https://doi.org/10.1017/jfm.2026.11476 Published online by Cambridge University Press

J. Fluid Mech. (2026), vol. 1034, A27, doi:10.1017/jfm.2026.11476

Turbulence modulation by Taylor-scale settling
particles

. . 1 . 2 . . ., 3
Xinyu Jiang @, Shahab Mirzareza, Marco Crialesi Esposito and
1,2
Luca Brandt”’
'Department of Environment, Land and Infrastructure Engineering (DIATI), Politecnico di Torino,
Torino 10129, Italy

2Department of Energy and Process Engineering, Norwegian University of Science and Technology
(NTNU), Trondheim, Norway

3Dipartimento di Ingegneria ‘Enzo Ferrari’, Universita di Modena e Reggio Emilia, via Vivarelli 10,
Modena 41125, Italy

Corresponding author: Xinyu Jiang, xinyu.jiang @polito.it

(Received 11 September 2025; revised 12 January 2026; accepted 20 March 2026)

In this study, we investigate the modulation of sustained turbulence by settling spherical
particles using particle-resolved direct numerical simulations. Gravity effects are studied
by varying the Galileo number, Ga, through the particle—fluid density ratio for particles
of Taylor-scale size. Particle sedimentation causes enhanced viscous dissipation and
anisotropy of the fluid velocity fluctuations, which increase with Ga. More significantly,
the energy spectra exhibit a k3 scaling, which coexists with the classic ¥ ~>/3 law for
particle-laden turbulence with weak sedimentation (Ga < 40); the ¥ 3 scaling widens its
wavenumber range with Ga and dominates the energy spectrum at the highest Ga under
study. The scale-by-scale energy budgets demonstrate that the particle—fluid interactions
mainly transfer energy from large to small scales for small settling speeds, whereas the
particle sedimentation injects energy into the carrier flow and breaks the isotropic energy
distribution for a high Ga. In particular, the gravity-induced forcing originates vertically
elongated structures while disrupting horizontal flow correlations, thereby altering the
nonlinear interscale energy transfer and reshaping the energy spectra. For the solid phase,
it is found that the particle vertical velocity fluctuations decrease with Ga, and turbulence
has a weaker influence on the mean settling velocity for particles with a higher Ga.
Moderate particle clustering is identified, an observation not changing significantly with
the particle settling speed. The collision rate among particles is highest at the strongest
particle sedimentation, due to the enhanced relative radial velocity of particle pairs which
are preferentially horizontally aligned.
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1. Introduction

The behaviour of suspended particles in turbulent flows is of considerable interest to a
variety of processes, including dispersion of aerosols and collisions of water droplets
in the atmosphere, sediment transport and ecological processes in the plankton, see e.g.
Shaw (2003), Balachandar & Eaton (2010), Guazzelli & Morris (2011) and Ardekani et al.
(2017). These applications involve complex interactions between the dispersed and carrier
phases, which depend on a large number of parameters: the fluid in which the particles are
suspended may be quiescent or turbulent; particles may differ in size, shape, density and
stiffness; the dispersed particles can sediment under the action of gravity. The range of
temporal and spatial scales involved is wide and the global properties of these suspensions
can be substantially different from one case to another. Because of these complexities, our
general understanding of the problem is still incomplete (Brandt & Coletti 2022).

Solid particles (or droplets) in turbulence are usually categorized by their relative size
compared with the smallest turbulent length scale in the dissipative range, the Kolmogorov
length scale (Balachandar & Eaton 2010; Dodd & Ferrante 2016). The dynamics of small
particles (with the dimension smaller than the Kolmogorov length scale) in homogeneous
isotropic turbulence (HIT) has been the object of several earlier studies, see e.g. Squires &
Eaton (1990), Elghobashi & Truesdell (1993), Boivin, Simonin & Squires (1998) and
Sundaram & Collins (1999). For these particles, the induced turbulence modulation is
fully characterized by the ratio of their response time (7)) to the Kolmogorov time scale
(ty), 1.e. the Stokes number St = 7, /7, (Ferrante & Elghobashi 2003; Yang & Shy 2005).
It was found that particles with large Stokes numbers tend to suppress the energy of
turbulent eddies of all sizes, whereas the opposite is true for particles whose response
time is comparable to the Kolmogorov time scale (St ~ 1). For particles with intermediate
Stokes numbers between these two limits, however, the energy of the large-scale eddies is
attenuated, while the energy of the small-scale ones is enhanced (Poelma & Ooms 2006).

When the particle size becomes comparable to or larger than the Kolmogorov length
scale (so called finite-size particles), the turbulence modulation cannot be solely predicted
by the Stokes number. In this case, changing the particle size or the particle—fluid density
ratio has different effects on the turbulence modulation (Lucci, Ferrante & Elghobashi
2011; Chiarini & Rosti 2024). Finite-size particles usually alter the flow structures
comparable or smaller than the particle size (Naso & Prosperetti 2010; Homann, Bec &
Grauer 2013). For particles of the order of the Kolmogorov length scale, the experiments
conducted by Hwang & Eaton (2006) demonstrated the reduced turbulent kinetic energy
and dissipation rate when increasing the particle mass loading. Schneiders, Meinke &
Schroder (2017) studied decaying turbulence laden with Kolmogorov-scale particles.
These authors found that particles absorb energy from the large scales of the carrier phase,
whereas the inertial particles increase the local flow dissipation due to the intense strain
rate near the particle surfaces. Recently, Chiarini, Tandurella & Rosti (2025) employed the
particle-resolved and point-particle approaches to investigate sub-Kolmogorov particles in
sustained turbulence. The comparison between these two different numerical approaches
demonstrated that the Eulerian and Lagrangian statistics of the particle phase can be well
captured with the point-particle simulation for light particles (particle—fluid density ratio
op/pr =5). However, for the heavy particles with p,/ps ~ 100, the discrepancy between
the two approaches is non-negligible even in dilute cases, since the particle-induced
turbulence modulations at small scales in turn alter the particle dynamics.

As regards larger particles with size of the Taylor length scale, plenty of studies have
been performed. Using particle-resolved simulations, Ten Cate et al. (2004) showed
that the presence of particles attenuates the turbulent kinetic energy at large scales
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and enhances the dissipation rate in the particle boundary layers. Lucci, Ferrante &
Elghobashi (2010) numerically investigated the particle-laden decaying turbulence and
demonstrated that the increased strain rate in the vicinity of the particle surface enhances
the viscous dissipation, an effect becoming more pronounced for particles with higher
density. Similarly, Shen et al. (2022) and Oka & Goto (2022) also reported the additional
energy dissipation in the wake region surrounding the dispersed particles. This mechanism
is intensified with increased particle Reynolds number and is responsible for the observed
turbulence attenuation (Shen et al. 2022). Nevertheless, augmentation of turbulence was
also reported due to the vortex shedding of large particles at high particle Reynolds
numbers (Gore & Crowe 1989; Hetsroni 1989). More recently, Chiarini & Rosti (2024)
numerically studied the turbulence modulation by finite-size particles of different size
at a high Taylor Reynolds number Re, = 400. It was found that particles with different
sizes and density ratios have different influences on the energy transfer within the carrier
fluid: the fluid—solid interactions become important for heavy particles since the viscous
dissipation is amplified even in the regions away from highly inertial particles due to
the flow separation. To summarize, the occurrence of both turbulence attenuation and
augmentation demonstrates the complicated interactions between the particle and fluid
phases of different properties. To predict the turbulence modulation, some empirical
criteria that combine different governing factors (e.g. particle size, solid—fluid density
ratio, particle volume fraction and the flow Reynolds number) have been proposed based
on experimental and numerical data (Tanaka & Eaton 2010; Peng, Sun & Wang 2023;
Balachandar, Peng & Wang 2024).

From a different perspective, the dynamics and spatial distribution of the finite-size
particles are also relevant and significantly influenced by the carrier turbulent flow.
Homann & Bec (2010) and Cisse, Homann & Bec (2013) investigated the motion of
a single sphere in forced turbulence by means of particle-resolved simulations. These
authors found that the particle—fluid slip velocity of neutrally buoyant particles increases
with the particle size with a scaling law of (D/n)*/3. As regards the particle collective
behaviour, Fiabane et al. (2012) experimentally studied the spatial distribution of finite-
sized particles in turbulence, and observed the clustering of particles heavier than the fluid,
with the neutrally buoyant particles showing no clustering. Accordingly, it was argued that
the Stokes number, which is commonly used to characterize the preferential concentration
of heavy small particles in turbulence (Squires & Eaton 1990; Balachandar & Eaton
2010; Monchaux, Bourgoin & Cartellier 2012), is not the most appropriate parameter to
predict the spatial distribution of finite-size particles. Note that, particle clustering was
also reported in the numerical simulations of finite-size particles in turbulence (Jin et al.
2013; Uhlmann & Chouippe 2017; Chiarini & Rosti 2024). The tendency of clustering
for particles of Taylor length scale was found to be weakened with increasing particle
size (Uhlmann & Chouippe 2017). The collective behaviours of the dispersed particles, in
particular the particle clustering and relative motions, play a significant role in the particle
collision efficiency, a key issue relevant to a variety of natural and industrial applications
(Pumir & Wilkinson 2016).

The problem becomes more complicated when the particle sedimentation is taken
into consideration. Without the background turbulent flows, it has been found that
settling particles in an initially quiescent fluid can form microstructures with different
morphology at varying particle settling Reynolds numbers (Yin & Koch 2007; Uhlmann &
Doychev 2014; Zaidi, Tsuji & Tanaka 2014). The drafting—kissing—tumbling (DKT)-related
hydrodynamic interactions between settling particles are responsible for the formation of
particle microclusters that alter the particle settling rate (Uhlmann & Doychev 2014; Zaidi
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et al. 2014). The particle shape also plays a significant role once settling is considered, see
e.g. Fornari, Ardekani & Brandt (2018), Moriche et al. (2023) and Jiang, Zhao & Brandt
(2025), yet only spherical particles are considered in this study. Recently, Jiang et al.
(2025) investigated the pseudoturbulence induced by settling particles. The gravity-driven
motion of the particles produces flow fluctuations that are anisotropic along the horizontal
and vertical directions, and the particle—fluid interactions are crucial for the energy transfer
in the particle-induced pseudoturbulence. When the background turbulence is taken into
account, small heavy particles in HIT, typically at volume fraction lower than 10~*, were
reported to settle faster than isolated particles in quiescent flows (Wang & Maxey 1993;
Aliseda et al. 2002; Petersen, Baker & Coletti 2019). This observation was explained by
the so-called ‘preferential sweeping’ effect, i.e. the inertial particles tend to preferentially
accumulate in the high-strain regions where downward fluid flows dominate, so the particle
settling speed is enhanced (Wang & Maxey 1993). This effect was found to maximize
when the particle relaxation time matches the turbulence viscous time, i.e. St ~ O(1).
The settling enhancement is further strengthened when the feedback from the particle
to the carrying flow is non-negligible, since the settling particles drag the surrounding
fluid downwards, which in turn accelerates the particle settling motions (Bosse, Kleiser &
Meiburg 2006; Monchaux & Dejoan 2017; Huck et al. 2018; Tom, Carbone & Bragg 2022;
Bhattacharjee et al. 2024). However, opposite is true for finite-size particles. By virtue of
the particle-resolved simulations, the mean settling velocity of particles of D ~ O (10)n in
HIT was found to be lower than that of the isolated particle settling in the quiescent fluid
(Chouippe & Uhlmann 2015; Fornari et al. 2016a,b, 2019). The nonlinear and unsteady
effects increase the drag acting on settling particles in turbulent flows, so as to reduce
the particle settling velocity (Chouippe & Uhlmann 2015; Fornari et al. 2016b; Peng
et al. 2025). Furthermore, the collision rate of the settling particles was found to be
reduced in dilute cases, mainly due to the less frequent DKT in the presence of turbulence;
conversely, the turbulent transport enhances the relative motion between particles in dense
suspensions, leading to an increase in the collision rate compared with that in the quiescent
fluid (Fornari et al. 2019).

Despite the studies reviewed above, the turbulence modulation by finite-size settling
particles has not been thoroughly investigated so far. From dimensional analysis,
homogeneous turbulence laden with settling finite-size particles is governed by five
dimensionless parameters, namely the Taylor-scale Reynolds number Re,, the particle-to-
Kolmogorov size ratio D/n, the particle-to-fluid density ratio p,/pr, the particle volume
fraction ¢ and the Galileo number Ga, instead of simply the Stokes number and volume
and mass loadings as in the point-particle-laden turbulence (Brandt & Coletti 2022). The
Galileo number Ga here is a dimensionless parameter measuring the buoyancy and viscous
force acting on settling particles, see § 2 for the concrete definition. Especially, how the
turbulence intensity and the energy transfer in the carrier flow change with the particle
settling velocity, which is relevant in many practical applications, yet remains unclear.
Therefore, in this study, we aim to explore the effect of sedimentation velocity on the
particle-induced turbulence modulation. To this end, we perform particle-resolved direct
numerical simulations (PR-DNS) of finite-size particles settling in sustained HIT over
a range of Galileo numbers Ga € [0, 120]. Variations in Ga are achieved by changing
the particle-fluid density ratio while keeping the particle diameter fixed at the Taylor
microscale (i.e. O (10) Kolmogorov length scales). In contrast to previous PR-DNS studies
of settling particles in HIT, which mostly considered dilute suspensions with ¢ < 0.5 %
(Chouippe & Uhlmann 2015; Fornari et al. 2016b; Peng et al. 2025), we focus on a
non-dilute regime at ¢ = 10 %. This choice of volume fraction allows for an appreciable
modulation of the background turbulence by the settling particles. In particular, we observe
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a pronounced reshaping of the energy spectrum, including the emergence of a k¥ ~> scaling
and marked anisotropy of energy distribution at intermediate scales. A scale-by-scale
(SBS) energy budget analysis is conducted to study the underlying mechanisms. Apart
from the fluid phase, the particle-phase statistics, including the settling velocity reduction,
clustering and collision rate, are also investigated and compared with previous studies.
The remainder of this paper is organized as follows. In §2, we briefly introduce the
numerical method and the analysis tools employed in this study. Then, in § 3, we present
the results of the simulations, including the statistics of the fluid flow and particle motion,
the energy spectra and energy transfer within the carrier flows, and document the particle
clustering and collision rates. Finally, we draw the main conclusion of this work in § 4.

2. Methodology
2.1. Governing equations and numerical methods

In the present study, we use the PR-DNS based on the immersed boundary method (IBM)
to simulate the turbulent flow laden with finite-size particles. The fluid flow is governed
by the incompressible Navier—Stokes (NS) equations as follows:

V.u=0, Q2.1

Ju 1
E+u'Vu=_p_fvp+1)v2u+fext+fib_(fib).Q' (2.2)

Here, u = [uy, uy, u;] is the fluid velocity vector, p is the pressure, and oy and v denote
the density and kinematic viscosity of the Newtonian fluid. In (2.2), the body forcing term
[ represents the external forces that sustain the turbulent flow. Specifically, we employ
the method proposed initially by Eswaran & Pope (1988) to compute f,,, (denoted as ‘EP’
forces hereinafter). In brief, the body forces are obtained in the physical space from the

inverse Fourier transformation of a set of random forces f defined on ||k || <y in the
spectral space. Here, k7 is the cutoff wavenumber; the random forces are generated
in the spectral space with Ornstein—Uhlenbeck processes. The readers are referred to
Eswaran & Pope (1988) and Chouippe & Uhlmann (2015) for more details about the
computation of f, ,.

The other forcing term f;, in (2.2) denotes the immersed-boundary (IB) forcing term
for modelling the particle—fluid interactions. In particular, we employ the direct-forcing
IBM with multiforcing corrections (Uhlmann 2005; Breugem 2012). Note that the spatial
average of the IB forcing term, { f;;) 2, is subtracted from the momentum (2.2) to retain the
zero net flow rate (i.e. (u) g = 0) for simulations conducted in a triperiodic computational
domain (Hofler & Schwarzer 2000; Chouippe & Uhlmann 2015).

As concerns the numerical algorithm, we employ a projection-based finite difference
method to numerically solve the incompressible NS equations (2.1)—(2.2), see the original
work by Kim, Baek & Sung (2002). Specifically, the second-order central difference is
employed for the spatial discretization, while the Crank—Nicolson temporal discretization
is used for the diffusion and advection terms, leading to a fully implicit advancement in
time. After obtaining the predicted velocity by integrating the diffusion and nonlinear
terms, a Poisson equation is solved with the fast Fourier transformation algorithm to
impose the divergence-free constraint. These schemes retain the second-order accuracy
in both time and space (Kim et al. 2002). For more details and validations of the present
numerical method, the readers are referred to our previous publications (Jiang, Xu & Zhao
2024a,b).
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Case p,/pf Ga Reso Vio/u LyxLyxL, Nex Ny x Ny  n/Ax  kmaxn N

0 — —_  — — 32D x 32D x 32D 256 x 256 x 256  0.59 1.85 0

1 1.0 0 0 0 32D x 32D x 32D 512 x 512 x 512 123 386 6258
2 1.020 40 325 046 32D x 64D x 32D 512 x 1024 x512 122  3.83 12516
3 1.082 80 85.0 120 32D x 64D x 32D 512x 1024 x 512 1.07 336 12516
4 1.183 120 146.0 2.05 32D x64D x32D 768 x 1536 x 768 130  4.08 12516

Table 1. Simulation set-ups. Here, p,/pr denotes the density ratio between the particle and fluid; Ga is the
Galileo number; Reyo is the Reynolds number defined by the settling velocity Vo of an isolated particle;
L; (with i =x, y or z) is the length of the computational domain; N; is the number of grid cells along the
i-direction; N, is the number of particles in the simulation.

The translational and rotational motions of the dispersed particles are governed by the
classic Newton—Euler equations:

dv
poVoqy =Frn + (00— pr) 8Vp + Fe, (2.3)

dw
IPEZTH_FTC' (24)

Here, v = [vy, vy, v;] and @ = [w,, wy, w,] denote the particle linear and angular velocity,
respectively. The symbols p,, V, and I, represent the density, volume and moment
of inertia of the particle, namely V, =nD3/6 and I, = pprDz/ 10 for a sphere; g is
the gravity acceleration. The hydrodynamic force and torque acting on the dispersed
particles, denoted by Fy and Ty, are obtained by integrating the IB forces (Breugem
2012; Kempe & Frohlich 2012). The contact force and torque F¢ and T¢, which account
for the particle—particle collisions, are modelled by the soft-sphere collision forces with
lubrication correction (Jeffrey 1982; Costa et al. 2015).

2.2. Simulation set-ups

The simulation cases and set-ups of the present study are summarized in table 1. Before
examining the particle-laden flows, we first run one simulation of the single-phase
turbulent flow, denoted by ‘case 0’ in table 1, as a reference case. The parameters related
to the EP forces are listed in table 2, including the cutoff wavenumber «y, the time scale
of the Ornstein—Uhlenbeck process 77 and the amplitude of the random forces o (see
more details concerning the definition of these variables in Eswaran & Pope (1988) and
Chouippe & Uhlmann (2015)). The statistics of the single-phase turbulence obtained with
these EP parameters, including the root-mean-square (r.m.s.) velocity fluctuation u’, the
mean dissipation rate ¢, the Kolmogorov length scale n = v¥/4¢~1/4  the Taylor micro

scale A =+/15vu’2e~1, the integral length scale L;,, = (3u/2/2)3/26_1, the Kolmogorov
time scale 7, = v!/2¢=1/2_ the turn-over time scale 7, = u'?/e and the Taylor Reynolds
number Re) = u’A/v, are also provided in table 2. Note that the parameters related to the
EP forces are kept constant in the particle-laden cases introduced below.

Given the complexity of the current problem (with five governing parameters as stated
in the introduction), the objective of the present study is to shed some light on the effect
of the sedimentation velocity on the particle dynamics and turbulence modulation in
HIT, while the other properties (i.e. the background turbulence intensity, particle size
and particle volume fraction) are kept constant. To this end, we design four simulation
cases of particle-laden turbulence with varying Galileo numbers, which is realized by
adjusting the particle—fluid density ratio ©,/pof, as shown in table 1. The dimensionless
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kp/kxo  TLv/L2 € L3V Rew ujty/D €ot3/D? no/D A9/D Linio/D Ty0/Tp Teo/Tp
2.5 3.02x 107* 8.05x 108 103.4 0.783  5.652 0.074 1485 18.82  0.099 2.648

Table 2. Parameters used to generate the external forces that sustain the turbulent flow and the statistics of the
single-phase turbulence (denoted by the subscript ‘0°). Here, « jin =27 /L, is the fundamental wavenumber
along the x-direction, €* = o2 T} is a bundled parameter (see Chouippe & Uhlmann 2015) and the time scale
T, = D?/18v represents the relaxation time of the neutrally buoyant particles.

parameter Ga, defined by Ga=/(0,/pr — 1)gD3 /v, measures the ratio between the

buoyant and viscous force acting on a settling particle in a viscous fluid. The values of Ga
are selected by considering spherical particles with a fixed diameter D = 2 mm settling in
a Newtonian fluid with kinematic viscosity v =1 x 107® m? s~!, and gravity acceleration
lgll =9.81 ms~2. The particle size is of the order of the Taylor microscale of the single-
phase turbulence with D ~ 0.671p ~ 13.57¢ (see table 1), and the particle volume fraction
isfixedat ¢ = N, V,,/ Vo =10 % (where Vg = L, L L, is the total volume of the domain).
Note that the change of the particle—fluid density ratio is relatively small, with values
op/pr €1, 1.18], indicating a minimal effect of the particle inertia on the results. The
choice of parameters mimics slightly buoyant particles in liquid turbulent environments,
which is relevant to realistic applications like the microplastic in the ocean, sediment
transport and marine snow. The Taylor Reynolds number is chosen to be computationally
affordably high while the particle volume fraction is set sufficiently high to induce
appreciable turbulence modulation.

The particle settling Reynolds number Reso = V50D /v, which is defined by the settling
velocity of an isolated particle without turbulence, Vg, is solely determined by the Galileo
number. Here, we estimate the values of Rego at different Ga by using the following
empirical correlation (Yin & Koch 2007):

Ga® = 18Reqo |1+ 0.1935Re%™ |, for 20 < Reyq < 260, 2.5)

As shown also in table 1, the settling Reynolds number increases with the Galileo number,
which also results in an increase of the ratio between the settling velocity and the r.m.s.
velocity of the background turbulent flow, Vyo/u. This is a fundamental parameter that
we will use to analyse the turbulence modulation by settling particles.

The grid resolutions are set as D = 16Ax in cases 1-3 and D =24Ax in case 4 due
to the higher settling Reynolds number. In table 1, we also list the ratio between the
Kolmogorov length scale and the grid width for each case to demonstrate the sufficient
resolution for solving the background turbulent flow, following the criterion of k4,1 =
mn/Ax > 1.5 (Pope 2000). The simulations are conducted in a triperiodic computational
domain with the gravity applied along the negative y-direction. To minimize the impact
of domain periodicity for the cases with particle sedimentation, we elongate the domain
along the vertical direction (i.e. Ly =2Ly) in cases 24, following the suggestions in
Chouippe & Uhlmann (2015).

2.3. Data analysis: SBS spectral analysis

In §3.3 we will examine the turbulence modulation by means of the SBS analysis in
the spectral space. Here we briefly introduce this approach. By multiplying the Fourier
transformation of the momentum (2.2) with the complex conjugate of the velocity vector,
we obtain the following energy equation for the fluid flow (Frisch 1995; Crialesi-Esposito
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et al. 2022):
0E (k, t)
ot

The definition and physical interpretation of the terms E(k, t), Fex(k,t), Fip(k, 1),
Il (k,t) and D(k, t) are as follows:

ext(tc, 1) + Fip(ke, t) + I (k, ) + Dk, t). (2.6)

1) E@,t)=>1/2)u -u* 1s the energy spectrum;

(i) Mk, t)=—(1/2)(@u* .G +u- G ) is the spectrum of the energy transfer by the
advective transport, with G =u - Vu denoting the nonlinear term of the NS
equations;

(i11) D(lc 1) =(1/2)@m* V+u.-v* ) is the spectrum of the viscous dissipation, with

= (1/v)V%u denoting the V1scous term;

@iv) ]-"lb(lc 1) =(1/2)( flb u* 4+ flb - ) is the spectrum of the work of the IB forcing
term, which reflects the particle—fluid interactions;

(V) Fexr(ke, 1) = (1/2)(fopy - U* + fm* - ) is the spectrum of the energy production by
the external EP forces.

Here, the notation g = g(k, t) indicates the Fourier mode of an arbitrary physical-
space variable g(x,t), and the superscript ‘x’ denotes the complex conjugate. In
practice, the wavenumber vector k& = (ky, ky, k) is defined on discrete grid points in the
spectral space, i.e. Kjmn = (Kx 1, Ky,m, kz.n) = (L Akyx, mAky, nAk;) (with the indices [ =
—Ny/24+1,--- ,Ny/2, m=—Ny/2+1,--- ,Ny/2, n=—N,/2+1,---,N;/2 and
the wavenumber increment Ak; =2m/L;). Note that the pressure term (the first term
on the right-hand side of (2.2)) vanishes in the energy budget of an incompressible
flow (Pope 2000), and the subtracted spatially averaged IB forcing term ( fi5) > also has
a zero contribution to the energy budget. Moreover, after the flow system reaches the
steady state, the different terms on the right-hand side of (2.6) balance each other, with
dE(k, t)/0t =0. In what follows, we shall omit the independent variable ¢ and express
the spectra only as function of the wavenumber; the statistics are computed by the time
average at the steady state.

To understand the energy budget on the different scales, the most common approach
is to compute the energy as function of the wavenumber magnitude |«| by performing an
integral over a spherical-shell of radius |« | for any arbitrary variable [ (k) (J (k) can stand
for E(kc), Fext(k), Fip(k) or D(k) or I1(k)), i.e. (Pandey, Ramadugu & Perlekar 2020)

J () = > J "), 2.7)

k—0.5Ak <]k’ || <k —0.5Ak

where Ak = max{Aky, Aky, Ak;}. However, with the introduction of gravity, the isotropy
of the spectra in the spectral space would be broken. Hence, to additionally provide the
directional information of an anisotropic spectrum, we adopt as independent variables the
horizontal and vertical wavenumbers and define a two-dimensional function of the spectral
density (with notation *) as

~ 1 ~
J (e, 16y) = ———— > T ke, Ky, 7). (2.8)

Ni(kn, ky)
Kk —0.5Akp <A /K§+K22</<h +0.5Aky,

Here, we compute the average of the spectral density T (k) =T (k) /(Aky AkyAk;) only
over the (isotropic) horizontal directions (i.e. on the planes perpendicular to the gravity
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Figure 1. (a) Taylor Reynolds number Re, versus Galileo number. The black dashed line represents the data of
the single-phase turbulence. (b—d) The change of the (b) r.m.s. velocity fluctuations, (¢) mean dissipation rate
and (d) length scales of the turbulent flow as Ga increases. In panels (b)—(d) the results are normalized by the
value of the single-phase turbulence.

direction). In the definition (2.8), «j, represents the horizontal wavenumber with Akj, =
Aky = Ak, and Np(kp, ky) denotes the number of modes satisfying kj — 0.5Ak), <

K2+ k2 <kp +0.5Aky, for any given k.

3. Results
3.1. Statistics of the fluid flow

We first report the global statistics of the turbulent flows modulated by the dispersed
particles, with the results presented in figure 1. First, we can observe from figure 1(a) that
the Taylor Reynolds number is smaller for the particle-laden flows than for the single-phase
turbulence, and the value of Re, decreases with Ga. To interpret the change of the Taylor
Reynolds number, we compute the velocity fluctuations and the mean dissipation rate of
the fluid flow. As shown in figure 1(b), the modulation of the fluid velocity fluctuations by
the presence of particles is rather small. The presence of non-settling particles (Ga = 0)
slightly reduces the r.m.s. of the turbulent flow, indicating the turbulence attenuation.
In the cases with non-zero Galileo numbers, the introduction of gravity increases the
vertical velocity fluctuation for higher Ga, while the horizontal velocity fluctuation does
not change significantly. Consequently, the turbulent flow becomes anisotropic in the
suspension of settling particles, an observation that was also reported in the case of
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Case Ga (kpL/ksp)DNs (kpL/ ksp)model
1 0 0.876 0.942
2 40 0.898 0.922
3 80 0.857 1.188
4 120 0.963 1.455

Table 3. Turbulence modulation by the dispersed particles. The results of the present simulations are denoted
by the subscript ‘DN S’ and compared with the theoretical model by Balachandar et al. (2024), indicated by
the subscript ‘model’.

a turbulent flow modulated by small settling particles (Bhattacharjee et al. 2024). The
greater vertical velocity fluctuation can be ascribed to the conversion of the gravity
potential energy to turbulence kinetic energy by the particle settling motions. Without
the background turbulence, the fluid flow solely induced by the gravity-driven motion of
light bubbles or heavy particles (the so-called pseudoturbulence) is also reported to be
anisotropic with larger velocity fluctuations along the direction of gravity (Fornari et al.
2016a; Amoura et al. 2017; Jiang et al. 2025). However, the degree of anisotropy is rather
low in the present configuration, with the value of uy s/t rms being only 1.09 in the
case with the largest settling speed, Ga = 120, while it was found to be larger than 2.5
for the particle-induced pseudoturbulence in quiescent fluids (Jiang et al. 2025). This
is presumably due to the enhanced energy redistribution among the different velocity
components by the background turbulent flow.

The particle-induced turbulence modulation is quantified by the ratio of the turbulent
kinetic energy of the particle-laden flow and the single-phase flow, denoted by kpr/ksp.
Turbulence attenuation is identified when the ratio is less than unity, while kpr/ksp > 1
indicates turbulence augmentation (Yu et al. 2021). The values of this ratio are presented
in table 3 for different cases under study, where we also compare the present simulation
results with the theoretical model in Balachandar et al. (2024). This model predicts
the turbulence modulation by the particle phase based on six input parameters: (i)
the ratio between the particle size and the Kolmogorov length scale; (ii) the Taylor
Reynolds number; (iii) the particle volume fraction; (iv) the mean slip velocity between
the particle and fluid phases; (v) the particle-to-fluid density ratio; (vi) the ratio of the
viscous dissipation of the particle-laden and single-phase turbulence (see more details in
Balachandar et al. (2024)). As we can see from table 3, this model suggests turbulence
attenuation for the cases without or with weak particle sedimentation (cases 1 and 2 with
Ga =0 and 40), which are in good agreement with the simulation results. However, the
model mistakenly predicts turbulence augmentation at Ga = 80 and 120, when the ratio
kpr/ksp remains lower than unity according to the simulation data. This disagreement
suggests the need of some model improvement for high-Ga scenarios where significant
particle—fluid slip is caused by the relatively fast sedimentation. Note that the model
in Balachandar et al. (2024) was mainly verified against experimental/simulation data
without particle settling.

In contrast to the velocity fluctuations, the mean dissipation rate of the fluid flow
increases significantly as Ga grows, see figure 1(c); this increase is more than linear with
Ga and is related to the increase of the system energy supply due to the gravitational
settling. A similar enhancement of the dissipation rate was also reported in HIT laden
with sub-Kolmogorov settling particles. This effect becomes more prominent for highly
inertial particles at a relatively high concentration (see Bhattacharjee et al. 2024), but
the degree of dissipation enhancement is generally lower in Bhattacharjee et al. (2024),
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probably because of the lower volume fraction in the point-particle simulations. Since the
Taylor Reynolds number is related to the dissipation rate by Re, oc € ~!/2, the enhancement
of the dissipation rate gives rise to the reduction of Re, with increasing Ga. In the
cases with particle sedimentation (Ga > 0), the slip velocity between the particle and the
local fluid flow results in shear layers in the vicinity of the particle interface, and thus
produces the additional viscous dissipation in this region (Lucci et al. 2010; Fornari et al.
2016a; Chiarini & Rosti 2024). As the particle settling velocity further increases, the fluid
dissipation rate can be considerably enhanced near the separation region of the particle
wakes when the particle Reynolds number is greater than O (100) (Chiarini & Rosti 2024).
Therefore, the mean dissipation rate increases rapidly at Ga > 80, which finally balances
with the additional energy input from the particles’ gravitational energy. Note also that
we observe a slight reduction of the viscous dissipation rate compared with the single-
phase turbulence in the cases with Ga = 0 and Ga = 40. The particle—fluid slip velocity is
rather small in these cases, so the aforementioned mechanism of the wake-related viscous
dissipation is negligible. As a matter of fact, in these two cases, the additional particle-
induced dissipation (as elaborated in the following section) partially balances the energy
input, so as to reduce the fluid viscous dissipation rate.

The enhanced dissipation rate also results in the reduction in the length scales of the
turbulence as classically defined for single-phase flows (figure 1d). As confirmed later by
the energy spectra (shown and discussed in § 3.3.1), smaller scales are dynamically active
in the presence of particles. We recall here that the Taylor Reynolds number is commonly
interpreted as the ratio between the largest and smallest scale in single-phase HIT. From
the current data, we observe that, given the same large-scale forcing, the dissipative scale
decreases in the presence of particles (see also the energy spectra and spectrum of the
viscous dissipation below), which would suggest an increase of Re,. This is, however,
not the case, which indicates that different definitions of these global measures may be
required for multiphase flows.

To confirm this first picture of the flow, we provide a visualization of the instantaneous
vorticity structures of the fluid flows in cases 0, 1 and 4 in figure 2. Compared with
the single-phase turbulence shown in figure 2(a), the presence of non-settling particles
(Ga =0 case displayed in figure 2b) slightly reduces the size of the turbulence coherent
structures, a difference not obvious in the figure. However, it is easier to observe more
fragmented flow structures in the case with non-negligible particle sedimentation (Ga =
120, in figure 2¢,d).

3.2. Statistics of particle motions

Next, we examine the statistics of the particle motion. The first observation concerns the
particle settling velocity in the turbulent flow. In figure 3(a) we present the time history
of the particle-averaged (denoted by (-),) velocity of the dispersed particles along the
vertical direction, normalized by the settling velocity of an isolated particle in a quiescent
fluid, Vyo. As expected, (V) , fluctuates around zero at Ga = 0, since the particle motion
is driven by a turbulent flow with zero mean flow. In contrast, for the cases with non-zero
Galileo numbers, the settling velocity of the dispersed particles increases from zero to a
steady-state value within an interval of approximately 27, o. After that, (V;), fluctuates
around a constant value so that we can define its time-averaged value as the particle mean
settling velocity in suspension, denoted by (V;). The values of (V) are displayed by closed
squares in figure 3(b) for the cases under investigation: it is noteworthy that the mean
settling velocity in suspensions is smaller than the settling velocity of the isolated particle,
regardless of the Galileo number. However, the ratio between (Vy) and Vg is an increasing
function of the Galileo number.
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2,D/u

Figure 2. Snapshot of the three-dimensional flow field for (a) the single-phase turbulence, (b) the particle-
laden flow with Ga =0 and (c,d) the case with particle sedimentation at Ga = 120. The isosurfaces of the Q
criterion (with Q = 5ug?/D? in panels (a), (b) and (d), and Q = 20u;’/D? in panel (c)) coloured with the y-
vorticity 2, are used to visualize the vorticity structures in the flow. The dispersed particles (only within the
region [Ly /2, Ly] x [Ly/2, Ly] x [L;/2, L;] in panels (b) and (c) are visualized with the black colour. Panel
(d) is the zoom-in view of (c¢) within the box (highlighted by the red cube) of size 8D x 8D x 8D.

Let us elaborate on the reduction of the particle settling speed in the current flow
configuration. Firstly, we recall that the hindrance effect, which has been extensively
studied for the particle sedimentation in a quiescent fluid, is responsible for the decreased
settling velocity in suspensions (Richardson & Zaki 1954; Davis & Acrivos 1985; Yin &
Koch 2007). It was proposed by Richardson & Zaki (1954) that the hindered settling
velocity, the average settling velocity in a suspension, decreases with the particle volume
fraction, following the empirical correlation

(Vs>hindered/ Vso = (1 - ¢)n, (3-1)

where the exponent n can be expressed as a function of the settling Reynolds number Rey
(defined based on the isolated-particle settling velocity Vio) (Garside & Al-Dibouni 1977):
51—n
n—2.7
We therefore also depict the hindered settling velocities estimated by (3.1) in figure 3(b)

with open circles. Interestingly, (Vi) pninderea Still overestimates the mean settling velocity
of the present simulations. There must therefore be a second mechanism active to reduce
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Figure 3. (a) Time history of the particle-averaged settling velocity. Here, (Vy) , is normalized by the respective
isolated settling velocity Vo for each case (except for the Ga = 0 case in which the isolated settling velocity
of Ga =40 is used for normalization since Vyo = 0 for zero Galileo number), while time is normalized by the
turn-over time scale of the single-phase turbulence, 7, o. (b) Closed squares, the ratio between the particle
mean settling velocity and the isolated-particle settling velocity; open circles, the hindered settling velocity
predicted by the empirical correlation (3.1).

the particle settling speed: the drag increase related to nonlinear and unsteady drags
on the particles in a turbulent environment (Fornari et al. 2016b). These effects play a
more significant role when the turbulence fluctuation is stronger than the particle settling
velocity, which can be quantified by the ratio u6 / Vso (Fornari et al. 2016b). In other words,
the nonlinear and unsteady contributions to the drag decrease in relative value as the
settling speed increases in comparison with the turbulence intensity. As a consequence,
the difference between (Vi) and (Vi) nindered 1 €xpected to decrease as the ratio Vio/ u6
increases (i.e. with the increasing Galileo number), as confirmed by the data shown in
figure 3(b).

We further compare the present simulations with previously proposed drag models for
settling particles in turbulence. To this end, we define the drag coefficient based on the
mean slip velocity between the particle and fluid phases as

<Fd>p

! orU 2A'
2 f S
Here, (Fy), is the particle-averaged drag force and can be related to the buoyancy as
(Fa)p =7 D*(0p — pr)g/6; Us =|(Vs) — (Uy)lis the mean slip velocity; A =z D?/4 is
the front area of the particle. Note that the fluid phase has a mean upward velocity
(Ur) =—¢(V5)/(1 — ¢) (the negative sign indicates the opposite direction to the particle
mean settling velocity), which maintains the zero net flux of the whole system by
compensating the downward flux of the settling particles (Yin & Koch 2007). From the
modelling perspective, Xia et al. (2022) proposed the following correlation for the mean
drag coefficient based on their PR-DNS of settling particles in an otherwise quiescent fluid
(indicated by the subscript ‘quie’):

Cy= (3.3)

24
Cotet = —— (14+0.15REST) (1 - 9", (3.4)
m

where the Reynolds number Re,, is defined as Re,, = (1 — ¢)Re;, with Re,, = U D /v the
particle Reynolds number based on the mean slip velocity, and the index n given by the
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Figure 4. Drag coefficient, (ll) present simulation results; (e) hindered settling modelled by (3.1); (A) the
drag model in the otherwise quiescent fluid given by (3.4); (x) the drag model accounting for the background
turbulent given by (3.6); (¢) the turbulence-induced settling attenuation predicted by the model (3.9).

empirical formula

—0.038

n=[3.88—0.381n (Re,)]1n (7") (op/r) (3.5)

When further accounting for the background turbulent flows, the drag increase can be
modelled by multiplying the drag coefficient with the prefactor (1 4 ), i.e. (Xia et al.
2022)

Crodel = (1 4+ y)Codel. (3.6)

The parameter v is given by the empirical expression (Xia et al. 2022)

k k 0.525
¥ =0.448 [— - (-) } : 3.7)
vz \uv?),

N

in which k indicates the turbulent kinetic energy; (k/ U2)( represents the effect of particle-
induced turbulent kinetic energy and can be modelled by (Mehrabadi et al. 2015)
k 3 1/2
7)) = ¢+ 1.25¢(1 — ¢)” exp(—dRep ). (3.8)
s /0
In addition, another simplified model that predicts the settling velocity of heavy particles
in HIT was recently proposed by Peng et al. (2025),

v jurb k3 (1 . ) . Rew ( ki 1 D/mo S )
Vso k3 +Reso ko + S k3 +Reso \k1 +D/noS. ki +D/no1+S.)
(3.9)
in which V' denotes the settling velocity in a turbulent flow, S, represents the ratio
between the isolated settling velocity and the r.m.s. velocity of the turbulent flow and
k1, ko, k3 are fitting parameters that can be simply set to unity (Peng et al. 2025). The
comparison of the present simulation results with the empirical models introduced above
is presented in figure 4. As we can see, ignoring the turbulence effect (hindered settling
modelled by (3.1) or (3.4)) leads to an underestimation of the drag coefficient, with
the discrepancy reducing with Ga owing to the increase of the ratio between particle
settling velocity and the turbulent velocity fluctuations. Nevertheless, the drag coefficient
predicted by the (3.4) is superior to the simplified hindrance-settling model given by
(3.1). It is surprising that the drag coefficient predicted by the model (3.9) (see the

1034 A27-14


https://doi.org/10.1017/jfm.2026.11476

https://doi.org/10.1017/jfm.2026.11476 Published online by Cambridge University Press

Journal of Fluid Mechanics

(a) )

1.0 0.4

—e—o(vy)

091 o) 0.3
- =
i ~
= 08} 2 02
b S
© )

0.7} 01f o 5(w)

——o0()
0.6 , ‘ ‘ 0l ‘ ‘ ‘
0 40 80 120 0 40 80 120
Ga Ga

Figure 5. Standard deviations of the (a) translational velocity and (b) angular velocity of the dispersed
particles.

diamonds in figure 4) agrees well with the present simulation results, although the volume
fraction effect is not incorporated in this empirical model. Whether this agreement is
robust is worthy of further examination since the hindrance effect and the particle-induced
turbulence modulation are neglected by this empirical mode, which was mainly assessed
at very low volume fractions (Peng et al. 2025). Moreover, the model given by (3.6), which
accounts for both the hindrance and turbulent effects, overestimates the drag coefficient.
This discrepancy may be related to the different flow configuration (vertical channel flows)
and different particle properties in the modelling work by Xia et al. (2022).

To gain further insights, we examine the fluctuations of the particle motion. Figure 5
displays the standard deviation of the particle linear and angular velocities along the
horizontal and vertical directions. As shown in figure 5(a), the magnitude of the particle
velocity fluctuations is of the same order of that of the fluid phase, indicating the
dominance of the turbulent transport on the dynamics of the neutrally (or almost neutrally)
buoyant particles under consideration. However, it is noteworthy that the standard
deviation of the particle vertical velocity decreases when increasing the Galileo number,
while the changes of the horizontal velocity fluctuations are hardly visible. Thus, the
fluctuations of the particle motions are weaker along the vertical direction than those in
the horizontal direction, i.e. o (vy) < o (vy), in agreement with the results by Fornari ez al.
(2016a). This is also in contrast to the fluid phase with a greater velocity fluctuations along
the gravity direction (see figure 15). Note additionally that the particle velocity fluctuation
was found to be higher along the vertical direction for the particle sedimentation in an
otherwise quiescent fluid (Fornari et al. 2016a; Zaidi 2018; Jiang et al. 2026).

The larger vertical velocity fluctuations for settling particles in a quiescent fluid
were ascribed to the wake-induced hydrodynamic interactions between settling particles.
However, with the background turbulence, the turbulent fluctuations disrupt the particle
wakes; the particle velocity fluctuations are instead caused mainly by the turbulent eddies
in this scenario (Fornari et al. 2016a). We therefore suggest that the particle settling acts as
a filter of the turbulent eddies and thus partially screens the particle motion from the back-
ground turbulence. As a consequence, the vertical velocity fluctuations of the dispersed
particles decrease with the Galileo numbers. As regards the rotational motion, we observe
in figure 5(b) that the standard deviation of the angular velocity around the horizontal
direction is higher than that around the vertical direction. This observation, in agreement
with the case of particle sedimentation in a quiescent fluid (Jiang et al. 2026), is explained
by the dominant horizontal vorticity in the wakes produced by the settling particles.
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Figure 6. Spherical-shell energy spectra for single-phase flow (black), particle-laden flows at Ga =0 (cyan),
Ga =40 (red), Ga =80 (green) and Ga = 120 (blue). The energy spectra are normalized by the total kinetic
energy Ey = ZZ’Z’{) E(x). The vertical dashed and dotted lines depict the cutoff wavenumber ¢ and the
wavenumber corresponding to the particle scale, k; =27/ D, respectively.

3.3. Energy spectra and SBS analysis

In this section, we investigate the turbulence modulation by the presence of dispersed
particles in the spectral space. We will first examine the spherical-shell integral of the
energy spectra and the corresponding SBS energy budget. Then, we will display the two-
dimensional distribution of the spectra in the Fourier space and discuss the anisotropy of
the energy budget caused by the particle sedimentation.

3.3.1. The spherical-shell spectral analysis

We start with the energy spectrum of the fluid flow. In figure 6 we present the energy
spectra of the single-phase and particle-laden turbulent flows as functions of the spherical-
shell wavenumber « = ||k||. As we can see, in comparison with the single-phase flow,
the energy spectra rise at small scales whereas the energy contained in the large scales
is attenuated in the particle-laden turbulent flows, an observation also made in earlier
studies on particle-laden turbulence (Wang et al. 2014; Bhattacharjee et al. 2024). This
phenomenon of energy depletion at large scales and reinjection into small scales has been
attributed to two main mechanisms (Peng et al. 2023): (i) the promotion of energy transfer
by particles due to the enhanced dissipation rate in the vicinity of the particle surfaces
(Tanaka & Eaton 2010; Botto & Prosperetti 2012); (ii) the enhanced vorticity stretching
caused by the particles (Peng et al. 2023). As a consequence of the particle-induced
energy transfer, a k > scaling of the energy spectra is observed in the particle-laden flows,
an observation widely reported in the case of bubble/particle-induced pseudoturbulence
(Lance & Bataille 1991; Martinez Mercado et al. 2010; Pandey et al. 2020; Innocenti et al.
2021; Jiang et al. 2025).

Moreover, we also notice from figure 6 that the pivot wavenumber « *, the intersection
point of the energy spectra of the single-phase and particle-laden flows, is close to the
particle scale (k* & i) for the case without or with weak particle sedimentation velocity
(at Ga = 0 or 40), a similar observation also reported in previous studies of particle-laden
turbulent flows (Wang et al. 2014; Peng et al. 2023; Chiarini & Rosti 2024). However,
it is noteworthy that the pivot wavenumber «x ¥ shifts towards lower wavenumbers with
the increase of the Galileo number, indicating an enhanced particle-induced turbulence
modulation as the particle sedimentation becomes faster. Accordingly, the x ~>/3 scaling
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Figure 7. Cumulative SBS energy budget for (a) case 1 with Ga =0 and (b) case 4 with Ga = 120. The total
viscous dissipation D2, = — Yo D) is used to normalize the data.

of the energy spectrum, which characterizes the classic energy cascade in the inertial
range of the single-phase turbulent flow, becomes hardly visible in the suspensions with
Ga = 80 and 120. Note that a Kolmogorov scaling k /> of the energy of bubble-induced
turbulence was identified at the sub-bubble scales in the recent experimental work by
Ma et al. (2025) (these authors report the equivalent r2/3 scaling of the second-order
structure function, with r being the separation distance) at the high Galileo number of
Ga ~ 0(1000). We, however, did not observe such a Kolmogorov scaling at small scales
in the present study, probably due to the fact that the Galileo number under consideration
is not high enough. Whether a similar scaling can be observed in the settling-particle
pseudoturbulence is worth future explorations by experiments/simulations of particle-
laden flows at high Ga. We also note that the recent numerical work by Chiarini et al.
(2025) reported a k ~* scaling of the energy spectra for the HIT laden with (non-settling)
Kolmogorov-size particles. The turbulence modulation by such small particles with gravity
sedimentation also needs further examination.

We now examine the SBS energy budget of the fluid flow in each suspension. We
first compare in figure 7 the cumulative spherical-shell SBS energy budget for the flow
with no particle settling and with the highest Galileo number under study. The cumulative
contribution to the budget, denoted by 7% («), is defined as the sum of the spherical-shell
spectrum up to the given wavenumber «, i.e.

Kmax

TH) =) T ). (3.10)

k=0

As shown in figure 7(a), the external EP forces inject energy into the flow system
at the scales larger than that of the cutoff wavenumber «y, effectively serving as an
energy source; on the other hand, the energy is dissipated by the viscous stresses. The
nonlinear interactions transfer energy from large to small scales with zero net energy
production/dissipation in the flow (Pope 2000), i.e. IT* = 0 at the highest wavenumber.
It is noteworthy that the contribution from the IB forces plays a similar role of
transferring energy from large to small scales (indicated by the negative slope of IT% (k)
at low wavenumbers and positive slope at high wavenumbers). However, its contribution
to the interscale energy transfer is less important than that of the nonlinear effect at small
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k, while it directly balances dissipation at large «. Note additionally that the particle—fluid
interactions have a net contribution of energy dissipation (indicated by the negative value
of }"lf at the highest wavenumber &4, ) in the case with Ga = 0, a fact which deserves an
explanation.

Let us therefore discuss the non-zero energy dissipation due to the particle—fluid
interactions. To this end, we resort to the budget of the total fluid kinetic energy Ej; =
(u)zc + u% + u?) /2 in the physical space (see also Chouippe & Uhlmann 2015):

d
5<Ek>9=—(€)9 (S 1) + (S - 1) (3.11)

Here, (-) represents the spatial average. The terms on the right-hand side of (3.11)
represent the viscous dissipation (—({€)g), the energy input by external forces (denoted
by W,y = ( Soxt * u) o) and the contribution from the particle—fluid interactions (denoted by

v, = < fip* u> o)- These terms are related to the energy budget terms in the spectral space
by

==Y D), Yeu={fouu)g mem Wy =(fi-u)g Zﬁbw)
‘ (3.12)

Considering the particle energy budget, the term ¥, can be related to the particle
motions as follows:

¢ (P df1 d[1 (pp )
U,~x—— (22 2. L—(-w- L .
p pa7 (pf >|:,0prdt<2v v>p—|— pdt<2w w>pi|+¢ o (v),-8&

" gra
ac
e vp

¢ o
+W[<U'Fc>p+<w'Tc>P] —7p<v-/;2p fex,dV+w-/_(2prxfex,dV>p

g;[c)'ol q/;xt
(3.13)
The derivation of the above equation, which was originally performed in Chouippe &
Uhlmann (2015), is provided in Appendix A for completeness. According to (3.13), the
total work related to the particle—fluid interactions ¥, is composed of the contributions
from the particle acceleration lI/I‘;C”, the particle sedimentation ng, interparticle

collisions 111501 and the term related to the external forces lP;jx’ . Note that the term inside
the square bracket of ¥ ““ can be reformulated as

d|1 Id 1 1d< I 2> (3.14)
V,—(zv-v —|— —@p @ V0> + Lw?) | .
'Oppdt2 Par\2"" pp 2dt pip? P

namely the time derivative of the particle-averaged Kinetic energy. Hence, W4°¢ can
only have a non-zero contribution to the energy budget for a non-equilibrium ﬂuow for
example, it works either as a energy source or sink, depending on the particle size, in
particle-laden decaying turbulence (Lucci et al. 2010). In the steady state of sustained
turbulence, however, ¥2¢¢ is equal to zero. Additionally, llll‘fm is equal to zero when the
particles do not settle (Ga = 0). As regards the other two terms in (3.13), the contribution
from particle—particle collisions was reported to be negligible at the volume fraction
¢ ~ 0(0.1) (Chiarini & Rosti 2024), which is also confirmed in the present simulations.
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Hence, from our simulation results, the last term lI/;x’ is mainly responsible for the negative
value of ¥, in the case of Ga = 0, corresponding to a weak but non-negligible net energy
dissipation associated with the particle—fluid interactions (see figure 7a).

As shown in Appendix B, the net dissipation originated from the IB forces at Ga =0 is
related to the non-zero EP external forces applied also inside the rigid particles. However,
as shown in the same appendix, this contribution becomes almost negligible when the
external forcing is excluded from the solid region; then the residual contribution is merely
from interparticle collisions (11/;01). Note, also, from the definition of ¥¢* that a negative
value of this term indicates a positive correlation between the particle velocities and the
external forces sustaining the turbulence, which is attributed to the tendency of neutrally
buoyant particles to follow local fluid flows produced by the external forces. Although it
might have been preferable to force the turbulence only in the fluid phase, we show that
this does not change the physics discussed in this work, especially above the wavenumbers
of the external forcing, which acts at the large scale of the computational domain.

Now let us move back to the discussion on figure 7(b), which provides the cumulative
SBS budget of the fluid kinetic energy in the suspension with Ga = 120. Compared with
the non-sedimentation case (Ga =0 in figure 7a), it is obvious that the total work done
by the IB forces is significantly augmented. The positive value of .7-"5 (Kmax) indicates
a net energy input by the particle—fluid interactions at Ga = 120. This is because the
contribution from the particle sedimentation, i.e. lI/;fm in (3.13), does positive work in the
flow system, which overwhelms the energy dissipation caused by collisions and external
forces inside the particles (negative values of lI/;"l and llllfx’); the work done by the settling
particles, instead of the energy production by the external EP forces, serves as the major
source of the energy input. As a consequence, to close the energy budget, the viscous
dissipation becomes greater than ¥, different from the physics in the single-phase
turbulence.

To have a clearer comparison between different cases, we show the cumulative
contributions to the energy budget in figure 8: in particular, we display the nonlinear
transfer IT*, viscous dissipation D% and the particle—fluid interactions ]-'lf at different
Ga. These comparisons illustrate the modulation of the energy budget in the particle-
laden turbulence with varying particle settling velocity. We first observe from figure 8(a)
that the total energy input by the IB forces, i.e. the value of ]-'l)b: at the highest wavenumber,
increases monotonically with the Galileo number. This enables us to provide an estimate
of the ratio between the energy input by the gravity sedimentation and the external forces
that sustain the single-phase turbulence:

AW W 9 (/e —1) g (Vs) _ ¢GaRe, 3.15)
2T €0 T 5832 '

Here, Re; = (V) D /v is the Reynolds number based on the particle mean settling velocity
(Vs), and € = et3/D? is the dimensionless viscous dissipation of the single-phase
turbulence provided in table 2. Note that we use the single-phase viscous dissipation €
to estimate the energy production by the external forces W¥,,;, which is only strictly valid
for the single-phase flow. However, the difference between € and ¥,,; is also found to be
small (up to approximately 10 %) in the particle-laden cases under consideration. As the
dimension of the particle is an order of magnitude smaller than the energy-input scale (i.e.
kq/kr =12.8 > 1), the energy input by the large-scale external forces is not significantly
affected by the presence of particles.

In table 4 we list the value of A computed by (3.15) with the mean particle settling
velocity obtained from the simulations. Not surprisingly, A increases with the Galileo

1034 A27-19


https://doi.org/10.1017/jfm.2026.11476

https://doi.org/10.1017/jfm.2026.11476 Published online by Cambridge University Press

X. Jiang, S. Mirzareza, M. Crialesi Esposito and L. Brandt

Case Ga Reg A
1 0 0 0
2 40 13.7 0.07
3 80 48.7 0.94
4 120 89.3 3.92

Table 4. Ratio A between the energy input by the particle settling and by the external forces maintaining
turbulence for the different cases under examination. See text for the definition of A in (3.15).
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Figure 8. Comparison of the cumulative contributions to the SBS energy budget for the different Galileo
number under consideration: (@) IBM forcing term; (b) nonlinear transfer; (c) viscous dissipation. Here we
only present the data for k > k.

number because of the increased particle settling velocity. Also, it is noteworthy that the
ratio is as low as A = 0.07 for the case with Ga = 40, indicating the negligible energy input
by gravity sedimentation compared with the external forces. This is in agreement with the
marginal difference regarding the SBS budgets between the cases with Ga =0 and Ga =
40 (the red and cyan lines in figure 8). Nevertheless, increasing the Galileo number to Ga =
80, the energy injection due to the particle sedimentation becomes comparable to that
of the external forces with A =0.94; the former contribution becomes the predominant
mechanism of energy production at Ga =120 when the contribution from the particle
sedimentation exceeds the EP forces by a factor approximately 4 (A = 3.92).
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We also observe from figure 8(a) that the large-scale energy transfer by the particle—fluid
interactions, indicated by the negative slope of .7-"5 (x) in the suspensions with Ga = 0 and
40, becomes negligible at higher Galileo numbers. As discussed below, the decrease with
Ga of the net energy removal by the settling particles at large scales is associated with a
cancellation between the additional injection of energy into vertically elongated scales and
the quenching of the horizontal flow correlations, so at the origin of the flow anisotropy.
Furthermore, the range of scales on which the energy is injected by the particle—fluid
interactions (region with positive slope of ]-"lf (x)) is enlarged when increasing the Galileo
number.

The different behaviour of the particle—fluid interactions also alters the energy transport
by the nonlinear terms. As shown in figure 8(b), this energy transfer is weakened as
the Galileo number increases. For the greatest particle settling velocity at Ga = 120,
the contribution from the nonlinear transfer to the energy budget becomes subdominant
compared with those from the particle—fluid interaction and the viscous dissipation (see
figure 7b). In other words, the energy input by the particle sedimentation is almost in
direct balance with the viscous dissipation within a wide wavenumber range, i.e. Fjp (k) ~
—Dip(k), at Ga = 120. This observation supports the local-balance assumption proposed
by Lance & Bataille (1991) regarding the pseudoturbulence induced by rising bubbles. In
our recent study on the particle sedimentation in an initially quiescent fluid (Jiang et al.
2025), we also observed this local balance in the particle-induced pseudoturbulence, which
leads to the x —3 scaling of the energy spectra. Note, however, that this local balance is only
observed at the smallest scales at lower Ga.

As regards the spherical-shell spectra of the viscous dissipation, we observe from
figure 8(c) that D% (k) ~ — log(k) on the scales close to the particle size, corresponding
to the E(kx)~D(k)/ K2~ 3 scaling of the energy spectra for the particle-laden
flows shown in figure 6. Note, interestingly, that this scaling is not clearly observed
in the particle-laden turbulence with Ga <40 (in absence of or with weak gravity
sedimentation), when the local-balance mechanism only holds at the smallest scales.

To gain more insights on the small-scale dynamics, we further examine the energy
budget at scales smaller than the particle size. Specifically, we compute the integrals of
the nonlinear transfer term, IB forcing term and the viscous dissipation term at x > kg,
denoted by

n==Y M. Fp=) Fak), D =) D). (3.16)

KZ2Kg KZ2Kg KZ2Ky

The physical interpretations of these three quantities are: (i) I7= the total nonlinear
energy transfer by inertia from larger scales to subparticle scales; (ii) F;; the total energy
contribution from the particle-fluid interactions at subparticle scales; (iii) D~ the total
energy dissipation at subparticle scales. The values of I1;, F;; and D= are shown in
figure 9 for all cases being examined, normalized by the single-phase dissipation rate €.
Note first that the balance of the energy budget suggests D= = — (1~ + F;), which is
confirmed by the data shown in figure 9. In contrast to the single-phase turbulence with
only the nonlinear transfer as energy source, the particle—fluid interaction always provides
a net energy input at subparticle scales in the particle-laden cases. In other words, the IB
forces do positive work at small scales, regardless of the Galileo number. As the Galileo
number increases, the energy input by particle sedimentation is enhanced due to the greater
particle settling velocity; the energy brought to small scales by nonlinear effects decreases
in particle-laden flows with Ga < 40 and then increases, remaining, however, lower than

the input by the sedimentation at high Ga > 80. It is also interesting to note that the
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Figure 9. The energy budget at small scales (smaller than the particle size, ¥ > k) for the different suspension

flows under investigation. The numbers on the horizontal axis represent the Galileo number, except for ‘SP’
standing for the single-phase turbulence.

absolute value of IT= is larger than that of the single-phase turbulence at Ga = 120. This
indicates that the energy injection by the particle-fluid interaction, which starts at scales
larger than the particle size (see the positive slope of ]-"lf at k < kg in figure 8a), would be
partially transferred to small scales by inertial effects. The results shown in figures 8 and 9
suggest that more energy is available at k = k4 at high Ga, which is sufficient to trigger
nonlinear velocity fluctuations and to force an extension of the dissipative range towards
smaller scales.

The analysis of the SBS budget indicates how the combined effects of the particle-
enhanced energy cascade (evident at Ga=0 or 40) and the energy input by particle
sedimentation (more evident at Ga =80 or 120) alter the energy transfer path in the
particle-laden turbulent flows. In particular, the energy transfer induced by the particle—
fluid interactions quenches the classic inertia-driven energy cascade (characterized by
E(k) ~«~>/3 in the inertial range), leading to a robust x> scaling of the energy
spectra. When settling is null or relatively weak, the local balance between fluid—structure
interactions and dissipation is seen only at small scales. As soon as the settling speed (or
equivalently the Galileo number) increases, the k —3 scaling of the energy spectra appears
on wider scale ranges, even at the largest flow scales, completely masking the classic
k~>/3 spectra for the highest Ga under the current investigation. Indeed, we notice the
coexistence of the ¥ ~>/3 and « —3 scalings of the energy spectra at different scales in the
suspensions with Ga =0 and Ga =40 (see the cyan and red lines in figure 6); in these
flows, the modulation of the energy transfer by the particle—fluid interactions does not
reach the inertial scales and remains limited to structures smaller than the particle size.
A similar observation regarding the coexistence of inertia-dominated and fluid—structure-
dominated dynamics underlying the energy spectrum was also reported in bubble-laden
and particle-laden turbulent flows (Pandey, Mitra & Perlekar 2023; Chiarini & Rosti 2024).

3.3.2. The spectral analysis on the two-dimensional plane

To further understand the directional information of the turbulence modulated by the
settling particles, we analyse the energy budget on the two-dimensional k; — ky plane,
corresponding to horizontal and vertical wavenumbers. First, we present in figure 10 the
two-dimensional distribution of the energy spectral density. Here, we display the data with
linear scale in figure 10(a—d) to better illustrate the isotropy/anisotropy and with log scale
on the bottom row to clarify the large-scale information. In each panel, we display with
dashed lines the results pertaining to the suspension with Ga = 0.
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Figure 10. Energy spectral density in the k; — «, plane. The notation E* denotes the normalized energy

spectral density, i.e. E* = E/(E;D?). The dashed grey contour lines depict the result for the particle-laden
turbulence without particle sedimentation (Ga = 0), while the coloured solid lines illustrate the result for (a,e)
the single-phase flow, and the particle-laden flows with (b, f) Ga = 40, (¢,g) Ga = 80 and (d,h) Ga = 120. The
linear scale is used for the axes in (a—d) while the log scale is used in (e—h).

Figure 10(a,e) compare the single-phase turbulence with the particle-laden flow of
neutrally buoyant particles. As expected, the energy distribution retains isotropy in the
absence of particle sedimentation, as shown by the concentric-circle contour lines of E*
with the linear scale of «;, and « (figure 10a), or the diagonal-symmetric contour lines
with the log-scale axes (figure 10e). The presence of particles induces a slower decay of
E* along the radial direction, i.e. an increase of energy at the smallest scales, which is in
agreement with the raised spherical-shell energy spectrum below the particle scale shown
in figure 6.

For the cases with non-zero Galileo numbers, we observe from figure 10(b—d, f—h) that
the particle sedimentation breaks the isotropy of the energy distribution in the spectral
space. The contour lines of E* are elongated along the j-direction on the scales close
to or moderately smaller than the particle size (k, 2 k4), an observation becoming more
prominent as the Galileo number increases. Specifically, for a given solid contour line
at intermediate scales in figures 10(c) or 10(d), which represents flow structures with
equal energy, we see that its intercept on the horizontal axis occurs at larger wavenumber
than that on the vertical axis. This indicates the larger physical dimension of this flow
structure along the vertical direction than the horizontal, and can be related to the local
flow structures around the settling particles: thin shear layers and elongated wakes appear
in the lateral and vertical directions, respectively (see also Fornari er al. 2016a). Note,
however, that the contour lines of E* tend to recover symmetry far from the origin of the
kp — Ky plane, indicating the recovery of the flow isotropy at small scales. As concerns the
suspension at Ga = 40, however, the anisotropy is hardly visible (figure 105, f). This can
be ascribed to the marginal effect of particle sedimentation as the particle mean settling
velocity is significantly smaller than the turbulent velocity fluctuations ({Vy)/u’ = 0.21) in
this case.
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Figure 11. Spectra of the IB forcing work in the «j, — «, plane for the particle-laden flows under investigation.

The data is normalized by ]:'l* =Fip/ (D,);:,D3), and only positive values of ]}:Z are illustrated by contour lines
(denoted by the subscript ‘+’) . The dashed grey lines correspond to non-settling particles (Ga = 0), while the
coloured solid lines illustrate the results for (@) Ga =40, (b) Ga =80 and (¢) Ga = 120. Log-scale axes are
used. The symbols & and © indicates the region with negative values of ]:'l’g and the position of the positive

peak of F}j.
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Figure 12. Same as figure 11 but for the two-dimensional spectra of the nonlinear term /7.

Next, we present the two-dimensional contours of the spectral density associated with
the IB forcing in figure 11 and with the nonlinear term in figure 12. In each panel, the
results pertaining to a non-zero settling velocity are compared with the case of Ga =0.
As shown in figure 11(a) with the results at Ga = 0 and 40, the particle—fluid interactions
mainly transfer energy from large to small scales along the radial direction in the spectral
space so the flow anisotropy is hardly visible; in particular, the directional bias of Fj,
is null for the case with Ga =0 and very weak for Ga = 40. However, when the effect
of particle sedimentation becomes significant with the increase of Ga to 80 and 120,
we observe a clear positive peak of ]:";b around «j ~ 0.3 — 0.6, for low values of «,,
indicated by the symbol @ in figure 11(b,c), a signature of the energy injection by the
settling particles. We therefore demonstrate that the energy input by the gravitational
sedimentation is anisotropic in the spectral space, unlike the isotropic large-scale energy
injection by the external EP forces. This mechanism is responsible for the anisotropic
energy distribution shown in figure 10(c,d,g,h). Note also that, the region of the spectral
space characterized by negative values of F, (marked by © in figure 11), indicating
energy removal by the particle—fluid interactions, loses its isotropy at large scales as Ga
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increases. This is associated with the aforementioned positive peak of Fj, as well. The
increased energy injection by particle sedimentation partially cancels out the particle-
induced energy transfer from large to small scales, which leads to a decreased energy
removal by the IB forces at low wavenumbers (see figure 8a). Additionally, the anisotropic
energy input by the particle sedimentation becomes more pronounced for higher Ga, along
with the positive value of Fin expanding to lower wavenumbers. To sum up, the settling
particles induce flow anisotropy by forcing vertically elongated structures while breaking
the flow coherence in the horizontal direction; this only leads to the weakened energy
injection/removal at large scales when examining the spherical-shell energy spectra, yet
leaves an imprinting on the flow (its anisotropy).

To conclude this section, let us elaborate on the two-dimensional spectrum of the energy
transfer by nonlinear terms, with the results shown in figure 12. Similar to figure 10(a,e)
and figure 11(a), the two-dimensional plot of IT retains isotropy on the kj — ky plane
for the particle-laden flows with Ga = 0 and Ga = 40 (figure 12a). Increasing the particle
settling speed, I exhibits anisotropy in the cases at Ga = 80 and 120 (figures 12b and 12¢),
which can be seen as a consequence of the anisotropic energy input by the particle—fluid
interactions (the IB forcing term).

It is interesting to note the negative peak of IT on the horizontal axis at kj, 2~ 0.5« for the
Ga = 120 case, highlighted by the symbol & in figure 12(c). This indicates the removal of
energy by the nonlinear effect at these intermediate scale, as also indicated by the negative
slope of I1 % (k) for the associated case at k¥ ~ 0.3kg — 0.5k, in figure 8(b). Notice also
that the location of the negative peak of IT in figure 12(c) coincides with the positive
peak of Fj, shown in figure 11(c). Therefore, for the flow with a substantial energy supply
from the particle sedimentation, part of the energy input by the particle—fluid interaction
is transferred outwards at intermediate scales by the nonlinear effects. This is analogy to
the energy extraction by inertial effects at large scales for the single-phase turbulence.

3.4. Farticle clustering and collision rate

3.4.1. Voronoi analysis
In this section, we examine the spatial clustering and collision rate of the dispersed
particles in the turbulent flows. To begin with, we employ the Voronoi analysis to
investigate the particle spatial distribution (Monchaux, Bourgoin & Cartellier 2010). With
this analysis tool, the domain is partitioned into Voronoi tessellations of the same number
of particles, such that any point in one tessellation is closest to the associated particle.
In figure 13(a) we present the probability distribution of the volumes of the Voronoi
tessellations in each particle-laden case under study. The symbol Vy,., denotes the
Voronoi volume Vy,,, normalized by the mean value for the same particle concentration,
(Voro) = V@ /N,. Note that we also show the data for the randomly distributed non-
overlapping particles at the same volume fraction ¢ = 10 % for the sake of comparison.
The statistics for the randomly distributed particles are collected by repeatedly generating
non-overlapping particles with a Poisson process (Uhlmann 2020). The data in the figure
reveal that the PDF of Vy,., is more intermittent in HIT than for the random spatial
distribution, indicating the occurrence of particle clustering (Monchaux et al. 2010).

To quantify the degree of particle clustering, we compute the standard deviation of the
normalized Voronoi volumes, o (Vv o), and define the clustering indicator C as the ratio
0 (Vyore) to that of the randomly distributed particles (Tagawa et al. 2013):

—rand

C=0Vvoro)/o(Vyore)- (3.17)
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Figure 13. (a) Probability density function (PDF) of the normalized Voronoi volumes of the dispersed
particles. (b) The clustering indicator C versus the Galileo number Ga. The present results (indicated by e) are
compared with previous studies, (M) heavy particles in HIT (o, /0r = 1.5, D/n =11, ¢ =0.5 %) (Uhlmann &
Chouippe 2017); (A) heavy particles in HIT (0, /pr = 1.29, D/n =16, ¢ =7.9 %) (Chiarini & Rosti 2024); (¢)
settling particles in the otherwise quiescent fluid (o, /or =2, ¢ =5 %) (Jiang et al. 2026).

As shown in figure 13(b), the value of C is greater than unity in each case but does
not change much with the Galileo number, which is consistent with the PDFs shown
in figure 13(a). In previous studies, heavy, finite-size particles (without sedimentation)
were reported to exhibit clustering in HIT (Fiabane er al. 2012; Uhlmann & Chouippe
2017; Chiarini & Rosti 2024), unlike neutrally buoyant particles (Fiabane et al. 2012).
Nevertheless, particles settling in an otherwise quiescent fluid (without background
turbulence) were not observed to cluster in both dilute and non-dilute suspensions at
Ga =80 (Jiang et al. 2025, 2026). Therefore, turbulence transport, instead of particle
sedimentation, plays an essential role in the clustering of finite-size particles; the so-
called ‘sweep-stick’ mechanism (Goto & Vassilicos 2008), i.e. particles preferentially
accumulate in weak-fluid-acceleration regions (sticky points), is considered responsible
for the particle clustering in most scenarios (Uhlmann & Chouippe 2017; Chiarini & Rosti
2024). This may explain the weak variation of the particle clustering intensity with the
particle settling velocity, as shown by the data presented in figure 13(b). Moreover, in
figure 13(b) we also quantitatively compare the clustering indicator from the present data
with earlier studies. The discrepancy suggests the sophisticated dependence of the particle
clustering on the particle properties, in agreement with the conclusion in Chiarini & Rosti
(2024). In particular, the effect of particle sedimentation on the clustering of finite-size
particles in HIT remains to be further explored. Note, additionally, that the clustering was
found to contribute to the enhancement of particle settling (or bubble rising) velocity in
dilute scenarios (Jiang et al. 2024b; Hessenkemper et al. 2025). This effect appears to be
negligible in the present set-up given the relatively high-volume fraction; the particle mean
settling velocity is always lower than that of an isolated particle as discussed in § 3.2.

3.4.2. Collision kernel and the particle pair statistics

Another issue we are concerned with is the collision rate of the dispersed particles, which
is relevant to a variety of physical processes in environmental and industrial applications
(Pumir & Wilkinson 2016). In a variety of existing studies, the collision kernel I” is
employed to quantify the collision rate in a particulate system (Smoluchowski 1917;
Saffman & Turner 1956; Pumir & Wilkinson 2016; Wang 2023). For the monodisperse
system, the collision kernel is defined as the rate of collision events normalized by the
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Ga 0 40 80 120
I'/(VyoD?) — 3.52 1.38 0.90

Table 5. Collision kernel normalized by the single-particle settling velocity.

I'/(uyD?)

0 40 80 120
Ga

Figure 14. Collision kernel normalized by the r.m.s. velocity fluctuation of the single-phase turbulence as a
function of Ga.

square of the particle number density (Wang, Wexler & Zhou 2000),
I =2N¢/n’. (3.18)

Here, Nc denotes the number of collision events per unit volume and per unit time,
and n =N,/ Vg is the particle number density. To obtain I", we count the number
of collision events within the statistically steady state during the simulations and then
compute the collision kernel by its definition (3.18). As shown in figure 14, the collision
kernel I", normalized by the single-phase r.m.s. velocity u, first decreases slightly with
the introduction of particle sedimentation at Ga =40, and then increases when further
increasing Ga.

To better examine the combined effect of sedimentation and turbulent transport on the
collision rate, we compare the present results with the particle collision kernel in the
absence of background turbulence. In our previous study on the particle sedimentation
in an initially quiescent fluid (Jiang et al. 2026), the collision kernel, normalized by the
single-particle settling velocity, was found to be I'/(VoD?) = 0.29 at Ga = 80 — a value
obtained at a volume fraction ¢ =35 % but found to be insensitive to the particle volume
fraction. If we similarly normalize the collision kernels by Vo for the present cases,
we can obtain the results of I"/ (VsoD?) as listed in table 5. For the same Ga = 80 the
collision kernel is increased by approximately 4.75 times in the present turbulent flow
when compared with that in the quiescent fluid (Jiang et al. 2026). Additionally, the value
of I'/ (VSODZ) decreases considerably as Ga increases due to the increase of Vg, which
is in contrast to the weak variation of I"/ (uE)Dz) with Ga. Thus, we can conclude that
the turbulent transport is the dominant effect for particle collisions in the present flow
configuration.

Finally, we attempt to interpret the variations in the collision kernel with the Galileo
number shown in figure 14. To this end, we introduce the kinematic description of the
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Figure 15. (a) Radial distribution function (RDF) and (b) relative radial velocity (RRV) of the dispersed
particles as function of the separation distance r. The inset panels are the zoom-in view close to r = D.
The RDF of randomly distributed non-overlapping particles (the hard-sphere distribution, see Liu (2024)) is
displayed in panel (a) with dashed line for comparison.

collision kernel (Wang et al. 2000; Wang 2023),
r® =2xR*|W,(R)|)g(R). (3.19)

Here, R = D is the collision radius, and (|W,(R)|) and g(R) represent the mean absolute
RRYV and the RDF for particles at the separation distance r = R. Readers can refer to Wang
et al. (2000) for the definitions of RRV and RDF presented in (3.19). To provide a physical
interpretation, the kinematic collision I"X is the flux of particles across a collision sphere
centred at the reference particle with a collision radius R = D. The RRV provides the
information of the relative motion among particles, whereas the RDF reflects the particle
spatial distribution by measuring the probability of finding particles pairs with a given
separation distance. Theoretically, the kinematic collision kernel "X is equivalent to the
dynamic collision kernel I" defined in (3.18) (Wang et al. 2000).

In figure 15, we display the RDF and RRV as functions of the particle separation
distance r. As shown in figure 15(a), the RDF exhibits a pronounced peak at r = D;
this peak indicates the enhanced probability of finding touching particle pairs in the
turbulent flow compared with randomly distributed particles. As the separation distance
r increases, the RDF quickly decreases to g(r) =1, indicating a rapid decorrelation of
particle locations. As regards the RRV, (|W,|) is directly related to the particle velocity
fluctuations for the largest separation distances (Jiang et al. 2026), so the value of (|W,|)
at r 2 3D decreases with the Galileo number (shown in figure 15b) owing to the reduced
particle velocity fluctuations (see figure 5a). At small separations, instead, the particle
relative motion is dominated by the interparticle hydrodynamic interactions. The RRV
decreases rapidly as the separation distance approaches r & D owing to the significant
lubrication effects among nearby particles (Jiang ef al. 2024b). In addition, it is noteworthy
that the value of (|W,(r = D)|) is highest at Ga = 120 among all cases, which explains the
highest collision kernel shown in figure 14 for the highest-Ga case, although the value of
g(r = D) is slightly reduced at Ga = 120 (see the inset in figure 15a).

At last, to further examine the effect of gravity on the particle-pair dynamics, we
compute the particle-pair correlation function g(r, ¥) and the absolute RRV |W,(r, ¥/)]
as two-dimensional functions of the independent variables r (the radial separation) and
¥ (the polar angle relative to the vertical direction). This allows us to further understand
the directional information about the particle spatial distribution and relative motions.
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Figure 16. (a,b) The particle pair distribution function and (c,d) relative particle velocity at (a,c) Ga =0 and
(b,d) Ga =120 as function of the distance r and the angle .

Note that one can obtain the one-dimensional functions g(r) and (|W,(r)|) by integrating
g(r, ¥) and |W,.(r, ¥)| over the polar angle v as (Yin & Koch 2007)

1 T
g(r)=§f0 g(r, ¥) sinyrdy, (3.20)

1 b
(IWr(r)|)=§/O [W(r, ¥) g (r, ) sin yrdyy. (3.21)

The functions g(r, ¥) and |W,(r, )| are depicted in figure 16 for the suspensions
at Ga=0 (no gravity) and Ga =120 (strongest particle sedimentation). As shown in
figure 16(a,c), g(r, ¥) and |W,(r, )| only vary with the radial separation r for non-
sedimenting particles (Ga = 0), and do not exhibit any directional preference. In contrast,
at Ga = 120, we can clearly observe a directional bias in the spatial distribution and relative
motion of particle pairs due to the sedimentation. Specifically, the data in figure 16(b) show
that the probability of finding particle pairs along the horizontal direction is higher than
that in the vertical direction, which could be related to the wake-induced hydrodynamic
interactions among settling particles. This observation reminds us of the horizontally
aligned particles settling in a quiescent fluid at a low Galileo number Ga = 18 (Yin &
Koch 2007), but is in contrast to the column-like particle structures observed in settling-
particle suspensions at high Ga (Uhlmann & Doychev 2014). The different behaviours may
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be ascribed to the complexity of the DKT-like interactions at different particle Reynolds
numbers or in the turbulent/non-turbulent environments.

Regarding the particle relative motion (cf. figure 16d), the value of |W, (7, )| is found
to be greater for the horizontally aligned particle pairs (1 = 90°) than for the vertically
aligned ones (¥ = 90°) with a given radial separation distance r. Note that the directional
preference of |W,(r, ¥r)| observed in the current study is opposite to that observed for
settling particles in a quiescent fluid: | W, (r, ¥r)| was found to be greater along the vertical
direction than horizontal direction for settling particles in the absence of background
turbulence (see e.g. figure 8e in Jiang et al. 2026). This difference is reminiscent of the
opposite variation of the particle vertical velocity fluctuations as Ga increases in turbulent
and quiescent fluids (see the discussion in § 3.2). The decrease of o (vy) at Ga = 120 (see
figure 5a) is related to the smaller particle relative velocities along the vertical direction
shown in figure 16(d), since the particle vertical velocity fluctuations can promote relative
motion between the vertical-aligned particles. Moreover, considering the relationship
(3.21), the large values of g(r, ¥) and |W,(r, )| in the region (r, V) &~ (D, 90°) explain
the higher value of (|W,.(r = D)|) in the suspension with Ga = 120 than for the non-
sedimenting particles; this also results in an enhanced collision rate in the presence of
gravitational sedimentation.

4. Concluding remarks

In this work, we have studied the gravity-driven sedimentation of spherical particles in
sustained homogeneous and isotropic turbulence and the related turbulent modulation
using PR-DNS. The particle size is an order of magnitude larger than the Kolmogorov
length scale of the single-phase turbulent flow and the suspension volume fraction is fixed
at 10 %. The effect of the particle sedimentation is studied by varying the value of the
Galileo number of settling particles, which is achieved by changing the particle—fluid
density ratios.

By computing the statistics of the turbulent flow, we find a reduced turbulence Taylor
Reynolds number with the increase of the particle sedimentation speed because of the
enhanced viscous dissipation induced by settling particles. The vorticity structures become
fragmented, as confirmed by reduced Kolmogorov length scales, as the Galileo number
increases. The interactions between settling particles and the turbulent flow result in higher
fluid velocity fluctuations along the vertical direction than the horizontal one. Interestingly,
the opposite is true for the velocity fluctuations of the solid phase: the reduced particle
vertical velocity fluctuations are explained by the filtering of the background turbulent
structures by the particle settling motions. Moreover, the average settling velocity of the
particle phase is found to decrease when compared with that of the isolated settling
particle in a quiescent fluid. The combined effects of hindrance in suspension and of the
turbulence-induced drag increase are the reasons for the sedimentation attenuation. The
latter effect becomes weaker as the ratio of the particle settling velocity to the turbulence
velocity fluctuation velocity increases, i.e. increasing Ga.

To further explore the energy transfer of the turbulence modulated by particles, we have
also investigated the energy spectra and SBS energy budget of the turbulent flows in the
spectral space. Compared with the single-phase turbulence, the particles extract energy
from large scales and reinject it at small scales, i.e. we observe a complementary energy
cascade caused by the particle—fluid interactions, as in the bubble/droplet laden flows
without gravity. This is shown by the presence of the ¥ —3 scaling of the energy spectra
close to the particle scale. With the introduction of gravitational sedimentation, the settling
motion of the particle phase plays an additional role in injecting energy into the fluid flow.
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The energy input by the particle sedimentation is proportional to the square of the Galileo
number, and becomes the major energy source for the case with the highest Galileo number
Ga = 120, approximately four times the energy injected by the large-scale external forces.
In addition, as the Galileo number increases, the x > scaling of the energy spectra is seen
over a wider range of scales, cancelling the classic energy cascade (characterized by the
/3 scaling) in the inertial range at Ga = 120. The « > scaling of the energy spectra is
found to be associated with an almost direct balance between the energy injection by the
fluid—solid interactions and viscous dissipation.

To better understand the directional information of the turbulence modulation, the
spectral analyses of the energy and its SBS budget analysis are also performed in cylinder
coordinates in spectral space. With the introduction of the particle sedimentation, the
interactions between settling particles and the carrier flows break the isotropy of the energy
distribution, which is seen in the single-phase turbulence or the non-sedimenting particle-
laden turbulence. This kind of anisotropy is characterized by the slow decay of the energy
spectral density along the horizontal wavenumber on large scales, and is related to the flow
structures induced by settling particles. In particular, the settling particles create elongated
vertically aligned wakes while disrupting the horizontal correlations of the flow structures
when falling through them. Nevertheless, the flow recovers isotropy at small scales. In the
cases where the particle sedimentation is non-negligible, the energy input by the particle
sedimentation is maximized near the particle scale. For a sufficiently high particle settling
speed, the energy injected by this mechanism is also found to be transferred outwards by
the nonlinear effect at intermediate scales.

At last, we have also investigated the spatial distribution and collision rate of the
dispersed particles. By means of the Voronoi tessellation analysis, we identity a moderate
particle clustering in the turbulent flow, a phenomenon hardly affected by the particle
sedimentation. As regards the particle collision rate, the collision kernel is found to
vary non-monotonically, yet not considerably in absolute value, with increasing Galileo
number. Further examination of the particle pair statistics, i.e. the RDF and the RRV (only
functions of the particle relative distance), reveals that the increased particle collision
rate at high Ga is mainly caused by the enhanced particle—particle relative motions. By
scrutinizing the particle pair statistics as function of distance and angle with respect to the
gravity direction, we find that, when sedimentation is significant, nearby particle pairs tend
to align horizontally under the interparticle hydrodynamic interactions. These horizontally
arranged particle pairs tend to have greater relative motions than those aligned vertically,
which explains the enhanced RRV of nearby particle pairs at a high Galileo number. This
also demonstrates the importance of a complete anisotropic analysis to unveil the features
of particle dynamics.

To conclude, in this paper, we have demonstrated the essential role of the gravitational
sedimentation in the modulation of the particle-laden turbulent flows. However, we have
only studied the effect of particle sedimentation by changing the particle density. The
other relevant effects, like the particle size, particle inertia, volume fraction and particle
shape (Voth & Soldati 2017; Peng et al. 2023), are not addressed in the current work.
In particular, whether the small-scale Kolmogorov scaling of the energy spectra (as
shown in the bubble-induced turbulence by Ma et al. (2025)) will appear in particle-laden
turbulence at high Galileo numbers, as well as its potential interaction with the background
turbulence, needs to be explored. Additionally, how the turbulence modulation is altered
by the clustering of settling particles at high Ga but low ¢ (see e.g. Chouippe & Uhlmann
2019) remains unknown. Finally, it is of interest to examine the potential usefulness of
the non-dimensional parameter A (see (3.15)) to predict turbulence modulation in such
scenarios. Moreover, the change of the local flow topology by the presence of settling
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particles (see recent studies by Chiarini & Rosti (2024) and Chiarini et al. (2025)) is
worthy of further examination in future studies.
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Appendix A. Particle budget

In this appendix, we provide the detailed derivation of (3.13). As introduced in the main
text, the contribution from the fluid—particle interactions to the total fluid-energy budget
is caused by the work of the IBM forces, i.e.

W, =(fip-u)g, . (Al)

To establish the link between ¥, and the particle dynamics, we reformulate the equation
above as follows (Chouippe & Uhlmann 2015):

W, =(fip-u),
1
Vo Jo (A2)

Here, the capitalized variables represent Lagrangian quantities defined on the Lagrangian
points on the particle surface, and the superscripti (i =1, 2, -5, N,) denotes the specific
particle. The conservation of momentum between the Eulerian and the Lagrangian
representations of the IBM forces is applied for the derivation above (Peskin 2002;
Breugem 2012), and the surface velocity U’ is computed by the rigid-motion of the
particle,

Ui=vi,+wixr, (A3)
where r = X —xi is the vector from the particle centroid to a point on the particle
surface. By inserting (A3) into (A2) and using the relationship ¢ = N,V,/Vgo and

(wp xr)-Fip=w),-(r x Fyp), we arrive at

Np

1 / . .
Vo — F},-U'dS
Py g 2, B
— v . F! dS+w’-/ r x F,dS (Ad)
sz[ /39;‘, 1B 22, 1B

=1
/ FipdS + w / r x FipdS
092, 02, )
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To proceed, let us reintroduce the Newton—Euler equations ((2.3)—(2.4)),

Vdv_ /
'Oppdt .

d d
Ip_w — _,Of% r X FIBdS+pf—/ r X udV+ TC. (A6)
dt 092 dr Jgo,

d
pr FipdS + ,Ofa B udV —/Q Pf fordV + (,Op - ,Of) gV, + Fc
f P
(A5)

P

In the above equations, the hydrodynamic force (Fpg) and torque (Tg) are replaced by the
integral of the IBM forces obtained by integrating the momentum (2.2) over the volume
occupied by the particle (Breugem 2012),

FH=/ T -ndS
882,

d

= —pr / FipdS + ,Ofd_ / udvV — pf / fextdvv (A7)

982p 4 2p1) 2p
Ty =/ r x t-ndS
882,
d

=—pr r x FipdS + pr— r xudV — py r X fodV. (A8)

92, dr Jgo, 2,

Note that the external forces needed to sustain the turbulence (i.e. the last term in the above
two equations) also contributes to the hydrodynamic force and torque on the particle, since
the forcing term f,,, is also applied in the space occupied by the dispersed particles.

By multiplying (AS) with the particle velocity v and computing the average over all
particles, we can write

d |1 d
ppr—<—v-v> = —pf v-/ F;gdS ) + pr v-—/ udV
dr \2 » 382, p dr 2, )

_pf<v'L fe_x[dv> +(pp_pf)(v>p'g‘/p+<v'FC>p~

’ (A9)
The above equation describes the contributions to the temporal evolution of the mean
translational kinetic energy of the particle phase. If we now introduce the assumption of
rigid-body motion for the flow inside the particle, the second term on the right-hand side
of (A9) can be reformulated as (Uhlmann 2005)

d/ av v, v (! (A10)
Ve — u ~prlve — = —(=v-v) .
EART AN A TAV I

)4

By inserting (A10) into (A9), we obtain after some algebraic manipulations,

~ (2 PRNCY LY
<v./mp FIBdS>p~(pf )v,,[w)p g dt<2v v>p:|

(A1)
—<v-/ fex,dV> +i<v.Fc>p.
2, . o
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Similar steps can be performed for the rotational dynamics of the particles, yielding
o7 mmss) =5 (5 rilaen-e)
® - r X rip =— _ — Wy, @
02, . pr) Par\2”"" T,
1
— w-/ rx fo,dV) +—(w-Tc),-
2 P
Inserting (A11) and (A12) into (A4), we can finally arrive at

w LAY v 4!
~——— £ - —(=v-v —( @, ®
P ooV \or Pe¥p g:\ 2 ) P \2%r @p )

0 o)
+¢(§_l) (W), g+ [0 Fe)y (@ Te), ]

¢
_vp<v'/9pfextdv+w'\/;z

which is identical to (3.13) in the main text.

(A12)

4

r x fmdv> ) (A13)
P

Appendix B. Discussion on the particle-induced dissipation

In this appendix, we further look into the particle-induced dissipation and examine the
contribution from ¥¢ to the particle budget (see (3.13)). To this end, we conducted an
additional simulation for the case with Ga = 0 (no sedimentation). The difference of this
additional simulation (which is referred to as case 1A for brevity hereinafter) from case 1
reported in the main text is that we set the external forces used to sustain the background
turbulence to zero in the volume occupied by the dispersed particles. In other words, the
forcing term f,,, in (2.2) is applied only in the region occupied by the fluid phase. To keep
the energy input unchanged, we compensate the energy loss due to the spatial filtering
of the external forces by amplifying the magnitude of the forcing by the factor 1/(1 — ¢)
(Peng et al. 2023), i.e. €}, = (1/1 — ¢)e;; ., where €* denotes the magnitude of the EP
forces (see table 1) and the subscripts ‘exc’ and ‘inc’ denote the exclusion or inclusion of
the volume occupied by the solid phase. Note that, to run this additional case, we restart
the simulation from the checkout data of the original case 1 at t = 32.94T,.

Figure 17 illustrates the time history of the Taylor Reynolds number in the simulation of
cases 1 and 1A. We can observe an almost unchanged mean value of Re, before and after
the restart of the simulation, suggesting a negligible effect of the specific way the external
force is applied on the single-point statistics of the modulated turbulence.

Most importantly, we compare the SBS budget of the turbulent flow under these two
conditions, with the results shown in figure 18. The most relevant difference is the
reduction of the contribution from the particle—fluid interactions, i.e. the term EE , when
the external forces are limited to the fluid phase (the red dashed line in figure 18). In
particular, the value of ]-"l)[f (kK = Kmayx) 18 almost zero in case 1A, indicating the zero
net contribution from the particle—fluid interactions to the fluid energy budget. This
observation is consistent with the result reported in Chiarini & Rosti (2024) among others.

To elucidate the difference between case 1 and 1A, we revisit the particle budget given
by (3.13). Since the external force is excluded from the space occupied by the dispersed
particles in case 1A, the integrals defining the term lII;’“ become zero, leading to the

vanishing value of lI/;x’. This is in contrast to the negative value of lI/[‘j” due to the
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Figure 17. Time history of the Taylor Reynolds number Re, for the case with Ga = 0. The original simulation
(with external forces applied inside the solid phase) ends at t = 32.947, (displayed by the vertical dashed line).
After this instant, the simulation is restarted with external forces of increased magnitude only in the volume
occupied by the fluid phase. Time is normalized by T, = u’? /¢, the integral time scale pertaining to this case.

(a) (b)

1.0t -y

]:grl DZ 05 L ]:L’xf D
0.5 1 7 m Fiv
0 — . < "/,,—— """" 0r —_
-0.5
-0.5
-1.0}
107! 100 10! 107! 100 10!
K/Kky K/Kky

Figure 18. (a) Cumulative and (b) non-cumulative SBS energy budget for the suspension of spherical particles
with Ga = 0. The solid lines represent the results with the external forces needed to sustain the turbulence also
applied inside the solid phase (the same as in figure 7a), while the dashed lines are the results limiting these
forces to the fluid phase. The total viscous dissipation DZ, = — Yo D(x) is used to normalize the data.

positive correlation between the particle motion and large-scale external forces in case 1 as
discussed in the main text. Note additionally that the small residual value of Fjj,(k = kinax)
in case 1A (see the last point of the red dashed line in figure 18a) is related to the
contribution from the particle—particle collisions (the term 11/;0’ in (3.13)).

By scrutinizing the red solid and dashed lines in figure 18(a), we can find that the
difference of the spectra of the IB forcing term are mainly originated from large scales.
In case 1 (indicated by the red solid line), ]-'tf grows more rapidly in amplitude before
the cutoff wavenumber (k < ky). Above the cutoff wavenumber, the variation of the
cumulative spectrum ]-"lf is almost the same for the two cases, suggesting that the particle—
fluid interactions are not affected by the different external forces at smaller scales (the solid
and dashed lines almost maintain the same distance). This is more evident when examining
the non-cumulative budget terms, see (2.6) in the main text, as depicted in figure 18(b).
Moreover, note that to close the energy budget, the contribution of the external force (the
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term .7-'5,) also decreases in case 1A (the dashed blue line) when compared with case 1
(the solid blue line).

To conclude, the aforementioned result demonstrates that the influence of the forcing
strategy on the single-point statistics of the turbulence is negligible. As concerns the
energy budget, although the inclusion of the external forcing term inside the particle phase
results in a net particle-induced dissipation, this contribution is subdominant compared
with the fluid viscous dissipation, and has a negligible effect on the energy budget on
scales smaller than those of the external forces.

Moreover, if we further consider the particle sedimentation, the contribution from lIIIf’“

would be overcome by the positive work done by the gravity settling (i.e. the term 'J/f;'m
in (3.13)) in configurations with fast particle settling speed. In conclusion, we believe
that simulations performed with the external forcing term also in the solid phase provide
physically meaningful results and shed light on the energy transfer mechanisms in particle-
laden turbulent flows.
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