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ABSTRACT
Research on freely falling particles has primarily focused

on wake dynamics and vortex shedding of individual particles
in quiescent flow. When these particles fall collectively, the
wakes of surrounding particles alter the flow fields. Hence we
conducted volumetric experiments to investigate how the set-
tling and wake dynamics of particles are affected by the wakes
of other settling particles. Negatively buoyant 12 mm particles
of various shapes are first released individually into quiescent
water. Then, the particles are released individually into the
bulk wakes of 20 mono-dispersed particles. Using four high-
speed cameras and LEDs, we simultaneously capture both 3D
particle and fluid motions within an imaging domain measur-
ing 90 mm × 90 mm × 40 mm. Our results show that all trail-
ing particles settling through the bulk wakes gain additional
downward momentum from the turbulent wakes, falling faster
than in the quiescent flow. Upstream of the particle, the vor-
tices in the bulk wake interact with the developing shear layer
along the particle. The wake downstream of the trailing parti-
cle also appears more chaotic than that in a quiescent flow.

INTRODUCTION
Freely falling collective particles exhibit complex dynam-

ics due to the interactions of their wakes with the surrounding
fluid and particles. Previous studies have primarily focused
on wake dynamics and vortex shedding of individual particles
to characterize their shape-dependent trajectories due to the ef-
fects such as density ratios and particle Reynolds numbers (Ern
et al., 2012). For non-spherical particles, instead of a steady
descent, they may tumble, flutter, or undergo chaotic motion.
These motions are influenced by their Reynolds numbers and
moments of inertia, which are determined by their shapes and
aspect ratios. However, when these particles fall in bulk, the
flow fields are perturbed by the wakes of neighboring parti-
cles, affecting the settling dynamics of the trailing particles.
Classical studies such as Fortes et al. (1987) on fluidization
have observed how the inertial effects associated with wakes
can lead to the capture of one particle in the wake of another.

Nevertheless, considering the three-dimensional nature of
the wake structures, volumetric studies on the flow around
falling particles have been limited due to experimental chal-
lenges. Some advanced measurements include Adhikari &
Longmire (2012), who studied the flow around moving objects
using Tomographic Particle Image Velocimetry (PIV). Here,
the moving objects were reconstructed separately from the
tracer particles using visual hull reconstruction. Meanwhile,

Esteban et al. (2019) studied the flow around falling polyg-
onal particles using a combination of non-time-resolved vol-
umetric V3V camera systems with separate high-speed cam-
era imaging from two orthogonal directions. More recently,
Wieneke (2023) studied the flow around a stationary cylinder
using a Lagrangian particle tracking (3D-LPT) algorithm in a
volumetric measurement. The cylinder was reconstructed us-
ing Iterative Particle Reconstruction (IPR), which was used in
Shake-The-Box (STB) in DaVis by LaVision GmbH (Schanz
et al., 2016).

In this study, we conduct volumetric experiments to inves-
tigate how the particle settling and wake dynamics are affected
by the wake structures from particles falling collectively. The
research goal is to identify particle-wake interactions when
particle Reynolds numbers are large, on the order of 103. This
is important for the understanding of the transport of large sed-
iments, macroplastic pollutants, or other natural particles in
our environment where the particles have been traditionally
modelled as point-masses in simulations of particle-laden flow
at high volume-fraction (Brandt & Coletti, 2022).

METHODOLOGY
To investigate the effects of particle shapes on the set-

tling dynamics, we fabricated particles with four distinct ge-
ometries but the same mass and volume: a sphere, a cuboid,
a circular cylinder, and a square cylinder. All particles were
printed using resin with a solid-to-fluid density ratio (ρs/ρ f )
of 1.15. The sphere has a diameter of l1 = 12 mm, while
the other particles have a length of l1 = 12 mm along their
longest axis and a thickness of l2 along their shortest axis. By
keeping l1 constant, the values of l2 were chosen such that
the volume and mass of each particle are equal to those of the
sphere. Consequently, the particle Reynolds numbers, defined
as Rep = l1|U⃗ |/ν , vary only with the particle settling velocity
(|U⃗ |). Here, ν refers to the kinematic viscosity of water. The
detailed parameters of the particles as shown in Figure 1a can
be found in Table 1.

The experiments were performed in an open hexagonal
acrylic tank with a maximum length, width, and height of
0.61 m × 0.51 m × 0.52 m, respectively. The tank was filled
with water up to 0.4 m. These negatively buoyant particles
were first released individually in a quiescent liquid below the
water surface and allowed to fall. To avoid any side wall ef-
fect, the particles were released at least 7l1 from the nearest
sidewalls. Then, the particles were released individually into
the bulk wake of monodispersed particles of the same sizes and

1



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

(a) (b)

Figure 1: Experimental details. (a) Schematic and photo of l1 = 12 mm particles. Clockwise from top left: sphere, flat
cuboid, square cylinder, and circular cylinder. (b) Schematic illustration of the volumetric measurements using four high-
speed cameras and LEDs.

Table 1: Particle parameters.

Particle l1[mm] l2[mm] Rep = l1|U⃗ |/ν

Sphere 12 - 2400

Flat Cuboid 12 6.3 1300

Square cylinder 12 8.7 1550

Circular cylinder 12 9.8 1900

shapes to study the effect of wake interactions on the settling
dynamics. These results were compared with those obtained
from single-particle falling experiments.

To capture both the particle dynamics and fluid wake si-
multaneously, we set up a time-resolved volumetric measure-
ment using four Photron FASTCAM Mini WX100 4MP high-
speed cameras with 2048 × 2048 pixel resolution. The cam-
eras were arranged on the front side of the hexagonal tank
spanning over 110◦ as shown in Figure 1b. All cameras were
mounted with Sigma 105 mm lens (f/22) with scheimpflugs
to improve focus. Four units of GSVITEC MultiLED QT
pulsed LEDs with 15◦ lens were used to illuminate the mea-
surement domain from the top. The water was seeded with
40 µm Dynoseeds. Here, the imaging volume was centered at
20l1 from the water surface and 13l1 above the bottom wall to
capture the steady particle motion while avoiding any possible
boundary effects. This results in a reconstructed domain mea-
suring 90 mm × 90 mm × 40 mm in the x, y, and z direction
as shown in Figure 1b. The sampling rate was varied between
500 Hz to 1000 Hz depending on the particle settling veloc-
ity to prevent particle streaks in the wake regions. The image
resolution was 0.053 mm/pixel.

The acquisition and processing were performed using
DaVis 10.2. For classic multi-camera calibration, the LaVi-
sion plate (type 20) was traversed in the z-direction through
five positions. Then, a self-calibration was performed using
300 images. Here, we first normalized the image intensity dis-
tributions across all cameras. Since the particle appeared as
a very bright spot in the images, using the image segmenta-
tion algorithm in DaVis 10.2, the big particles (objects) and
tracers were separated into two different image sets. With the
object masked from the tracer particles, the fluid flow fields
were processed using STB followed by the Fine-Scale Recon-
struction (VIC#) to convert the Lagrangian particle tracks to
Eulerian fields (Jeon et al., 2018). Meanwhile, we reconstruct

the falling particles using IPR as explained above. This gener-
ates point clouds of the particle that we fit with a sphere or a
cuboid to obtain the centroid location.

RESULTS AND DISCUSSION
The particles of various geometries have different frontal

areas that affect the drag that they encounter while falling.
Since these particles have the same density and mass, in a qui-
escent flow, as plotted in Figure 2 as dashed lines, the sphere
(black) settles the fastest, while the flat cuboid settles the slow-
est (red). The rounded surface of the circular cylinder (blue)
also causes it to sink at a higher velocity than the square cylin-
der (green). This results in Rep ranging from 1300 to 2400 (see
Table 1), where all particles are in the vortex shedding regime.

If we compare these settling velocities with those of a par-
ticle falling into the bulk wake of 20 particles of the same size
and shape, for all four geometries plotted as solid lines in Fig-
ure 2, they sink faster than in the quiescent flow. In the case
where a sphere is falling into the bulk wakes of 20 flat cuboids,
the results (black dashed-dot lines) show that they settle at ap-
proximately the same velocity as the spheres that are falling
into the bulk wakes of 20 spheres. This suggests that the ef-
fect of geometries on the bulk wake of the collective particle
is negligible on the sphere settling velocity.

To understand the increment in the particle settling veloc-
ity, we computed the instantaneous probability density func-
tion of the flow velocity within the measurement volume in
Figure 3. At the instance right before the sphere enters the top
of the measurement volume in a quiescent flow, the PDFs plot-
ted in red suggest that all fluid velocities (U , V and W for x, y
and z) center about zero, indicating that the flow is quiescent-
like. On the other hand, at the instance right after all 20 spheres
have fallen entirely out from the bottom of the field of view, the
PDFs plotted in black show longer tails, spreading over a wider
velocity range. For the wall-normal velocity, the falling of the
collective particles induces a stronger downward momentum,
and the PDF is skewed toward the negative values. For this
example, after approximately 3.2 s, right before the trailing
sphere enters the measurement volume, the PDFs plotted in
blue show a similar distribution for U and W . Meanwhile, the
negatively skewed V shifts and centers around −0.02 ms−1.
If we compare this to the velocity increment reported in Fig-
ure 2, they are of a similar magnitude. This shows that the
trailing particles gain additional momentum from these turbu-
lent wakes and thus settle faster.
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Figure 2: Superposition of sphere settling velocity curves
from multiple runs, plotted against time. Dashed lines
indicate particles falling into a quiescent flow while
solid lines indicate particles falling into the bulk wakes.
Black, blue, green and red represent sphere, circular
cylinder, square cylinder and flat cuboid, respectively.
Black dashed-dot lines indicate a sphere falling into the
bulk wakes of the flat cuboids.

Based on the examples mentioned above, we first con-
sider the three-dimensional vortices shed from a sphere in a
quiescent flow. Figures 4 and 5 show the isosurfaces of the
instantaneous vortical structures visualized using the magni-
tude of the Lamb vector |⃗L| and the square of the swirling
strength λ 2

ci, respectively. The Lamb vector is defined as the
curl of the velocity and the vorticity (−⃗L = U⃗ × ω⃗) and the
magnitude is computed by taking the square root of the sum of
the square of the Lamb vector components. It originates from
the material derivative of the Navier-Stokes equation (vortic-
ity equation) as the convective acceleration (Wu et al., 2006).
Meanwhile, the swirling strength plotted in Figure 5 is com-
puted from the imaginary part of the complex eigenvalues of
the local velocity gradient tensor. It is one of the several com-
monly used methods to identify vortex structures (Zhou et al.,
1999). The isosurfaces are plotted based on a threshold value
of |⃗L| = 0.15 ms−2 and λ 2

ci = 6 s−2, respectively. The color
plotted on top of the isosurfaces shows the spanwise vorticity
ωz normalized by the sphere diameter and the settling velocity
in a quiescent flow.

As the sphere falls into a quiescent flow, distinct hairpin-
like vortices with spanwise vorticity of opposite directions
are shed downstream as shown by the isosurfaces of both |⃗L|
and λ 2

ci. In this context, dye visualization experiments by
Sakamoto & Haniu (1990) show that for a sphere in uniform
flow, when Rep > 300, hairpin-shaped vortices begin to be pe-
riodically shed from the sphere, forming a laminar wake. As
Rep increases beyond 800, the laminar shear layer begins to
shed periodically from the sphere and the wake flow becomes
more turbulent. The direct numerical simulation by Rodriguez
et al. (2011) also confirmed that for a sphere within the sub-
critical Reynolds numbers of 3700, the instability in the lam-
inar boundary layer that separates from the sphere causes the
vortex sheets to roll up and transition into a turbulent wake.
Thus the shed vortices observed in Figures 4 and 5 resemble
the hairpin vortices in the turbulent wake.

For a sphere falling into the bulk wakes of 20 spheres of

the same size, the isosurfaces of |⃗L| plotted in Figure 6 using
the same threshold as in Figure 4 show that the sphere is en-
veloped by cylindrical vortices or vortex tubes starting from
almost one diameter upstream of the sphere. The swirling
strength plotted in Figure 7 clearly illustrates that the trailing
sphere falls into a chaotic region of vortices shed from the lead-
ing bulk particles. As compared to the shear layer observed for
a sphere in quiescent flow, there are longer, extended vortices
upstream of the sphere, connecting to the shear layer. In addi-
tion, the distinct hairpin structures that were observed earlier
in Figure 7 for a sphere settling in quiescent flow are not as
well identifiable here. A similar observation was reported in
the DNS by Bagchi & Balachandar (2004) on a stationary, iso-
lated sphere in an isotropic turbulent flow at Rep = 610 where
the coherent structures in the wake became irregular and dissi-
pated quickly downstream (see also Wu & Faeth, 1993). How-
ever, it was noted that the downstream shear layers shed from
the sphere were instead shortened and broken into smaller vor-
tices. Nevertheless, the results suggest that the turbulent wakes
of the leading collective particles interact with the shear layer
and disrupt the hairpin vortices shed from the trailing sphere.

For a flat cuboid settling in a quiescent flow, the results
in Figure 8 show that the particle is shedding long, streaky
structures. The wake also meanders as it falls. Here, the par-
ticle flutters, rocks, or oscillates left and right, without tum-
bling or overturning. Meanwhile, the circular cylinder tum-
bles while falling (not shown here). The Reynolds number
and moment of inertia phase diagram for rectangular plates
reported by Smith (1971), plotted similarly to that for cir-
cular disks measured by Willmarth et al. (1964), shows that
when Rep = 1300 and dimensionless moment of inertia I∗ =
8ρsl2(l2

1 + l2
2)/3πρ f l3

1 = 0.65 (see Andersen et al., 2005), the
flat cuboid is within the stage of rocking motion. This rocking
or fluttering motion matches well with our observation.

When we release a flat cuboid into the bulk wakes, the
meandering shed vortices also interact with the surrounding
vortices (see Figure 9). Within the measurement volume, it ap-
pears that the interaction between the bulk wake and the shear
layer shedding from the flat cuboid causes the flat cuboid to
flutter more violently, at a higher amplitude, than in the qui-
escent flow. Finally, if we consider the case where a sphere is
falling into the bulk wakes of the flat cuboids (see Figure 10),
we observe a similar pattern as in Figure 7, where the shear
layer interacts with the upstream vortices. Downstream of the
sphere, the hairpin vortex loops are vaguely visible, but the
wake is more chaotic. Since the sphere is shedding within
a sub-critical Reynolds number range where the shear layer
is transitioning from laminar to turbulence (Rodriguez et al.,
2011), it is possible that the presence of bulk wake promotes
an early onset of the transition. However, as aforementioned,
the interaction of the trailing sphere with different structures of
shed vortices does not seem to affect the settling velocity sig-
nificantly. With the present data sets, more quantitative analy-
sis on the orientation of the settling particle and wake analysis
will be performed in the future to investigate these observa-
tions in detail.

CONCLUSIONS
We conducted volumetric experiments to investigate how

the particle settling dynamics and shed vortices are affected
by the bulk wake left over by the leading collective particles.
Four high-speed cameras were set up to capture both the set-
tling particle and the surrounding flow fields within the termi-
nal velocity regime. Four 12 mm particles of different geome-
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Figure 3: Instantaneous PDF of the three-component fluid velocity at the instances right before a sphere falling into the
quiescent flow enters the top field of view (red), after 20 collective spheres moved entirely out from the bottom field of
view (black) and before a trailing particle falling into the bulk wake enters the top field of view (blue).

Figure 4: Time series of a sphere falling into a quiescent flow from left to right: isosurface plots of the instantaneous
vortical structures visualized using the magnitude of the Lamb vector, |⃗L| = 0.15. Color represents spanwise vorticity
normalized by sphere diameter and settling velocity in a quiescent flow.

tries (sphere, circular cylinder, square cylinder and flat cuboid)
were released individually into the bulk wake of 20 collective
particles. The results are compared to those in a quiescent
flow. All particles of various geometries sink faster in the bulk
wakes due to the downward vertical momentum induced by
the turbulent bulk wakes. Regardless of the shape of the col-
lective particles, the sphere sinks at a similar velocity in the
bulk wakes of both spheres and flat cuboids. The hairpin vor-
tices shed from a sphere at Rep = 2400 in a quiescent flow re-
semble those reported in the literature within the sub-critical
Reynolds number range. As the sphere sinks into the bulk
wake, upstream of the particle, the vortices in the bulk wake
interact with the shear layer that develops along the particle.
Downstream of the sphere, the wake becomes more chaotic.
Similar vortex interactions are observed for the flat cuboids.
For this particle, the fluttering motion causes the wake to me-
ander. Although the particle settling regime for flat cuboids in
both quiescent flow and bulk wakes remains unchanged within
the phase diagram, the vortex interactions likely cause the flat
cuboid to flutter more unstably and over a larger amplitude in
the latter.
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Lagrangian particle tracking at high particle image densi-
ties. Experiments in fluids 57, 1–27.

Smith, EH 1971 Autorotating wings: an experimental investi-
gation. Journal of Fluid Mechanics 50 (3), 513–534.

Wieneke, B 2023 3D-LPT in the presence of obstructing
objects. In Proceedings of the 15th International Sympo-
sium on Particle Image Velocimetry. San Diego, California,
U.S.A.

4



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

Figure 5: Time series of a sphere falling into a quiescent flow from left to right: isosurface plots of the instantaneous vortical
structures visualized using the square of the swirling strength, λ 2

ci = 6. Color represents spanwise vorticity normalized by
sphere diameter and settling velocity in a quiescent flow.

Figure 6: Time series of a sphere falling into the wake of leading collective particles from left to right: isosurface plots
of the instantaneous vortical structures visualized using the magnitude of the Lamb vector, |⃗L| = 0.15. Color represents
spanwise vorticity normalized by sphere diameter and settling velocity in a quiescent flow.

Figure 7: Time series of a sphere falling into the wake of leading collective particles from left to right: isosurface plots
of the instantaneous vortical structures visualized using the square of the swirling strength, λ 2

ci = 6. Color represents
spanwise vorticity normalized by sphere diameter and settling velocity in a quiescent flow.
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Figure 8: Time series of a flat cuboid falling into a quiescent flow from left to right: isosurface plots of the instantaneous
vortical structures visualized using the square of the swirling strength, λ 2

ci = 6. Color represents spanwise vorticity
normalized by sphere diameter and sphere settling velocity (|U⃗s|) in a quiescent flow.

Figure 9: Time series of a flat cuboid falling into the wake of leading collective particles from left to right: isosurface
plots of the instantaneous vortical structures visualized using the square of the swirling strength, λ 2

ci = 6. Color represents
spanwise vorticity normalized by sphere diameter and sphere settling velocity (|U⃗s|) in a quiescent flow.

Figure 10: Time series of a sphere falling into the wake of 20 leading flat cuboids from left to right: isosurface plots of the
instantaneous vortical structures visualized using the square of the swirling strength, λ 2

ci = 6. Color represents spanwise
vorticity normalized by sphere diameter and settling velocity in a quiescent flow.
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