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a b s t r a c t
The motion of particles settling in turbulence is an intriguing problem, which is relevant to an in-depth
understanding of planktons in marine ﬂows or the design of photobioreactors. This work studies the
motion, orientation and distribution of inertia-less spheroidal particles settling in vertical channel ﬂows
by direct numerical simulations. We show that, compared to spherical tracers, the settling velocity of
spheroidal tracers is enhanced due to preferential orientation and local clustering (not due to particle
inertia, in the present case). Prolate spheroids tend to align their symmetry axes in the direction of gravity while oblate ones align perpendicular to it. Both kinds of particles attain a larger slip velocity in the
direction of gravity and, therefore, settle faster. We also show that particles sample preferentially regions
of high ﬂuid velocity in downward ﬂow and regions of low ﬂuid velocity in upward ﬂow. Such preferential sampling, which also contributes to the enhancement of settling, is the result of clustering. Besides,
tracer particles are observed to accumulate in the channel center in downward ﬂow and near the wall in
upward ﬂow: We show that tracer transport in the wall-normal direction is controlled by the particleto-ﬂuid slip velocity and by clustering. The slip velocity dominates the transport initially, but tracers increasingly cluster in regions with opposite ﬂow direction as they accumulate either in the channel center
or near the wall. Clustering appears to be associate with the coherent structures that characterize wall
turbulence, and tracer distribution in the wall-normal direction is found to reach a steady state when the
two qualitatively different mechanisms balance each other.
© 2019 Elsevier Ltd. All rights reserved.

1. Introduction
The sedimentation of small particles in turbulent ﬂows is a
common but important phenomenon. Particles settling in oceans,
such as planktons and organic detritus, are important to the food
supply chain of aquatic organisms and for the ﬂux of carbon compounds (Ducklow et al., 1986; Harding 1974; Shanks and Trent
1980). Other types of particles, in particular anthropogenic microplastics are now acknowledged as one of the major sources of
environmental pollution (Andrady 2011; Van Cauwenberghe et al.
2013) since they can be ingested by aquatic organisms (Cole et al.,
2013) and even accumulate in the human body (Smith et al.,
2018). The study of sedimentation and clustering of particles in
turbulence might improve current understanding of the dispersion
of marine organisms and micro-plastic pollutants. On the other
hand, settling and clustering of particles are essential processes
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in the design of photobioreactors, which cultivate phytoplankton
and consume solar energy to produce biodiesel (Chen et al., 2011).
In particular, clustering might change the exposure of phytoplankton to light, affecting the eﬃciency of production, whereas settling
is an important process in harvesting of biomass (Uduman et al.,
2010).
The sedimentation of particles in a quiescent ﬂuid has been
studied experimentally (Guazzelli 2006; Herzhaft et al., 1996;
Herzhaft and Guazzelli 1999) and through numerical simulations
(Butler and Shaqfeh 2002; Gustavsson and Tornberg 2009; Mackaplow and Shaqfeh 1998). These studies have shown that both prolate and oblate particles exhibit preferential orientation and align
with the direction of gravity, forming clusters and streamers in the
sedimentation. The mean settling velocity is found to be greater
than the theoretical settling velocity in dilute ﬂow conditions but
hindered in the semi-dilute regime due to particle-ﬂuid interaction
(Herzhaft and Guazzelli 1999).
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However, the motion, distribution and orientation of nonspherical particles are signiﬁcantly different when they are determined by an underlying turbulent ﬂow (Voth and Soldati 2017).
The particle motion in turbulence has been widely investigated
using direct numerical simulations (DNS) of turbulence coupled
with the point-particle approach. In the limitation of negligibly
small particle Reynolds number, the ﬂow around a particle is
Stokesian and the point-particle approach is applicable for particles smaller than Kolmogorov length scale. In spite of the inherent simpliﬁcations of the point-particle approach (Cui et al.,
2018), interesting physical observations have been made for suspensions of spherical and non-spherical particles in homogeneous
isotropic turbulence (Wang and Maxey 1993; Siewert et al., 2014;
Ardekani et al., 2017) and wall-bounded turbulence (Zhang et al.
2001; Mortensen et al. 2008; Challabotla et al. 2015).
The point-particle approach can be applied for both inertial particles and tracer (inertialess) particles. In wall-bounded turbulence,
inertial particles are found to accumulate inside the viscous sublayer and cluster in low-speed ﬂow regions (Mortensen et al. 2008;
Marchioli et al. 2010). Moreover, the shape of the particles strongly
affects their orientation. Inertial prolate particles tend to align their
symmetry axes in the velocity-gradient plane while oblate particles align in the spanwise direction. In the case of tracer particles
with negligible inertia, the particle distribution remains random
but preferential orientation is still observed in wall-bounded turbulence, namely that the prolate spheroids align in the streamwise
direction and oblate ones tend to orient in the wall-normal direction (Challabotla et al. 2015; Zhao et al. 2015).
The studies in wall-bounded turbulence discussed above do not
address the problem of particle sedimentation. The effect of gravity typically results in extra slip velocity and affects particle rotation and/or distribution. Nilsen et al. (2013), Challabotla et al.
(2016) and Yuan et al. (2017) presented direct numerical simulations of vertical channel ﬂows, and suggested that the gravity effect affects particle orientation as well as particle distribution in
the wall-normal direction. These studies focused only on particles
with moderate inertia, but more recent studies (Ardekani et al.,
2017; Fornari et al., 2016; Fornari et al., 2018) have demonstrated
that, counter to intuition, gravity has important effects on particles with small inertia. In particular, Ardekani et al. (2017) showed
that gravity enhances the settling velocity and preferential clustering of inertia-less particles in down-welling regions of isotropic
turbulence.
In this work, we build on previous studies to improve our understanding of gravity effects on non-spherical tracers in wallbounded turbulence. Previous study (Challabotla et al. 2015) have
shown that such tracers are characterized by a random spatial distribution in wall-bounded turbulence. However, tracers exhibit a
non-zero gravity-induced velocity relative to the surrounding ﬂuid,
which makes it possible to form clusters and further exert inﬂuence on other statistics. Therefore, we performed direct numerical
simulations of vertical turbulent channel ﬂow to examine the effect of gravity on velocity and orientation of both oblate and prolate tracers, and, more importantly, to reveal the casual relation
between these observables.
Simulations are performed using a standard EulerianLagrangian method based on point-particle tracking, and considering three conﬁgurations, i.e. downward, upward ﬂow and
no-gravity ﬂow. The settling velocity and orientation of large
swarms of inertia-less spheroids are examined statistically, and
Voronoï analysis (Monchaux et al., 2010) is employed to investigate
clustering. In Section 2, the ﬂuid and particle governing equations
are introduced. In Section 3, the statistical characterization of
settling velocity, orientation and clustering are discussed and put
in causal relation. Finally, the main ﬁndings are summarized and
conclusions are drawn in Section 4.

Fig. 1. Sketch of ﬂow conﬁgurations. (a) Downward ﬂow. (b) Upward ﬂow.

2. Methodology
2.1. Eulerian ﬂuid dynamics
In the present work, two ﬂow conﬁgurations with gravity are
considered, as shown in Fig. 1. In the case of downward ﬂow, the
ﬂow direction is the same as gravity direction, while the ﬂow is
opposite to gravity in upward ﬂow. A conﬁguration with no gravity
is also presented for comparison. Direct numerical simulations are
performed by solving the Navier-Stokes equations for isothermal
ﬂow of an incompressible Newtonian ﬂuid. In vector form, these
equations read as,

∇ · u = 0,

(1)

dP
∂u
∇p
+ u · ∇u = −
+ ν∇ 2 u −
ex + ρ f geg ,
∂t
ρf
dx

(2)

where u is the velocity of ﬂuid. ρ f , p and ν denote the ﬂuid density, the dynamic pressure and ﬂuid kinematic viscosity, respectively. The third term on the right of Eq. (2) represents the effect of
mean pressure gradient, where P and ex denote the mean pressure
and unit vector along the streamwise (x) direction. The last term
on the right is the gravity term, where g is gravitational acceleration and eg denotes the unit vector along the gravity direction.
Speciﬁcally, eg equals to ex and -ex in downward and upward ﬂow,
respectively. The ﬂow is characterized by friction Reynolds number
Reτ = huτ /ν , where uτ is the wall friction velocity and h is half of
the channel height. The sum of the last two terms of Eq. (2) is the
same in all three conﬁgurations to keep the ﬂows with the same
Reτ .
Simulations for all three conﬁgurations are performed at
Reτ = 180 in a domain of size 12 h × 6 h × 2 h with 192 × 192 × 192
mesh points in the streamwise (x), span-wise (y), and wall-normal
(z) directions, respectively. The mesh resolution is uniform in the
streamwise and span-wise directions, with grid spacings x+ =
11.3 and y+ = 5.6. In the wall-normal direction, the grid spacing z+ ranges from 0.9 (at the channel walls) to 2.86 (in the
channel center). The time step is t+ = 0.036. Periodic boundary
conditions are adopted in the homogeneous directions and the
no-slip and impermeability conditions are imposed at the walls.
The superscript “+” denotes the dimensionless quantity normalized by viscosity length scale ν /uτ or viscosity time scale ν /uτ 2 .
A pseudo-spectral method is applied along the homogenous directions and a second-order ﬁnite-difference discretization is used in
the wall-normal direction. Second-order explicit Adams–Bashforth
scheme is adopted for the time advancement. The set-up of Eulerian numerical method for ﬂuid phase is the same as those used
by Challabotla et al. (2016) and Yuan et al. (2017).
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where  and S are the antisymmetric and symmetric parts of the
ﬂuid velocity gradient tensor. Periodic boundary conditions for particles are applied in the homogenous directions. Particle-wall collision is fully elastic: After a collision with the wall, the particle keeps its linear momentum in the two homogenous directions
and its angular momentum (Marchioli et al. 2010; Mortensen et al.
2008). Collisions between particles are neglected because the suspension is dilute. Both translational and rotational motions are expressed with respect to an inertial frame of reference xi = (x, y, z).
We considered spheroids with λ=0.02, 0.1, 0.33, 0.67, 1.001, 1.5, 3,
10, and 50. The density ratio D equals to 1.05 and the radii of particles, a, are chosen such that the isotropic settling velocity remains
constant as we vary the aspect ratio. The isotropic settling velocity,
denoted as vs iso , is deﬁned as the theoretical settling velocity that
can be obtained by averaging over an isotropic distribution of orientations in still ﬂuid. The isotropic velocity is thus expressed as

Table 1
Parameters of particles. vs iso / uτ
=0.674, St=0.068.

λ

(λ−1)/(λ+1)

a+

0.02
0.1
0.33
0.67
1.001
1.5
3
10
50

−0.961
−0.818
−0.504
−0.198
0.000
0.200
0.500
0.818
0.961

3.074
1.409
0.824
0.623
0.542
0.477
0.396
0.312
0.252

2.2. Lagrangian particle dynamics
The asphericity of spheroidal particles is characterized by their
aspect ratio λ = c/a, where 2c is the length of the symmetry axis
and 2a = 2b is the length of the two other axes. The characteristic
length of particle is smaller than the Kolmogorov length scale and
the density of particles is nearly equal to that of the ﬂuid. Therefore, the point-particle model adopted in present study can be justiﬁed. The particle Stokes number is deﬁned by St=τ p /τ f , where
τ p is the translational particle response time and τ f =ν /uτ 2 is viscous ﬂuid time scale. The speciﬁc deﬁnition of τ p reads (Shapiro
and Goldenberg 1993; Challabotla et al., 2015)



⎧
−1/2
−1
λ(1−λ2 )
2 λ π −2tan
⎪
2
D
a
⎨ 9ν
1/2
2λ (1−λ2 )
 √

τp =
2 −1
λ
ln
λ
+
λ
⎪
⎩ 2Da2
√
9ν

λ2 −1

λ ≤ 1,

(3)

λ ≥ 1.

The rotational particle time scale is known to be smaller than
the translational time scale (Marchioli et al., 2016). As shown
in Table 1, the particle Stokes number considered in this study
is much smaller than unity: This implies that the hydrodynamic
Stokes force and Jeffery torques acting on the particle can be safely
neglected, thus justifying the tracer particle model adopted here.
The equations governing particle translation (Ardekani et al., 2017)
read as,

dx
= u | p + vs ,
dt
vs = vset t le

π
2

(4)

eg +



vset t le (0 ) − vset t le

π 
2

(eg · p )p,

(5)

where x, u|p , vs and p are the particle position, local ﬂuid velocity, slip velocity and orientation vector, respectively. The unit vector eg represents the direction of gravity. The vertical component
of settling velocity vector in still ﬂuid is denoted as vsettle and depends on the particle orientation relative to the gravity direction
(Siewert et al., 2014):

vset t le (θx ) = 6π aλ

1
(kzˆzˆ − kxˆxˆ )cos2 θx + kxˆxˆ

2 ( D − 1 )a2 g
,
9ν

(6)

with D = ρ p /ρ f , where ρ p and ρ f are the density of particle
and ﬂuid, respectively. kxˆxˆ and kzˆzˆ are the resistance coeﬃcients
(Siewert et al., 2014). According to Eq. (5), the slip velocity is dependent on the instantaneous particle orientation p. The streamwise slip velocity reaches a maximum value when the orientation
p is orthogonal to the gravity direction eg for an oblate particle or
when p is parallel to eg for a prolate particle.
The orientation p is determined (Jeffery 1922) by

dp
=·p+
dt

λ2 − 1
[I − pp] · S · p,
λ2 + 1
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(7)

viso
s =

 2π  π
1
v · e sin θx dθx dφ ,
4
π s g
0
0

(8)

where θ x is the angle between the symmetry axis of a particle and
the gravity direction, and φ is the angle between the y-axis and
the projection of the symmetry axis on the y-z plane. Replacing vs
with Eq. (5) yields

viso
s =

1
3



vset t le (0 ) + 2vset t le

π 
2

.

(9)

The expression adopted for the isotropic settling velocity is
consistent with that of Ardekani et al. (2017), but has been extended to the case of both prolate and oblate particles. Swarms of
N = 2 × 105 spheroids are randomly injected into a fully-developed
turbulent channel ﬂow at t+ =0 and the statistics are averaged over
a time window from t+ =900 to t+ =6600, where t+ =tuτ 2 /ν is the
dimensionless time.
3. Results and discussion
In the present study, we exploit a statistical analysis of particle
behavior to examine particle clustering and settling. Non-settling
tracer particles have been observed to attain a random distribution
in wall normal direction (Challabotla et al. 2015). However, inhomogeneous distribution is found for particles settling in the vertical ﬂow because of the slip velocity (see Eq. (4)). Fig. 2 shows the
particle number density for all sets reported in Table 1 and indicates that particles tend to accumulate in the center of channel in
downward ﬂow (panel a) but accumulate near the wall in upward
ﬂow (panel b). These trends are not fully consistent with those observed for inertial particles which always cluster in the wall region
regardless of gravity direction (Challabotla et al. 2016; Marchioli
et al. 2010; Nilsen et al. 2013). We also observe that the degree
of accumulation increases with particle asphericity, in agreement
with previous ﬁndings for inertial particles in turbulent channel
ﬂow (Challabotla et al. 2016; Marchioli et al. 2010). The accumulation phenomenon shown in Fig. 2 is observed to occur at the scale
of the whole channel. We ﬁnd that the accumulation is associated
with the wall-normal transport of the particles, which results from
the presence of non-zero slip velocity and the preferential sampling of speciﬁc ﬂow regions by the particles. A detailed discussion
will be presented later in this section.
The settling of particles is examined by considering ﬁrst their
(mean) settling velocity, deﬁned as the difference between the
mean particle velocity and the mean Eulerian ﬂuid velocity. In
the present work, we use the isotropic settling velocity (given in
Eq. (9)) to normalize the settling velocity. The streamwise settling
velocity is shown in Fig. 3. Particles lead the ﬂuid in downward
ﬂow but lag behind the ﬂuid in upward ﬂow in the whole channel. As could be expected, spherical particles settle with isotropic
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Fig. 2. Particle number density CN , normalized by random particle distribution <CN > as a function of wall-normal location z+ with different aspect ratios. (a) Downward
ﬂow. (b) Upward ﬂow.

Fig. 3. The streamwise settling velocity of particles as a function of wall-normal location z+ with different aspect ratios. (a) Downward ﬂow. (b) Upward ﬂow.

settling velocity, but spheroidal particles settle faster. The enhancement of settling velocity, though limited compared to the mean
ﬂow velocity, increases with asphericity for both prolate and oblate
spheroids, especially in the wall region. The enhanced settling velocity is explained by the two mechanisms of preferential alignment with gravity and the clustering in speciﬁc regions of the ﬂow
(Ardekani et al., 2017; Herzhaft and Guazzelli 1999; Mackaplow
and Shaqfeh 1998). The enhancement observed in Fig. 3 is stronger
than the one reported for isotropic turbulence (Ardekani et al.,
2017), because preferential alignment diminishes for randomlyoriented particles in isotropic turbulence whereas both mechanisms contribute to the settling of particles in the present vertical
ﬂow conﬁgurations. To examine the relative importance of preferential alignment and clustering, we split the settling velocity into
two terms:

v − u =  U| p + vs ,

(10)

where

 
 U| p = u| p − u.

(11)

On the left-hand side of Eq. (10) is the mean settling velocity,
deﬁned as the difference between the mean particle velocity, v,
and the mean Eulerian ﬂuid velocity, u, computed upon averaging over all grid points at different z+ . The ﬁrst term on the righthand side of Eq. (10), U|p , is the difference between the mean
ﬂuid velocity in the Lagrangian frame, u|p , (averaged at particle
locations) and the Eulerian velocity u. This term is called velocity difference, which is the result of the particle preferential sam-

pling of high speed or low speed regions. The second term on the
right-hand side, vs , is the mean slip velocity (see Eq. (5)), which
is determined by the direction of the particle’s symmetry axis and
thus reﬂects the preferential orientation. In the following, we discuss vs  and U|p to analyze the contribution of preferential orientation and local clustering separately.

3.1. Particle-to-ﬂuid slip velocity
We ﬁrst consider the contribution of slip velocity. As shown
in Fig. 4, the slip velocity is larger than or equal to the isotropic
settling velocity in the whole channel, and appears to account for
a major proportion of the settling velocity. According to Eq. (5),
the streamwise component of slip velocity is determined by the
angle between the symmetry axis of the particle and the direction
of gravity. As introduced in Methodology, an oblate particle settles
fastest when aligning symmetry axis orthogonal to the gravity
direction, and a prolate particle settles fastest when aligning
symmetry axis parallel to the gravity direction. Therefore, the
proﬁles shown in Fig. 4 indicate clearly preferential orientation
of both prolate and oblate particles. This is conﬁrmed by the
behavior of the averaged absolute direction cosines of the particle
symmetry axis, shown in Fig. 5. Regardless of the ﬂow direction,
prolate particles (dashed lines) tend to align their symmetry axes
with the streamwise direction, while the symmetry axes of oblate
particles (solid lines) tend to be orthogonal to the streamwise
direction, especially, near the wall. These results are similar to
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Fig. 4. Mean streamwise slip velocity vs, x as function of wall-normal location z+ with different aspect ratios. (a) Downward ﬂow. (b) Upward ﬂow.

Fig. 5. The mean absolute direction cosine of the streamwise (a, b), span-wise (c, d) and wall-normal direction (e, f) as function of wall-normal location z+ . (a, c, e)
Downward ﬂow. (b, d, f) Upward ﬂow.
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Fig. 6. The mean streamwise slip velocity vs,x  (a, b) and the direction cosine <cos2 (θ x )> (c, d) versus the shape factor (λ−1)/(λ+1). (a, c) z+ =6.3∼9.9 and (b, d)
z+ =176.4∼183.6.

Fig. 7. The streamwise ﬂuid velocity difference Ux |p as a function of the wall-normal coordinate z+ for different aspect ratios. (a) Downward ﬂow. (b) Upward ﬂow.

those reported by Challabotla et al. (2015) for turbulent channel
ﬂow without gravity and explain the enhancement of slip velocity
compared to isotropic settling velocity.
To highlight the effect of particle shape on the observables just
discussed, in Fig. 6 we show the mean streamwise slip velocity vs, x
and the direction cosine cos2 θ x (cos2 θ y and cos2 θ z not shown for
sake of brevity) versus the shape factor (λ−1)/(λ+1), which is deﬁned only to increase the legibility of ﬁgures in present discussion.
In the near-wall region (Fig. 6(a) and (c)), both oblate and prolate
particles (with small and large values of the shape factor, respectively) show strong preferential orientation and enhanced slip velocity. The orientation of spheroidal tracers has been explained in
terms of Lagrangian ﬂuid stretching (Zhao and Andersson 2016):
Prolate particles (resp. oblate particles) tend to align with the maximum (resp. minimum) eigenvector of the left Cauchy-Green strain
tensor, and the alignment increases with asphericity. In the present
simulations, the slip velocity does not change this tendency and

the orientation is almost unrelated to the gravity direction. Indeed,
oblate particles have the same orientation in downward, upward
and no-gravity ﬂow, and prolate particles show little difference
among the three cases as well.
Non-spherical particles also show some preferential orientation
in the core region, which is much weaker than near the wall (see
Fig. 6(b) and (d)). Particles in downward ﬂow exhibit stronger
preferential orientation than in upward ﬂow and no-gravity ﬂow,
which is consistent with the ﬁndings of Challabotla et al. (2016) for
inertial particles. Moreover, the preferential orientation increases
with asphericity but saturates when λ is greater than 10 or less
than 0.1, in agreement with the observations made for isotropic
turbulence (Ardekani et al., 2017). This happens because, when
particle asphericity increases, the contributions of the ﬂuid strain
rate Eq. (7) and the anisotropy of settling velocity increase, and
both saturate when aspect ratio is suﬃciently large or small
(Ardekani et al., 2017).
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Fig. 8. Variance of Voronoï volume σ 2 normalized by the square of local mean Voronoï volume  2 as a function of the wall-normal coordinate z+ for different aspect
ratios. (a) Downward ﬂow. (b) Upward ﬂow. The dashed line represents the case of randomly-distributed particles.

Fig. 9. The mean wall-normal slip velocity <vs,z >as function of wall-normal coordinate z+ with different aspect ratios. (a) Downward ﬂow. (b) Upward ﬂow.

3.2. Mean velocity difference
The mean velocity difference U|p Eq. (11) also contributes to
the enhancement of the settling velocity. The mean velocity difference is non-zero because spheroidal tracers are allowed to move
relative to the ﬂuid as they settle and thus cluster in preferred ﬂow
regions. In particular, U|p is greater (resp. less) than zero when
particles sample high-speed (resp. low-speed) regions of the ﬂow,
in which the ﬂuid has higher-than-mean (resp. lower-than-mean)
velocity at particle position.
As shown in Fig. 7, particles show preferential sampling in
both upward and downward ﬂow. The mean velocity difference increases with asphericity, indicating a tendency for spheroidal tracers to sample high-speed regions in downward ﬂow and low-speed
regions in upward ﬂow. For all aspect ratios considered in this
study, the mean velocity difference reaches a maximum at z+ =15
and attenuates in the channel center, yet making positive contributions to the sedimentation in both ﬂow conﬁgurations.
The non-zero mean velocity difference is closely related to particle clustering. However, it does not precisely provide information
about the degree of clustering, because the velocity difference is
also affected by the ﬂuctuations of ﬂuid velocity. For instance, a
moderate clustering might result in a large velocity difference near
the wall, where the ﬂuctuation of velocity is strong. The peak values of the mean velocity difference and streamwise velocity ﬂuctuation are both located at z+ ≈15 (Kim et al., 1987), suggesting
a relation between these two quantities. To evaluate the degree
of clustering based only on the position of the particles, we per-

formed a three-dimensional Voronoï analysis aimed at exploring
the clustering that occurs in the homogeneous directions. In particular, we examine the variance of Voronoï volumes, which provides a quantitative grid-independent measure of the inhomogeneous distribution of particles within the ﬂow (Monchaux et al.,
2010; Nilsen et al., 2013; Tagawa et al., 2012). As shown in Fig. 8,
local clustering is observed for both spheroids and spheres under
z+ =30, where the turbulent structures are most active (Kim et al.,
1987). Starting from the channel wall, we ﬁnd that the variance of
Voronoï volumes attenuates as the wall-normal coordinate z+ increases, reaching a minimum at about z+ =30, but then increases
again with z+ , reaching an absolute maximum in the center of
channel. Spheres show almost no clustering for z+ >30, whereas
the variance of Voronoï volumes is found to increase with asphericity. These observations are consistent with those reported
by Nilsen et al. (2013) for inertial particles, but the variance of
Voronoï volumes is smaller in the present cases because tracer
particles with modest slip velocity are less prone to cluster. Interestingly, the variance of Voronoï volumes with z+ indicates that
the strongest local clustering occurs in the channel center. In other
words, the effect of gravity is more evident in the channel center. We also notice that the variance in downward ﬂow is larger
than the one in upward ﬂow in the channel center. This could be
explained by two mechanisms. First, the clustering in downward
ﬂow is slightly stronger in the center, as indicated by the larger
velocity difference shown in Fig. 7. Second, the value of the variance is known to be proportional to the number density of particles (Nilsen et al., 2013; Romain 2012; Tagawa et al., 2012): In the
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Fig. 10. The wall-normal ﬂuid velocity difference Ux |p as function of wall-normal coordinate z+ with different aspect ratios. (a) Downward ﬂow. (b) Upward ﬂow.

case of downward ﬂow, particles concentrate in the channel center
and result in a higher variance.
3.3. Particle transport in the wall-normal direction
The wall-normal transport of particles, which results in the
inhomogeneous distribution in the wall-normal direction, is explained in connection with the slip velocity and local clustering. The mean particle velocity in the wall-normal direction (not
shown) remains close to zero because the particle distribution has
reached a steady state in the time window used for averaging.
However, both the slip velocity and the mean velocity difference
have non-zero wall-normal components, which are shown in Figs.
9 and 10, respectively. According to Eq. (5), the slip velocity in the
wall-normal direction is determined by particle orientation:

vs,z =


π 
vset t le (0 ) − vset t le
cos θx cos θz ,
2

(12)

where θ z is the angle between the particle symmetry axis and the
wall-normal direction. Non-zero wall-normal slip velocity implies
an asymmetric cosine of θ z , which results in particle preferentially drift towards or away from the wall. Moreover, the sign of
the wall-normal component of slip velocity (which corresponds to
a velocity directed towards the channel center in downward ﬂow
and towards the channel walls in upward ﬂow) is consistent with
the accumulation. The sign of the mean velocity difference caused
by preferential sampling is opposite. Therefore, the accumulation
in the wall-normal direction are dominated by slip velocity.
Fig. 11 shows the change of particle number density and particle velocity near the wall in upward ﬂow over time. The number
density, shown in panel a, keeps increasing until t+ = 900, which is
in agreement with particle accumulation at the wall discussed at
the beginning of this section. The process of particle wall-normal
transport in upward ﬂow can be described as follows. Once particles are injected randomly in the channel, they begin to drift towards the wall due to the effect of gravity, which is manifested in
the negative wall-normal slip velocity shown in Fig. 11(b). At the
same time, particles sample preferentially ﬂow regions in which
the ﬂuid velocity is in the opposite direction as the clustering develops. Therefore, a positive mean velocity difference is observed,
as can be seen in Fig. 11(c). The particle distribution reaches a
steady state at t+ ≈900 when the two velocities balance each other.
A similar scenario is observed in downward ﬂow (not shown here
for sake of brevity) where particles accumulate at the channel
center. The transport of particles should be quick since they are
inertia-less and move with the turbulent ﬂow with modest slip

velocity. Therefore, compared to inertial particles, inertia-less particles are mixed more quickly and reach the steady state earlier.
Particle’s preferential sampling of regions along with a speciﬁc
wall-normal ﬂow direction (to the wall or away from it) is believed
to be associated with the sweep and ejection events that characterize wall-bounded turbulence, see e.g. Kim et al. (1987). As mentioned above, particles in downward ﬂow sample the high-speed
regions and are found more often in wall ward-moving coherent
portions of the channel, which correspond to sweep events. Similarly, particles in upward ﬂow sample regions in which ejection
events are detected. Yet, such observations do not help us explaining why particles are settling either away or towards the channel walls for opposite bulk ﬂow directions. The effect of turbulent
ﬂuctuations on particle motion is complex to analyze. However, a
previous study on two-dimensional stationary channel ﬂow provides a possible explanation (Clifton et al., 2018). In laminar ﬂows
with vertical shear, particles rotate periodically and an enhanced
settling velocity is observed. Particles have lower angular velocity
when they align vertically and sample down-welling regions because of the gravity effect. The mean shear is also vertical in turbulent channel ﬂow, so a similar reasoning is plausible. However,
particles no longer rotate periodically in wall turbulence, which
provides the possibility of generating clusters. Particles experience
shear as they move with the ﬂow, gradually move towards or away
from the wall, and ﬁnally cluster in down-welling region.
4. Concluding remarks
We present direct numerical simulations of settling inertia-less
spheroids in vertical channel ﬂow and examine the relationship
between settling, clustering and preferential orientation. Particles
carried by downward and upward ﬂows are considered, and results compared with the reference no-gravity case. We observe an
enhancement of the settling velocity for spheroidal particles, which
is explained by two mechanisms. The ﬁrst one is preferential orientation. As reported in previous studies (Challabotla et al. 2015;
Marchioli et al. 2010), prolate particles tend to align their symmetric axes with the mean ﬂow direction (namely the gravity direction in the present simulations) and oblate particles align perpendicular to that. This preferential orientation results in higher
slip velocity along the gravity direction and contributes predominantly to the observed settling velocity enhancement. The second mechanism is local clustering, which originates from particles
that, though inertia-less, are able to preferentially sample speciﬁc
ﬂow regions. This ability comes from the particles’ non-zero slip
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Fig. 11. a) Normalized particle number density, b) wall-normal slip velocity and c) wall-normal ﬂuid velocity difference as function of t+ in upward ﬂow at z+ =7.2∼10.8
(left wall).

velocity, which allows them to move relative to the surrounding
ﬂuid and attain a non-uniform spatial distribution. The results of
Voronoï analysis indicate that both spherical and spheroidal particles undergo local clustering near the wall, but only spheroidal particles are observed to cluster in the channel center. Moreover, the
mean velocity difference indicates that particles prefer to sample
regions of high ﬂuid velocity in downward ﬂow and regions of low
ﬂuid velocity in upward ﬂow. Such preferential sampling also contributes to the enhancement of settling. However, the mechanism
governing preferential sampling still remains unclear and deserves
further investigation.
Another interesting feature of the present physical problem is
that particles attain a non-homogeneous distribution (again, not
driven by inertia) in the wall-normal direction. Unlike inertia-less
particles in gravity-free channel ﬂow, which remain uniformly
distributed (Challabotla et. al. 2015), settling particles undergo
accumulation in regions of the ﬂow that depend on the ﬂow
direction: Particles accumulate in the channel center in downward
ﬂow and near the wall in upward ﬂow. This phenomenon also
originates from the orientation and local clustering mechanisms.
Particles near the wall in upward ﬂow, for instance, have negative
mean wall-normal slip velocity because of the preferential orientation and, therefore, drift further towards the wall. When near-wall
accumulation increases overtime, local clustering in the regions
of higher-than-mean wall-normal ﬂow velocity also increases.

We ﬁnd that the distribution of particles reaches a steady state
when the two mechanisms balance each other. Moreover, our
results suggest that local clustering is related to the sweep and
ejection events characterizing near-wall turbulence. For instance,
particles in upward ﬂow sample down-welling regions, namely
low-speed regions. These regions are related to the occurrence
of ejection events and, therefore, particles sample regions where
the wall-normal ﬂuid velocity is directed towards the channel
center. The same analysis is applicable to the cases of particles in
downward ﬂow.
In spite of the ﬁndings discussed in this paper, some questions
still remain unanswered. In particular, how does the non-zero slip
velocity affect the motion of each particle, and further the macroscopic preferential orientation that we observe? How to explain
the dependence of preferential sampling on the ﬂow direction?
These issues need to be further studied and might be important
for improving our understanding of settling particles with zero or
negligible inertia.
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