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Abstract: The impact of gravity on the particle preferential concentration is investigated by direct
numerical simulations in an Eulerian–Lagrangian framework for a large range of Stokes numbers
Stη = 0.01 ∼ 4. For particles with small Stokes numbers such as Stη = 0.01, the gravity has
minor effects on the particle spatial distribution in the turbulence. With increasing Stη , stripped
structures of the high number density of particles appear and expand along the gravity direction.
Different evaluation methods of particle preferential concentration are discussed such as the spatial
distribution, the box index, and the probability density function. The number density of particles in
the accumulating regions reduced under the influence of gravity. The reduction becomes prominent
for the particle cloud at Stokes number Stη ≈ 1, especially in the clusters of high particle number
density. For large Stokes number Stη , the slip velocity significantly increases due to the particle
gravity. Due to the gravity, the particle concentration reduces globally, particularly in the low vorticity
regions. For the Stokes number range explored in this paper, gravity has a considerable impact on
the particle-turbulence interaction.

Keywords: gravity effect; incompressible flow; particle-turbulence interaction; preferential concen-
tration; stokes number

1. Introduction

Particle-laden turbulent flows are ubiquitous in the environment and are widely
employed in a variety of industrial applications, including particle air pollution, river sedi-
mentation, ocean dynamics, liquid fuel in engines and fire-mitigation spray systems [1–4].
Turbulence impacts the fundamental ecology of the ocean by affecting the spatial distri-
bution of aquatic microorganisms [5]. Turbulence in the airflow and particle segregation
are responsible for atmospheric particle pollution, which is a great threat to human health
on a worldwide scale [6]. Spray evaporation and mixing are crucial inside the combustion
chamber of engines, which is closely related to the droplet-turbulence interaction. For
decades, the interactions between the dispersed particles and the carrier phase have been
widely studied [7,8]. Small particles act as tracers in turbulent flow in a highly dilute
system, but in a dense two-phase system, the particles can reversely influence the carrier
phase flow [9].

The accumulation of particles in specific regions of the turbulence field is referred
to as preferential concentration, which is due to the centrifuging of particles away from
vortex cores in the dilute particle-laden flow. It has substantial implications for droplet
combustion, turbulence modulation, and other relevant applications. Many studies using
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one-way formalism, in which the effects of the particles on the carrier phase are neglected,
demonstrate the importance of Stokes number Stη on the preferential concentration of
the particles [10,11]. Using time scale of Kolmogorov τκ , the preferential concentration of
particles reaches a peak at the Stokes number Stη ≈ 1 [12]. The heavier-than-fluid particles
have the tendency to accumulate to form clusters in regions of low vorticity (high strain) in
a turbulent fluid flow. However, the lighter-than-fluid particles tend to form clusters in
high vorticity regions [13].

In the case of two-way coupling, in which the particles have a reverse influence on the
carrier phase, the Stokes number and mass loading are known to be dominant parameters
of the modulation of homogeneous isotropic turbulence (HIT) [13]. At large wavenumbers
of the energy spectrum, the energy increases with the presence of particles with an increase
in the dissipation, as indicated in the studies of a stationary HIT [9,14]. Several aspects
have been investigated to explain the complicated physical mechanisms of particle-laden
HIT such as phase-coupling function, energy spectra and length/time scales [15]. The
phenomena such as inertia effects, crossing-trajectories, and continuity effects need to be
considered. The ratio of particle response time and the Kolmogorov time scale τp/τκ is
proposed to categorize the enhancement and mitigation of the turbulence intensity [16].
More sophisticated four-way coupling between the particles and the carrier phase are
investigated for dense particle-laden flows (τv > 10−3) [17]. Stokes number Stη and volume
fraction τv are taken as key parameters to analyze the particle preferential concentration
and turbulence modulation. According to the coupling spectrum, the particles transfer
energy from the large to the small turbulence scales [15]. Regardless of the coupling method
applied, the preferential concentration of particles is of vital importance for the study of
fluid-particle interactions.

Albeit the fact that many numerical researches have concentrated on the gravityless
flow configuration, the interest in the effect of gravitation on particle dispersion dates
back to early times and still remains an active field of research [18,19]. The gravity is
reported to be consistent with crossing trajectories, reducing unequally the particle diffusion
coefficients [20]. The effects of gravity and homogeneous shear on the dispersion of heavy
particles were addressed in the work of [21], using direct numerical simulation of low
Reynolds number in both decaying and forced isotropic turbulence. The particle dispersion
was observed to be greatly reduced by externally imposed gravity. Elghobashi et al.
investigated the main physical mechanisms responsible for the modification of isotropic
turbulence by dispersed solid particles and highlighted the contribution of particle gravity
on the turbulence modulation [16]. The gravity influence on collisions of mono-dispersed
droplets in HIT was investigated in the work of [22]. In certain Stokes and Reynolds
regimes, the collision frequencies are found to be significantly reduced, mainly owing to the
decrease in the droplet relative velocity with the presence of gravity. Recent experiments
report that both inertia and gravity are key ingredients to understand the dynamics and
transport of heavy particles in forced homogeneous turbulence. Clustering is confirmed to
be most intense for Stη ≈ 1 with consideration of particle gravity, but it extends over larger
scales for heavier particles [23,24]. The gravity is reported to decrease particle clustering at
low Stokes number and increase clustering at high Stokes numbers [25]. The preferential
concentration of particles in high-strain/low-vorticity regions is measured, but its impact
on the global statistics is reported to be moderate [26]. Furthermore, the effects of gravity
can be significant in other types of two-phase systems such as bubble flows [27], and for
other physical phenomena such as polydisperse particle preferential concentration [28].

The objective of this research is to investigate quantitatively and bring new insights
to the impact of gravity on the preferential concentration of particles at various Stokes
numbers, as well as its influence on particle slip velocities. In Section 2, the governing
equations and preliminary assumptions for the carrier and dispersed phases are introduced;
Section 3 presents the numerical configuration of the simulations; Section 4 shows the
simulation results on the particle preferential concentration with the presence of gravity
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using different quantification tools; the effects of gravity on the slip velocity are discussed
in Section 5; a comprehensive summary of the current study is followed in Section 6.

2. Numerical Method

A two-phase system containing a particle cloud inside a gaseous carrier phase with
initial turbulence is investigated using direct numerical simulations. A spectral solver with
forced homogeneous isotropic turbulence, implemented in the in-house code Asphodele,
developed in CORIA Rouen, is employed in the Eulerian–Lagrangian framework [28].

2.1. Carrier Phase

The three-dimensional simulations in this study are based on a 3D forced Homo-
geneous Isotropic Turbulence (HIT) for the gas phase resolved in a cubic domain with
periodic boundary conditions. Navier-Stokes equations for an incompressible fluid with a
constant viscosity are solved in the spectral domain. The forcing scheme is based on an
initial solution for a HIT obtained based on a model for the energy spectrum, which has
the following expression [29,30]:

Em(κ) = 1.5 < ε >2/3 κ−5/3 fL(κL) fη(κη) (1)

where:

fL(κL) =
(

κL
[(κL)2 + cL]1/2

)17/3
(2)

fη(ηL) = exp
(
−5.2

[
((κη)4 + c4

η)
1/4 − cη

])
(3)

where ν denotes the fluid viscosity, < ε > is the current mean dissipation over the whole
spectral domain, L characterizes the size of the large eddies, and fL and fη are two non-
dimensional functions which denote the shape of the energy containing range and the
shape of the dissipation range. fL tends to one with large κL whereas fη approaches 1 with
small κη. The constants cL and cη are determined in a way that the integration of Em(κ)
and 2νk2Em(κ) gives the turbulent kinetic energy k and the dissipation ε, respectively [31].

As an extension of [31], a fully controlled deterministic turbulence forcing scheme was
proposed by [30], in order to get a statistically stationary spectral turbulence. A “negative”
energy is added to the simulated spectrum, to determine the spectral gas velocity, using
the following equation [30]:

∂û
∂t

= â +
fκ

τκ
û with, τκ =

1
2

√
ν

< ε >
(4)

where â is the Navier-Stokes contribution of the incompressible flow; fκ is the time-
dependent forcing function which varies with the wave number magnitude κ and τκ

denotes the Kolmogorov time scale. The time evolution of the studied energy spectrum Es
can be written as [30]:

dEs

dt
= Cκ + 2

fκ

τκ
Es with, fκ =

Fκ

2Es(κ, t)

(
α f (t)Em(t)− Es(κ, t)

)
(5)

where Cκ denotes the energy contribution without any source term. The objective of the
model is to relax the simulated spectrum Es towards a model spectrum Em for a specific
range of low wave numbers. Fκ is a filter function and α f is a coefficient which controls the
evolution of the mean turbulent energy < k >. The Reynolds number of the turbulence
is fixed to be Ret = 1000 and the Taylor-Reynolds number is Reλ = 122.5 and the Froude
number is Fr = 1.0. τη = 0.02 s denotes the Kolmogorov time scale. More details about
the implementation and validations the spectral DNS solver can be found in the work
of [28,32,33].
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2.2. Dispersed Phase

The particles are taken to be smaller than the Kolmogorov length scale (η) of the gas
turbulence and a point-mass particle is assumed in the simulations [34]. The drag force
on the particle is calculated as a function of the difference of gas flow velocity u(x, t) and
particle velocity V(t). For a particle located at x, the general motion equation gives [35]:

mp
dV(t)

dt
= Fd + mpg, (6)

with:
Fd =

π

8
ρp D2 Cd|u(x, t)−V(t)|(u(x, t)−V(t)) , (7)

where mp = πρpD3/6 is the particle mass and ρp is the particle density. The total force
exerted on the particle contains the gravity (g = 9.8 m/s2) and the drag force Fd and Cd is
the drag coefficient:

Cd =
24

Rep

(
1 + 0.15Re0.687

p

)
, (8)

with:

Rep =
ρg|u(x, t)−V(t)|D

µg
. (9)

Rep is the particular Reynolds number related to the flow around the particle and µg is the
dynamic viscosity of the gas. The non-linear drag model is used in this study because with
the increase of the Stokes number, the particle Reynolds number Rep can be up to 50.

The followings are the assumptions and simplifications used in the current work’s
numerical simulations: (i) the gas obeys a perfect-gas law and only the viscous drag
forces and gravity are considered to act on the particles; (ii) the particles are considered
as spherical, inert, rigid and of uniform diameter (D < η); (iii) the volume fraction of
the particles is small (τv < 10−3) so that the collision between particles can be neglected;
(iv) The particle-to-gas density ratio is taken to be ρp/ρg = 553, the Basset force can be
neglected [7] and we assume that the particles do not spin so that the Magnus force is
neglected; (v) The change in the topology of the particle cloud is deemed to be influenced
by both drag and particle gravity.

3. Numerical Configuration

We consider a cubic box of length Lx = Ly = Lz, which contains a turbulent gaseous
phase that reaches a statistically steady state. The characteristic values of the gas turbulence
and the reference parameters can be found in [32]. With a zero-initial velocity, mono-
disperse no-evaporating particles are initially seeded randomly in the box. The particle
motion is affected by the drag force and the gravity is assigned along the z-axis direction.
With fixed turbulent properties, the simulations are carried out by imposing values to the
particle response time parameter τp. Then the Stokes number Stη = τp/τκ can be obtained
using the Kolmogorov time scale τκ . In this 3D configuration, a grid mesh of 1283 is used.
The Eulerian–Lagrangian approach is used for the fluid with a point mass approach for the
particle. Periodical boundary conditions are set along the three axis.

The Courant-Friedrich-Levy condition is satisfied to guarantee the numerical stability
of the advection term in the momentum conservation equation. We choose the time step to
satisfy that CFL < 0.8.

4. Effects of Gravity on Preferential Concentration

In this section, a series of direct numerical simulations (DNS) are performed for
different Stokes numbers 0.01 < Stη < 4.0. Since the particle diameter and the particle
volume fraction are small, we consider a one-way formalism in the current study. The
particle are directly affected by the drag force and the gravity. We measure their settling
velocities after a simulation time of t/τκ = 27.
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4.1. Spatial Distribution of Particles

Figure 1 depicts the particle number density on the plane y = 0.5Ly for different Stokes
numbers Stη = 0.01, 1.0 and 2.0 at t/τκ = 27. Results of simulations with and without
gravity exerted on the particles are provided for comparison. The particle preferential
concentration is noted to be most significant for Stη ≈ 1 for the case without gravity. Effects
of gravity are not evident for small Stokes number cases, such as Stη < 0.1 in Figure 1a,d.
For Stη > 0.5, one can see the particle preferential concentration becomes important in
the regions of low-vorticity (high strain) due to the inertia. The impact of gravity on
the particle preferential concentration can be noticed for Stη > 0.5. The highest density
of the particle clusters is slightly affected by the consideration of gravity by comparing
Figure 1b,e. In general, the particle density can be reduced by the presence of gravity.
Instead of accumulating in the low-vorticity region, the clustering pattern becomes striped
for higher Stokes numbers, similar to the result in [36]. In comparison to inertia, gravity
has a greater impact when Stη > 1.0, as attested by the strong clustering pattern shown in
Figure 1e,f. For a higher Stokes number Stη > 2.0, the particle preferential concentration
becomes less noticeable, since the gravity is much more important than the inertia of
the particles.
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Figure 1. Effects of gravity on preferential concentration: y = 0.5Ly plane; N: without gravity, G:
g = 9.8 m/s2. (a) Stη = 0.01, N; (b) Stη = 1.0, N; (c) Stη = 2.0, N; (d) Stη = 0.01, G; (e) Stη = 1.0, G;
(f) Stη = 2.0, G.

Figure 2 presents the particle preferential concentration with and without gravity for
different Stokes numbers Stη on the plane x− y (perpendicular to the z axis). Similar to the
particle distribution on the x− z plane, the gravity has a negligible effect on the clustering
for a small Stokes number, as depicted in Figure 2a,d. The consideration of particle gravity
can reduce the maximum particle concentration for higher Stokes numbers. However, the
pattern of preferential concentration remains similar to the case without gravity on the
x− y plane, as shown in Figure 2e,f. In comparison to the gravityless case, the clustering
structures can be more compact. Overall, the clustering pattern becomes significantly less
isotropic when considering gravity, especially when the Stokes number exceeds 1.
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Figure 2. Effects of gravity on preferential concentration: z = 0.5Lz plane; N: without gravity, G:
g = 9.8 m/s2. (a) Stη = 0.01, N; (b) Stη = 1.0, N; (c) Stη = 2.0, N; (d) Stη = 0.01, G; (e) Stη = 1.0, G;
(f) Stη = 2.0, G.

4.2. Particle Preferential Concentration and Vorticity

Let N/N0 denote the volumic particle number density normalized by its initial value
at the beginning of the simulation. Figure 3 shows the correlation between the normalized
particle number density and the gas phase vorticity magnitude, where ω denotes the mean
vorticity magnitude for the gas turbulence.

(a) (b)

(c) (d))

Figure 3. Evolution of particle number N/N0 density as a function of normalized vorticity magnitude
ω/ω for different Stokes number; blue dots: without gravity, red dots: with gravity. (a) Stη = 0.01;
(b) Stη = 1.00; (c) Stη = 2.00; (d) Stη = 4.00.
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From Figure 3a, we can see that the high values of the particle number density
only exist in the region of low vorticity in both the cases with and without gravity for
Stη = 0.01 [37]. An evident decrease of the particle number density can be noted, when we
consider the effect of gravity on the system of Stokes number Stη = 1.0, notably in the low-
vorticity zone. From Figure 3b,c the effects of gravity are more conspicuous in these regions.
For higher Stη , this reduction of particle density still exists but with a lower magnitude.

For Stη = 4.0, the effects of particle gravity become a bit blurred as depicted in
Figure 3d. One can infer that the particle clustering becomes no more affected by particle
gravity for Stη > 4.0. The largest deviation of the particle number density is perceived
around Stη = 1.0.

4.3. Box-Counting Measurement

Apart from the qualitative analysis of the preferential concentration, we also investi-
gate the particle preferential concentration quantitatively. In addition to the specific spatial
distribution of the particles in turbulence, the global behavior of the segregation is also an
important aspect of the particle turbulence interaction. In the following, the Lagrangian
particles are projected and counted in each computational cell (cube with the size of the
grid step) of the simulation domain. The effects of particle gravity are investigated in two
different ways: using the maximal particle number density and the box index (BI).

Figure 4 shows the global effects of gravity on the particle clustering. The maximal
particle number density is firstly considered. Figure 4a shows that gravity almost has no
effects on the maximal particle number density for small Stokes numbers Stη < 0.5 and
large Stokes numbers Stη > 2.0. At intermediate Stokes numbers 0.5 < Stη < 2.0, gravity
decreases the maximum particle number density. This decrease is also noticeable in the
Figures 1 and 2. Since the maximal value of particle concentration evolves in time, this
parameter for preferential concentration is indicative at best but not reliable enough to
characterize our systems.
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Stη

N
m

ax
/

N
0

0 1 2 3 4
0
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Stη

I

(a) (b)

Figure 4. Gravity effects on global preferential concentration of particles in turbulence for varying
Stη at t/τκ = 27; (a) maximal particle number density, (b) box index I; simulations without gravity in
blue triangle points ( ), with gravity in red spherical points ( ).

The global preferential concentration of particles in turbulence can be measured by the
box index (BI). Even though the box index is not sensitive to the shape of particle clusters,
it is convenient to use and can clearly characterize the particle preferential concentration.
One expression of the BI is the normalized variance of the particle number density [38,39]:

I(Np, Nb) =

1
Nb

Σb∈B

(
Np,b − N0

p,b

)2

(
1

Nb
Σb∈BNp,b

)2 =
Nb
N2

p
Σb∈B

(
Np,b − N0

p,b

)2
(10)
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where Np is the total number of the particles in the domain; Np,b is the number of particles
in the cubic box b (the cube box of edge length of ∆x); N0

p,b represents the initial number of
particles per box; B is the set of these boxes and Nb is the number density of particles. The
box index I is a reliable marker of particle preferential concentration for large quantities of
particles in the domain Np, which is true in our case.

The box index I is calculated for simulations with different Stokes numbers and
presented in Figure 4b. From Equation (10) we know that a higher value of I indicates
stronger particle clustering in the two-phase system. A discernible reduction of I is noted
for the cases with gravity, supporting the findings discussed in the above sections. For
the range of Stokes number studied 0.01 < Stη < 4.0, particle gravity’s influence on
the particle preferential concentration is the strongest for systems of Stη ≈ 1.0, with a I
reduction of 45% compared to the gravityless case. The maximal box index I moves slightly
to the small particles, compared to the gravityless case. The influence decays gradually
as Stη increases or decreases from 1. For Stη = 0.01 and Stη = 4.0, we cannot observe
distinguishable effects.

4.4. Particle Number Density

Another useful tool to quantify the preferential concentration is the probability density
function (PDF) of particle number density based on the box-counting method [38,40].

Figure 5 shows the PDF of normalized particle number density for different Stokes
numbers 0.01 < Stη < 4.0. Again, we note that particle gravity has minor effects on the
system for Stokes numbers much larger or lower than Stη = 1.0, as depicted in Figure 5a,d.
When the Stokes number gets close to 1, the consideration of particle gravity leads to a
weaker particle preferential concentration, which is can be plainly seen from Figure 5b,c.
These observations are consistent with our previous discussions. More precisely, from
Figure 5, the impact of gravity on preferential concentration is more important to particle
clusters of high number densities, which cannot be clearly shown using maximal particle
number density Nmax/N0 in Figure 4a. In order to elucidate more clearly the mechanisms
of the particle preferential concentration, various measurement methods are needed.
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Figure 5. PDF of normalized particle number density N/N0 for different Stokes numbers at t/τκ = 27;
orange line: with gravity ( ) and blue line: without gravity ( ). (a) Stη = 0.01; (b) Stη = 1.00;
(c) Stη = 2.00; (d) Stη = 4.00.
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5. Effects of Gravity on Slip Velocity

Particle gravity not only alters the preferential concentration, it also affects the dynamic
properties of particle clusters directly. In this section, the evolution of particle slip velocity
is investigated numerically.

The particle slip velocity is crucial for the evaluation of particle turbulence interac-
tions [41]. Figure 6 shows the evolution of the particle slip velocity PDF for different Stokes
numbers, where the particle slip velocity is non-dimensionalized by the RMS velocity of
the carrier phase. The particle slip velocity vs,i and the mean velocity of the carrier phase
U0 are defined by:

vs,i =

√√√√ 3

∑
j=1

(Vi,j − ui,j)2 and U0 =

√√√√ 3

∑
j=1

uj
2 (11)

where Vi,j and ui,j denote the jth component of the particle and fluid velocity in cell i,
respectively. uj is the jth component of average gas velocity.

0 0.5 1 1.5 210−2
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Figure 6. Evolution of normalized particle slip velocity PDF for different initial Stokes numbers at
t/τκ = 27; red curve: with gravity ( ), blue curve: without gravity ( ); vs/U0 the normalized
particle slip velocity. (a) Stη = 0.01; (b) Stη = 1.00; (c) Stη = 2.00; (d) Stη = 4.00.

For the simulations without gravity, we note that the slip velocity increases with Stokes
numbers. When Stη > 1, the PDF seems to change very slightly with increasing Stokes
number, as shown in Figure 6b–d. The maximum slip velocity vs/U0 ranges from 1.5 to
3.0, while with gravity, the maximal slip velocity can increase to vs/U0 = 10. This is due
to the fact that the particles become less sensitive to the motion of the surrounding gas
with increasing Stη . Without gravity, the lag between particle and gas velocity increases
with Stη .

When particle gravity is taken into account, the magnitude of slip velocity rises with
Stokes number Stη as a result of high settling velocity. Different from the aforementioned
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discussions on particle clustering, even for very small Stokes number Stη = 0.01, the
average slip velocity is increased by gravity, in comparison to the gravityless case, as
presented in Figure 6a. For higher Stokes numbers, we observe that the two curves separate
gradually. The span of slip velocity distribution gets wider at a higher Stη .

To summarize, particle gravity has non-negligible effects on the slip velocity evolution
for the range of Stokes number investigated in the current study. We would like to remind
the reader that that only one-way formalism is used in our simulations, and therefore we
expect the slip velocity properties to behave differently for larger particles (with higher
Stη) for which two-way interactions may become indispensable to be introduced in the
numerical model.

Figure 7a gives the setting velocity PDF for different Stokes numbers Stη . Apparently,
with an increasing Stη , the settling velocity spans a narrower range of values and the
magnitude of its mean value increases. We plot in Figure 7b the settling velocity in cases
with gravity and the analytical settling velocity without any gas turbulence (i.e., in an
otherwise quiescent fluid) as a function of Stη . A clear reduction of the settling velocity can
be observed due to the gravity in the forced particle-laden turbulent flow.

−10 −5 010−3
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10−1

100

Vz/U0

P
D

F

0 1 2 3 4
−20

−15

−10

−5

0

Stη

V
z/
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(a) (b)

Figure 7. (a) Settling velocity PDF: Stη = 0.01 ( ), Stη = 0.05 ( ), Stη = 1.0 ( ), Stη = 2.0
( ), Stη = 4.0 ( ); and (b) comparison between analytical and numerical simulation results with
consideration of particle gravity: turbulence forced ( ), free fall ( ). (a) Settling velocity PDF; (b)
Forced turbulence (DNS) v.s. free fall.

6. Conclusions

The preferential concentration of particles in forced homogeneous isotropic turbulence
has been investigated quantitatively using direct numerical simulations with consideration
of particle gravity.

With the presence of an externally imposed body force, the global number density of
particles in the gas phase forced turbulence is significantly reduced especially for Stokes
number Stη ≈ 1. Along the gravity direction, particle clusters form stripped structures at
large Stokes numbers. When compared to the case without gravity, the box-counting mea-
surement indicates a maximum reduction of roughly 45% of the box index, which occurs
for the Stokes number Stη ≈ 1. The maximum box index shifts to the smaller particles, with
Stη slightly less than 1, compared to the gravityless case. The impact of gravity on particle
concentration is noted to be important for clusters of high number densities. Overall, the
consideration of particle gravity can change significantly the preferential concentration as
well as the particle dispersion structures in the homogeneous isotropic turbulence. For
the range of Stokes numbers considered in the current study, the slip velocity is effectively
accelerated by the presence of particle gravity. Compared to the free-falling particle’s
analytical settling velocity in still fluid, the carrier phase turbulence efficiently reduces the
particle settling velocity.
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Gravity has a significant impact on particle preferential concentration over the Stokes
number range studied. It should be considered while performing high-fidelity numerical
simulations of particle-laden turbulent flow. Understanding the preferential concentra-
tion in the microscale using DNS simulation is beneficial for the meso- and macro-scale
industrial applications. In droplet combustion and turbulent particle air pollution, the
turbulence modification by particles is significant. As a follow up of the one-way coupling
simulations carried out in this study, it would be valuable to perform two-way coupling
numerical simulations in the future to obtain more insights into the effects of particle
gravity, in particular at larger Stokes numbers. In addition, our future work is to perform
particle-resolved DNS and get a more accurate and insightful understanding of the flow of
particle interactions.
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Symbols and Abbreviations
The following symbols and abbreviations are used in this manuscript:

Cd Drag coefficient
Em Energy spectrum
Fr Froude number
Rep Particle Reynolds number
Ret Turbulent Reynolds number
Reλ Taylor Reynolds number
Stη Stokes number
D Particle diameter
I Box index
L Characteristic size of large eddies
Li Computational domain size in direction i
N Particle number density
U0 Mean velocity of the gas
Vz Particle settling velocity
k Turbulent kinetic energy
µg Dynamic viscosity of gas
mp Particle mass
vs Slip velocity
u Gas flow velocity
g Gravity
V Particle velocity
Fd Drag force
ε Turbulent dissipation rate
η Kolmogorov length scale
κ wave number magnitude
ν Fluid viscosity
ρg Gas density
ρp Particle density
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τp Particle relaxation time
τv Particle volume fraction
τκ Kolmogorov time scale
ω Vorticity of gas flow
ω Mean vorticity magnitude
BI Box index
HIT Homogeneous isotropic turbulence
PDF Probability density function
RMS Root mean square
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