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Many natural and industrial processes involve the sedimentation of nonspherical parti-
cles. Many of these particles do not have uniform mass distributions; two cases of interest
are aggregates (which may be composed of multiple materials) and microplastic pollutants
(which may experience localized fouling or degradation). For such particles, the centers
of mass and buoyancy are not colocated. This leads to interesting settling dynamics,
particularly at transition points near the onset of wake instabilities. We investigated the
orientation and terminal velocity of initially horizontal, freely falling cylinders, in which
the mass distribution was either constant (uniform density) or bipartite, undergoing a step
change halfway along the length (compound density). Cylinders had low aspect ratios
(1 � AR � 4) and fell at intermediate Reynolds numbers (around 200). We recorded
the position and orientation of each cylinder as it fell through still water, as well as the
distribution of landing sites. We also performed planar particle image velocimetry to visu-
alize wake dynamics. Results showed significant differences in the settling characteristics
of uniform- vs compound-density cylinders, and revealed three distinct settling modes:
rectilinear, oscillatory, and oblique. Each of the three modes displayed distinctly different
wakes and vortex shedding patterns. All compound density cylinders, regardless of aspect
ratio, were biased to land on the side of the tank, where the more dense end of the cylinder
was initially oriented. Our results show that the interplay between buoyant torques and
wake instability strongly impacts particle motion in the context of still-water settling, and
is likely to play a role in more complex flows. This is true even for particles with an
extremely small offset between the center of mass and the center of buoyancy, carrying
strong implications for the dispersion of relevant particle classes such as microplastics.

DOI: 10.1103/PhysRevFluids.9.070501

I. INTRODUCTION

Particles across a wide range of shapes and sizes play a key role in sediment transport, aerosol
dispersion, marine aggregation, and many other processes [1–8]. Such particles are often irregular
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in shape and composition, with a center of mass that is not at the volumetric center of the particle
(i.e., its center of buoyancy). The settling dynamics of these particles—that is, nonspherical particles
whose centers of mass (CoM) are not colocated with their centers of buoyancy (CoB)—are difficult
to predict from first principles, particularly for particles settling at intermediate Reynolds numbers.

Particle Reynolds number is defined as Rep ≡ deqU
ν

, where deq is an equivalent or representative
particle diameter, U is a characteristic velocity (typically a terminal velocity in settling particles),
and ν the kinematic viscosity of the carrier fluid. We chose the equivalent spherical diameter as
the relevant length scale for consistency with other nonspherical particle literature (e.g., [9,10]) and
because neither the cylinders’ diameter nor the length consistently governed the observed particle
settling behavior (see Results). Previous work on settling particles (both spherical and nonspherical)
has primarily focused on Stokes flow (Rep � 1) [11–15] and high Reynolds numbers (Rep � 1)
[16–20]. However, settling at intermediate Reynolds numbers (1 < Rep < 102) is more difficult to
characterize, though many particles in the natural and built environment fall into this regime (e.g.,
large sediment grains [21], marine aggregates [22–24], semipassive planktonic larvae [25–28], and
microplastic pollutants [29,30]).

Microplastic particles, an increasingly common pollutant found throughout aquatic systems
across the globe, exist in a wide variety of shapes including fibers, fragments, films, pellets, and
more [31–34]. Their buoyancy can change due to degradation [35], aggregation with other particles
[6,36,37], and biofouling [38–40]; these processes often occur asymmetrically due to consistently
uneven exposure to air and light, leading to localized changes in mass density that displace the center
of mass and complicate settling dynamics [41]. Because of this complexity, models of microplastic
transport typically parametrize microplastics as spherical particles of uniform density [42], though
shape or type (e.g. fibers vs fragments) could play a major role in transport [43].

Given the prevalence of nonuniform particles in various sedimentation processes, it is important
to determine whether small changes in mass distribution can produce significant variations in
settling. As a first step, we experimentally measure the settling velocity and time-varying orien-
tation dynamics of low-aspect-ratio cylinders, comparing uniform (CoM colocated with CoB) vs
nonuniform (CoM offset from CoB) cylinders with the same average mass density. Though we
displace the CoM by less than 0.05% of the cylinder length, we find large differences between
uniform vs nonuniform cylinders in both settling velocity and dispersion. This indicates that even
extremely small changes to the location of the CoM—which may be the case for fouled or degraded
microplastics—can lead to dramatic changes in settling velocity and overall settling behavior, which
should be considered in efforts toward predictive modeling and analysis of existing observational
data.

Below, we briefly review a selection of previous work on freely falling and rising bodies, with
attention to cases relevant to low-aspect-ratio cylinders at intermediate Reynolds numbers and/or
nonuniform mass distributions.

A. Uniform nonspherical particles

Freely falling or rising bodies, whose motion is driven by buoyancy, can exhibit complex behav-
iors even when traveling through a still fluid [44]. Trajectories may be chaotic or follow “zigzag”
patterns, driven by vortical structures in the particle wakes [45,46]. While prolate and oblate
ellipsoidal particles are frequently featured in numerical studies of nonspherical particles [47–51],
cylinders (particularly disks) are commonly used for experimental studies due to greater ease of
manufacturing [52–55]. Kanso et al. [53] experimentally showed that settling disks (AR ≡ l/d < 1,
where l is cylinder length and d is cylinder diameter) experience four distinct settling regimes:
steady, fluttering, chaotic, and tumbling, each of which lead to a unique distribution of landing
sites and can be used to reliably predict what side of the disk is likely to land upright. Mandø and
Rosendahl [19] determined that freely falling cylinders must fall with either a steady (AR > 2) or
periodically varying (AR < 2) orientation (i.e., tumbling), with Rep > 100 experiencing significant
oscillatory motion regardless of aspect ratio due to wake instabilities. Komar [14] found an increased
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drag coefficient for low-aspect-ratio cylinders compared to ellipsoids of equivalent aspect ratio,
attributed to their relatively higher surface area. Marchildon et al. [56] studied the wakes of freely
falling cylinders (1.46 < AR < 35) at 70 < Rep < 2400, and found that periodic oscillations were
never present at Rep < 80 and always present at Rep > 300.

The onset of wake instabilities for finite bodies tends to occur at higher Reynolds numbers
than infinite (two-dimensional) bodies [55]; the transition for freely falling bodies tends to occur
at higher Reynolds numbers compared to fixed bodies [44]. For fixed bodies, vortex shedding
begins around Rep = 212 (spheres [57,58]), 116.5 (thin circular disks [57]), and 159.4 (thick disks
[59]). For longer (but finite) cylinders (AR > 1) with free flat ends, vortex shedding is highly
dependent on aspect ratio; the onset of vortex shedding varies from approximately 50 < Rep < 300
[57,60–62]. However, the freely falling case (where the body has six degrees of freedom to respond
to fluid forcing) is more difficult to measure and simulate, particularly for nonspherical bodies [44].
Transition depends on density ratio, Archimedes or Galileo number, and particle geometry; for
spheres, this may vary from 205 < Rep < 310 [63], and less is known for nonspherical shapes.
Chung et al. [64] studied the wakes of tethered, low-aspect-ratio cylinders (0.5 < AR < 2), where
a wire strung through the center of the cylinder allowed for one degree of freedom in a horizontal
water channel. While not exactly analogous to settling, they showed three distinct modes as Rep

varied from 100 to 5000. Intermediate Rep showed steady and periodic orientations, while high Rep

showed autorotation around the hinged axis. Recently, Toupoint et al. [65] examined the trajectories
and wakes of freely falling cylinders near neutral buoyancy, with aspect ratios ranging from 2 to
20; their qualitative wake visualization revealed periodicity in the wake for Reynolds numbers as
low as 50 (based on cylinder diameter; corresponding to Rep = 123 based on equivalent-volume
sphere diameter). The trajectories they observed somewhat matched those previously observed in
the (somewhat better studied) spheres and disks: rectilinear, fluttering or zigzag, and an irregular
transition between the two containing a richly complex suite of behaviors. In this work, we seek
to extend the existing knowledge for cylinder sedimentation to cylinders with nonuniform mass
distributions (while acknowledging there remains much to be discovered even for freely falling
nonspherical bodies with uniform mass distributions).

B. Nonuniform nonspherical particles

Nonspherical particles with nonuniform mass distributions are understudied compared to uni-
form nonspherical particles, especially at intermediate Reynolds numbers. A strong motivating
problem is that of nonuniform flocs or aggregates; however, the focus typically remains on the
floc’s porosity, and does not explore particles in which the CoM is nontrivially offset from the CoB
[66–69]. Cui et al. [70] explicitly accounted for an offset CoM in stochastically formed flocs; they
found that the additional gravitational torque caused rotation, which impacted orientation, which
impacted drag, and therefore settling velocity.

Studies of cylinders in which the CoM is offset from the CoB have typically focused on higher
Reynolds numbers and larger objects due to their relevance in industrial and military undersea appli-
cations. Yasseri et al. [71] examined the trajectory and landing sites of cylinders with variable CoM
for which 9 cm < l < 15 cm, 1 < AR < 2, and 1 < vs < 10 ms−1; they found that the location of
the CoM had a greater influence on landing site than initial inclination or AR. Abelev et al. [72]
and Lan et al. [73] both found that higher displacement of the CoM increased terminal velocity
in cylinders falling at high Rep, in part by altering the stable terminal orientation of the cylinder.
However, it is unclear how and whether these results will apply at intermediate Rep, or across a
wider range of aspect ratios. To fill this gap, we investigate settling cylinders with both uniform and
nonuniform mass distributions with aspect ratios from 1 to 4, while specifically targeting an Rep of
approximately 200.

Our work deviates from the existing literature on falling cylinders in two key ways: first, we
explore cylinders for which 1 � AR � 4, so that our cylinders are too tall to be considered disks
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TABLE I. Dimensions of cylinders (both UD and CD), equivalent-volume sphere diameter, predicted
particle Reynolds numbers (using models from [10]), Galileo number (where G ≡ √

(1 − ρp/ρ f )gd3
eq/ν), and

measured particle Reynolds numbers for UD cylinders, as well as percentage offset of the center of mass in the
compound density case (distance of CoM to cylinder centroid, divided by cylinder length). N is the number of
trials analyzed after discounting aberrant cases (from a total of 100), given for both UD and CD cylinders.

AR l d deq Rep G Rep CoM offset N
(-) (mm) (mm) (mm) (predicted) (-) (actual, UD) (%, CD) (UD/CD)

1 8.0 8.0 9.2 207 198 244 0.05 97/100
2 14.0 7.0 10.1 228 229 275 0.05 100/96
4 24.0 6.0 10.9 215 257 255 0.05 100/93

and too thick to be considered fibers. Second, we consider cylinders of nonuniform mass density,
finding that minute shifts in the center of mass of a cylinder can strongly affect its settling behavior.

II. METHODS

We tracked the position and orientation of cylinders as they fell through still water. All cylinders
had the same average mass density, made with either a single uniform density (UD) or a compound
density (CD), which we created using two joined half-cylinders with different mass densities. We
fabricated cylinders with three aspect ratios (AR = 1, 2, 4) for a total of six cylinder classes (see
Table I), and dropped 100 of each type to characterize their settling dynamics. Irregular trials (e.g.,
adhesion to dropping mechanism affecting settling behavior) were excluded from the analysis,
resulting in 93–100 trials per cylinder class (see Table I). The cylinders were initially held at a
horizontal orientation and released into a tall tank of still water. Two high-speed cameras imaged
the cylinders far below the dropping point, which enabled three-dimensional tracking at terminal
velocity. We also measured velocity fields around a subset of the falling cylinders in each settling
regime using planar particle image velocimetry (PIV) to clarify the steady and unsteady wake
dynamics leading to the observed settling behavior.

To facilitate imaging while tightly controlling particle density, we fabricated cylinders from
agarose hydrogel. Agarose is a nontoxic hydrogel that is easily cast in different shapes across a wide
range of mass densities that are close to that of water. Hydrogel also has nearly the same refractive
index as water, and is therefore useful for laser-based flow visualization [74]. Hydrogel cylinders
have also been recently used in several studies of nonspherical particle dynamics at intermediate
Rep [2,54,75–77].

Agarose powder (OmniPur Agarose, Calbiochem) was dissolved in distilled water heated to
80 ◦C. A prescribed volume of the heated solution was then injected into machined aluminum
molds; UD cylinders were made by filling the entire mold with one (constant-density) hydrogel
solution, while CD cylinders were made by half-filling the molds with a lower-density solution
followed by a higher-density solution after 3 min. This procedure produced bonded CD cylinders
that reliably did not separate during experiments. After both solutions were injected into the mold,
the cylinders cooled at 20 ◦C for 10 min before being placed in a refrigerator (4.5 ◦C) for 3 min.
Molds were coated with mineral oil to ease release of the completed cylinders. We used agarose
concentrations of 0.008, 0.012, and 0.016 g/ml, which produced gels with specific gravities of
1.003, 1.005, and 1.007, respectively; hydrogel density was validated by drop-testing 1-cm spheres
in still water and comparing their settling velocity to accepted theory (see Supplemental Material
[78] including Refs. [10,15,63,79–88]). We targeted near-neutral buoyancy as this is the condition
of many marine aggregates and microplastics, two major particle classes of interest. Furthermore,
near-neutral buoyancy allowed us to use relatively large cylinders (for ease of fabrication) that
settled slowly (for ease of imaging), while maintaining the target Rep of approximately 200.

070501-4



SETTLING OF NONUNIFORM CYLINDERS AT …

(a) (b) (c)

FIG. 1. Photographs of the cylinder fabrication process, showing (a) hot water bath and dissolving agarose
solution, (b) a completed AR = 4 CD cylinder, and (c) the machined aluminum molds.

Cylinder properties are given in Table I. We chose cylinder dimensions such that we could
achieve AR = 1, 2, and 4 while maintaining volume (and therefore sphere-equivalent diameter)
to within 10% variability, and predicted terminal Rep of approximately 200. Rep was predicted
by using empirical drag models from [10] (see Supplemental Material [78]). An adjusted particle
Reynolds number is defined as Re∗

p = CshapeRep/ fshape, where Cshape and fshape are drag corrections
based on the cylinder geometry, and Rep is the quantity we are predicting. Re∗

p is then used to
determine the Schiller-Naumann and Clift-Gauvin corrections, such that

C∗
D = [

1 + 0.15
(
Re∗

p
0.687)]( 24

Re∗
p

)
+ 0.42

1 + 42,500
Re∗

p
1.16

,

where C∗
D = CD/Cshape. A steady-state force balance between gravity, buoyancy, and drag relates

the resulting CD to the expected terminal settling velocity, v (which itself determines Rep). The
particle geometry, which affects the predicted CD, can then be iteratively adjusted until the desired
Rep is reached (as described in the Supplemental Material [78]). However, this does not ensure that
different aspect-ratio cylinders have the same equivalent diameter deq. Thus, we select the cylinder
geometry so that there is no more than 10% variation in either deq or Rep (Table I).

The targeted Reynolds number represents the approximate onset of oscillatory wake development
as outlined in the previous section. The average specific gravity of both UD and CD cylinders
was 1.005; the CD cylinder halves had specific gravities of 1.003 and 1.007. The Galileo number
(representing the ratio of buoyancy to viscosity) ranges from 198 to 257 based on the overall
specific gravity and the equivalent-volume sphere diameter. Cylinders were lightly dyed to facilitate
visualization during trajectory measurement; the presence of the dye did not affect the overall
density. Undyed cylinders were used during PIV measurements to avoid occlusion of the laser sheet.
Figure 1 shows photographs of the fabrication process.

A. Trajectory measurement

Particles were released from a pair of modified forceps at the top of a hexagonal water tank
(61 cm in height with 53 cm between parallel sides), as shown in Fig. 2. Two high-speed cam-
eras (AX200, Photron), filming at 500 fps, captured cylinder orientation and position through
overlapping 15 × 15 cm fields of view centered 37.5 cm below the dropping mechanism; their
optical axes were separated by 120◦ in order to capture three-dimensional cylinder motion. In
these fields of view, vertical velocity was consistent throughout the field of view for UD cylinders
(see Fig. 10); terminal velocity/behavior may therefore be assumed. The forceps were positioned
just below the water surface (56 cm above the bottom of the tank) and fitted with plates to hold
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FIG. 2. Experimental setup, showing high-speed cameras, low-speed cameras, dropping mechanism, and
mirror used to visualize landing sites from side view (a) and top view (b). Inset shows an example of three-
dimensional trajectories of falling cylinders (reconstructed from recordings from two high-speed cameras) as
they fall through the white-outlined volume. The global x and z axes are shown in the top view (b); the y axis
is vertical and � denotes rotation about the y axis.

each cylinder horizontal upon release; the axis of symmetry was nearly perpendicular to the optical
axis of high-speed camera 1 (with the denser end on the left for CD cylinders). Two LED light
panels provided illumination for the high-speed cameras. A low-speed camera (RX100M4, Sony)
was positioned directly on top of high-speed camera 1 to capture an enlarged view of the tank to
qualitatively visualize the entire cylinder trajectory. A second low-speed camera (RX100M4, Sony)
imaged the bottom of the tank via a mirror angled at 45◦; this camera recorded the landing site for
each cylinder.

We used the simultaneous recordings from both high-speed cameras to calculate the cylinder
position and orientation as a function of time. Images were contrast enhanced and binarized to
distinguish the cylinder from the background, with additional preprocessing steps to remove noise.
From these images, we tracked the cylinder’s centroid location and major axis orientation in each
camera plane. To enable three-dimensional position and orientation tracking, we calibrated the two
cameras via an image of a three-level calibration plate with 50 mm between levels and 20 mm
between calibration points [87]. Forty-eight points, visible in both camera views, mapped the image
plane of each camera to global space using direct linear transformation [88]. Because the cylinders
did not significantly rotate about the global y axis (i.e., the variance in the azimuthal angle � was
low), we used the horizontal inclination angle from the projected view of high-speed camera 1 as
the basis for the analysis that follows. Further details are given in the Supplemental Material [78].

B. Particle image velocimetry

Representative flow fields around each cylinder class were also quantified in separate experiments
using PIV. These measurements allowed us to identify the steady and unsteady vortex structures
in the wake of the falling cylinders that contributed to the observed settling behavior. For these
experiments, the water was seeded with 55-µm polyamide spheres, which served as flow tracers.
High-speed camera 1 was used to capture planar PIV measurements of the cylinders and the
surrounding flow at an effective frame rate of 50 fps (�t = dt = 0.02 s). The flow field was illumi-
nated using a planar laser light sheet (approximately 0.2 mm thick), created by a continuous-wave
green laser (Opus 532, Laser Quantum) introduced through the bottom of the tank and oriented
perpendicular to the optical axis of high-speed camera 1.
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FIG. 3. (a)–(e) Landing sites of six cylinder classes (black circles) overlaid on an angular histogram of
azimuthal position (bin size 20◦). The outer edge of the histogram shows angles marked in degrees; labeling of
rings represents the radial distance from center in cm (for landing sites) and the number of cylinders in each
angular bin (for histogram). The histogram extends beyond the bounds of the plot in panels (e) and (f).

All PIV analysis was performed in the open source program PIVLAB [89], a MATLAB toolbox
(Mathworks, Inc). Images were preprocessed within PIVLAB using an enhanced local contrast filter
with a 20 × 20 pixel window size, followed by a high-pass filter with a 15 × 15 pixel kernel.
Multipass processing (with interrogation areas of 64 × 64, 32 × 32, and 24 × 24 pixels, each with a
50% overlap) provided a final measurement resolution of 1.9 × 1.9 mm. Postprocessing included the
removal of any velocity vectors greater than 15 standard deviations above the average velocity vector
in each image. Out-of-plane vorticity in the flow was calculated from velocity vectors smoothed with
a penalized least-squares method [90]; vorticity (ωz = ∂v

∂x − ∂u
∂y where u is the x-velocity component

and v is the y-velocity component) was then used to qualitatively evaluate wake structures around
each cylinder.

III. RESULTS

Settling behavior was distinctly different between the UD and CD cylinders of identical aspect
ratio, though the center of mass was shifted by only 0.05% of the overall cylinder length. We
observed several distinct modes that led to shifts in the landing site distribution, varying with
composition and aspect ratio.

A. Landing sites

Figure 3 shows the landing sites for the UD and CD cylinders for each aspect ratio. Each black
circle shows the landing site of an individual cylinder; an overlaid angular histogram plot shows the
distribution of the landing sites’ azimuthal angle for each cylinder type (measured relative to the
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FIG. 4. Falling trajectories for cylinders with AR = 1. (a), (b) show trajectories in the x-y plane of UD and
CD cylinders, respectively; (c), (d) show the x-z plane. Color variation indicates different trials (N = 100) to
assist in visualization.

positive x axis). In general, UD cylinders were clustered tightly around the tank center (r = 0) with
no clear azimuthal distribution; in contrast, CD cylinders moved to the left, where the denser end of
the cylinder was initially oriented, and landed further away from the tank axis. This leftward drift
increased with aspect ratio, with higher variability seen for AR = 2.

B. Cylinder trajectories and orientations

We tracked centroid locations (xc, yc, zc) and orientation of the principal axis with respect to
the horizontal (θ ) for all six cylinder classes. Figure 4 shows the centroid locations for AR = 1
cylinders as they descended through the field of view. UD cylinders showed slightly higher lateral
variation, with some long-period oscillation in the x position. This can be attributed in part to falling
orientation (Fig. 5). The UD cylinders did not display a consistent orientation; some fell broadside
(θ ∼ 0◦) without oscillation, others oscillated about a broadside position (−50◦ < θ < 50◦), and
still others oscillated about a near-vertical position (45◦ < θ < 150◦). By contrast, CD cylinders
stabilized in a vertical orientation (θ ∼ 90◦) with the denser end pointing down, with some smaller-
amplitude oscillation around this position. This indicates that the CD cylinders rotated 90◦ after
release from an initially horizontal position; inertia may lead to an overshoot of the stable vertical
position, leading to the observed oscillations in Fig. 5(b).

Uniform density cylinders typically settle with a preferred orientation that maximizes their
projected area in the direction of settling up to Rep = 100 [19]. It is therefore unsurprising that
the UD cylinders at AR = 1 did not display a single preferred fall orientation, given that the
vertical orientation’s projected area is only 24% less than the horizontal orientation’s (by contrast,
at AR = 2, this difference is 87%). This lack of a definitive preferred orientation for UD cylinders
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FIG. 5. Major axis orientation for all trials of both AR = 1 cylinder classes, showing (a) UD cylinders and
(b) CD cylinders.

at AR = 1 led to a higher variation in lateral position compared to AR = 2 and 4, which can also
be observed in Fig. 3(a) vs Figs. 3(b) and 3(c).

Figure 6 shows trajectories for cylinders with AR = 2. As in AR = 1, the UD and CD cylinders
displayed different settling behaviors. The UD cylinders fell straight down with little lateral varia-
tion. However, two distinct modes can be seen in the CD cylinders: some fell steadily downward
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FIG. 6. Falling trajectories for cylinders with AR = 2. (a) and (b) show trajectories in the x-y plane of
UD and CD cylinders, respectively; (c) and (d) show the x-z plane. Color variation indicates different trials
(N = 100) to assist in visualization. Note that the x axis shifts to the left for panels (b) and (d) to accommodate
leftward drift of CD cylinders prior to entering the field of view.
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FIG. 7. Major axis orientation for all trials of both AR = 2 cylinder classes, showing (a) UD cylinders and
(b) CD cylinders.

and to the left, while others showed more vertical trajectories with a long-period lateral oscillation
as they fell. This is also visible in the cylinder orientations (Fig. 7): UD cylinders maintained a
steady horizontal orientation (θ ∼ 0◦) while CD cylinders again showed two modes. Most of the
CD cylinders held a constant orientation angle around θ = 19◦ throughout the entire field of view,
drifting to the left throughout the observed period. However, some CD cylinders fell vertically
(θ ∼ 90◦) and oscillated about this orientation, similarly to the CD cylinders at AR = 1. A small
number of cylinders appeared to be transitioning between the two modes, with initially left-slanted
trajectories curving to the right as they exit the measurement domain.

Figure 8 shows the trajectories for cylinders with AR = 4. As in the previous case, the UD cylin-
ders settled vertically with little lateral variation. The CD cylinders all fell with slanted trajectories,
and did not display multiple modes (as in the CD cylinders at AR = 2). Orientations (Fig. 9) were
also consistent, with all UD cylinders falling horizontally (θ ∼ 0◦) and all CD cylinders falling at
a constant orientation angle of approximately θ = 9.5◦. This angle is shallower than the average
stable angle of the subgroup of CD cylinders at AR = 2, which also had slanted trajectories.

C. Cylinder velocity

In addition to time-varying position and orientation, we calculated the average vertical velocity v̄

for each cylinder class (Fig. 10). We separated CD cylinders at AR = 2 into two subgroups, as they
displayed two distinct settling modes and therefore two very different settling velocities. A total of
71/100 cylinders settled with a maximum angle from the horizontal of θmax < 35◦ and were placed
in the first subgroup (slanted trajectories); 18/100 cylinders had θmax > 75◦ and were placed in the
second subgroup (oscillating trajectories). The remaining 11/100 cylinders had 35◦ < θmax < 75◦,
which we defined to be transitional; they are not included in Fig. 10. In general, CD cylinders that
fell in a vertical orientation with oscillating trajectories fell the fastest, with AR = 2 falling faster
than AR = 1. For the remainder of the classes, the cylinders with the smallest projected area in the
vertical direction fell fastest and the cylinders with the largest projected area fell slowest. We note
that the cylinders that fell in a stable, slanted orientation (the first subgroup of AR = 2 CD cylinders
and AR = 4 CD cylinders) fell more slowly than their UD counterparts, but had a nontrivial lateral
velocity.

D. Particle image velocimetry

To clarify the possible influence of wake structure on settling behavior, we performed planar PIV.
Because the hydrogel cylinders were refractive index matched to water, and we used an undyed
cylinder for the PIV measurements, the laser sheet passed through them unoccluded and enabled

070501-10



SETTLING OF NONUNIFORM CYLINDERS AT …

-12 -10 -8 -6 -4 -2-6

-4

-2

0

2

4

6

-6 -4 -2-12 -10 -8-6

-4

-2

0

2

4

6

-6 -4 -2-6

-4

-2

0

2

4

0  2  4  6

-6 -4 -2-6

-4

-2

0

2

4

6

0 2 4 6

z 
(c

m
)

y 
(c

m
)

y 
(c

m
)

z 
(c

m
)

6

x (cm) x (cm)

x (cm)x (cm)

)b()a(

)d()c(

FIG. 8. Falling trajectories for cylinders with AR = 4. (a) and (b) show trajectories in the x-y plane of
UD and CD cylinders, respectively; (c) and (d) show the x-z plane. Color variation indicates different trials
(N = 100) to assist in visualization. Note that the x axis shifts to the left for panels (b) and (d) to accommodate
leftward drift of CD cylinders prior to entering the field of view.

visualization around the entire falling body. Figure 11 shows contours of out-of-plane vorticity
ωZ for three distinct settling behaviors. The first behavior, in which cylinders fell straight down
with no change in orientation angle, is typified by UD cylinders at AR = 4 [Fig. 11(a)]. Symmetric
vortex rings behind the cylinder, identified by the regions of opposite-signed vorticity located behind
each end of the cylinder, appear to have been shed at regular intervals as the cylinder settled
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FIG. 9. Major axis orientation for all trials of both AR = 4 cylinder classes, showing (a) UD cylinders and
(b) CD cylinders.
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FIG. 10. Average vertical velocities for the six cylinder classes (AR = 1, 2, and 4 for both compound
density and uniform density), with CD cylinders at AR = 2 separated into two subgroups (determined by
maximum achieved orientation angle during observation). For this case, cylinders are broken into mode 1
(71%) and mode 2 (18%); transitional cases (11%) are not shown. Numbered circles indicate falling modes as
discussed in Sec. IV. Error bars represent one standard deviation.

through the water. These vortex rings detached periodically and decreased in strength over time
after being shed. The UD cylinders at AR = 2 (not shown), which also fell with a similar stable
horizontal orientation, had similar wake structures, which is typical for this type of stable horizontal
settling [65].

The second behavior, in which cylinders fall at a fixed angle with a slanted trajectory (but with
little to no oscillation), is typified by CD cylinders at AR = 4 [Fig. 11(b)]. On the top leading
edge of the cylinder, a region of positive vorticity (likely caused by an attached vortex) remained

FIG. 11. Contour plots of out-of-plane vorticity ωz (s−1, scale in color bar) for cylinder classes falling with
different settling behaviors, including (a) straight and horizontal, exemplified by UD cylinders at AR = 4;
(b) straight and angled, exemplified by CD cylinders at AR = 4; and (c) oscillating about a vertical orientation,
here shown with a CD cylinder at AR = 1.
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present and attached as the cylinder passed through the measurement domain. A second region
of interest is located behind the trailing edge of the cylinder, where we observed two patches of
opposite-signed vorticity. However, the positive vorticity in this pair is weaker (1.5 s−1) than the
negative vorticity (2.5 s−1). Some evidence of vortex shedding can be seen in the trailing-edge
region, but the leading-edge vortex remains attached, which is indicative of lift generation [91]. As
shown in Fig. 8(b), these cylinders fall at a trajectory angled approximately 55◦ from the horizontal,
resulting in an angle of attack of around 45◦—enough to produce nontrivial lift forces that may
counter the hydrostatic restoring torque from the offset center of mass.

The third behavior, in which cylinders fall in a primarily vertical orientation with some peri-
odicity in their trajectory and orientation, is shown by CD cylinders at AR = 1 [Fig. 11(c)]. This
cylinder shed several pairs of vortices as it settled. The vortex pairs were shed at the three locations
where the cylinder changed directions over the course of its periodic trajectory through the field of
view [specifically, these vortex structures can be seen at the locations (x, y) = (−3, 5), (−1, 0), and
(−1.9, 3.8) cm]. From this, we conclude that a pair of vortices are shed every time a cylinder with
an oscillatory trajectory cylinder changes direction in free fall. We note that the vorticity shown in
Fig. 11(c) is relatively weak when compared to Figs. 11(a) and 11(b); this is due to the smaller
cylinder dimensions, which leads to shear stresses and vorticity that are smaller in magnitude.
Videos of the falling cylinders, together with time-varying velocity and vorticity fields, are available
in the Supplemental Material [78].

IV. DISCUSSION

We have identified three settling modes in falling cylinders at intermediate Reynolds numbers:
(0) vertical trajectory, horizontal orientation (rectilinear); (1) slanted trajectory, angled orientation
(oblique); and (2) vertical trajectory, oscillating orientation (oscillating). UD cylinders at AR = 2
and AR = 4 settle in mode 0. The settling behavior of these cylinders is similar to other elongated
particles of finite size, and their settling velocity can be reasonably approximated using existing
models (e.g., [76]). In contrast, the settling behavior of the other aspect ratios and density variations
is more complex. Compound density cylinders at AR = 4 settle in mode 1, whereas CD cylinders
at AR = 1 settle in mode 2. Some UD cylinders at AR = 1 settle in a variation of mode 0 (in which
the cylinder orientation oscillates around a horizontal position and the trajectory displays some
periodicity), while other cylinders in the same class settle in mode 2; as previously discussed, the
lack of a dominant mode in this class is likely due to the small difference in projected area between
a vertically and horizontally oriented cylinder at AR = 1. Unlike the CD cylinders at AR = 2,
the two modes cannot be cleanly separated by maximum orientation angle; there appears to be a
relatively smooth transition between the two modes. The vertically oriented cylinders with AR = 1
appear similar, in both trajectory and wake structure, to previously studied flat cylinders/thick disks
[92,93].

CD cylinders at AR = 2 settle in both mode 1 and mode 2, with a small transition group. While
some differences may be attributed to minor inconsistency in cylinder fabrication, the differences are
dramatic (including a nearly 50% increase in overall settling velocity). This indicates the presence
of some kind of transition threshold, which may be driven by oscillatory wake dynamics that are
likely to be dependent on Rep. To further explore potential mechanisms leading to transition, we
qualitatively observed the settling of additional CD cylinders at AR = 2—this time directly varying
Rep by manipulating the water temperature (and therefore density and viscosity). When water was
chilled to 1.5 ◦C (increasing kinematic viscosity by 70% relative to 20 ◦C), 93% of cylinders (N =
28) fell in mode 1 with the remainder showing transitional behavior. When the water was heated to
36.5 ◦C (decreasing the kinematic viscosity by 30% relative to 20 ◦C), 100% of cylinders (N = 27)
fell in mode 2.

Further evidence of a critical Reynolds number transition can be seen in Fig. 12, which shows a
nonoverlapping range of Reynolds numbers between mode 1 and mode 2 for this cylinder class. We
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FIG. 12. Particle Reynolds number (based on average speed and volume-equivalent sphere diameter) for
CD cylinders at AR = 2 falling in 20 ◦C water. Cylinders falling in mode 1 (◦) had Rep below 285; cylinders
falling in mode 2 (�) had Rep above 330; transitional cylinders (+) fell in-between. All cylinders (N = 96)
fell at higher Reynolds numbers than that predicted by empirical models outlined by Loth [10] (−).

note that this is descriptive, not prescriptive; further information is needed to definitively outline an
underlying mechanism. However, we hypothesize the following: an initially horizontal CD cylinder
tilts initially toward its denser end, decreasing flow-normal area, drag, and increasing overall settling
velocity—and therefore increasing Reynolds number relative to the horizontal case (this can also
be seen in Fig. 12, where all cylinders fall at higher Rep than predicted by a model that assumes
uniform mass distribution). At this point, one of two outcomes is possible. In the first case, an
attached vortex [as shown in Fig. 11(b)] provides lift, countering the restoring torque caused by the
CoM offset and causing the cylinder to fall in a stable orientation, drifting laterally as it settles (mode
1). In the second case, there is vortex shedding in the cylinder wake [as seen in Fig. 11(c)], and
the cylinder rotates further into a hydrostatically stable vertical orientation, with inertia causing a
slight overshoot and subsequent oscillation about that vertical orientation (mode 2). The bifurcation
may potentially be explained with two governing timescales: the timescale of the attached vortex
development, τv , vs the timescale of the rotation induced by buoyant torques, τb. If τv � τb, slow
rotation would allow for the development of the attached vortex (which then would counteract the
buoyant torque and stabilize the cylinder at a fixed orientation angle, as in mode 1). If τv � τb,
the attached vortex would not have time to develop and the cylinder would descend in mode 2.
Further work, including more detailed flow visualization, is needed to quantify both timescales and
to explore the case in which τv ∼ τb; we hypothesize that both τv and τb are likely to depend strongly
on Rep.

The presence or absence of this bifurcation point between modes 1 and 2 (and the approximate
Rep at which it occurs) is also likely to depend strongly on both the CoM offset and the particle’s
aspect ratio; for example, in our experiments, we did not observe bimodal behavior in CD cylinders
at AR = 4, which all fell in mode 1. Previous work has shown that even slight differences to a
cylinder’s moment of inertia can trigger dramatic shifts in behavior and wake instability, in part
because the rotational degree of freedom about the axis of symmetry can cause the shear layer
to remain attached for longer, thereby lowering the shedding frequency [94]. However, our flow
visualization plane was normal to the axis of symmetry, precluding observation of these effects.
While the planar visualization discussed here is useful for an initial categorical description of
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important vortex-dominated phenomena (such as the transition between mode 1 and mode 2 as
discussed above), a full treatment of the problem will necessitate more well-resolved measurements
of the cylinder wakes. Future work with three-dimensional flow visualization and measurement
could shed light on the role of the shifted center of mass, particularly near transitional Reynolds
numbers.

We note that the initial cylinder orientation, which was not varied here, likely also plays a role in
the settling mode of these near-transition cylinders. We expect that an initially vertical orientation,
with the more dense side of the cylinder below the less dense end, would produce mode 2 settling
behavior as the initial generation of the attached vortex characteristic of mode 1 would be avoided
(see previous discussion). However, the universality of this hypothesis to cylinders with higher
aspect ratios requires further investigation. As previously discussed, there is a tendency for bodies
to settle in a drag-maximizing orientation: uniform-density cylinders with high aspect ratios will
terminally settle in a horizontal orientation (mode 0), no matter their initial orientation [10,14].
However, a displaced center of mass produces a buoyant torque; the greater the offset, the greater
the buoyant torque. There is then a balance between drag-maximizing torque (driven by aspect ratio)
and buoyant torque (driven by CoM offset), both of which are dependent on Rep. We hypothesize
that initial orientation plays an important role when these two torques are of the same order, which
is likely the case for the AR = 2 CD cylinders discussed in this study.

V. CONCLUSIONS

We measured the landing sites, position, and orientation of falling cylinders of both uniform and
nonuniform density across several aspect ratios (1 � AR � 4). Nonuniform (compound) cylinders
generally had much higher net lateral motion, even though the center of mass was shifted by less than
0.05% of the cylinder length. This carries strong implications for particle dispersion in natural and
industrial environments, particularly in the context of microplastics. Nonuniformity is common, and
often highly localized; because of the inherent directionality of light and air availability, biofouling
and degradation processes may add or subtract small amounts of mass in some regions more strongly
than others. Even these small changes in mass distribution may be enough to dramatically increase
overall dispersion of particles.

In the cylinders tested here, we observed three distinct settling modes: horizontal orien-
tation/vertical trajectory (mode 0), tilted orientation/angled trajectory (mode 1), and vertical-
oscillating orientation/laterally periodic trajectory (mode 2). Transitions between these modes,
even within the same cylinder class, led to large changes in overall settling velocity. This again is
strongly relevant to microplastic pollution: small localized additions of mass may increase settling
velocity far above what would be predicted by a small increase in the overall particle density.
The combination of nonsphericity, even at low aspect ratios, together with nonuniformity of mass
distribution, can significantly alter settling velocities (see Fig. 10).

Further study is needed to clarify the role of mass distribution in settling nonuniform, nonspheri-
cal particles at intermediate Reynolds numbers. Three-dimensional flow visualization across a wider
range of aspect ratios, mass distributions, and initial conditions should examine wake structure and
its role in determining the orientation and trajectory of such particles as they fall. Visualization
of trajectories over a larger region and longer period of time may also clarify how and why such
miniscule changes in mass distribution can lead to dramatic changes to settling velocity and particle
dispersion.
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