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Abstract: Understanding sedimentation relies on grasping the physics between a particle and a
fluid. This research employs the Lattice Boltzmann method to conduct a benchmarking study
on the sedimentation of a single spherical particle in a Newtonian fluid. The study explores
the effects of particle diameter, particle density, and walls on particle settling behaviour. The
methods employed include the point particle method and the homogeneous Lattice Boltzmann
method (HLBM) using the OpenLB code. The primary objectives of this research are to
calculate terminal settling velocity, analyse velocity and vorticity profiles, and track particle
trajectories. The HLBM excels in providing precise flow representation around particles, whereas
the point particle method shows limitations at higher particle Reynolds numbers. Additionally,
the research reveals that wall effects reduce terminal settling velocity and shorten wake length.
The domain-size-to-particle-size ratios at which wall-induced vortices disappear for various
particle properties are identified. Thorough understanding of the settling physics of a single
particle should contribute to unravelling the settling dynamics of multiple particles.

Keywords: homogeneous Lattice Boltzmann method; HLBM; two-way coupling; particle
diameter; particle density; wall effects.
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1 Introduction

Fluids often contain particles of various shapes, densities,
and sizes. Particles can exist as a single particle or
as aggregates of particles. The settling time of particles
can be estimated using their established terminal settling
velocities with recognition of the different conditions that
affect settling velocity. Particle-fluid, particle-particle, and
particle-wall interactions play critical roles in particle
settling and ultimate sedimentation.

The terminal settling velocity of a particle at low
Reynolds number (Re = ud

ν , where u the settling velocity,

d is the particle diameter, and ν is the kinematic viscosity
of the fluid), can be estimated using Stokes law as: u =
1
18

(ρs/ρ−1)gd2

ν , where ρs is the particle density, ρ is the
fluid density, and g is the magnitude of gravitational
acceleration. The terminal settling velocity increases with
an increase in particle diameter and particle density and
decreases with an increase in liquid density and liquid
viscosity. The limitations of Stokes law include the
assumption of a spherical particle shape, smooth surfaces,
a fluid flow regime with Reynolds number less than 1,
homogeneous particle material, no inertial effects, and
no particle-particle interactions. Additionally, the terminal
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settling velocity should be measured in an infinite domain
if it is to match the Stokes law prediction. Wray (1977)
revisits Stokes law and its limitations.

In practice, spherical particles can be rougher, denser,
and larger than those that meet the smoothness and low
Re requirements in a particular fluid. Nielsen (1993)
attributed the reduction of the settling velocities at higher
Re to nonlinear drag and related vortex trapping and
particle loitering phenomena, sometimes attributable to
larger, denser, and/or rougher particles. Jenny et al.
(2004) and Veldhuis and Biesheuvel (2007) employed the
Galileo number to categorise the behaviour of particle
trajectories. The Galileo number G is defined as follows:
G =

√
(ρs/ρ−1)gd3

ν . The Galileo number includes relevant
variables for any case of a single particle under gravity in
infinite fluid. Together with the particle/fluid density ratio
ρs/ρ, the settling behaviour of particles can be predicted
(Jenny et al., 2004). Settling is expected to be axisymmetric
(i.e., no unsteady wakes form) for all density ratios at
G < 155. The present research focused on density ratios
of 2.5 and 5.

Brandt and Coletti (2022) recently reviewed
homogeneous and wall-bounded turbulent flows laden
with inertial spherical particles. Numerous analytical
and numerical studies have been conducted to
capture the physics associated with particle-fluid-wall
interactions. Analytical methods have been discussed
for the sedimentation of single spherical (Ferreira and
Chhabra, 1998) and non-spherical particles (Yaghoobi
and Torabi, 2012). Immersed boundary methods, such
as LBM-IBM-HSMD (Habte and Wu, 2017), direct
forcing IBM (Eshghinejadfard et al., 2016), boundary
thickness-based direct forcing IBM (Qin et al., 2023),
IBM-DEM (Derakhshani et al., 2017), and interpolated
bounce back LBM-DEM (Pu et al., 2023), have also been
employed for single particle studies.

Ghosh (2020) simulated the settling of a permeable
circular particle confined between two walls in 2D with
immersed boundary methods. Ma et al. (2019) studied
the hydrodynamic characteristics of both spheroidal and
non-spherical particles in fluid considering particle-particle
and particle-wall collisions using the fictitious domain
method-discrete element method. Dabic et al. (2016) also
used DEM to simulate the deflection of particles in fluid
flows due to acoustically induced forces. Prakash et al.
(2007) used Smoothed Particle Hydrodynamics (SPH) to
simulate the suspension of low-density cylinders (specific
gravity = 0.5) in a tank of water mixed by a paddle.

Research investigations most relevant to our work have
considered particle sizes ranging from 0.5 mm to 15.94
mm (Xu et al., 2019; Habte and Wu, 2017; Eshghinejadfard
et al., 2016; Qin et al., 2023; Tao et al., 2017; Kaur
et al., 2019; Chhabra, 1995; Pu et al., 2023; Mohammad
and Munshi, 2023), and particle densities ranging from
2,200 kg/m3 to 7,900 kg/m3 (Xu et al., 2019; Habte
and Wu, 2017; Derakhshani et al., 2017; Kaur et al.,
2019; Chhabra, 1995; Mohammad and Munshi, 2023).
The channel widths considered in the literature vary from

1.05 to 257 times the particle diameter (Tao et al., 2017;
Chhabra, 1996; Madhav and Chhabra, 1995; Pu et al.,
2023).

The Lattice Boltzmann method (LBM) accurately
captures fluid-solid-wall interactions. One-way coupling
accounts for the effect of the fluid on a particle, while
two-way coupling accounts for the mutual influence
between the fluid and the particle. Particle-wall interaction
is implicitly captured through flow modification around the
particle due to the proximity of the wall, without the actual
collision between the particle and the wall.

In previous studies noted above, the sedimentation of
a single spherical particle has been investigated using the
LBM. However, several technical gaps remain unaddressed.
The terminal settling velocity has only been validated
for specific particle diameters and densities, with a fixed
channel width. Furthermore, previous research did not
consider wall effects in their benchmark cases due to
computational limitations. The proximity of walls affects
the boundary layer around a settling particle. Walls can
alter the flow fields around the particle, generating shear
layers and vortices that influence the particle’s settling
velocity. Specifically, the velocity and vorticity magnitude
profiles near the particle and along the walls have not been
thoroughly analysed. Another crucial gap is identifying
the domain width at which vortices disappear for various
particle properties.

The main goal of the present work is to contribute
to filling the knowledge gaps noted above by conducting
a benchmark study on the settling of single spherical
particles, considering their physical properties and the
effects of the walls. Also, it is desirable to estimate the
wall separation distance at which vortices disappear for
various particle properties, such as diameter and density.
The accuracy of the point-particle method is compared to
the resolved particle method. The LBM results are validated
against the experimental data of Gibbs et al. (1971). The
OpenLB code (Krause et al., 2021) is employed to study
four-way coupling physics (particle-fluid-wall interactions)
using both point-particle and resolved particle methods.

The major tasks we address here include computing
the terminal settling velocity, analysing the velocity and
vorticity profiles, and tracking the particle trajectories for
spherical particles of different diameters and densities
in water. Initially, one-way coupling simulations analyse
the effect of a fluid on a particle. Two-way coupling
simulations account for the effects of a fluid on a particle
and a particle on a fluid. In two-way coupling, a naive
non-local forward coupling method and non-local base
back backward coupling method employing Van-Wachem
smoothing are selected to transfer the drag forces from a
fluid to a particle and a particle to a fluid. The one-way and
two-way coupling simulations employed Dapelo’s (2019)
point particle method based on the approaches developed in
Trunk et al. (2018) and Krause et al. (2017).

Further, it is useful to analyse the simulated flow
fields around the particle. The flow fields obtained from
the point particle method are approximate. To validate
the flow profiles, the resolved particle method based on
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Krause et al.’s (2017) HLBM is used to compare the flow
profiles with those produced by the point particle method.
After comparing the flow profiles using both methods, a
recommendation regarding the range of G for which the
point particle method is accurate can be made. In addition,
the wall effects, i.e., channel width effects on the flow fields
and particle trajectory, are investigated.

This paper is organised into four additional sections.
Section 2 briefly introduces the mathematical modelling and
numerical methods employed in OpenLB. Section 3 details
the simulation settings in OpenLB. Section 4 presents
analysis of the simulation results, examining the influences
of particle diameter, particle density, and wall interactions.
Section 5 summarises the findings and conclusions drawn
from the research.

2 Mathematical modelling and numerical methods

The LBM (Succi, 2001; Sukop and Thorne, 2006; Krüger
et al., 2017) is well described by the discrete Boltzmann
equation using the Bhatnagar-Gross-Krook (BGK) collision
operator:

∂fi
∂t

+ ci · ∇fi = Ωi(f) = ω(feq − f) =
1

τ
(feq − f) (1)

wherein, fi(x, c, t) is the particle distribution function
evaluated at a point of phase space (x, c). In other words,
it is the probability of finding a particle at a location
with a velocity ci. Ω is the collision operator, representing
the rate of change of the particle distribution function
due to binary molecular collisions. The BGK collision
operator captures the inter-molecular collisions, conserves
mass, momentum, and energy, and satisfies the H-theorem
(Guo and Shu, 2013). ω is the collision frequency, and τ is
the dimensionless relaxation time. The relationship between
kinematic viscosity and dimensionless relaxation time is
expressed as

ν = c2s

(
τ − ∆t

2

)
(2)

The local equilibrium distribution function (feq), also
known as Maxwell-Boltzmann distribution function is

feq(x, c, t) = ρ(
2πRT

) 3
2

exp
(
− (c− u)

2RT

)
(3)

where, R = kb/m, is the gas constant with molecular mass
m and Boltzmann constant kb. The Maxwell-Boltzmann
distribution in equation (3) can be rewritten using second
order orthonormal Hermite polynomials, to correct the
discretisation errors arising from the velocity sets:

feq
i (t, r) = ωiρf

[
1 + 3h2ciu

∗
f − 3

2
h2u∗

f · u∗
f

+
9

2
h4(ci ∗ u∗

f )
2

] (4)

In LBM, time is divided into time steps ∆t, space
is discretised into Lattice space steps ∆x, and three

dimensional velocity space is discretised into a finite set
of vectors (co to cq−1). A Lattice is usually specified in
the form of DdQq, wherein d is the dimensionality of the
problem and q is the dimension of the discrete velocity
space. D2Q9, D3Q19, and D3Q27 are the commonly used
Lattice models. The values of the Lattice weights ωi are
dependent on the Lattice models. There are 19 discrete
velocities (ci for i = 0, 1, 2, 3, 4, 5, 6, 7, 8, .., 18) for the
D3Q19 model used in the present work. The Lattice weights
for D3Q19 are ω0 = 1

3 , ω1,2,..,6 = 1
18 , and ω7,8,9,...,18 = 1

36 .
For more details on the Lattice weights and velocity sets,
refer to Krüger et al. (2017).

The macroscopic fluid density is ρf =
∑

i fi and the
momentum flux is ρfuf =

∑
i cifi. uf is fluid velocity

and u∗
f is the equilibrium fluid velocity. The pressure is

p = ρc2s with speed of sound cs = c/
√
3 and c = ∆x/∆t.

The Chapman-Enskog expansion procedure can be adopted
to derive the Navier-Stokes equation from the Boltzmann
equation, in the limit of Mach number, Ma ≪ 1. The LBM
employs a two step procedure: collision, and streaming. In
the first step, the particles collide and relax according to the
equilibrium distribution function feq

i . The collision process
is a local and nonlinear process.

f∗
i (x, t) = fi(x, t)−

∆t

τ
(fi(x, t)− feq

i (x, t)) (5)

∆x is spatial discretisation and ∆t is the discrete time step.
After completing the collision step, the streaming process
involves fluid mass moving to the next neighbour node on
the regular discrete position space during one discrete time
step. The streaming process is non-local and linear.

fi(x+ ci∆t, t+∆t) = f∗(x, t) (6)

The Homogenised Lattice-Boltzmann model (HLBM)
employs a single particle distribution function to represent
both the continuous fluid and particulate phases as
described in Dapelo et al. (2019). As described in Dapelo
et al. (2019), a smoothing distance parameter is used to
parameterise a continuous transition from a solid particle
to the fluid to improve stability and reduce non-physical
pressure and velocity fluctuations near particle surfaces.

For one-way coupling, the effect of a fluid on a particle
is only considered, while for two-way coupling, the effects
of a fluid on a particle and a particle on a fluid are both
considered. Dapelo et al.’s (2019, 2020, 2023) Lagrangian
point particle method and Krause et al.’s (2017, 2021)
HLBM methods are employed from the OpenLB code and
their detailed numerical algorithms are included in their
respective papers (Dapelo et al., 2019, 2020, 2023; Krause
et al., 2017, 2021).

3 Simulation settings

OpenLB code (Krause et al., 2021) is employed to simulate
the sedimentation with the Lagrangian point particle
(one-way and two-way coupling) and the homogeneous
LBM (HLBM).
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3.1 Geometry

An indicator cuboid functor in the OpenLB code creates
a vertical rectangular box by specifying its length, width,
and height. The width and height of the geometry we
employed are typically n times the particle diameter, where
n ranges from 1.5 to 120. In the case of HLBM, the outer
layers of the box are assigned as wall nodes, while all
nodes inside the box are set as fluid nodes. In contrast, for
the point particle method, all nodes are fluid nodes with
periodic boundary conditions in the lateral directions. The
fluid and solid nodes are assigned material numbers 1 and
2, respectively. Figure 1 shows the particle geometry for
different particle resolutions (N, defined as the number of
Lattice points used to represent the particle diameter) in
HLBM. The interface between solid and fluid is represented
using a continuously varying porosity domain to avoid
issues related to pressure fluctuations. Solid particles have
a porosity of zero and fluid nodes have a porosity of one.
The particle diameters simulated in this work range from 10
µm to 2,000 µm, while the selected particle densities are
2,500 kg/m3 and 5,000 kg/m3. Here we simulate water as
the fluid with density 1,000 kg/m3 and kinematic viscosity
10−6 m2/s.

Figure 1 Spherical particle sedimentation in a rectangular
channel using different particle resolutions
(see online version for colours)

3.2 Initial and boundary conditions

The initial velocities of both the fluid and solid nodes are
set to zero. The initial position of the particle is around
20–30% of the total length of the geometry from the
top. The particle geometry’s resolution is set using the
parameter N , where N is the number of Lattice space steps
into which the particle diameter is divided. The Lattice
density of fluid and solid nodes is set to one. Forced BGK
dynamics is employed for one-way and two-way coupling
methods. Using OpenLB’s HLBM, Porous BGK dynamics,

and Smagorinsky Porous BGK dynamics are employed for
particle sedimentation in Newtonian fluids.

3.3 Experimental data for validation

The LBM terminal settling velocity simulations are
validated against the extensive experimental data of Gibbs
et al. (1971). Terminal settling velocity measurements were
captured in a 0.128 m diameter tube with a length of
1.24 m. The largest particle diameter considered in the
present study is 2,000 µm, while Gibbs et al. (1971)
measured the terminal velocity of up to 5,000 µm
particles. For the 2,000 µm particle size experimental
measurement, the width and height of the rectangular
column approximately corresponding to the cylindrical
geometry used by Gibbs et al. (1971) would be 64 times
the particle diameter. In contrast, for a 10 µm particle, the
width and height of the rectangular column approximately
corresponding to the experimental cylinder are 12,800 times
the particle diameter. In OpenLB and many other numerical
approaches, it is computationally challenging to model at
resolution adequate to capture the particle-induced flow
field over a larger geometric domain because local mesh
refinement is not included in the software. Therefore, based
on preliminary simulations, the width and height of the
rectangular channel are restricted to a maximum of 40 times
the particle diameter in our simulations.

4 Results and discussion

In the subsequent sections, the effects of particle diameter
and density, and the influence of nearby walls on terminal
settling velocity will be assessed. Flow profiles and particle
trajectories will be evaluated.

4.1 Comparison between point particle method and
HLBM

As noted above, point particle methods can simulate
one-way coupling, which accounts for the effect of the
fluid on a particle, and two-way coupling, where the effects
of a fluid on the particle and a particle on the fluid are
both considered. One-way coupling results are valid in the
Stokes flow regime.

Figure 2 shows the variation of particle Reynolds
number with Galileo number for experimental data
and simulations using 2-way point particle and HLBM
approaches. The point particle and HLBM methods work
well at particle Re less than 1 but are more limited in
their ability to accurately simulate particle settling at higher
Re. The HLBM approach generally appears to improve the
ability to simulate the experimental data at higher Re and
G.
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Figure 2 Galileo number vs. Reynolds number for
experimental data and computed using point particle
(two-way coupling method) and HLBM (see online
version for colours)

Note: The terminal settling velocity can be computed
from the Reynolds number via u = Re ν/d.

Figure 3 Velocity magnitude profile for width = height =
40 times particle diameter and particle diameter =
10 µm, (a) point particle and (b) HLBM for particle
density = 2,500 kg/m3 (ρs/ρ = 2.5, G = 0.12)
(c) point particle method (d) HLBM for particle
density = 5,000 kg/m3 (ρs/ρ = 5, G = 0.2)
(see online version for colours)

Figure 3 compares the point particle and HLBM approaches
for 10 µm particles with 2,500 and 5,000 kg/m3 densities.
The flow profiles are captured more accurately using
HLBM because the particle geometry is fully resolved.
The point particle method suggests the presence of a
sinuous wake behind the particle, while the HLBM
approach provides axisymmetric results more consistent
with expectations at these low Galileo numbers.

Figure 4 shows the velocity magnitude profiles for a
particle density of 2,500 kg/m3 (ρs/ρ = 2.5) and particle
diameters 10 µm (G = 0.12), 50 µm (G = 1.4), 100 µm
(G = 3.8), and 200 µm (G = 11). The velocity profiles are
axisymmetric. Smaller particle diameters, relatively strong
viscous forces, and lower particle inertia leading to low
Galileo and Reynolds numbers are responsible for this
behaviour. Particle deflection from strictly vertical fall is
negligible for smaller particle diameters under the density
and viscosity conditions here since the viscous forces
dominate over the inertia forces. This maintains symmetry
in the velocity flow profile, thereby avoiding lift forces
acting on the particle.

Figure 4 Velocity profile using HLBM for particle density =
2,500 kg/m3 (ρs/ρ = 2.5), (a) particle diameter =
10 µm (b) particle diameter = 50 µm (c) particle
diameter = 100 µm (d) particle diameter = 200 µm
(see online version for colours)

Jenny et al. (2004) showed that the axisymmetric flow
patterns break down beyond the Galileo number of 155.
Nakamura (1976) found in their experiments that the
axisymmetric behaviour breaks down when Re > 190.
The HLBM simulation results in Figure 5 show that the
axisymmetric regime exists for Galileo numbers of at least
43, but breaks down at G < 120. Due to higher inertia
forces, the 1,000 µm (G = 120) and 2,000 µm (G = 340)
particles are deflected laterally as shown by the particles
passing in and out of the plane of the cross-sections of
velocity profiles in Figure 5. Hence, the range of conditions
leading to axisymmetric flow regimes obtained by HLBM
results appears to be narrower (G < 120) than the range
described in the literature (G < 155). This may indicate
numerical instability stemming from inadequate resolution
as touched on below, but otherwise is not further assessed
here.
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The dominance of inertial forces is responsible for the
development of chaotic flow regimes by settling particles.
The chaotic regime is observed for Galileo numbers at and
beyond 120 in the HLBM simulations. These results are
approximately consistent with Jenny’s plot (Jenny et al.,
2004) for a variety of settling states as a function of density
ratio and Galileo number. Lateral deflection may also move
particles closer to the walls, reducing the terminal settling
velocity.

Figure 5 Velocity profile using HLBM for particle density =
2,500 kg/m3 (ρs/ρ = 2.5), (a) particle diameter =
500 µm (G = 43) (b) particle diameter = 1,000 µm
(G = 120) (c) particle diameter = 2,000 µm
(G = 340) (see online version for colours)

Figure 6 illustrates the vorticity magnitude profiles for
particle diameters ranging from 10 µm to 2,000 µm
and particle density of 2,500 kg/m3 (0.12 < G < 340).
As above, the vorticity magnitude profiles capture the
axisymmetric (for G < 120) and chaotic flow regimes (for
G > 120).

Figure 7 compares the vorticity profiles of the numerical
results of Rimon and Cheng (1969) with HLBM simulation
results.

Rimon and Cheng (1969) used a geometric domain
wherein the pipe to sphere diameter ratio is 8.2. In the
HLBM results shown in Figure 7, the wall width is 40
times the particle diameter. When the walls are closer to the
particle, wake lengths are reduced. In the vorticity profiles
of Rimon and Cheng (1969), the wake length is smaller
since the walls are closer to the particle. As the particle
Reynolds number increases from 10 to 500, the wake length
increases correspondingly as shown in Figures 7(c2), 7(c3),
7(c4) and 7(c5). Johnson and Patel (1999) showed similar
observations of increased wake length behind a sphere with
an increase in Reynolds number.

Figure 8 shows the effects of particle resolution
on the particle terminal settling velocity for
particle densities of 2,500 kg/m3 for a range of
particle-size-to-wall-separation-width ratios and G from
0.12 to 340. The terminal settling velocities are always
smaller when the walls are closer to the particle (e.g.,
width = height = 1.5, 2.5 times the particle diameter).
The terminal settling velocity generally increases with an
increase in particle resolution. The shapes of most of these
curves suggest that the computed settling velocity has
converged (flat) or is converging as N approaches 20.

Figure 6 Vorticity profiles for particle density = 2,500 kg/m3

(ρs/ρ = 2.5), width = height = 40 times particle
diameter, (a) particle diameter = 10 µm (G = 0.12)
(b) particle diameter = 50 µm (G = 1.4) (c) particle
diameter = 100 µm (G = 6.3) (d) particle diameter
= 200 µm (G = 11) (e) particle diameter = 500 µm
(G = 43) (f) particle diameter = 1,000 µm
(G = 120) (g) particle diameter = 2,000 µm
(G = 340) (see online version for colours)

Figure 7 Approximate comparison of numerical results of
Rimon and Cheng (1969) with the current LBM
results, (a1) Re = 1 (a2) Rep = 0.002 (b1) Re = 10
(b2) Rep = 0.09 (c1) Re = 300 (c2) Rep = 11
(c3) Rep = 150 (c4) Rep = 250 (c5) Rep = 500
(see online version for colours)

Note: The simulated geometries differ substantially and
are reflected in the much longer eddy lengths
from the LBM simulations. Permission obtained
from AIP publishing to use the figures of
numerical results of Rimon and Cheng as shown
in Figures 7(a1), 7(b1) and 7(c1).
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Figure 8 Resolution effects for particle density = 2,500 kg/m3

(ρs/ρ = 2.5) and different wall separation widths
(width = height = 1.5, 2.5, 5, 10, 20, 40 times
particle diameter as shown on inset legend),
(a) particle diameter = 10 µm (G = 0.12)
(b) particle diameter = 50 µm (G = 1.4)
(c) particle diameter = 200 µm (G = 11)
(d) particle diameter = 500 µm (G = 43)
(e) particle diameter = 1,000 µm (G = 120)
(f) particle diameter = 2,000 µm (G = 340)
(see online version for colours)

4.2 Wall effects

The terminal settling velocity is typically calculated
assuming the flow occurs in an infinite fluid medium. In
the present study, the width and height of geometry are n
times the particle diameter, where n is a real value. The
cases of n primarily considered are n = 1.5, 2.5, 5, 10, 20,
and 40 times the particle diameter. The reference geometry
selected the width and height to be 40 times the particle
diameter, wherein the vortices along the walls are small or
negligible and the computational burden is not too great.

Figure 9 illustrates the wall effects on the velocity
magnitude profiles for a particle diameter of 500 µm and
a particle density of 2,500 kg/m3 (G = 43). As the walls
get closer to the particle, e.g., width = height = 1.5 times
the particle diameter [Figure 9(a)], there is an increase in
resistance to the particle’s motion and the terminal velocity
is significantly reduced. The wake length also decreases.
Huang and Feng (1995) also concluded that wall effects
contribute to the reduction in wake lengths. As the walls are
moved further away [e.g., Figure 9(f)], there is an increase
in the wake length and the terminal settling velocity.

Figure 10 demonstrates the percentage reduction in
terminal settling velocity from large relative wall separation
(12.8 cm diameter tube with maximum particle size
5,000 µm; thus n > 26) experimental data from Gibbs et al.
(1971) compared to different simulated wall separation
widths for a particle density of 2,500 kg/m3 and particle
diameters 10 µm, 200 µm, 1,000 µm and 2,000 µm (0.12
< G < 340). The bars are stacked principally in order of
relative particle diameter-wall-separation-width n. The first
three panels clearly show that the simulations approach the
experimental data at n = 20 and, as expected, overshoot the
experimental data (for n = 26) when the simulated n is 40.

Figure 9 Velocity magnitude profile for particle diameter =
500 µm, particle density = 2,500 kg/m3, (G = 43),
(a) particle resolution (N = 20) and width = height =
1.5 times particle diameter (b) particle resolution (N
= 20) and width = height = 2.5 times particle
diameter (c) particle resolution (N = 20) and width =
height = 5 times particle diameter (d) particle
resolution (N = 10) and width = height = 10 times
particle diameter (e) particle resolution (N = 8) and
width = height = 20 times particle diameter
(f) particle resolution (N = 8) and width = height =
40 times particle diameter (see online version
for colours)

The simulation results for the terminal settling velocity of
the largest particle [Figure 10(d); G = 340], in contrast, are
substantially smaller than the experimental results even at n
= 40. As indicated by Figure 8 and shown by the secondary
bar stacking according to the resolution (N ) in Figure 10,
the impact of resolution plays an increasingly important
role in the estimates as the particle size exceeds 50 µm
(and, more generally, as G exceeds 1.4). Thus, additional
resolution of the particle and fluid might well bring the
results into better agreement with the experimental data, but
the computational cost would be considerably larger.

4.3 Assessment of particle trajectories

The particle trajectories are greatly influenced by particle
shape, particle size, particle density, particle rotation, fluid
properties, fluid flow regimes, and wall effects.



Quantifying wall effects on spherical particle settling with the Lattice Boltzmann method 9

Figure 10 Percentage reduction in terminal settling velocity
w.r.t. experimental data from Gibbs et al. (1971)
for particle density = 2,500 kg/m3, (a) particle
diameter = 10 µm (G =0.12) (b) particle diameter
= 200 µm (G =11) (c) particle diameter =
1,000 µm (G =120) (d) particle diameter =
2,000 µm (G =340) (see online version
for colours)

Figure 11 Particle trajectories for particle density =
2,500 kg/m3 and width = height = 40 times particle
diameter, (a) particle diameter = 10 µm (G = 0.12)
(b) particle diameter = 200 µm (G = 11)
(c) particle diameter = 1,000 µm (G = 120)
(d) particle diameter = 2,000 µm (G = 340)
(see online version for colours)

Figure 11 shows the particle trajectory profiles for different
particle diameters (10 µm, 200 µm, 1,000 µm, and
2,000 µm) and particle density of 2,500 kg/m3. For smaller
diameter and lighter particles such as 10 µm, 50 µm,
100 µm, and 200 µm (i.e., with G < 11, the particle travels
in a straight line or laterally depending on the particle
resolution. The lateral deflection is in the order of 10−4

to 10−3 m. As the particle resolution increases from N =

2 to N = 10, the lateral deflections of the particles are
also reduced and they follow a straight-line path. A lower
resolution particle can have a less-than-perfectly-symmetric
geometric representation potentially introducing artefacts
into the simulation. At the same time, higher resolution
makes simulation of the fluid and particle behaviour more
computationally demanding.

There is a velocity gradient perpendicular to the walls
of the rectangular channel when particles are moving
near the wall. These velocity gradients between the two
surfaces induce higher shear stresses in the fluid leading
to vortex formation. This leads to the formation of two
vortices with unequal vortex intensities on the two sides
of the particle surface resulting in lateral deflection of the
particle. Veldhuis and Biesheuvel (2007) observed in their
experiments that a slightly non-spherical particle can lead
to a curved settling path rather than a straight path. These
curved paths are also seen in particle trajectories of HLBM
results. For higher particle resolutions, the particle geometry
may have less apparent asymmetry, the velocity profiles
are symmetrical, and no lift forces act on the particle. This
prevents erratic motion of the particle.

For larger and denser particles, the lateral deflections are
as large as 10−2 m (i.e., for G = 340). Particle trajectories
are erratic and deflect laterally. The fluid flow is in the
transition or turbulent flow regime when inertial forces
dominate. A transition-turbulent flow regime will increase
the hydrodynamic forces acting on the particle. Hence,
the torque acting on the particle also increases, increasing
the particle’s angular velocity. Further, due to the Magnus
effect (Magnus, 1853), particles get deflected laterally
leading to chaotic particle trajectories.

This erratic particle motion can also be explained by
preferential sweeping and particle loitering phenomena. In
the preferential sweeping phenomena, the particle motion is
pushed in the direction of the low vorticity region. Maxey
(1987) observed that inertial particles are centrifuged out
of high vorticity regions and accumulate in low vorticity
regions. This preferential sweeping mechanism is also seen
in experimental (Good et al., 2014; Aliseda et al., 2002) and
direct numerical simulation (DNS) studies (Ireland et al.,
2016; Monchaux and Dejoan, 2017; Tom et al., 2022).
Along with the impacts of particle preferential sweeping,
the terminal settling velocity is also reduced due to the
loitering phenomenon. Nielsen (1993) first observed the
loitering phenomenon. It was also seen in DNS studies
(Wang and Maxey, 1993) and experiments (Yang and Shy,
2003; Kawanisi and Shiozaki, 2008).

The particle trajectories of larger diameter and heavier
particles (higher G) can be classified as straight, sideways,
stepped, and helical. Smaller diameter particles such as
10 µm, 50 µm and 100 µm (G =< 3.8) while larger
diameter particles (200 µm, 500 µm, 1,000 µm, and
2,000 µm, G > 11) have larger inertia and tend to sediment
either in a straight line, laterally, or in a helical manner. The
lateral movement of larger and heavier particles is restricted
and reduced if the walls are close to the particles.
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5 Conclusions

The LBM is utilised to investigate the phenomenon
of particle settling. Particle settling involves interaction
between fluids, particles, and walls. The following are the
findings from this research study:

1 The point particle method takes into consideration the
effect of the particle on the fluid and the fluid on the
particle. The flow profiles computed using it are
accurate in the Stokes law regime. The settling
velocities are overestimated for particle Reynolds
numbers in the transition-turbulent flow regimes.

2 HLBM resolves the flow around the particle. The
axisymmetric flow regime is observed for smaller and
lighter (lower G) particles, while the chaotic flow
regime is captured for larger and heavier (higher G)
particles .

3 Wall effects are significant when the walls are closer
to the particles. For instance, when the width = height
= 1.5 times the particle diameter, the percentage
reduction in terminal settling is highest for smaller
diameter and lighter particles (lower G). As the
particle becomes larger and heavier (higher G), the
reduction in terminal settling velocity keeps
decreasing. Further, the wake lengths reduce
drastically for the larger diameter and heavier particles
compared to the smaller diameter and lighter particles.
Wall effects become small or negligible when the wall
width is 40 times the particle diameter. The
disappearance of vortices along the wall indicates the
absence of wall effects.

4 Particle shape, particle diameter, particle density, and
closeness of walls influence the trajectory of the
particle. The lateral movement of small diameter
particles (lower G) is of the order of 10−4 m to
10−3 m, since the viscous forces are dominant. For
larger diameter particles (higher G), the lateral
movement is of the order of 10−2 m. Inertial forces,
particle asymmetry, and the Magnus effect contribute
to the lateral movement of these particles.

To conclude, improved knowledge of the physics of
particle-fluid and particle-wall interactions captured from
single-particle Lattice Boltzmann simulations can serve as a
building block towards understanding the settling behaviour
of multiple particles and aiding operators in industries to
make informed decisions.
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