution of viscous stresses, important for frictional
drag, diminishes. For all non-spherical shapes examined, P; exceeds that of the sphere,
indicating that the pressure component of the drag force becomes more dominant as the
particle becomes more non-spherical.

To analyse transient quantities such as the swept volume and lateral drift from DNS,
we consider the entire transient motion of the particles from the fixed initial condition to
the terminal state. In contrast to P7, lateral drift * = §/D,, depends more on elongation
(figure 10e), echoing experimental trends (figure 4b) despite unavoidable initial-condition
variations in experiments. The DNS reveal no drift for a sphere (EL = FL = 1.0) but up
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Category no. EL FL v2 (ms™h (vEy (ms™1) o) ms™h #E
I 1.00 1.00 0.4846 0.4837 0.0024 15
I 0.80 0.80 0.4649 0.4628 0.0004 07
I 0.65 0.65 0.4349 — — —
I 1.00 0.80 0.4754 0.4750 0.0027 13
I 0.80 1.00 0.4826 0.4780 0.0028 15
Il 0.50 1.00 0.4523 0.4436 0.0009 15
II 0.30 1.00 0.4079 — — —
Il 0.20 1.00 0.3630 0.3519 0.0031 13
I 0.50 0.80 0.4336 0.4290 0.0036 08
Il 0.20 0.80 0.3461 0.3372 0.0025 12
I 0.30 0.70 0.3766 0.3648 0.0015 10
11 0.50 0.50 0.3885 0.3845 0.0010 12
111 0.30 0.30 0.2982 0.3050 0.0050 02
111 0.20 0.20 — 0.2301 0.0022 04
111 0.50 0.20 0.3000 0.3022 0.0023 09
111 0.20 0.50 0.3037 0.3008 0.0020 11
v 1.00 0.50 0.4306 0.4268 0.0016 13
v 1.00 0.30 0.3831 — — —
v 1.00 0.20 0.3405 0.3371 0.0018 05
v 0.80 0.50 0.4204 0.4173 0.0013 09
v 0.80 0.20 0.3309 0.3304 0.0007 04
v 0.70 0.30 0.3654 0.3638 0.0019 06

Table 2. Data on particle quantities 1: v? is the terminal velocity of the particle from the DNS (the magnitude
of vertical velocity when the absolute magnitude of vertical acceleration |aZD | reaches < 0.01 ms™2), (vf) is
the terminal velocity from the experiments (the average of v? from different experimental runs of each shape),

and vf from an experimental run is calculated by taking the average of the vertical velocities of the particle for
the last 80 recorded frames when the absolute magnitude of the average vertical acceleration during these 80
frames, |(aZE )|, reaches < 0.2 m s~2. The standard deviation in the statistics for vf is given as a(vf ), and the

number of experimental runs used for each particle shape is denoted #£ .

to 8D,y for EL=0.2 and FL =0.5. We also quantify the volume swept by the particle
as it reaches terminal velocity via the lateral swept volume ¥, normalised by particle
volume, which reaches 3.5 for elongated ellipsoids, and is zero for a sphere (figure 10f).
Meanwhile, the normalised vertical swept volume ¥* is proportional to the terminal-state
orientation of the particle, and increases from 1 (sphere) to 3.7 for the shapes investigated
(table 5).

4. Discussion and concluding remarks

Using a combination of experimental observations and numerical simulations, it is demon-
strated that even at particle Reynolds numbers as low as 2.1-4.5, the settling of heavy
particles (i.e. R = 1000) exhibits complex angular dynamics and fully 3-D trajectories. The
fact that these behaviours are consistently observed in both experiments and simulations —
with excellent quantitative agreement — strongly supports their reliability, effectively
ruling out the influence of experimental bias or numerical artefacts. Moreover, the results
presented here clearly confirm that these dynamics arise from the large particle-to-fluid
density ratio, as corroborated by additional simulations conducted at R = 10 and R = 100.

Various aspects of the settling behaviour, including particle trajectories, angular
velocities, oscillation frequencies, forces acting on the particle, and flow structures, are
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Category no. EL FL P #Hz) P (Hz) (ff) Hz) o(ff) (Hz) #E

I 1.00 1.00 — — — — —
I 0.80 0.80 28.17 — 27.93 00.95 02
I 0.65 0.65 34.26 — — — —
I 1.00 0.80 22.10 — 22.41 01.75 04
I 0.80 1.00 20.93 — 21.45 01.65 09
II 0.50 1.00 29.95 — 29.25 02.50 09
II 0.30 1.00 29.44 — — — —
II 0.20 1.00 25.57 — 27.85 02.03 15
II 0.50 0.80 3243 — 33.86 03.12 16
II 0.20 0.80 25.09 28.57 26.35 01.04 08
IT 0.30 0.70 29.67 34.93 30.58 01.38 15
I 0.50 0.50 33.51 39.61 33.96 00.48 03
I 0.30 0.30 26.88 51.84 23.00 00.02 02
11 0.20 0.20 — — — — —
111 0.50 0.20 32.06 49.58 34.88 05.49 07
11 0.20 0.50 23.79 — 25.74 02.12 08
v 1.00 0.50 36.03 — 37.09 01.23 10
v 1.00 0.30 40.41 — — — —
v 1.00 0.20 40.57 — 42.02 00.00 01
v 0.80 0.50 36.69 — 35.77 01.38 10
v 0.80 0.20 38.04 — 39.71 03.10 06
v 0.70 0.30 3717 — 38.34 02.97 09

Table 3. Data on particle quantities 2: f, If) and f ID are the frequencies of the angular oscillations of the pitch
angle ¢z and roll angle ¢y, respectively, from the DNS, ( f LE ) is the frequency of the angular oscillations of the
pitch angle ¢; from the experiments (the average of f LE from different experimental runs of each shape), and
f LE from an experimental run is calculated by fitting an exponentially decaying model exp (— uf x t 4+ C) that
fits the peaks of the experimental ¢; with an R? value > 0.8 when the relative error between the fitted model
and ¢y, peaks from the experiments is < 20 %. Here, uf is the decay rate of the oscillation amplitudes of ¢ .

The standard deviation in the statistics for f is given as o (f£).

presented and discussed in detail for representative cases. All non-spherical particles
examined at R = 1000 exhibit damped oscillatory motion during the transient phase
of their settling motion. However, while the trajectories remain planar for spheroidal
particles, they become fully 3-D for some triaxial (non-axisymmetric) ellipsoids. This
transition arises from the asymmetric distribution of hydrodynamic forces acting both
vertically and in the lateral direction, which in turn influences the angular oscillations and
overall trajectory. Whereas spheres exhibit no lateral drift, triaxial ellipsoids in our study
are observed to drift laterally by up to ten times their volume-equivalent diameter. This
leads to a substantial increase in the swept volume, which is directly linked to collision and
encounter rates (Arguedas-Leiva et al. 2022), thereby enhancing the potential for particle
aggregation in particle-laden flows.

Furthermore, the systematic investigation of ellipsoids of various shapes presented in
this study allows us to comprehensively demonstrate the complex and nuanced dependence
of settling behaviour on particle shape. The relationship between particle shape and key
dynamic quantities is shown to be rich and highly non-trivial. For instance, while the
settling velocity is similarly sensitive to both elongation and flatness along the symmetry
axis (i.e. EL=FL), the oscillation frequency exhibits a different pattern, displaying
symmetry about the orthogonal diagonal, and larger for the flattened particles. The
contribution of pressure components of the drag force is also found to be strongly governed
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Category no. EL FL wP (Hz) wP (Hz) (uFy (Hz) o(uf) Hz) #E

I 1.00 1.00 — — — — —
I 0.80 0.80 21.30 — 19.44 00.05 02
I 0.65 0.65 20.42 — — — —
I 1.00 0.80 22.31 — 2243 03.76 04
I 0.80 1.00 20.94 — 21.76 03.56 09
I 0.50 1.00 19.61 — 18.27 02.37 09
II 0.30 1.00 18.92 — — — —
1I 0.20 1.00 19.65 — 21.21 02.18 15
II 0.50 0.80 19.77 — 21.26 01.68 16
1I 0.20 0.80 20.18 39.17 19.85 02.07 08
1II 0.30 0.70 19.59 34.74 21.96 02.67 15
1 0.50 0.50 20.51 31.67 21.38 00.42 03
1 0.30 0.30 21.17 40.22 19.92 01.69 02
1 0.20 0.20 — — — — —
1 0.50 0.20 22.05 32.76 25.03 01.78 07
I 0.20 0.50 20.99 — 2141 01.91 08
v 1.00 0.50 22.59 — 23.11 02.39 10
v 1.00 0.30 23.07 — — — —
v 1.00 0.20 2418 — 23.87 00.00 01
v 0.80 0.50 21.63 — 23.51 03.19 10
v 0.80 0.20 23.06 — 20.22 05.08 06
v 0.70 0.30 21.58 — 21.84 03.61 09

Table 4. Data on particle quantities 3: Mf and u? are the decay rates of the oscillation amplitudes of the pitch
angle ¢ and roll angle ¢y, respectively, from the DNS, (Mf ) is the decay rate of the oscillation amplitudes of
the pitch angle ¢; from the experiments (the average of uf from different experimental runs of each shape),
and Mf from an experimental run is calculated by fitting an exponentially decaying model exp (—uf xt+C)
that fits the peaks of the experimental ¢; with an R? value > 0.8 when the relative error between the fitted
model and ¢, peaks from the experiments is < 20 %. The standard deviation in the statistics for uf is given as

o(uf).

by flatness. In contrast, lateral drift and the resulting swept volume are primarily influenced
by particle elongation. These findings highlight that the dynamics of heavy particles
settling in air and their dependence on particle shape are remarkably complex, even in
the relatively low Reynolds number regime considered here, where instabilities such as
wakes and recirculation zones are absent.

Revisiting figure 1, our findings suggest that the dynamics observed in this study may
have significant implications for the behaviour of naturally occurring particles. In nature,
far more pronounced non-sphericity (Magono & Lee 1966; Um et al. 2015; Bagheri &
Bonadonna 2016; Zhang et al. 2020b; Xiao et al. 2023; Tatsii et al. 2023) suggests
even stronger lateral transport, particle encounters and aggregation, which ultimately
affect atmospheric residence times. For example, typical ice crystals (Auer & Veal
1970) and microplastics (Zhang et al. 2020b; Tatsii et al. 2023) can have much smaller
flatness or elongation than studied here, potentially leading to even larger swept volumes
and lateral drift. This mechanism may help to explain large-scale transport and loose-
aggregate formation in volcanic ash and snowflakes. Turbulence further complicates
settling orientation (Pumir & Wilkinson 2016; Voth & Soldati 2017; Mathai, Lohse &
Sun 2020; Tinklenberg, Guala & Coletti 2025) and can amplify or weaken settling
instabilities, making the dynamics of atmospheric particles even more complex. The full
implications of the findings presented here, and the extent to which they may influence
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Category no. EL FL P} (%) 8 (mm) v vt

I 1.00 1.00 42.66 0.000 1.000 0.000
I 0.80 0.80 59.09 0.307 1.250 2.048
I 0.65 0.65 64.54 0.298 1.539 1.629
I 1.00 0.80 54.27 0.124 1.160 0.929
I 0.80 1.00 53.18 0.129 1.074 0.912
II 0.50 1.00 58.42 0.296 1.258 1.528
IT 0.30 1.00 64.34 0.512 1.494 1.969
II 0.20 1.00 64.94 0.714 1.711 2.300
II 0.50 0.80 61.85 0.354 1.462 1.738
1T 0.20 0.80 68.12 0.809 1.980 3.558
T 0.30 0.70 68.30 0.531 1.904 2.293
I 0.50 0.50 71.14 0.516 2.000 2.524
111 0.30 0.30 81.85 0.996 3.329 3.232
111 0.20 0.20 — — — —

111 0.50 0.20 85.58 0.708 3.684 2.396
111 0.20 0.50 74.40 1.143 2.714 3.616
v 1.00 0.50 64.28 0.235 1.588 1.510
v 1.00 0.30 76.25 0.302 2.231 1.750
v 1.00 0.20 82.26 0.374 2.924 2.003
v 0.80 0.50 66.95 0.292 1.710 1.674
v 0.80 0.20 83.91 0.458 3.150 2.180
v 0.70 0.30 78.83 0.425 2.524 2.063

Table 5. Data on particle quantities 4: P; is the contribution of the pressure component of the drag force to
the vertical component of the drag force in the terminal state, obtained from the DNS, § is the integral of the
lateral displacements (the lateral drift, obtained from the DNS), ¥ is the vertical swept volume also obtained
from the DNS, normalised by the swept volume of the volume-equivalent sphere, and ¥ is the lateral swept
volume obtained from the DNS, normalised by the particle volume.

the dynamics of solid atmospheric particles, remain to be explored under real-world
conditions, where atmospheric turbulence and the naturally occurring diversity of particle
shapes are expected to play a significant role.

Supplementary movie. Supplementary movie is available at https://doi.org/10.1017/jfm.2025.10674.
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