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Falling clouds of particles in vortical flows
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The coupling between particle–particle and particle–fluid interactions is examined by
studying the sedimentation of clouds of spheres in a model cellular flow at a small but
finite Reynolds number. The model flow consists of counter-rotating vortices and is aimed
at capturing key features of the vortical effects on particles. The dynamics of clouds
settling in this vortical flow is investigated through a comparison between experiments
and point-particle simulations.

Key words: suspensions, particle/fluid flow

1. Introduction

In many natural phenomena or industrial applications, heavy particles are transported
in complex flows. The flow structures may happen to promote the stirring and dispersion
of the particles. A representative example in geophysics is the cloud or plume of ash
particles coming from a pyroclastic volcanic eruption that is thrown into the atmosphere
and which can spread over an extremely large distance depending on wind speed and
direction. But the opposite can also take place and the flow configuration may contribute
to the focussing and accumulation of particles within specific regions of the flow. A typical
example in the natural environment is the observed patchiness of plankton concentration
caused by wind-induced Langmuir cells occurring at the surface of lakes and oceans.
The objective of this paper is to explore how a collection (i.e. a cloud) of heavy particles
evolves under gravity in a complex flow. The key question is whether the cloud maintains
a cohesive entity or disintegrates and spreads. Most of the flow structures occurring in
the environmental examples mentioned above contain coherent whirls. The present work
considers a simple vortical flow, specifically a cellular flow consisting of counter-rotating
vortices, and addresses the interaction of these controlled vortices with the settling cloud.
The focus here is on flow regimes where inertia is small but can become finite.

A significant body of studies has been dedicated to the dynamics of settling clouds in
quiescent fluids (see e.g. Noh & Fernando 1993; Nitsche & Batchelor 1997; Machu et al.
2001; Bosse et al. 2005; Metzger, Nicolas & Guazzelli 2007; Subramanian & Koch 2008;
Pignatel, Nicolas & Guazzelli 2011). Different regimes have been identified depending
on the magnitude of the particle and cloud Reynolds numbers (Subramanian & Koch
2008). We define the particle Reynolds number as Rea = ρf USa/μ, where US = 2(ρp −
ρf )a2g/9μ is the Stokes velocity of an individual particle of radius a and density ρp settling
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in a fluid of viscosity μ and density ρf under the gravitational acceleration g, and the cloud
Reynolds number as Rec = ρf UcRc/μ, where Uc ≈ N0US6a/5Rc is the Stokes velocity
of a spherical cloud of radius Rc containing N0 particles settling in the same quiescent
fluid. When both Rea and Rec � 1, the settling of the cloud lies in the Stokes regime.
While falling under gravity, the cloud is seen to undergo an internal toroidal circulation
similar to what is found for a spherical drop of heavy fluid settling in an otherwise lighter
fluid (Hadamard 1911; Rybczyński 1911). However, this cloud becomes unstable even in
the complete absence of inertia and without the need to perturb its initial shape. It first
remains roughly spherical with a leakage of particles in a vertical tail and then evolves into
a torus which breaks up into two droplets in a repeating cascade. When inertia is finite,
two macro- and a micro-scale inertial regimes are subsequently observed. When inertia is
increased, the falling cloud transitions first to a regime dominated by macro-scale inertia
when the cloud Reynolds number becomes of order one, i.e. Rec ∼ 1. The subsequent
transition toward the micro-scale inertial regime occurs when the individual particle wakes
are interacting within the cloud boundaries, i.e. when the inertial length is of the order of
the cloud size, e.g. � = a/Rea ∼ Rc. In both inertial regimes, the cloud deforms into a flat
torus that eventually destabilises and breaks up into a number of secondary droplets but
particle leakage is much weaker if not null. While this evolution resembles that observed in
the Stokes regime, the physical mechanisms involved are qualitatively different. Whereas
the inertial cloud evolution is strongly determined by the importance of wake-mediated
interactions, the key feature of the Stokes cloud is the chaotic motion of the particles which
leads to escapes from the cloud internal circulation and to particle leakage. Simulations
using point-particle approaches, which contain the minimal physics of the multibody
particle interactions, capture this dynamics (Nitsche & Batchelor 1997; Bosse et al. 2005;
Metzger et al. 2007; Pignatel et al. 2011).

If the particle cloud settles now in a flowing fluid instead of a quiescent fluid, there
are interactions not only between the particles but also between the particles and the
local spatial structures of the flow (e.g. large vortices). The literature on sedimentation
of heavy particles in non-uniform flows, and especially in random or turbulent flows,
has shown the important effect of these vortical structures on the local particle transport
and concentration, in particular through a phenomenon known as preferential sweeping,
where particle paths accumulate at the periphery of the vortical structures (see e.g.
Wang & Maxey 1993; Aliseda et al. 2002; Toschi & Bodenschatz 2009; Balachandar &
Eaton 2010). Preferential sweeping is generally considered responsible for the turbulence
increasing the settling velocity of inertial particles but other mechanisms, such as vortex
trapping and loitering or nonlinear drag effects, have also been proposed for, on the
contrary, reducing the settling velocity (see e.g. Nielsen 1993; Mei 1994; Good et al.
2014; Akutina et al. 2020). These features can be also seen using a model cellular flow
of counter-rotating vortices. At low particle Reynolds number, individual particles settle
at their Stokes velocity simply augmented by the local fluid velocity (Stommel 1949). Their
trajectories can be classified according to the magnitude of the ratio of the Stokes velocity,
US, to the vortex velocity, U0, i.e. the parameter W = US/U0. When W > 1, the trajectories
are essentially straight vertical line as the particles settle through the vortex array without
being mostly influenced by it. For W ≈ 1, the particles are affected by the local flow
and the trajectories can exhibit zig-zagging motions depending on their position of release
within the vortex array. For smaller values of W, the particles can be suspended in the flow.
When inertia is increased, the dynamics of single individual particles has been described
by the Boussinesq–Basset–Oseen equation (Gatignol 1983; Maxey & Riley 1983). The
major influence of inertia on the motion is that the particles cannot be resuspended in
the flow and are seen to settle out even when they are trapped momentarily into a vortex
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(Maxey 1987). This effect has been observed in experiments using a cellular flow field
created by electroconvection (Bergougnoux et al. 2014). The experiments show that, for
small values of the Stokes number, St (defined as the ratio of the particle response time to
the characteristic time of the flow), added mass and history forces are inconsequential and
that the dominant forces are buoyancy and drag provided that the Stokes drag is replaced
by a nonlinear drag depending on the particle Reynolds number. Collective effects between
the particles may also affect this settling but they do not have been thoroughly addressed.
The role of particle clusters and their association with settling velocity enhancement has
been pointed in Stokes sedimenting flows (Guazzelli & Hinch 2011) but also more recently
in the turbulent regime (Huck et al. 2018).

The objective of the present work is to tackle the interplay between the multibody
particle interactions and the interaction between the particles and the spatial structures
of the flow. This coupling is examined for a cloud settling in a cellular flow field which
is a simple model flow capturing key features of vortical effects on the particles. In the
experiments described in § 2, electroconvection is used to generate a two-dimensional
array of controlled vortices and clouds of particles are released and tracked in this vortical
flow. The observed cloud dynamics is compared in § 4 against point-particle simulations
described in § 3. Conclusion are drawn in § 5.

2. Experiments

The experimental apparatus consists of a cell made of Plexiglas (of 50 cm height, 38
cm width and 4 cm depth) filled with an aqueous mixture of citric acid (a certain amount
of UCON� oil can be added to increase the fluid viscosity), as depicted in figure 1. The
vortical flow is created by electromagnetic convection. The magnetic field is produced by
a checkerboard of permanent square magnets (2 cm × 2 cm) placed against the back wall
of the cell. An electrical current is generated between two carbon electrodes placed on the
opposite small sides of the cell. The coupling between the magnetic field and the uniform
electric current gives rise to an electromagnetic force in the fluid. This induces a flow of
counter-rotating vortices having the same size as the magnets and an intensity controlled
by the magnetic field of the permanent magnets, the intensity of the electric current and
the viscosity of the fluid. Further details can be found in Bergougnoux et al. (2014) and
Lopez & Guazzelli (2017).

The flow generated by electroconvection is characterised by particle image velocimetry
(PIV). For this purpose, the fluid is seeded by tracer particles (hollow spheres with
diameter ≈15 μm and density ≈1.4 g cm−3 from Dantec Measurement Technology) and
is illuminated by a green laser sheet which can be positioned in the vertical or horizontal
planes. A camera is focused on the illuminated particles which scatter the light and records
two images separated in time by typically 1/7 to 1/15 s. These images are processed to
find the velocity-vector map of the flow field using the Matlab PIV software DPIVsoft
(Meunier & Leweke 2003). The resulting three-dimensional flow field possesses a quasi
two-dimensional periodic structure of counter-rotating vortices of size L = 2 cm (i.e. with
a spatial wavenumber k = 2π/2L) in the vertical plane having an intensity which reaches
a maximum at x ≈ 5 mm away from the back wall and then decays rapidly. This cellular
flow is close to a Taylor–Green cellular flow when the flow Reynolds number is small, i.e.
for Rek = U0k−1/(μ/ρf ) < 1, see figure 2(a). For larger values of Rek, the spatial structure
can be slightly distorted and three-dimensional, see figure 2(b). It eventually becomes
unstable for Rek > 15.

Clouds are prepared by mixing a weighted amount of spherical particles with the same
fluid as that filling the cell, see tables 1 and 2 describing the characteristics of the different
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x

y

z

FIGURE 1. Experimental apparatus. The transparent cell is filled with an aqueous mixture of
citric acid (UCON� oil can be added to increase the viscosity). The magnetic field is generated
by a checkerboard of magnets placed behind the back wall of the cell. The electric current is
created by two electrodes placed on the opposite small sides of the cell. The flow generated by
this set-up is a periodic flow of counter-rotating vortices that is depicted in figure 2. Clouds are
dropped from the top of the cell using a custom made syringe and settle through the cellular flow.
Their trajectories are imaged by a set of synchronised cameras located below and in front of the
cell.

fluids and particles which have been used. This suspension mixture is dropped from the
top of the cell using a custom-made syringe positioned at x ≈ 5 mm, i.e. at the maximum
plateau location of the vortex intensity. The injected cloud settles first in the quiescent
fluid and then, as electroconvection is activated, through the vortical flows. A set of
synchronised cameras located below and in front of the cell tracks the cloud both in the
vertical and horizontal plane. Standard digital imaging treatments (first the ‘threshold’
function and then the ‘particle-analyse’ function of ImageJ) yield the time evolution of the
position of the centre of mass of the cloud, X, Y and Z, and of some other quantities such
as its projected surface in the horizontal plane, Σ . The detection of the cloud dynamics is
undertaken until the cloud begins to break, i.e. when the cloud starts to bend to break into
pieces. The time evolutions of the clouds have been examined for different combinations
of particles and fluid mixtures listed in table 3 which also indicates different dimensionless
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FIGURE 2. Vortical flow: velocity-vector map of the flow field in the vertical plane (zy) for
different horizontal positions (x) and in the horizontal plane (xy) for different vertical positions
(z) in cases (a) A1a (Rek = 0.7) and (b) C2b (Rek = 13.6).

parameters (P = ka, W, Rea, Rek, Rec, N0, �/Rc, Q = kRc). Note that for each combination,
two different current intensities have been selected (200 mA and 600 mA, labelled a
and b, respectively), leading to two different values of vortex velocities, U0. Note also
that the cloud size is always smaller (by a factor ten) than the size of the vortices. For
each experimental condition listed in table 3, typically four or five experimental runs have
been performed but only trajectories which are not too close to the walls and do not have
a large x-extension are retained. Typical three-dimensional trajectories of centres of mass
of clouds are depicted in figure 3.

3. Numerical modelling

We consider N0 spherical particles initially randomly distributed in a sphere of radius
Rc (or alternatively in a prolate spheroid of same volume to mimic the initial shape of
the cloud obtained in the experiments) settling under gravity in a vortical flow field uvortex

characterised by a spatial wavenumber k and a vortex intensity U0. We adopt the simplest
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Batch a (μm) ρp (g cm−3)

A 70 ± 6 1.049 ± 0.003
B 115 ± 14 1.049 ± 0.003
C 175 ± 20 1.189 ± 0.001

TABLE 1. Particle characteristics: mean sphere radius a (the error bar corresponds to the
standard deviation) and density ρp. Batches A and B are made of polystyrene particles while
batch C consists of polymethyl methacrylate (PMMA) particles.

Fluid Mixture μ (cP) ρf (g cm−3)

1 83 % water + 10 % UCON� oil + 7 % citric acid 10.0 ± 0.1 1.042 ± 0.001
2 64 % water + 36 % citric acid 3.3 ± 0.2 1.173 ± 0.001

TABLE 2. Fluid characteristics: viscosity μ and density ρf .

Experiments A1a A1b B1a B1b C2a C2b

P = ka 0.01 0.01 0.02 0.02 0.03 0.03
W 0.007 0.002 0.018 0.005 0.108 0.054
Rea 10−4 10−4 2 × 10−4 2 × 10−4 2 × 10−2 2 × 10−2

Rek 0.7 2.9 0.7 2.9 6.8 13.6
Rec 0.4–1.2 0.5–0.8 0.7–1.3 0.6–1.5 8–17 8–14
N0 4000–20 000 7000–12 000 2300–4500 2200–5300 350–700 300–600
�/Rc 500–900 675–900 170–240 170–250 2–4 2–4
Q = kRc 0.2–0.4 0.2–0.3 0.3–0.4 0.3–0.4 0.4–0.6 0.4–0.6

TABLE 3. Dimensionless numbers for the different combinations of particles (labelled A, B and
C), fluids (labelled 1 and 2) and current intensities (labelled a and b) used in the experiments.

model containing the minimum physics to describe the problem at low Reynolds number
in which particles are represented by identical point forces. Within this approximation,
the velocity, ṙα

i , of a particle α located at a position rα
i is its own Stokes velocity US

incremented by the local fluid velocity at rα
i (Stommel 1949) and the sum of the velocity

disturbances (only represented by its far-field portion, i.e. the Stokeslet) coming from the
other particles β located at a position rβ

i (see e.g. Metzger et al. 2007). Using k−1 as the
length scale and U0 as the velocity scale, the dimensionless equations of motion (with
dimensionless quantities denoted with a hat) are written as

ˆ̇rα
i = ûvortex

i (r̂α
i ) + Wδi3 + 3

4
PW

∑
β /= α

[
δi3

r̂αβ
+ r̂αβ

i r̂αβ

3

(r̂αβ)3

]
, (3.1)

where rαβ

i = rα
i − rβ

i and rαβ = |rα
i − rβ

i |. We have used the dimensionless parameters P =
ka and W = US/U0.
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FIGURE 3. Typical three-dimensional trajectories of centres of mass of clouds. The colour
coding corresponds to the distance to the back wall, and the trajectories projected in the
horizontal plane are shown at the bottom. The trajectories which do not possess a large
x-extension are selected.

To test the effect of a vertical wall on the cloud dynamics, we have followed Blake
(1971) and implemented a mirror image system of the point forces enabling to satisfy the
no-slip condition on the wall boundary. The typical evolution with or without the wall is
essentially identical as pointed by Myłyk et al. (2011) for a cloud falling in a quiescent
fluid. We have verified that, for a distance to the wall larger than a few cloud radii as
achieved in the experiments, the effect happens to be insignificant.

When inertia becomes finite, (3.1) is no longer valid. However, if the Stokes number
(i.e. the ratio of the particle response time, ∝ ρpa2/μ, to the flow time scale, ∝ 1/kU0,
St ∝ a2ρpkU0/μ) is still small (St ≈ 2 × 10−3 for case C2a and ≈ 4 × 10−3 for case C2b),
the assumption of linearity can be maintained but instead of a Stokes drag a nonlinear
drag may be used, e.g. a Schiller–Naumann drag (Bergougnoux et al. 2014). As a first
estimate, the far-field Stokes interactions can also be replaced by the steady far-field Oseen
interactions (i.e. the Oseenlet) in (3.1) to encompass the inertial wake interactions between
particles (Subramanian & Koch 2008; Pignatel et al. 2011). This is, however, a crude
approximation as assuming steady Oseen wake interactions is far from being justified
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(see e.g. Lovalenti & Brady 1993). The new dimensionless equation of motion then reads

ˆ̇rα
i = ûvortex

i (r̂α
i ) + Wδi3 + 3

4
PW

∑
β /= α

{
r̂αβ

i

(r̂αβ)2

[
2�̂

r̂αβ
(1 − Ê) − Ê

]
+ Ê

r̂αβ
δi3

}
, (3.2)

where the inertial screening length is � = a/Rep and E = exp[−(1 + rαβ

3 /r)rαβ/2�].
Knowing the initial positions of the N0 particles at time t = 0, the sets of (3.1) or

(3.2) represent a close system of 3N0 coupled ordinary differential equations which
can be numerically integrated for a cellular flow uvortex inferred from interpolating the
three-dimensional PIV measurements of the flow field described in § 2. The integration
has been performed using an explicit Runge–Kutta method of order (4)5 (the ‘dopri5’
integrator of the ‘ode’ solver in Python). To optimise and run the Python code with a large
number of point particles, we use the Numba package to translate the mobility-matrix
function written in Python into a fast native machine code. The numerical trajectory
of each particles of the initial spherical cloud can then be obtained and analysed.
The generated images of the clouds can also be treated in a similar manner as in
the experiments to give the trajectory and shape of the numerical clouds for a close
comparison examination.

4. Results and comparison

In the following, we present the experimental results of the time evolution of the
cloud and compare them with the numerical predictions obtained using the point-particle
approaches introduced in § 3. This latter numerical modelling also enables access to some
dynamical features which are not amenable in the experiments. We investigate the Stokes
regime but also the effect of increasing finite inertia. Before embarking in these analyses,
it is important to consider the various dimensionless parameters involved in the problem.
For Stokes clouds settling in a quiescent fluid, the only relevant parameter is the initial
number of particles, N0. For Stokes clouds settling in a vortical flow of intensity U0
and size k−1, two additional dimensionless numbers come into play, the velocity ratio
W = US/U0 and the size ratio P = ka or alternatively Q = kRc. When inertia is increased,
it is important to consider additionally the cloud Reynolds number, Rec, and the particle
Reynolds number, Rea, or alternatively the dimensionless inertial length k� or �/Rc. It
is important to mention that the Stokes number, St ∝ a2ρpkU0/μ (≈2–4 × 10−3 for the
most inertial cases C2a and C2b), and size ratio, P = ka (≈0.01–0.03), of the individual
particles are always kept small in the present study. Of course, the Stokes number of the
cloud itself is larger, typically (Rc/a)2 larger, leading to values ≈1 for the most inertial
cases C2a and C2b. The cloud radius is always smaller than the spatial wavelength of
the vortical structure (Q = kRc ≈ 0.2–0.6) because of the small x-extension wherein the
cloud can be dropped and for which the vortex intensity can be kept constant away from
the back wall (see figure 2).

4.1. General evolution of the clouds
The typical evolution of a cloud settling in the vortical flow in the Stokes regime (case
A1b) is shown in the chronophotograph of figure 4(a). The cloud is seen to settle along the
downstream flow of the successive vortices and to display zig-zagging motions due to the
modulations caused by the periodic cellular flow. It does not maintain a spherical shape
as it is slightly stretched in the elongational region of the flow, in particular close to the
stagnation points surrounding the purely rotational regions at the centres of the vortices.
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Falling clouds of particles in vortical flows 908 A30-9

(b)(a)

FIGURE 4. Typical (a) experimental and (b) numerical chronophotographs of a cloud for case
A1b. The time between successive photos is kept constant (2 s in the experiments and a
corresponding interval in the simulation) in order to indicate the difference in velocities along
the trajectory. The flow field measured by PIV is indicated by red arrows. The complete dynamics
for the experimental case and for the Stokeslet simulation are shown in supplementary movie 1
available at https://doi.org/10.1017/jfm.2020.883.

A significant leakage of particles is observed at its rear and the released particles move
with the vortical flow and thus can be trapped into the vortices as the ratio of their Stokes
velocity to the flow velocity, W (=0.0017), and their Reynolds number, Rea (=10−4), are
both very small. No break-up is observed as the travel distance of the cloud is not long
enough for this phenomenon to happen. The cloud falls across 12 vortices (≈100 times
its radius) and it would necessitate for the cloud to fall at least 500 times its radius for
break-up to occur in the Stokes regime (Metzger et al. 2007). Similar qualitative evolution
is found between the point-particle simulation using the Stokeslet approximation and the
experiment in this regime as evidenced by comparing figures 4(a) and 4(b). However, the
experiments show a mostly rounded shape of the cloud while the simulations give more
like a mushroom shape. This discrepancy is observed for case A1b having a cloud with
a large number of particles (see table 3) and may be due to excluded-volume effects not
accounted for in the point-particle simulations. The behaviour of the cloud for case B1b
is displayed in figure 5 and presents similar features as for case A1b since inertia is still
very small. The cloud deformation by the flow structure is, however, stronger. This is even
more significant when inertia becomes finite for case C2b shown in figure 6. The cloud
is highly deformed and eventually widens in the upward elongational portion of the flow
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(b)(a)

FIGURE 5. Same as figure 4 but for case B1b. The complete dynamics for the experimental
case and for the Stokeslet simulation are shown in supplementary movie 2.

and breaks into multiple pieces. Point-particle simulations using an Oseenlet (instead of
Stokeslet) approximation can capture this phenomenon.

4.2. Cloud trajectory
A more quantitative comparison between experiments and simulations can be obtained by
examining the time evolution of the vertical, Z, and horizontal, Y , coordinates of the cloud
centre of mass, its vertical velocity, Uz, and the cloud projected surface in the horizontal
plane normalised by its initial value, Σ/Σ0.

In a typical Stokes case (B1a) depicted in figure 7, Z(t) is approximatively a straight line
while Y(t) exhibits oscillations due to the modulation induced by the vortical flow. The
mean settling velocity of the cloud is similar to that observed when falling in a quiescent
fluid, Uc ≈ N0US6a/5Rc, as shown in figure 7(a). Its vertical velocity Uz(t) and the
normalised projected surface Σ(t)/Σ0 experience periodic oscillations. The cloud slows
down (accelerates, respectively) while simultaneously expanding (shrinking, respectively)
when it falls through the successive upward (downward, respectively) elongational
portions of the flow. Numerical simulations using the Stokeslet approximation are also
presented in figure 7 for N0 = 2500 corresponding to the experimental value. The different
curves correspond to simulations having different initial positions for the cloud centre of
mass which are chosen within the experimental accuracy of the cloud initial location.
More precisely, the initial position is shifted along the vertical or horizontal directions by
the experimental error Δ on the initial location, as indicated in the legend of (a). The set of
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Falling clouds of particles in vortical flows 908 A30-11

(b)(a)

FIGURE 6. Same as figure 4 but for case C2b. The numerical simulation uses an Oseenlet
(instead of Stokeslet) approximation. The complete dynamics for the experimental case and for
the Oseenlet simulation are shown in supplementary movie 3.

obtained curves encloses the experimental data, and in particular, the amplitude and phase
of the oscillations are captured in figure 7(b,c,d). Dispersion and phase shift between the
different curves are seen to increase slightly with time because of the sensitivity to the
local velocity field, in particular at the stagnation saddle points, as observed previously for
individual particles (Bergougnoux et al. 2014).

In the finite-inertia case (C2b), the trajectories can be followed only over a distance
of approximately four or five vortices since break-ups (indicated by the 	 symbols)
quickly occur, as shown in figure 8 for a typical example. The vertical position Z(t) again
follows approximately a straight trajectory with a slope ≈Uc while the horizontal position
Y(t) presents oscillations. The normalised projected surface Σ(t)/Σ0 experiences similar
periodic oscillations. Conversely, the vertical velocity Uz(t) shows oscillations but with a
doubled period compared with those of Y(t). This is a sign of the successive slowdowns
and accelerations during the fall of the cloud through a vortical structure. This period
doubling was not distinctly seen in the Stokes case of figure 7(c). Numerical simulations
using the Oseenlet approximation (with N0 = 500 to match the experimental condition)
capture these behaviours. Some discrepancy is observed for Σ(t)/Σ0. It may be due to
experimental error in the determination of Σ coming from difficulties to discriminate
between the particles within or without the cloud (this is enhanced after some settling
distance when the tail behind the cloud due to particle leakage becomes important).

Comparison between behaviours in the viscous and inertial cases is shown in
figure 9 where snapshots of the numerical clouds are shown during settling for cases
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FIGURE 7. Typical experimental (◦) and numerical (solid lines) trajectories in the Stokes case
B1a: time evolution of the (a) vertical, Z, and (b) horizontal, Y , coordinates of the cloud centre
of mass, (c) its vertical velocity, Uz, and (d) the cloud projected surface in the horizontal
plane normalised by its initial value, Σ/Σ0. In (a), the black triangle indicates the slope
Uc = N0US6a/5Rc and the inset shows the initial positions of the cloud within experimental
accuracy Δ (with kΔ = 7 × 10−2). The horizontal dotted lines correspond (i) to the initial
location kY = 0 in (b), (ii) to the value Uc/U0 in (c) and (iii) to the initial projected surface
Σ/Σ0 = 1.

(a) B1a (N0 = 2500) and (b) C2b (N0 = 500). The perturbed streamlines are represented
together with the original PIV flow fields. The vortices are pushed apart when the cloud is
falling in a downward portion of the flow between the two vortices while they are pulled
closer when the cloud sweeps around the vortical structure when there is an upward flow
between the two vortices. The oscillations between the expansions and contractions of the
cloud when settling in the successive upward and downward, respectively, portions of the
flow are clearly seen. This phenomenon seems to be enhanced in the Oseenlet simulation
wherein the upward elongational flow favours the cloud expansion.

4.3. Particle leakage from the cloud
Since the evaluation of particle leakage from the cloud is difficult to achieve in the
experiments, we have chosen to rely on numerical simulations. To identify the particles
located inside the cloud, a connected-component-labelling algorithm has been used to
detect connected regions in the binary digital images and to identify blob regions, in
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FIGURE 8. Same as figure 7 but for the finite-inertia case C2b. The 	 symbols indicate
break-up events.

particular the cloud entity. First, we construct a Boolean matrix containing the coordinates
of the particles with an element resolution corresponding to the interparticle distance.
Second, we use the connected-component-labelling algorithm (function measure.label
in Python skimage library) which identifies blobs of adjacent elements and labels the
different blobs. Then, the cloud entity is determined as the blob having the highest
coordinates along z; the other blobs of particles are considered as leaking from the cloud.
Figure 10 shows the percentage (N0 − N)/N0 of particles that have leaked away from the
cloud as a function of time. The data correspond to averages over 10 numerical simulations
having different initial particle distributions using the Stokeslet (cases A1a and B1b) and
the Oseenlet (case C2b) models.

Figures 10(a) and 10(b) compare leakage obtained when the cloud is settling in (a)
quiescent fluids and (b) vortical flows. They clearly evidence that the leakage is intensified
by the vortical flows. Strikingly, while leakage is small when Oseenlet clouds settle in
quiescent fluids (Pignatel et al. 2011), it is amplified by a factor of ≈ 90 when these clouds
fall in vortical flows. Figures 10(c) and 10(d) show that the rate of leakage decreases as the
initial number N0 is increased in both the (c) viscous (B1b) and (d) inertial (C2b) cases
for cloud settling in vortical flows. Normalising the leakage N0 − N by N1/3

0 instead of
N0 produces a collapse of the data onto a master curve at long time and for sufficiently
large N0, as previously seen for clouds falling in quiescent fluids (Metzger et al. 2007). For
tUc/Rc > 10, (N0 − N)/N1/3

0 approximately scales as (tUc/Rc)
2/3 in the viscous case as
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kz

kz

kz

ky

t/(kU0)1 = 1.5 t/(kU0)1 = 1.5

t/(kU0)1 = 3.8 t/(kU0)1 = 3.8

t/(kU0)1 = 6.0 t/(kU0)1 = 6.0

t/(kU0)1 = 7.5 t/(kU0)1 = 7.5

ky ky

(b)(a)

FIGURE 9. Snapshots of the settling numerical cloud for cases (a) B1a (N0 = 2500) and
(b) C2b (N0 = 500). The original flow field measured by PIV is indicated by black arrows
while the perturbed flow field is represented by blue streamlines. The corresponding movies
are available in the supplementary material (movie 4 for the Stokeslet simulation and movie 5
for the Oseenlet simulation).
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FIGURE 10. Percentage (N0 − N)/N0 of particles that have leaked away from the cloud as a
function of dimensionless time tUc/Rc: in (a) quiescent fluids and (b) vortical flows for cases
A1a, B1b, and C2b; in vortical flows for different N0 for cases (c) B1b and (d) C2b; in vortical
flows for two different Rek for cases (e) B1b and ( f ) C2b. The insets of (c,d) show the same
leakage N0 − N but normalised by N1/3

0 instead of N0.
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Experiments Oseenlet simulation Oseenlet simulation
N0 = 300–600 N0 = 500 N0 = 1000

In quiescent fluid 115 ± 28 63 ± 5 62 ± 3
C2a 29 ± 6 16 ± 3 —
C2b 26 ± 5 21 ± 3 —

TABLE 4. Dimensionless break-up times, tbUc/Rc, in the quiescent and vortical cases (C2a and
C2b). The error bars correspond to the standard deviations between the different experimental
or numerical runs.

obtained for Stokes clouds settling in quiescent fluids (Metzger et al. 2007). This contrasts
with the scaling as tUc/Rc which seems to be obtained in the inertial case. This again
evidences the strong increase of leakage by the vortical flow when inertia becomes finite.
Figures 10(e) and 10( f ) show that increasing the Reynolds number of the flow intensifies
the leakage, in both viscous (for N0 = 2500) and inertial (for N0 = 500) cases. It is worth
noticing that the percentage of leakage presents oscillations induced by the modulation of
the cellular flows in (b,c,d,e, f ). This is likely to be linked to the modulation of the size
of the cloud when falling through the vortical structure as shown in figure 9. The cloud
seems to lose particles when it is shrinking, i.e. when falling in a downward elongational
portion of the flow, see figure 9(b) at t/(kU0)

−1 = 3.8.

4.4. Break-up of the cloud
As mentioned previously in § 4.1, break-up events have been only observed in the
finite-inertia case and thus are only analysed in that regime. The key quantity is the
time required to reach the break-up, tb, which characterises the lifetime of the cloud.
This time can be inferred as the time for which the cloud starts to bend to break into
pieces. Table 4 gives the dimensionless break-up time, tbUc/Rc, for clouds of particles
C settling in fluid 2 both in the quiescent case and in the vortical cases (C2a and C2b).
The experimental data correspond to averages over typically 10 runs and the error bars
to the standard deviations over the different runs. Clearly, break-up times are shorter
when clouds are settling into vortical flows. Numerical simulations using the Oseenlet
approximation have been performed for similar inertial length, �/Rc ≈ 2–3, and initial size
of the cloud, Q = kRc ≈ 0.5, and for N0 = 500 (and also 1000 in the quiescent case). The
numerical data correspond to averages over 5–10 runs having differing initial distributions
but also having different initial positions for the centre of mass as done in figures 7 and
8 of § 4.2. The trend is similar to that observed in experiments although the numerical
values are somehow smaller than those found experimentally. This latter discrepancy may
be due to the fact that the present numerical model is not accounting for unsteady or
excluded-volume effects.

A physical picture of the mechanism leading to break-up can be obtained from a
visualisation of the flow field in the cloud reference frame for a typical Oseenlet simulation
in case C2b, see figure 11. As mentioned before in discussing figure 9, the cloud
successively expands and contracts when falling in the consecutive upward and downward,
respectively, elongational portions of the flow. When inertia is finite, the oscillation
between the expansion and contraction phases is no longer reversible and the cloud
expansion becomes stronger. When the cloud reaches an upward elongational region of the
flow wherein there is a slow down of the velocity, break-up then happens as the widened
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FIGURE 11. Flow field computed at successive times in the vertical plane in the cloud reference
frame for a typical Oseenlet simulation in case C2b. High (low) velocity is indicated in white
(dark). The corresponding movie 6 is available in the supplementary material.
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FIGURE 12. Snapshots of numerical clouds (using the Oseenlet approximation) corresponding
to case C2a (P = 0.03, W = 0.108, �/Rc = 2) settling in Taylor–Green vortices at five different
times t̂ = t/(kU0)

−1 = 0, 8, 16, 24, 32 (each time t̂ corresponds to a different colour) with
(a) Q = 0.5 and N0 = 500, (c) Q = 2 and N0 = 500, and (e) Q = 2 and N0 = 2000. Conditions
in (b), (d), ( f ) are the same as in (a), (c), (e), respectively, but hydrodynamic interactions between
particles have been switched off. The corresponding movie 7 is available in the supplementary
material.

cloud winds around the vortical structure, see the graphs at t/(kU0)
−1 = 7.8, 8.3 and 8.8.

The remaining pieces of the cloud spread in the flow structures and can undergo the same
break-up process, see the graph at t/(kU0)

−1 = 10.1.

5. Concluding remarks

We have performed experimental investigations as well as numerical simulations to
examine the dynamics of clouds of particles settling in model cellular flows consisting
of counter-rotating vortices where inertia is small but can be increased to become finite.
The clouds tend to settle along the downstream flow regions of the vortical structures and
to present zig-zagging motions. They do not maintain their initial spherical shape as they
successively expand or shrink when settling through the successive upward or downward
elongational portions of the flow. Increasing inertia enhances the cloud deformation.
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A significant leakage of particles is observed at the rear of the clouds. It is greatly
amplified by the vortical flows by comparison with clouds settling in quiescent fluids.
It is also intensified when inertia is increased and becomes finite. The vortical structures
also induce a faster break-up of the clouds into multiple shatters in the finite-inertia case.
Point-particle simulations, which contain the minimal physics to describe the coupling
between particle–particle and particle–flow interactions, capture well the cloud dynamics.

A key feature that is highlighted in the present work is the importance of the collective
effects between the particles in maintaining the cloud as a single entity before break-up
occurs owing to stretching in the vortical flow. This can be further investigated in figure 12
by going beyond the experimental constraint of having an initial cloud smaller than
the vortex size, i.e. by investigating a cloud with Q > 1. When the size of the initial
cloud is larger than that of the vortices, the cloud can break into pieces which can be
further stretched by the elongational regions of the flow. This is shown by comparing
figures 12(a) and 12(c) having the same N0 = 500 but with Q = 0.5 and 2, respectively.
Increasing the number of particles increases the cohesion of the cloud which is eventually
stretched into elongated pieces by the vortical structure as seen in figure 12(e) having
the same Q = 2 as figure 12(c) but a different N0 = 2000. The cloud in figure 12(e)
falls at a faster pace than that in figure 12(c) since the cloud velocity is Uc ∼ N0. As a
comparison, we also show simulations in figures 12(b), 12(d) and 12( f ) corresponding
to the same initial cloud as in figures 12(a), 12(c) and 12(e), respectively, but wherein the
hydrodynamic interactions have been switched off. The difference between the simulations
with and without collective effects (i.e. with and without two-way coupling) is striking.
Without hydrodynamic interactions, the individual particles settle much slowly as they
sweep around the vortices since W = 0.108 < 1 and a significant amount of them remains
trapped inside the vortex circulations since the Reynolds number based on the individual
particle size is Rea � 1.

Another interesting output of the present study is the identification of a mechanism
of expansion and contraction of the cloud leading to a final disintegration into multiple
stretched pieces induced by the elongational portions of the vortical flow when inertia is
increased (see figures 11 and 12). This last effect may be related to particle segregation in
turbulent flow which has been seen to evolve into a network of filamentous shapes similar
to caustic patterns (see e.g. Reeks 2014). The generation of such inhomogeneities in the
context of particles sinking in oceanic flows has been attributed to stretching mechanisms
due to the flow (Drótos et al. 2019). More work is certainly needed to assess whether
stretching by the elongational part of the flow structure is a generic and robust process that
is seen in more complex flow than the model vortical flow studied in the present work.
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Supplementary material and movies

Supplementary material and movies are available at https://doi.org/10.1017/jfm.2020.
883.
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RYBCZYŃSKI, W. 1911 Über die fortschreitende Bewegung einer flüssigen Kugel in einem zähen Medium.
Bull. Acad. Sci. Cracovie A 1, 40–46.

STOMMEL, H. 1949 Trajectories of small bodies sinking slowly through convection cells. J. Mar. Res.
8, 24–29.

SUBRAMANIAN, G. & KOCH, D. L. 2008 Evolution of clusters of sedimenting low-Reynolds-number
particles with Oseen interactions. J. Fluid Mech. 603, 63–100.

TOSCHI, F. & BODENSCHATZ, E. 2009 Lagrangian properties of particles in turbulence. Annu. Rev. Fluid
Mech. 41, 375–404.

WANG, L. P. & MAXEY, M. R. 1993 Settling velocity and concentration distribution of heavy-particles in
homogeneous isotropic turbulence. J. Fluid Mech. 256, 27–68.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
0.

88
3

D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
://

w
w

w
.c

am
br

id
ge

.o
rg

/c
or

e.
 IP

 a
dd

re
ss

: 8
1.

24
9.

25
5.

22
2,

 o
n 

11
 D

ec
 2

02
0 

at
 0

8:
03

:4
2,

 s
ub

je
ct

 to
 th

e 
Ca

m
br

id
ge

 C
or

e 
te

rm
s 

of
 u

se
, a

va
ila

bl
e 

at
 h

tt
ps

://
w

w
w

.c
am

br
id

ge
.o

rg
/c

or
e/

te
rm

s.

https://doi.org/10.1017/jfm.2020.883
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

	1 Introduction
	2 Experiments
	3 Numerical modelling
	4 Results and comparison
	4.1. General evolution of the clouds
	4.2. Cloud trajectory
	4.3. Particle leakage from the cloud
	4.4. Break-up of the cloud

	5 Concluding remarks
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


