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Inertia Induces Strong Orientation Fluctuations of Nonspherical Atmospheric Particles
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The orientation of nonspherical particles in the atmosphere, such as volcanic ash and ice crystals,
influences their residence times and the radiative properties of the atmosphere. Here, we demonstrate
experimentally that the orientation of heavy submillimeter spheroids settling in still air exhibits decaying
oscillations, whereas it relaxes monotonically in liquids. Theoretical analysis shows that these oscillations
are due to particle inertia, caused by the large particle-fluid mass-density ratio. This effect must be
accounted for to model solid particles in the atmosphere.
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Introduction.—The transport, dispersion, and settling of
volcanic ash [1,2], microplastic particles [3,4], and ice
crystals in cold atmospheric clouds [5-8] have significant
environmental impact. These nonspherical particles are
subject to gravity, as well as viscous and inertial hydro-
dynamic forces and torques. An essential parameter char-
acterizing the latter is the particle Reynolds number, defined
by Re, = av,/v, where a is the linear size of the particle, v,
isits settling speed, and v is the kinematic viscosity of air. In
general, the transport of nonspherical particles depends
strongly on their angular dynamics [9—11], which directly
affects the settling speed [1,6,12,13]. This, in turn, deter-
mines its residence times and dispersion ranges in the
atmosphere. The settling speed influences, for instance,
how far microplastic, dust, and volcanic ash can be trans-
ported away from a source or how much time an ice crystal
spends in a cloud [1-3,14]. In addition, the angular dynam-
ics determines the volume swept out. Together with the
settling speed, this volume is a key parameter determining
particle-particle collision rates [15], e.g., relevant for the
formation of aggregates of ice particles in clouds [16—19] or
volcanic ash [2]. The particle orientation also has a direct
impact on the absorption and scattering of radiation by
the atmosphere, which affects the albedo of atmospheric
clouds [20-22], an effect still not understood quantitatively,
despite its importance [23-27].
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Many studies investigated the drag and stable orientation
of nonspherical particles settling in viscous liquids at
rest [13,28-32], where the ratio R = p,/p; between the
particle-mass density p, and the fluid-mass density p; is
close to unity with R > 1 (so the particle settles). In that
case, when Re,, ~ 10, particle orientation aligns rapidly and
monotonically, with its broad side down [11,33]. The
angular dynamics becomes unsteady at larger Re,.
Settling particles in liquids, for example, exhibit a rich
variety of motion patterns at Re, ~ 100 [34]. In air with
R ~ 1000, the angular dynamics of thin settling disks
exhibits bistability [35] at Re, ~50. One expects that
particle inertia plays an important role in explaining this
qualitative difference, since R is very large.

We remark that at much higher Re,, the angular
dynamics of nonspherical particles settling in still air
becomes unstable [1]. Vortex shedding causes the charac-
teristic fluttering first considered by Maxwell, see Ref. [36]
and references cited there.

In turbulence, where fluid-velocity gradients give rise to
additional torques, most experiments concern particles with
R~1 [12,13,31,37-40]. Only a few experiments with
turbulent fiber suspensions were carried out in air [41-43].
For the tumbling of heavy fibers in turbulence, particle inertia
plays a role [39,44], but its effect remains to be quantified.

Experimentally, it remains a challenge to study the
inertial angular dynamics of particles that settle very
rapidly. One needs precise particle tracking over long
periods of time, high-magnification imaging, a particle-
release mechanism that does not set the fluid in motion, and
the container must be large enough to avoid spurious
interaction with the wall [30]. We developed a new
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FIG. 1. Experimental setup. (a) Optical table with top cameras
(TX and TY) and bottom cameras (BX and BY) named after the
shown coordinate system (Z is the direction of gravity g), the
settling chamber (SC), the synchronized pulsed LED unit,
controlled with a waveform generator (WG), and the oscilloscope
(OSQO). (b) Snapshots of a settling prolate spheroid recorded at
2932 frames/s. The tilt angle—the angle between the particle
symmetry axis and gravity—is shown in 5.1 ms intervals in units
of degrees. See the Supplemental Material [45] for details.

experimental apparatus that overcomes these challenges
[Fig. 1(a)]. Here we report on the first measurements,
showing that the particle orientation exhibits characteristic
oscillations with timescales comparable to those of atmos-
pheric turbulence. The particles—with Re, between 2
and 35—do eventually align so that they settle with their
broad side down. We explain that the oscillations are
induced by particle inertia, an effect that can significantly
enhance the extent to which turbulence randomizes particle
orientation.

Experiments.—The setup consists of an air-filled settling
chamber with a novel particle injector and two high-speed
camera pairs (TX, TY) and (BX, BY), synchronized
with a high-intensity pulsed light-emitting diode (LED)

TABLE 1.  Size groups of particles studied. Parameters: aspect
ratio A = a/a, (2ay is the particle length along its symmetry
axis, and 2a is its diameter); volume V; Reynolds number Re,
(using @ = max{aj,a,} and the observed settling speed);
Stokes time 7, = (2p,/9¢)a a/v, where p, and p; are the
mass densities of the particle and the fluid,
1.5 x 107> m?/s is the kinematic viscosity of air.

and v =

Group 4 2aj (pm) 2a; (pm) V, (mm’) Re, 7, (ms)
1 020 479 2394  144x1073 2.8 420
I 0.50 882 1764  144x 103 25 570
1 0.80 120.6 1508 144x1073 24 66.7
I 1.00  140.0 1400 144x1073 22 718
I 1.25  162.0 130.0 144x1073 26 772
I 2.00 2222 111.0  144x1073 33 904
I 5.00 410.0 81.8 144x103 50 1229
I 025 655 2619 235x1073 3.8 629
il 400 399.4 99.9 208x 1073 59 1463
I 0.25 150.0 600.0 2828 x 1073 22.5 329.9
111 4.00 876.9 219.2 2207 x 1073 343 704.6

array [Fig. 1(a)]. Each camera images a fall distance of
~30 mm at a nominal resolution of 6.75 umpx~!. The
apparatus allows us to image individual solid 0.1-5 mm
particles settling in quiescent air. See the Supplemental
Material [45] for a complete description of the setup.

We used the Photonic Professional GT 3D printer
(Nanoscribe GmbH) with submicrometer printing resolu-
tion to print submillimeter-sized spheroids with mass
density p, = 1200 kg m~> [49]. Three size groups of
spheroids were produced (Table I), with different aspect
ratios A = a)/a, (2ay is the length of the particle symmetry
axis, and 2a, is the perpendicular diameter). Three-
dimensional scans of the particle shape using a 3D laser-
scanning microscope (VK-X200K, Keyence) show that the
unevenness in the surface features of the spheroids is
negligible (Fig. S2 in the Supplemental Material [45]). In
total, we carried out between 9 and 22 measurements per
particle shape and size, resulting in a total of 170 successful
experimental runs where the particle was in sharp focus
for all four cameras. Figure 1(b) shows recorded images
of a prolate spheroid (2a; =410, 2a;, = 82) pm as it
falls in the settling chamber. Figures S3 and S4 in the
Supplemental Material [45] contain recorded images of all
particles in Table I.

Figure 1(b) indicates that the orientation of the particle
oscillates as it settles, in sharp contrast with previous
experiments in liquids, where the alignment is mono-
tonic [13,33,37,38,40]. To explain the oscillations observed
here, we developed a theoretical model that includes the
effect of particle inertia.

Model.—Since the particle-to-fluid mass-density ratio R
is large, one suspects that the observed oscillations in
the angular dynamics are due to particle inertia. This
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expectation is consistent with a recent theoretical study [27]
of tilt-angle fluctuations of small particles in turbulence.
However, we cannot directly apply the model from Ref. [27],
because that model was derived assuming Re,, < 1, whereas
our particles have Rep of order 10. Therefore, we developed
a theoretical description that extends the validity of the
Re, < 1 model. Specifically, we modified the fluid-inertia
contributions to the hydrodynamic force and torque by
introducing two scalar functions Cr and C7 that depend on
the settling speed, determined using ab initio simulations of
spheroids fixed in a uniform flow [40,50-54]. Details are
given in Appendix A. As shown below, the new model
accurately describes the experimental results and highlights
the key significance of particle inertia. The model has
three nondimensional parameters (Appendix C): the
aspectratio 4 = a)/a_, the nondimensional particle volume
V=gV,/ v, where g is the gravitational acceleration and
V, = (4n/3)ata| is the particle volume, and the mass-
density ratio R = p,/ps. These parameters determine the
steady-state settling speed v; and thus Re,,. For small settling
speeds, Re, ~ (1/6z)RV, up to a A-dependent factor of
order unity. For oblate disks, particle inertia can be
parametrized by a nondimensional inertia ratio J*. It is
related to our nondimensional parameters by J* =
(z/64)RA (Appendix C). Our J* values are at least 2
orders of magnitude larger than for disks settling in
water [28,34,55] and larger than in [35] by a factor ~2.

Results.—The experimental results are compared
with model predictions in Fig. 2. Figure 2(a) shows
how the angle between the particle-symmetry vector
and gravity (the tilt angle ¢) decays to the steady
value ¢* =0 for disks and ¢* = (x/2) for rods. The
decay is oscillatory, as opposed to the behavior in
water [13,32] where the decay is monotonic and the
angular dynamics is overdamped (particle inertia is
negligible). This is the case when the damping time 7,
of the angular velocity is smaller than the decay time
7, ~v/[v;]* of the tilt angle [33], which happens when
R3V? < 1 (Appendix C).

Figure 2(b) demonstrates that the model captures the
observed settling dynamics very well. The largest disagree-
ment is in the decay rate, which is hard to measure,
especially for nearly spherical particles. The white markers
in the bottom panel show selected experiments where the
decay was best fitted by an exponential. The smaller scatter
of these data points, closer to the theory, suggests that
systematic errors in extracting the data provide the most
likely explanation of differences between theory and
experiments. Figure 2 reveals good agreement over the
whole range of Re,, and 4 covered by our experiments. We
mention that differences between model and experiment are
expected to grow at larger Re,, because the determination
of the inertial torque becomes less reliable beyond
Re, ~ 30 [54].
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FIG. 2. Comparison between experiments and theory. (a) Time
evolution of tilt angle ¢ from experiment (blue) and its model
prediction (red) for spheroids with aspect ratios A = 0.2 and 5
from group I (Table I). (b) Steady-state settling speed v},
frequency, and decay rate of the tilt-angle oscillations as functions
of the aspect ratio . Markers show averages obtained for all
experiments with error bars indicating 95% confidence bounds
for groups I (red circles), II (green squares), and III (blue
diamonds) (Table I). Solid lines show large-time asymptotes
from a linear-stability analysis of the model described in
Appendix A. Shaded regions indicate how much the theoretical
predictions change as the measured settling speed varies along the
particle trajectory. See Appendixes A and B for details. Dashed
lines show results of a linear-stability analysis of a harmonic-
oscillator approximation, Eq. (D2) in Appendix D.

To develop a qualitative understanding of the oscilla-
tions, we simplified the model further, assuming that
Oop = @ — ¢* remains small and that the settling speed is
large. In this limit we obtain a harmonic-oscillator equation
for 8¢, namely, 6¢ + 6¢ + (V;)*Cr|h(2)|R*V*6p = 0 in
nondimensional units (Appendix D). In particular, V7 is a
nondimensional settling speed « v;/(gt,), and h(4) is a
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FIG. 3. (a) Bifurcation diagram. The dashed horizontal line

distinguishes decay without oscillations (A > 0) from decay with
oscillations (A < 0). Particles from group I in Table I are shown
as red circles; group II as green squares; group III as blue
diamonds; particles from Ref. [32] as +; fibers from Ref. [57] as a
gray region. We approximated cylindrical fibers as slender prolate
spheroids and estimated A by setting C; = Cr = 1, since the
corresponding Re,, are very small. (b) Standard deviation of tilt-
angle fluctuations for spheroids settling in weakly turbulent air
with dissipation rate €, as a function of Rep. Shown are simulation
results of the model described in Appendix E in symbols, for
spheroids with 4 = 0.2, but different volumes V- Solid lines
correspond to the overdamped approximation, neglecting particle
inertia [Eq. (S6) in the Supplemental Material [45]]. The
harmonic-oscillator bifurcation (A = 0) is shown as a dashed
vertical line.

shape-dependent function, shown in Fig. S6 [45].
For Re, <1 and |6¢| < 1, this equation simplifies to
the form given in Refs. [27,33,56]. Linear-stability
analysis of the harmonic-oscillator approximation shows
that the particles approach alignment with an exponential
decay, with decay rate y. = —1 £+ 1\/A, with discriminant
A = 1-4(V;)?Cr|h(1)|R*V?. The nondimensional steady-
state settling speed V7 is of order unity. For all particles in
our experiments, the values of |h(1)|R¥V? were large
enough to ensure that A <0, as shown in Fig. 3(a).
A qualitative change occurs when A becomes positive:
then the particle orientation relaxes without oscillation. The
expression for A shows that this bifurcation cannot occur in
the overdamped limit R3)? < 1. We conclude that the
bifurcation is due to particle inertia.

Now consider the very slender fibers measured in
Ref. [57]. The asymptotic form of |i(1)| for large A implies
that |h(1)|R*V?  af, disregarding factors of logA. It
follows that, for R ~ 1000, only fibers with @, larger than
~20 pm can oscillate. This explains why the fibers with
diameters ~10 pm used in Ref. [57], represented by the gray

region in Fig. 3(a), did not oscillate. We conclude that the
angular dynamics of slender fibers in the atmosphere can be
very different from that of particles of moderate aspect ratios.
In case of very slender disks, |h(1)|~7 x 1074, so the
parameter combination |h(4)|R3V? depends on particle
geometry as (a,+/2)°. Our estimates indicate that oscilla-
tions are observable for thin disks when a L\/Z is larger than
~20 pm. This condition is very well fulfilled for the
oblate particles in Table I, as well as for a large class of
ice crystals [6]. A potential shortcoming of this analysis is
that the forces and torques acting on thin disks have not been
thoroughly tested for values significantly smaller than
A~0.1[52,54].

In turbulence, tilt-angle fluctuations are determined by
balancing the inertial relaxation described above with the
effect of turbulent fluid-velocity gradients that upset align-
ment. Typical Kolmogorov times for weak atmospheric
turbulence 7 ~ (v/€)'/> ~0.4-0.04 s for the dissipation
rate per unit mass ¢ from 10~ to 1072 m?/s? [6] are of the
same order as the timescales in Fig. 2, indicating that
particle inertia can significantly increase the randomizing
effect of turbulence, just as for small spherical particles,
where particle inertia matters most for Stokes numbers of
order unity and larger [15,58—60]. To describe the effect of
turbulence, we added a stochastic forcing [60] to our model
(Appendix E). Figure 3(b) summarizes the results. It shows
the standard deviation o, of the tilt-angle fluctuations for
small turbulent dissipation rate, obtained by simulations of
the model from Appendix E. Also shown is the over-
damped approximation obtained by neglecting translational
and rotational accelerations [Eq. (S6) in the Supplemental
Material [45] ]. In Fig. 3(b), Re, was varied by changing
the particle volume, keeping all other parameters the same.
For small Re,, simulations and overdamped theory agree,
so particle inertia has no effect. As Re,, grows, ¢, decreases
at first, because the fluid-inertia torque aligns the particle
more strongly as the settling speed increases. At the same
time, a difference between simulations and overdamped
theory develops: particle inertia enhances the tilt-angle
fluctuations.

At still larger Re,, o, starts to increase again, forming a
characteristic minimum. This can be understood in terms of
the harmonic-oscillator approximation: the minimum in
Fig. 3(b) occurs at a critical value of Re, (details in the
Supplemental Material [45]) where A becomes negative,
indicating that the increase is due to the bifurcation
described above, causing transient oscillations that result
in larger angular fluctuations. The bifurcation occurs when
Green'’s function of the harmonic-oscillator kernel becomes
oscillatory, in the same way as without turbulence. The
critical Re, where this happens is much smaller than the
particle Reynolds numbers where bistability [35] or flut-
tering [34,36] is observed. We remark that a preliminary
analysis suggests that our model may also explain the
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bistable angular dynamics observed in Ref. [35]. Also,
dealing with more complex shapes is an important chal-
lenge. Ice crystals, for example, may be hollow or lack fore-
aft symmetry [61]. This may give rise to additional
torques [13,62].

In summary, our experiments and model calculations
show that particle inertia has a strong effect on the angular
dynamics of atmospheric particles, generally enhancing
the orientation fluctuations of settling atmospheric par-
ticles, not only in still but also in turbulent air. This causes
increased settling velocities and lateral drift, in contrast
to the drift-free pattern observed for steadily settling
particles in liquids. Orientation fluctuations also affect
the rate at which nonspherical particles collide [15] or
fragment, a process important for secondary ice particle
production [63,64]. In addition, fluctuations in the orien-
tation of ice crystals affect the radiative properties of ice-
laden clouds, for example, by reducing cloud albedo when
solar radiation is parallel to gravity.

Conclusions.—We identified the key importance of
particle inertia for the motion of nonspherical atmospheric
particles. Our results, made possible by the concurrent
development of a unique experimental setup and by a
reliable modeling strategy, show that heavy spheroids
settling in air at Re, ~ 1-30 (values typical for atmospheric
particles) approach their stable orientation through
decaying oscillations. We demonstrated that this behavior
is a consequence of particle inertia. This physical effect
must therefore be accounted for in models of important
atmospheric processes, such as the radiative properties and
evolution of ice-laden clouds, as well as residence times
and dispersion ranges of volcanic ash or microplastics in
the atmosphere.

T. B. was funded by the German Research Foundation
(DFG) Walter Benjamin Position (Project No. 463393443).
J. G. was supported by funding from the European Union
Horizon 2020 Research and Innovation Program under the
Marie Sklodowska-Curie Actions, Grant Agreement
No. 675675. K.G. was supported by a grant from
Vetenskapsradet (No. 2018-03974). B. M. was supported
by Vetenskapsradet (Grant No. 2021-4452) and acknowl-
edges a Mary Shepard B. Upson Visiting Professorship
with the Sibley School of Mechanical and Aerospace
Engineering at Cornell. Statistical-model simulations were
performed on resources provided by the Swedish National
Infrastructure for Computing (SNIC). This research was
also supported in part by the National Science Foundation
under Grant No. NSF PHY-1748958. We thank J.L.
Pierson for pointing out Refs. [41,57] to us.

Appendix A: Model for Re,, up to ~30.—The dynamics
of a settling particle is determined by Newton’s
equations for translation and rotation,

d d

=" my ¥ = Fy +myg, (Ala)
d d
gr=enn $[J]p(n)a)} =T, (Alb)

Here x is the particle position, v its velocity, n is a unit
vector parallel to the symmetry axis of the particle, and
is the angular velocity of the particle. Its mass is m,, and
J, is the particle-inertia tensor [65]. The gravitational
acceleration is denoted by g.

The main difficulty is to determine the hydrodynamic
force Fy, and torque T},. For Re, <1, they can be
determined in perturbation theory [9,11,66,67]. For larger
Re,—as in the experiment—one can parametrize forces
and torques on a spheroid in uniform flow using ab initio
computer simulations [52,53]. The conclusion is generally
that force and torque can be parametrized by introducing
empirically determined correction factors in the perturba-
tive equations of motion. Here we use
T, = T\ + C;T",

F,=F9 4+ c.F\V, (A2)

with correction factors Cr(Re,, 4) and Cr(Re,, 4). F1(10> =

—(my/7,)Av and Tflo) = —(m,/7,)Ca are Stokes force and
torque in a quiescent fluid [10,65], with particle response
time 7, = (2p,/9¢)(aja,/v) and resistance tensors
A(n,2) and C(n,2) [Eqs. (4) and (7) in [33]]. The Re,

corrections  are Fﬁll) = —(my,/7,)(3/16)(a v/v)(3A -
I(¥ - Ap))Av [66], where I is the unit matrix, ¥ =v/v,
v=1l, and T{"=F(2)(my/6m)(a*v?/a,v)(n-p)(nA
v)/z, [9,11], with a = max(a,a ). For spheroids, the
shape factor F(1) is given in Egs. (4.1) and (4.2) of
Ref. [67]. For Cr = Cy = 1, Eq. (A2) simplifies to known
expressions for Re, < 1 [27].

Equation (A2) yields good results for Fj, up to
Re, ~ 100, for prolate particles with moderate 4 [53],
and there is similar qualitative agreement for oblate
particles [52]. We determined Cr(Re,,4) from interpola-
tions of ab initio simulation results for fixed Re,, and 4 for
oblate [52] and prolate [53] spheroids as follows. The full
model [Egs. (A1) and (A2)] has 11 dimensions. Since x is
slaved to the other variables, it is sufficient to analyze the
eight-dimensional system for v, @, and n. In the experi-
ments, the particles settled with speeds close to the steady-
state settling speed. Therefore, it suffices to evaluate Cr at
the steady state

vt =08, w* =0,

@* =0, (A3)

NN

Rotational symmetry dictates that the polar angle 6* can
take any value. Solving Eqs. (Al) and (A2) with a given
(not yet known) value of Cr, we find
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Here A is the component of the translational resistance
tensor A in the direction of gravity, for a particle falling
with its steady-state orientation ¢*. We used Eq. (A4) to
evaluate the Reynolds number Re, = av,(Cr)/v, with
a =max{a,,ay}. Since Cr depends on Re,, and Re, in
turn depends on Cp through v;(Cr), we solved the
resulting implicit equation numerically to find the desired
value of Cr. The results are shown in Fig. 4(a).

We determined C7(Re,, ) by interpolating the data in
Refs. [52,53], using Re, determined as described above.
The results are shown in Fig. 4(b), and they are consistent
with the ab initio simulations from Ref. [54].

It is not guaranteed that the model works outside the
tested parameter range, for example, for very thin disks or
for very nearly spherical particles. Therefore, we do not
report numerical values for 4 close to unity in Figs. 2 and 4.
As mentioned above, we determined the functions
Cr(Re,, 4) and Cr(Re,, 1) only near the steady state,
for small ép = ¢ — ¢* (where ¢ is the tilt angle and
¢@* =0, (x/2) is its steady-state value). This is sufficient
as long as the dynamics does not depart too far from the
steady state. Figures 2(a) and S5 [45] show that this works
very well. The small drift of the angular dynamics in
Fig. 2(a) may be due to inaccuracies in Crp or Cy. The
accuracy of the model could be improved by introducing
correction matrices Cr and C; in Eq. (A2), instead of
scalars, with elements that depend on ¢, in addition to Re,
and 4.

Appendix B: Fitting the model to experimental data.—
This appendix contains the details needed to reproduce
the theoretical fits in Fig. 2. First, Egs. (Al) and (A2)
can be solved numerically for any initial condition v, n,
and w, (eight parameters). To reduce the number of
parameters, we fitted only the initial tilt angle ¢, its
angular velocity ¢, the initial settling speed v,, and the
velocity component », perpendicular to gravity. We
assumed steady-state values for the remaining parameters.
As a result, the dynamics resides in a plane determined

by gravity and the direction of »,. The red lines in
Figs. 2(a) and S5 in the Supplemental Material [45] were
obtained in this way. We see that the approximation
works very well.

Second, to determine the shaded regions in Fig. 2(b), we
perturbed the initial angular velocity and settling speed
away from the above initial conditions, using typical
experimental values for the particles from Table I.

Third, the solid lines in the top panel of Fig. 2(b) were
obtained using Eq. (A4). The solid lines in the middle and
bottom panels of Fig. 2(b) were determined from linear-
stability analysis of the eight-dimensional dynamics of v,
®, and n. Linearizing the dynamics around the fixed
point (A3), we obtained the eigenvalues describing expo-
nential relaxation to the steady state. Two eigenvalues form
a complex pair. The real part gives the decay rate and the
imaginary part gives 2z times the frequency.

Appendix C: Nondimensional parameters.—We non-
dimensionalize velocities with ? = 9tp /A(-"), obtained
from Eq. (A4) in the limit of small settling speed,
time with the angular-velocity relaxation time z,=
7,J 1 /(m,C ), force with m,?/z,, and torque with
J /75 Here J| =my[(1+4%)/5]a} is the moment of
inertia of a spheroid around an axis perpendicular to its
symmetry axis, and C, is the rotational resistance co-
efficient around this axis [33]. In particular, the steady-
state settling speed is nondimensionalized as Vj = v;/%.
In these nondimensional units, all terms in Eq. (Al)
are of order unity, except for F 511) ~(Po/Ps)gVp/ /? and
T ~ (pp/Pe)*(gV/1?)?, where V, = (4n/3)aiaq) is
the volume of the particlee So there are two
nondimensional parameters in addition to 1= a/a;:
the mass-density ratio R =p,/p; and the non-
dimensional particle volume V =gV,/ v*. In the
experiment, R = 996, and V =~ 0.06 (group I in Table I),
V=0.1 (group II), and V=1 (group III). In the limit
of small settling speeds, the parameters V and R
are connected to Re, by Re,~ (1/6z)RV, up to a
A-dependent prefactor.

The overdamped limit of the angular dynamics is
obtained when 7,, < 7,,, where 7, ~v/[v}]* is the relax-
ation time of the tilt angle in this limit. So the overdamped
limit corresponds to 7,,/7, ~ RV? < 1.

Willmarth et al. [28] quantified particle inertia
for settling disks by the phenomenological parameter
7 =717, where J© = (7/2)ppAa’, is the moment
of inertia of a short cylinder around its axis perpendicular to
the symmetry axis, and J; = p¢(2a, )° is proportional to the
moment of inertia of a fluid sphere with diameter 2a | . For
oblate spheroids, this expression reduces to J* «x AR.

Appendix D: Harmonic-oscillator approximation.—
The planar dynamics described in Appendix B can be
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further simplified if ¢ is so small that its feedback
upon the settling speed v, can be neglected and if the
transversal velocity is much smaller than the settling
velocity. Then the tilt angle obeys a damped-pendulum
equation. In the dimensionless units introduced in
Appendix C, it reads

p=w, d):—a)—%(V;)ZCTh(/I)RS]ﬂSin(2(p). (D1)
The first term on the rhs of the equation for w is the
rotational damping due to particle inertia. The timescale
is chosen so that the prefactor |i(1)|R3V? is unity. The
dependence of the function h(41) on A is shown in
Fig. S6 [45]. For thin disks, |2(4)| & 4. In this limit, the
prefactor in the last term on the rhs of Eq. (DI)
evaluates to J*Reg. This rationalizes the use of J* to
describe the effect of fluid inertia on settling disks [28].

Although Eq. (D1) is approximate, it captures the main
features of the experimentally observed dynamics. The
approach to the steady state is conveniently analyzed by
linear-stability analysis. Linearization of Eq. (D1) yields
the harmonic-oscillator approximation

0=06¢p + o¢p + (V;)ZCT|h(ﬂ)|R3V25(p. (D2)
In the limit of Re, <1, a corresponding equation was
considered earlier; see, for example, Eq. (45) in Ref. [33].
Equation (D2) implies that the tilt-angle fluctuation
S¢ relaxes to zero exponentially, 8¢ ~ a,exp(u,t) +
a_exp(u_t), with eigenvalues py, = —1/2 + 1/2/A and
discriminant A = 1-4(V;)?Cy|h(2)|R*V*. The square
root is real when 4(V;)2Cr|h(4)|R*V? <1 and purely
imaginary otherwise. In the former case, relaxation toward
the steady state is monotonic. In the latter case, it involves
oscillations. We remark that |h(2)| takes small values
(Fig. S6 [45]). This is compensated by R*V? > 10° for the
particles in Table I, with R ~ 10°. For these particles, A is
negative. For much smaller ratios of particle-to-fluid mass
densities, the condition A < 0 is harder to satisfy.

The results of the harmonic-oscillator analysis are shown
in Fig. 2 as dashed lines. In the top and middle panels, they
are indistinguishable from the solid lines. For the expo-
nential decay rate, by contrast, the harmonic-oscillator
approximation differs from the solid lines. The bifurcation
predicted by the harmonic-oscillator analysis is shown in
Fig. 3 (dashed lines).

Appendix E: Effect of turbulence—The effect of
turbulence can be modeled by adding a stochastic
forcing to the model described in Appendix A,
representing the turbulent fluid velocity by a Gaussian
random function u(x,7) [Eq. (5) in Ref. [60]]. Since Cp
and Cr in Eq. (A2) are approximated assuming small tilt

angles (Appendix A), we must assume that the turbulent
dissipation rate is sufficiently small. The particle
equations of motion (Al) and (A2) change in the

presence of the turbulent flow u(x,¢). In the expressions

for F}(lo'l) and T1(11>’ the particle velocity v is replaced by

the slip velocity v —u(x,t) at the particle position x.
The second change is that there is an additional
torque due to the gradients of the imposed flow [46]:
7" = (my/7,)[CQ(x, 1) + H:S(x,1)]. Here Q(x,r)=
LIV xu(x,1)] is half the turbulent vorticity, and S(x, 1)
is the strain-rate matrix, the symmetric part of the matrix
of fluid-velocity gradients. The tensors C and H depend
on particle shape. For spheroids, they are given in
Eq. (7) of Ref. [33]. The colon symbol represents a
double contraction of indices [10].
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