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Abstract

A combination of lattice Boltzmann method (LBM)-based computations and Lagrangian
particle tracking simulations is presented to study the dispersion and clustering of inertial
particles in a forced homogeneous and isotropic turbulent flow and to analyze the relative
importance of the various forces acting on particles. The particle dynamics are investigated
across a wide range of particle-to-fluid density ratios (from 0.01 to 1000) and Stokes num-
bers (from 1.4 x 107 to 55.4), at a Taylor microscale Reynolds number of 33.6. Particle
clustering is quantified using Voronoi tessellations. Results confirm that clustering intensity
is maximized at Stokes numbers around unity, where particles preferentially accumulate
in low-vorticity regions. Particle dynamics within the turbulent flow considered here
vary fundamentally with density and size, even among tracer-like particles. Low-density
and neutrally buoyant particles mimic tracers via either velocity matching or acceleration
balance, while dense particles follow inertia-dominated dynamics.

Keywords: turbulence; particles; clustering; linear forcing; transport; dispersion; simulation;
dilute suspension

1. Introduction

Turbulent flows with dispersed particles are encountered in numerous industrial
applications and natural phenomena, including fuel or coal combustion, o0il transport,
liquid metal processing, sediment transport in rivers, and cloud dynamics [1-5]. In these
systems, the continuous phase can either be a gas or a liquid: when it is a gas, transported
particles are referred to as aerosols, and when it is a liquid, they are called hydrosols.
Aerosols are characterized by a high particle-to-fluid density ratio, while in hydrosols, the
particle-to-fluid density ratio is close to unity.

Because of the frequent occurrence and important role of multiphase flows, the model-
ing of the phenomena at play in these systems is a very active research field. One of the key
concerns is, in particular, to better understand the dynamics of individual particles and
their impact on the resulting distribution of the dispersed phase in space. An important
phenomenon observed long ago in such systems and which continues to receive a lot
of attention is the accumulation of inertial particles in specific regions, forming clusters,
which results in an inhomogeneous particle concentration field [6]. This behavior, called
preferential sampling or clustering, has important implications on various processes such
as collision and coalescence kinetics. Clustering is known to strongly depend on the Stokes
number T; , defined as the ratio of the particle response time to the Kolmogorov time scale
of the fluid flow, reaching a peak for Stokes numbers close to unity [7-10]. For relatively
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low Stokes numbers, clustering is traditionally attributed to the ejection of particles from
vortex cores by centrifugation [7]. For large Stokes numbers, the precise mechanism causing
clustering still lacks consensus, yet several studies have suggested that history effects may
play a significant role [11].

The dynamics of individual small spherical particles in a non-uniform flow is gov-
erned by the Maxey and Riley equation [12], which was derived under the conditions
of low particle Reynolds number. In this equation, the total hydrodynamic force acting
on each particle consists of several contributions, including drag, added mass, pressure
gradient, and the Basset history force. The significance of each of these contributions has
been discussed in a number of numerical studies considering various flow conditions.
Considering particles suspended in a turbulent channel flow with particle-to-fluid density
ratios between 2.65 and 2650, Armenio and Fiorotto [13] reported that for large density
ratios the added mass, pressure gradient, and Basset force are negligible compared to the
drag, while for density ratios close to one, these forces become significant. Similarly, in
a study dealing with the dispersion of dense particles in decaying isotropic turbulence,
Elgobashi and Truesdell [14] found that drag is dominant. A detailed study of the relative
significance of the forces acting on a population of particles in homogeneous isotropic
turbulence (HIT) was conducted by Daitche [15] across a broad range of density ratios
(from 0 to 1000). It showed that the contributions of added mass and pressure gradient are
not negligible, their effects depending on both particle density and size. Olivieri et al. [16],
considering density ratios between 1 and 1000, and Yokojima et al. [17], who studied par-
ticles with density ratios ranging from 0.01 to 100, both found that the pressure gradient
and the added mass terms were significant for low density ratios up to 10. Conversely, for
heavy particles (particle-to-fluid density ratio above 100), the drag force largely dominates,
while the other forces become negligible.

The present paper numerically investigates the effect of various forces acting on the
particles in a forced homogeneous isotropic turbulent flow. While most of the past studies
refer to moderate to large particle-to-fluid density ratios. Here, we explore a wide range of
density ratios, including very small values that have received little attention so far [13,17].
This contributes to filling a gap in the literature and provides a more comprehensive picture
of the dynamics of such particles in turbulent flows. The choice of homogenous and
isotropic turbulence is motivated by the need to focus on fundamental particle-turbulence
interactions in a well-controlled and canonical flow configuration, which serves as a baseline
before tackling more complex anisotropic or wall-bounded flows. This simplified setting
also addresses the current lack of literature on hydrosols in turbulent flow. The structure
of the paper is as follows. Section 2 introduces the mathematical models, the numerical
methods, and the parameters of the numerical simulations. Section 3.1 focuses on the
characterization of the turbulent flow field. Section 3.2 presents simulation results on the
clustering phenomenon, which is analyzed by means of Voronoi tessellations. Section 3.3
quantifies the relative impact of the various forces acting on particles. Finally, Section 4
provides concluding remarks highlighting the new insights provided by this study.

2. Simulation Set-Up

The simulated domain is a 3D cubic box, with periodic boundary conditions applied
in all directions. Direct numerical simulations (DNS) of homogeneous isotropic turbulence
are conducted using the lattice Boltzmann method (LBM) by Eggels and Somers [18], which
is described with more details in Sungkorn and Derksen [19]. Turbulence is induced by
a local volume force, using two linear forcing models: one by Lundgren [20] and one by
Carroll and Blanquart [21].
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Particle trajectories are computed by Lagrangian tracking, considering perfectly
smooth, solid, and spherical particles that are smaller than the smallest length scale of
the flow.

2.1. Turbulent Flow

Two forcing models for generating homogeneous and isotropic turbulence have been
employed: Lundgren’s linear forcing model [17] and the modified version proposed by
Carroll and Blanquart [18]. Both models add a source term to the momentum equation in
physical space to sustain turbulence by counteracting the natural decay of kinetic energy.

Lundgren’s original method injects energy into the flow field through a forcing term
proportional to the fluctuating velocity. Since, in homogeneous and isotropic turbulence,
there is no mean flow, the instantaneous velocity W only contains purely fluctuating
contributions, justifying its direct use in the forcing term.

N
u —
u

ot

Vi = —;vp+uv22+Aﬂ’ 1)
f

where p; is the fluid density, p is the pressure, v is the kinematic viscosity, and A is a
constant forcing parameter that controls the energy injection rate. Projecting Equation (1)
—
on u and averaging it, and assuming incompressibility and homogeneity, leads to the
turbulent kinetic energy equation:
dk

o = e+ 2Ak )

In statistically steady state, this reduces to the following:
0= —e+2Ak 3)

where k = 1< il >V is the turbulent kinetic energy and e = v < g%f 3%; >V is the energy
dissipation rate, both per unit mass. As denoted by the < - >" operator, they are calculated
as volume averages. Rosales and Meneveau [22] showed that this linear forcing method
produces a turbulent velocity field that eventually converges to a unique solution. In this
steady state, the integral length scale L is approximately 20% of the length N of the edges
of the cubic computational domain. Integral length scale L can also be expressed in terms

(u 2)3/2
of physical parameters as L = —

present study, the implementation of the forcing is performed by specifying the desired

, where u? is the variance of the velocity field. In the

value of the velocity fluctuations ug for the flow and fixing the domain size N. From this,
213/2
the target and imposed dissipation rate gy is determined using the relation g = w %2)

The forcing parameter is then set as A = 5%, where the kinetic energy k is calculated at each
time step based on the instantaneous velocity fluctuations.

This model effectively injects energy across all scales, especially impacting larger
scales associated with higher fluctuation velocities. However, this can induce significant
oscillations over time of the turbulence statistics, requiring long simulation times to reach
a statistically steady state [21]. To reduce these oscillations, Carroll and Blanquart [21]
proposed a modified forcing term that includes a feedback mechanism based on the
instantaneous kinetic energy. The modified momentum equation becomes the following:

EJJ n-_ly +va+A(k£)ﬁ (4)
ot TR k

\Y
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where k is the target steady-state turbulent kinetic energy. This modification ensures that
the energy injection is regulated by the ratio %0, adapting the forcing strength as k fluctuates,
thereby stabilizing the kinetic energy around k¢ and reducing oscillations. This modification
offers smoother convergence towards the target energy level, reduces runtime needed to
reach steady state, and provides turbulence statistics that oscillate less with time [21]. Thus,
for this model, in addition to imposing the forcing coefficient A previously defined, it is
multiplied by the ratio %0, where k is the target turbulent kinetic energy, calculated from
the relation kg = Juy. The instantaneous turbulent kinetic energy k, on the other hand, is

. . . L
computed at every time step based on the instantaneous velocity fluctuations u .

2.2. Particle Dynamics

Particles are assumed to be perfectly smooth, solid spheres. Their diameters d, are
smaller than the smallest length scale of the turbulent flow, i.e., the Kolmogorov’s length
scale 7. Particle interactions and actions on the flow are not considered, which corresponds
to dilute conditions. As a result, particles are point-like, and the flow properties that they
see are evaluated at their location. Moreover, coupling with the liquid is only one way, that
is the fluid acts on the particles without feedback from the particles to the flow. The motion
of each particle is governed by Newton's second law, which accounts for particle inertia
and action of the liquid phase [12]:

N
du -

my—t = Fpyp ©)

On the left-hand side of Equation (5), particle inertia will be denoted as —? 1 through-
out the remainder of this article. In its expression, 1, is the mass of the particle and u pis
the particle velocity. The flow action on particles on the right-hand side is modeled as a
sum of force contributions, which are detailed below:

- - - -

— —
—Fr=Fp+ Frx+ Fsp+ Fpc+ Fam (6)

In the solving of particle motion, each force contribution is expressed as a linear
function of particle velocity in the form:

—
s u

E = [A] i, + B %

so that particle velocity is calculated at each time step as follows:
— _ —
=Y A Y B, (8)
i i
Inertia, being expressed as a force model, thus takes the form:

[Af] = —my(6t) "' I3 9)

where I3 is the identity matrix and
-
By = my (5t) 7  up(t — t) (10)

>
In Equation (6), the term Fp is the drag force, which captures the force acting on a
particle moving with a constant velocity relative to a uniform flow. The drag force opposes

the motion of the particle and is therefore directed opposite to its velocity, that is along
—

(u

p— u £), where u f is the fluid velocity interpolated at the position of the particle center
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of mass. Stokes drag is used when the particulate Reynolds number Re,, is lower than 0.3,
where Re), is defined as follows:

— —
prdp|tiy— ”p‘

Re, =
b u

(11)

When Rej, > 0.3, the correction by Schiller and Naumann [23] is used as part of the

%
drag force F p, which gives the following;:

.
Fp = 3ndyvps (#f—y), Rep <03 (12)
= T o= = | /= —
FD:prDZd%’uf—up‘(uf—up),Rep20.3 (13)
with o4
_ =* 0.687
Co= 7, (1 +0.15R¢) ) (14)

While Equation (12) is straightforward to express in the form of Equation (7), drag
force is linearized in the force balance solver when particulate Reynolds exceeds 0.3, taking
Ap = psCp %dﬁsp‘z F ﬂ)p) In simulations presented later, the particulate Reynolds
number remains predominantly below 0.3, with only a negligible fraction of particles
experiencing Reynolds numbers slightly exceeding this threshold.

To account for the non-uniformity of the turbulent flow around particles, Faxén’s

—

contribution F rx is accounted for in the force balance. It is a correction to the drag force
that accounts for the imbalance of viscous stresses around particles when the gradient of
velocity varies across particles. It takes the form:

s 7T
Frx = gudy"V2uy (15)

The third term ; s. of Equation (6) is the lift force that appears when a particle moves
in a shear flow, which induces asymmetric velocity fields around the particle, resulting
in an asymmetric distribution of pressure and viscous stresses pushing the particle in a
direction perpendicular to its slip velocity relative to the fluid. Shear-induced lift force for
a spherical particle can be expressed as follows [24]:

%
Fsi = t8,Cordy[~wp A (i~ it)) (16)

where @ = r;)t(ﬁ £) is the vorticity in the flow, and Cs is the shear lift coefficient expressed
as follows [25]:

41126
Csp = S (1 — 03314 (0.5

0.5 Re 0.5
> exp(—0.1Rey) 4 0.3314 <0.5R—;) , Rep, <40 (17)
p

Reg
Rey

& |
where Re; is a vorticity-based Reynolds number defined as Re; = el ’;J{ f‘ . The implemen-

.
tation of lift finally takes the following form: Bgy = — %f Sp Cs Ldpc—:) A i £, and the matrix
part is defined so that [Ag |- 7,, = %f Sp Cngp:Jf A ﬂ)p.
_>
The fourth term, F pg, in Equation (6), is the resultant force from the dynamic pressure
gradient in the flow. It arises in unsteady flows [22] where flow acceleration involves
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pressure gradients inducing pressure differences across particles. It is thus expressed

as follows: .
— pf D uf
Fpr = L 18
PG = My o, Dt (18)
— a—)
where % = % + (ﬁ f~V) u r is the fluid acceleration at particle position.

—
The last term of Equation (6), F 4, is the added mass force, also called virtual mass
force. When a particle moves in a fluid, it drags some amount of fluid that follows its
motion and thus increases its apparent inertia. The expression for the added mass force is

as follows [26]
F =C o 4 f 4 19
AM AMFPf » Dt It ( )

where C4py is the added mass coefficient. For a spherical particle, the value of Cy is
equal to % [27]. Particle acceleration in Equation (19) is accounted for in the same way

as inertia in the particle motion solver: it is split between A 4); and _B> AM- The particle
position is then updated at each time step by integrating the velocity using a second-order
Adams-Bashforth scheme.

Note that gravity effects have been neglected in Equation (5). Moreover, as a first
approach, the so-called Basset history force is not considered in the present study, since it is
very expensive in terms of computing time. This latter assumption should be reasonable
for a high particle-to-fluid density ratio, based on the conclusions of the work by Armenio
and Fiorotto [11]. However, for low and moderate density ratios, there is no justification
for the validity of this approximation. The importance of the Basset force for these latter
conditions shall be investigated in a future study:.

2.3. Simulation Parameters

The fluid flow parameter values used for the simulations are reported in Table 1 in
LBM lattice units, where Ax is the regular mesh spacing and At is the duration of a time
step. These parameters correspond to a Taylor microscale Reynolds number Re), = 33.6,

A
Rey =u (vs) (20)

defined as follows:

In Section 3.1, the initial velocity field is randomly distributed throughout the entire
domain by ensuring that each velocity component has a zero mean. In the subsequent
sections, simulations are initialized with a turbulent flow in a statistically steady state. All
analyses are performed four times; all analyses are performed after more than 250 large
eddy turn-over times, that is t > 250 17, although a statistically steady regime is reached
well before. Simulations have been performed for several sets of particles presented in
Table 2, which cover various particle types (aerosols and hydrosols). Particle diameter is
expressed in a dimensionless form relative to Kolmogorov’s length scale as d; =dy/1.

Parameter p;; is the particle-to-fluid density ratio. The Stokes number 7, is defined as

the ratio of the particle relaxation time 7, = ppd% / (18p f1/> to Kolmogorov’s time scale

T = (v/ E())l/ 2. In each simulation, 60,000 particles sharing the same properties are tracked
to provide reliable and representative statistics. The initial velocity of the particles is set
to zero, and post-processing and data analysis only consider times for which statistically
steady behavior of particles has been achieved, that is, at least after 25 7. A statistically
steady regime is actually reached after less than ten large-eddy turn-over times.



Fluids 2025, 10, 201

7 of 19

Table 1. Fluid flow parameters used for the simulations.

N3 v &0 ko Up Ui
[Ax3] [Ax2-At71]  [Ax2A3] [Ax2AE?] [Ax-At~1] [Ax]

1263 1.59 x 1072 4%x10°0 3.25 x 1073 0.047 1

Table 2. Particle properties used for the simulations.

2 3 4 5 6 7 8

0.05

1 0.05 1 0.5 1 0.05 1

0.01

0.01 1 1 100 100 1000 1000

1.4 x 1076

55x107% 14x107% 55x102 14 55 0.14 55.4

1.6

3. Results
3.1. Turbulent Flow Analysis

In order to verify and compare the performances of the two turbulence forcing ap-
proaches described in Section 2.1 (i.e., Lundgren [20] and Carroll and Blanquart [21]),
preliminary simulations were initialized with arbitrary velocity fields (of zero mean ve-
locity) far from fully developed turbulent conditions. Figure 1 presents the evolution
over time of the turbulent kinetic energy and its dissipation rate computed for the two
forcing schemes in such conditions. The time axis is normalized with the eddy turn-over
time 17, = Lo/ug, where L is the integral length scale (approximately 20% of the domain
size [22]). k is displayed at each time step, whereas ¢ is displayed with a larger sampling
period (7). As can be seen, both forcing models produce a turbulent flow field with the
expected statistics. Both models achieve a very fast statistically steady state around the
asymptotic values ko and ey. However, as already reported in the literature [21], they
show different oscillatory characteristics. Lundgren’s forcing exhibits oscillations of slightly
larger magnitude, suggesting that it introduces greater variability in turbulent energy levels.
Conversely, smaller oscillations of Carroll-Blanquart’s forcing indicate a more controlled
energy distribution over time. For these reasons, Carroll-Blanquart’s forcing scheme is
used in the study of particle dynamics in Section 3.2.

(@)

1.4

0.6 1

0.4 1

0.2

0.0

—— Lundgren's forcing (b) —— Lundgren's forcing
—— Carroll and Blanquart's forcing

—— Carroll and Blanquart's forcing 141

1.2

1.0 1A~

0.6 1

0.4 1

0.2

0.0

50

100 150 200 250 0 50 100 150 200 250
t/TL t/TL

Figure 1. Time evolution of (a) the normalized turbulent kinetic energy k/ky and (b) the normalized
dissipation rate £/¢j. Time axis is scaled by the turn-over time of large eddies ;.

Simulation results have also been compared to reference simulation results presented
by Valifio et al. [28], which were obtained using both LBM with Lundgren’s forcing model
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and a pseudo-spectral (PS) method with forcing applied in spectral space. For a consistent
comparison, Lundgren’s forcing scheme has been used to simulate the same test case as
Valifio et al. [28], considering identical flow parameters as those authors.

Figure 2a,b, respectively, present the time evolution of the integral length scale L = ”E—S
normalized by the target value Ly = 25.6 and the Taylor microscale Reynolds number
Re,. The figures show a comparison with the results by Valifio et al. [28], obtained using
LBM with Lundgren’s forcing model. Our results tend to be overall in better agreement
with the target turbulence parameters. Our integral length scale exhibits a rather stable
behavior around its target value, with less than 10% fluctuations. In contrast, the results
from Valifio et al. [28] show an initial decrease, followed by a gradual increase towards an
asymptotic value remaining lower than the target (around 82% of the target). Similarly,
our results for Re, get very quickly close to the target value Re)y = 32.4, and show limited
oscillations. On the contrary, results by Valifio et al. [28] show a pronounced drop at early
times, with a slow recovery over time. These differences in behavior could be due to
differences in the LBM used in both works: Valifio et al. [28] have used a D3Q15 lattice with
the Bhatnagar—Gross—Krook’s collision operator (BGK) [29], while the present study uses a

D3Q18 lattice with Eggels and Somers’s collision operator [18].

0.8 1

0.7

40
—— Présent work, Lundgren's forcing (b) —— Present work, Lundgren's forcing
—— LBM, Valifio et al. [2010]

—— LBM, Valifio et al. [2010]
----- Rexo =32.44
36

AN T I WA A N
2 (AR P s

28 1

Re,

244

20

t/ T t/ T

Figure 2. Time evolution of (a) L/Lg and (b) Re,. Time is normalized by the large-eddy turn-over
time. Comparison with the numerical results from Valifio et al. [28].

As an additional comparison, Figure 3 shows the probability density functions (PDF)
of the velocity gradient invariants Q and Q extracted from our simulation results and
those reported by Valifio et al. Invariant Q is defined as follows:

1 —\ 2 — -\ T
Q—z(—(v-u> —Vu.(Vu)> 1)

This invariant reflects both strain and rotational characteristics of the flow, making it
useful for identifying the topology of small-scale turbulent structures. The invariant Qyy is
the enstrophy density [28]. It is always positive and can be expressed in terms of vorticity

cjf as follows:
- 2

A 22)

I

Qw =
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100
E| 10! 3
(a) (b) § —— Present work, Lundgren's forcing
R i —— PS Valifio et al. [2010]
10714 104 —— LBM Valifio et al. [2010]
il 107!
10_25
w 1 1072
Q 10734 'a
a E a
1073
10’45
] 1074
10755 , . .
E —— Present work, Lundgren's forcing 10 55
—— PS Valifio et al. [2010] E
R —— LBM Valifio et al. [2010] 1
10-¢ T T T . + T - r r 1076+ - -
-10 -8 -6 -4 -2 0 2 4 6 8 10 1071 10° 10!
*
Q" Qw

Figure 3. (a) PDF of the invariant Q and (b) of the invariant Q, both normalized by the mean
enstrophy < Qu >. Comparison with the numerical results from Valifio et al. [28].

Figure 3a shows that the PDF of the normalized invariant Q* = Q/ < Qw > from
our simulation results (blue line) closely follows those deduced from the PS (green line)
and LBM (black line) results obtained by Valifio et al. [28] in the central region, where the
probability density is the highest. Small deviations between the two works appear when
moving toward the extremities of the PDFE. As far as the PDF of the normalized invariant
Ow" = Qw/ < Qw > is concerned, Figure 3b shows a very good agreement between both
works. The three sets of results are almost coincident, displaying a similar decay pattern,
with a rapid drop-off as Q" increases. Only very minor discrepancies are noticeable in
the very low probability region for large values of Qy ™.

This comparison with the work of Valifio et al. [28] gives us confidence in the correct
implementation and accuracy of our LBM solver and in the ability of the linear forcing
scheme implemented to reproduce key turbulent flow properties.

3.2. Cluster Identification

Several methods are commonly used to identify particle clustering in turbulent flows.
The clustering index (CI) has been employed in various studies to quantify clustering
intensity [30,31], including the review by Shaw et al. [32] on cloud characterization. While
simple to compute, this method is highly sensitive to the scale used to define the control
volume [30]. The box-counting technique was applied to aerosol clustering by Han et al. [33]
and by Baker et al. [34] for coherent clusters in turbulence. This method estimates a fractal
dimension but is also highly sensitive to the choice of box size. The radial distribution
function (RDF) has been widely employed in both experiments and simulations [16,33-39],
providing a scale-dependent measure of clustering.

The Voronoi diagram approach is an effective method introduced by Monchaux
et al. [20], where the PDF of 2D Voronoi cells is analyzed. The standard deviation of these
volumes is linked to the clustering intensity and can be compared to theoretical values
for random distributions (e.g., 0.52). A standard deviation exceeding this value indicates
clustering. This approach eliminates the need for arbitrary criteria, making it particularly
suitable for studying particle concentrations [34] and comparing results across studies.

As an illustration of clustering dependence on Stokes number, instantaneous particle
distributions and corresponding Voronoi diagrams are presented in Figure 4 for three cases:
T, =14x 1074, 7,7 = 1.4, and 7,7 = 55.4. At low Stokes number 7,7 = 1.4 x 104
(left panel), particles are nearly uniformly distributed, leading to Voronoi cells of relatively
homogeneous size, reflecting a near-random distribution. At Stokes number Tp+ =14



Fluids 2025, 10, 201

10 of 19

(middle panel), significant clustering occurs, as evidenced by the presence of small Voronoi
cells concentrated in dense regions surrounded by large voids. Finally, at high Stokes
number 7, % = 55.4 (right panel), the particle distribution becomes more dispersed, with
reduced clustering and less variation in Voronoi cell sizes.

yIn

yIn

60
x/n x/n

Figure 4. Two-dimensional Voronoi tessellation of a slice with a thickness of 3 for increasing Stokes
numbers 7,7 = 1.4 x 107* (left), 7, = 1.4 (middle), and 7, = 55.4 (right).

The qualitative observation that clustering is maximal for Stokes numbers close to
1 is quantitatively supported by the PDFs of the normalized Voronoi cell volumes A,",
presented in Figure 5 along with their standard deviation ¢4 - as a function of the Stokes
number. The PDFs, obtained using the method of Monchaux et al. [40], are compared with
the Poisson distribution derived from the formula of Ferenc & Néda [41], which serves as a
reference for random particle distribution. For small values of the Stokes numbers (from
1.4 x 107° to 5.5 x 10~2), the PDFs closely follow the Poisson distribution, indicating no
clustering, which is consistent with tracer-like behavior. This observation is also supported
by the low standard deviations of the corresponding PDFs in Figure 5b, which remain
close to the theoretical Poisson value of 0.52. As Tp+ increases, clustering intensifies, as
characterized by the variance of the normalized Voronoi cell PDEF, reaching a maximum at
7,7 = 1.4. This is evidenced by a significant shift of the peak value of the PDFs toward
smaller Voronoi volumes, accompanied by a broader distribution including larger volumes.
This reflects the coexistence of regions of strong particle clustering with regions of large
voids, keeping the average concentration constant, since the number of particles and the
simulated volume remain unchanged. At such a Stokes number, the standard deviation
peaks around 3, highlighting a strong deviation from randomness, well above the Poisson
benchmark, characterized by a much lower standard deviation of 0.52 [34,35]. For larger
Stokes numbers (e.g., Tp+ =55and ’L',[,Jr = 55.4), the PDF peak shifts back toward larger
Voronoi volumes, and the standard deviation decreases significantly. Particles with higher
inertia filter short time fluctuations in the flow. They become insensitive to the small scales
of turbulence, making them less prone to ejection by small turbulent structures, leading to
a more homogeneous spatial distribution.

In summary, the combination of the spatial distributions, PDFs, and standard devia-
tions reveals that particle clustering is most pronounced at intermediate Stokes numbers
close to unity. For very small or large Stokes numbers, only little to no clustering happens,
with particles either behaving as tracers or being too inertial to concentrate effectively.
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PDF

1072

1073

(b) r = Poisson

pg =0.01,d; =0.05 T+ =1.4x10"°
- pp=001,d}=1,15=56x10"*
py=1,d} =0.0517=14x10"" 4
- pp=1ldf=115=56x10"?
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Figure 5. (a) PDFs of Voronoi cell volumes, normalized by the mean cell volume for various particles,
compared with the Poisson distribution. (b) Standard deviation of normalized Voronoi volume
distributions as a function of Stokes number.

To identify regions of high and low concentrations, Figure 6 presents distributions

of the strain rate s* and rotation rate r* in the flow and as seen by particles. The
T

— —
rates are defined as s* = ,/25;;S;;, r* = | /2W;;W;;, where S;; = %(Vﬂ) + (Vﬂ)) ) and

= -, T
Wij = 3(Vu — (Vu) ). Their values evaluated at the position of particles, respectively de-

noted s,* and r,*, are reported for the same three Stokes numbers as previously examined
(p" =14x107% 1,7 = 14, and 7, " = 55.4). They provide additional insights into the
particle clustering behavior as they reveal distinct particle behaviors depending on particle
inertia. At low inertia (Tp+ = 1.4 x 10™%), the curves of s* and r* overlap with those of s,
and r,* reflecting a homogeneous particle distribution in the flow. At 7,7 = 1.4, where
clustering reaches its maximum, the distributions of s* and s,* remain close, but the PDF
of rp* shifts significantly toward smaller values compared to r*, indicating a preferential
accumulation of particles in regions of low vorticity. At high inertia (7,* = 55.4), the curves
of s* and r* align again with s, and r},*, signifying that particles remain dispersed without
clustering in any specific region. These observations confirm that particle inertia governs
clustering dynamics. While low-inertia particles perfectly follow the fluid motion and be-
have like tracers, particles with a Stokes number close to unity preferentially accumulate in
low vorticity regions, confirming that the mechanism driving their clustering is centrifugal
ejection from swirling structures. On the other hand, high-inertia particles exhibit reduced
sensitivity to turbulent structures and maintain a more uniform distribution.

As a visual confirmation of this interpretation of particle clustering, Figure 7 displays
the spatial distribution of particles of 7,™ = 1.4 on top of color maps showing the instanta-
neous fields s* and r*. It shows that regions of high strain rate in the flow often coincide
with regions of high vorticity. However, low vorticity regions seem to be decoupled from
strain rate, as previously noted by Jiménez et al. [42] and Wang et al. [43]. Since particles
are ejected from high vorticity regions (high r*), Figure 7 clearly shows that regions of high
r* are depleted in particles, which preferentially cluster in areas of low r*, where the strain
rate s* remains non-negligible. This behavior explains the significant difference between
the PDFs of r* and r,* when clustering happens, while the PDF s,* hardly varies with
Stokes number and remains close to the one in the flow s*. This aligns with the findings of
Wang et al. [43].
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Figure 6. PDFs of the normalized (a) strain rate in the flow s* and at particle positions s,*, and
(b) rotation rate in the flow r* and at particle positions r,*, for the Stokes numbers (Tp+ =14x107%,
1.4, and 55.4).

Figure 7. Instantaneous particle positions for 7, = 1.4 overlaying color maps of the normalized

(a) strain rate s* and (b) rotation rate r*.

This analysis demonstrates that particle clustering in turbulence is primarily governed
by inertia and flow topology. Low-inertia particles behave as ideal tracers, whereas particles
with Stokes numbers near unity accumulate preferentially in low-vorticity regions due to
centrifugal ejection mechanisms. In contrast, high-inertia particles exhibit a more uniform
distribution, reflecting reduced sensitivity to turbulent structures. These observations
highlight the pivotal role of inertia and justify a deeper examination of the underlying force
balances governing these dynamics.

3.3. Relative Importance of the Different Hydrodynamic Contributions Acting on Particles

This section compares the relative contribution of the forces acting on particles. To
quantify their contributions, Figures 8-10 present the PDFs of their magnitude divided
by that of the drag force. Figure 8 shows results for a low particle-to-fluid density ratio
(p;' = 0.01). For small particles (d,* = 0.05), in Figure 8a, drag force overwhelmingly
dominates the particle dynamics, with the contributions of all other forces dependent on
particle velocity being significantly lower Thls corresponds to conditions for which the

particle equation of motion reduces to F D= 0 thus, particles act as tracers and closely
follow the fluid motion. Because the pressure gradient contribution is the only force that
does not depend on particle velocity, it is not expressed implicitly in the particle force
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balance. It is thus constant during the time step of particle motion solving. While its value
—
can be extremely small, F PG = ¢ —> 0,if drag prevails over all other forces, the numerical
solution of the physmal behavior F D= 0 then balances the constant contribution and
—

becomes Fp = ¢. The peak showing F D= F pG, which appears in Figure 8, is thus an
artifact of the numerical solver. What Figure 8 actually shows is that drag prevails in the
force balance, so such particles always have a velocity equal to that of the fluid and behave
as tracers.

Increasing particle size to d;; = 1, in Figure 8b, the force balance changes, with all
forces then playing a more significant role, except inertia and Faxén’s correction. The
biggest contribution comes from the pressure gradient force, which balances the drag
force. The added mass and lift forces also have a significant influence on particle dynamics,
with an average contribution with respect to the drag of about 40% and 10%, respectively.
Note that such an increased importance of the pressure gradient, added mass, and lift
forces when increasing the size of the particles is consistent with the fact that these three
forces scale with particle volume, while drag scales with diameter in low particulate
Reynolds conditions.
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Figure 8. Probability density functions of the ratio of the magnitude of each force to the magnitude
of the drag force. (a) case 1: p,* = 0.01, d;‘ = 0.05, T;' = 1.4 x107°, (b) case 2: ppt =001,
d;,r =1, T;r = 5.6 x 10~*. The vertical lines show the positions of the average.

Figure 9 shows force ratios in the case of neutrally buoyant particles (p; = 1). Contrary
to low-density particles, the results for the smaller particles (d; = 0.05) and for larger
particles (d;jF = 1) are very similar. Indeed, in both cases, pressure gradient and inertia

contributions prevail, both being more than 70 times greater than drag. Thus, the particle
= — —

equation of motion reduces to F; + Fpg = 0, which equates particle acceleration and
flow acceleration. Such particles thus behave as tracers in the same way as low-density
particles, but their dynamics are due to very different underlying mechanisms. Neutrally
buoyant particle motion is driven by acceleration terms, even for particles significantly
smaller than Kolmogorov’s length scale. Added mass and Faxén’s correction also play a
relatively substantial role compared to drag but remain low compared to pressure gradient
and inertia contributions.
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Figure 9. Probability density functions of the ratio of the magnitude of each force to the magnitude of
the drag force. (a) case 3: p, ™ =1, d; = 0.05, 1.',,+ =1.4x10"%, (b) case 4: ppt =1, d,f =1, T; =
5.6 x 1072. The vertical lines show the positions of the average.

Figure 10 details the force contributions obtained for dense particles at p; = 1000. A
similar behavior was also observed with a density ratio p, = 100, which is not reported
here. The force balance differs significantly from the ones previously observed for low-
density and neutrally buoyant particles. In agreement with typical results reported in the
literature [34,35,40] for aerosols, particle dynamics are governed by the balance between
inertia and drag, the average ratio of these two forces being around 100%. The pressure
gradient, added mass, and lift force contributions are much weaker, while Faxén’s correction
is even negligible. Increasing particle size, the pressure gradient, added mass, and lift
forces gain more influence, but their contributions remain of second order. As discussed
previously, such behavior is consistent with the fact that these three forces scale with
particle volume.
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Figure 10. Probability density functions of the ratio of the magnitude of each force to the magnitude
of the drag force. (a) case 7: p, ™ = 1000, df = 0.05, 7,/ = 1.4 x 10~%; (b) case 8: p,™ = 1000,
d; =1, le' = 55.6. The vertical lines show the positions of the average.

In summary, this analysis reveals that low-density, neutrally buoyant, and dense
particles experience fundamentally different force balances. Low-density and neutrally
buoyant particles both behave as tracers, but for distinct reasons. Low-density particles
act as tracers due to the near equality of particle and fluid velocities under dominant drag.
Neutrally buoyant particles, on the other hand, follow the fluid because their accelerations
align with that of the fluid. This is due to a balance of inertia and pressure gradient forces.
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Size plays a role in these balances, as larger particles are more impacted by acceleration-
related force, while drag has a larger impact on smaller particles. However, in the case of
low-density and neutrally buoyant particles, it only slightly changes the overall balance, as
the two distinct tracer behaviors (velocity- or acceleration-driven) have been observed on a
wide size range from Kolmogorov’s length scale down to particles 20 times smaller. Large
particles, close to Kolmogorov’s length scale, with a particle-to-fluid density ratio close to
but lower than unity will thus experience a more complex force balance with several forces
playing a role but always resulting in tracer behavior in homogeneous isotropic turbulence
without gravity.

In contrast, dense particles (aerosols) follow different dynamics, governed by the
balance between inertia and drag. These particles can be centrifugally ejected from
vortical regions, a clustering mechanism effective only at moderate Stokes numbers.
At higher Stokes numbers, their inertia damps the influence of small-scale turbulence,
reducing clustering.

4. Conclusions

A lattice Boltzmann method associated with Lagrangian particle tracking has been
applied to simulate the dispersion of inertial particles in a forced homogeneous isotropic
turbulent flow, considering a wide range of particle-to-fluid density ratios and particle
sizes. Simulation results have been used to analyze particle clustering as well as the
relative influence of the various forces acting on particles. A comparison of two linear
turbulence forcing models, Lundgren’s original method and its modified version by Carroll
and Blanquart, has also been presented. The results confirm that the latter provides a more
stable energy injection, reducing oscillations in turbulent kinetic energy and leading to
faster statistical convergence.

Results on particle clustering show that clustering reaches a maximum at intermediate
Stokes number, around unity ('L'];r = 1.4), at which the standard deviation of the normalized
Voronoi cell distribution reaches approximately 3, significantly exceeding the Poisson
random distribution reference value of 0.52. For low Stokes numbers (T,ﬁ' =14x10"*to
5.6 x 1072), particles behave as tracers, as confirmed by the quantification of the relative
impact of force contributions, while at high Stokes numbers (7,* = 55.4), clustering
intensity decreases due to particle inertia preventing them from responding to short-
lived turbulent structures. The analysis of velocity gradient invariants confirmed that
clustering is primarily driven by particle accumulation in low-vorticity regions, due to their
centrifugal ejection from high-vorticity regions when their inertia falls in the right range
(Stokes number close to 1).

The main contribution to the dynamics of low-density particles (o, * = 0.01) is from
the drag force in the case of small particle size (d; = 0.05). It remains true in the case of
larger particles (d,'gF = 1), but forces scaling with volume (pressure gradient and added
mass) also become non-negligible. Neutrally buoyant particles also behave as tracers, but
their dynamics are governed by the balance between inertia and pressure gradient, even
for small-sized particles down to a twentieth of Kolmogorov’s length scale. The dynamics
of high-density particles (o, = 1000) are primarily governed by an equilibrium between
inertia and drag. Small particles still behave like tracers due to their low Stokes number.
As quantified by the standard deviation of Voronoi cell distribution, clustering appears at a
Stokes number value around 0.1, so small dense particles (d;; = 0.05 = 0.05, Py = 1000,
7,7 = 1.4 x 107!) only see little clustering. As particle size increases (d; =1, p; =1000),
the influences of pressure gradient, added mass, and lift forces become more significant,
although remaining secondary compared to drag and inertia. For all the conditions explored
in this study, Faxén’s correction has little impact on particle dynamics.
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These findings highlight the complex interplay between turbulence, particle inertia,
and the various force contributions acting on particles in turbulent flows. They reveal that
particle dynamics are governed by fundamentally different force balances depending on
particle density and size, even among particles that behave as tracers within the turbulent
flow considered here. For low-density and neutrally buoyant particles, tracer-like behavior
emerges through distinct mechanisms, one driven by the near equality of velocities, the
other by a balance of accelerations. Dense particles exhibit inertia-dominated dynamics with
preferential ejection from vortical structures at moderate Stokes numbers. These insights
contribute to a more comprehensive understanding of turbulence-driven particle dynamics
and underline the importance of accurately modeling non-negligible forces such as pressure
gradient, added mass, and lift. Future work will focus on extending this analysis to higher
Reynolds number flows. This would increase the scale separation between the largest and
smallest turbulent structures, and, given that the forcing model employed is conditioned by
the size of the domain, it would require enlarging the computational domain accordingly,
thus significantly increasing the computational cost. Additionally, incorporating history
force would refine the description of unsteady effects in particle motion. However, doing so
would necessitate the storage and retrieval of the particle velocity history over time, which
increases both memory requirements and numerical cost. Optimized numerical strategies
for modeling this force will therefore be necessary. Another important direction would be
to investigate particle dynamics in anisotropic and inhomogeneous turbulent flows, which
are more representative of real-world configurations such as wall-bounded turbulence, jets,
or environmental flows, where force balances and preferential concentration mechanisms
could differ substantially from the homogeneous isotropic case explored here. In such
configurations, the behavior of the linear forcing model adopted here remains uncertain
and may not perform reliably.

Overall, these extensions involve non-trivial theoretical and numerical challenges that
will be the subject of future investigations.
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Nomenclature

A forcing parameter -

[A{] matrix term of linear function of particle velocity ~N-s/m
-

B; vector term of linear function of particle velocity =N

Cp drag coefficient -

Cm added mass coefficient -

dp particle diameter m

d;r dimensionless particle diameter -



Fluids 2025, 10, 201 17 of 19

p;,r particle-to-fluid density ratio -
Csr. shear lift coefficient -
? D drag force N
? X Faxén correction N
F f/p forces acting on particle N
=
F; inertia force N
? PG pressure gradient force N
? AM added mass force N
? SL shear lift force N
I3 identity matrix -
k turbulent kinetic energy m?/s?
L integral length scale m
my mass of particle kg
p pressure N/m?
Q invariant of the velocity gradient tensor 572
Qu enstrophy density s2
< Qw > volumic mean enstrophy s2
Res shear Reynolds number -
Rep particle Reynolds number -
Re) Taylor microscale Reynolds number -
Sij deformation tensor -
Sp particle transversal section m?
u fluid velocity m/s
- . . . -,
uys fluid velocity at particle position m/s
u P particle velocity m/s
uy, integral velocity scale m/s
X P particle position m
s* strain rate s1
sp* strain rate at the particle location s7!
r* rotation rate 51
rp* rotation rate at the particle location s!
Ax space step/length lattice unit -
At time step/time lattice unit -
€ turbulent dissipation rate m? /s’
1 Kolmogorov length scale m
[ dynamic viscosity Pas
v kinematic viscosity m?s~!
W f vorticity 571
pf fluid density kg/m3
Op particle density kg/m?3
T integral time scale s
T Kolmogorov integral time scale s
Tp particle relaxation time s
T Stokes number -
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