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NUMERICAL SIMULATION OF DECAYING TURBULENCE IN THE PRESENCE OF
FREELY MOVING BUOYANT SOLID PARTICLES OF FINITE-SIZE

We present interface-resolved direct numerical simulations of decaying homogeneous isotropic turbulence
laden with finite-size spherical particles. The fluid phase is solved using the lattice Boltzmann method
(LBM) coupled with the interpolated bounce-back (IBB) scheme to impose no-slip boundary conditions at
moving particle surfaces. The accuracy of the method is verified against benchmark cases, including the
settling sphere experiment of ten Cate et al. and pseudo-spectral simulations of single-phase turbulence.
Simulations are performed at an initial Taylor-scale Reynolds number in the range of Rey, = 20 — 45
for particle volume fraction of 2.5%. The results show that finite-size particles enhance small-scale flow
structures and accelerate the decay of turbulent kinetic energy compared to the single-phase case. Energy
spectra analysis reveals a redistribution of energy from large to small scales. These findings provide new
insights into turbulence modulation mechanisms in particle-laden flows and demonstrate the applicability
of LBM for fully resolved particle—turbulence interaction studies.

Keywords: particle-laden, turbulence, multiphase, LBM, DNS.
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lexTi o/1memaeri epkin KO3rajJaTblH KaJAKbIMAJIbI KATTHI 00JIIIEKTePAiH KATbICYbIMEH
bIIBIPANTBIH TYPOYJEHTTIKTI CAHIABIK MOIEJIbAeYy

Ocbl JxyMbICTa 013 IIEKTI e1IeMAl CHEepUKaIIBbIK OOIIIEKTEPMEH XKYKTEITeH bIBIPAThIH O1pTEKTi H30TPOII-
TBI TYpOYJIEHTTUIIKTIH TiKeJIel CaH IbIK MOJISIIb/IeY HOTI KelepiH yebiHaMbI3. CYHBIK (ha3aHblH TUHAMHUKACHI
topiel bonbivan oxicimer (LBM) mremineni, o KO3FalbICTaFbl OemiekTep OeTiH/e KaObICHI TYpY IIIe-
KapaJbIK IIapTTapblH KOO YIIiH HHTEpHONHsIIanFaH marsuibicy (IBB) cymmbachel KonmaHbuFad. OmicTiH
JIOJIJIIT CBIHAKTHIK €CeTTep e TeKCEePili, COHBIH ilTiHAe ChepalblK OOIIIEKTIH Mery TOMKipHOeCiMEH KoHe
6ipdazainbl TypOyJSHTTIIIKKE apHAJIFaH MCEBIOCHEKTPAIIbI 9/IIC HOTHKEIEPIMEH CalbICTHIPY OpbIHIIAII-
anel. Ecenteynep Teitnop macmta0bl OoiibiHIIa 6acTarnkel PeitHonbac canaapblHbIH MoHI Rey = 20—45
JIMaIa30HbIH/A OOFaH A XKoHe OeIIIeKTepIiH KoleMIiK yieci 2.5% ke3inae xyprisinai. Hotmkenep Oen-
IICKTEpIiH IIEKTi eIImeMIepi aFbIHHBIH YCaKMacIITaOThl KYPhUIBIMAAPHIH KYIICHTIM, TYpOyICHTTIK K-
HETHKAJIBIK SHEPTUAHBIH Oip¢a3aisl kaFaiiMeH CalbICTRIPFaH/Ia TE3ipPEK OIIyiH JKeleNIeTeTiHIH KopceT-
Ti. DHEPreTHKAIBIK CIEKTPICPAl Tajjay SHEPTUAHBIH YJIKEH MacmTadTapiaH Kimn macmradTapra aysbl-
CYBIH aliKbIHIabl. byl HOTHXENep OesiiekTep Oap aFbIHAAPAAFbl TYpPOYICHTTLTIKTI MOMYJISIUSIIAY Me-
XaHU3MJIEP1 Typalibl )aHa MaJiMeTTep Oepei )kaHe «OeeK—TypOyIEHTTLITIK» ©3apa SPEKeTTECYiH TOIBIK
mrenrireTid 3eprreynepre LBM omiciHiH KoanaHOAIBIFBIH KOpCeTe .

Tyiiin ce3aep: GateiprutFan OemmexTep, TypOyIeHTTUTIK, KoT (a3zaislk arbiHAap, LBM, DNS.
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YucieHHoe MOJeTUPOBaHNeE 3aTyXalollell TYpOyJIeHTHOCTH B IPUCYTCTBHHU CBOOOAHO
ABMKYIIMXCS IUIABYYHX TBEPABIX YaCTHI KOHEYHOT0 pa3Mepa

B nmanHO# paboTe HaAMU MPEICTABICHBI PE3yNIBTATHI MPSIMOTO YHUCICHHOTO MOJCIUPOBAHUS 3aTyXaroIei
H30TPOITHON OTHOPOIHON TypOyIEHTHOCTH HArpy>KEHHOH C(hepuIecKHMHU YacTUIIAMH KOHEYHOTO pa3Mepa.
JuHaMuka )KuIKo# ¢assl paspemraeTrcst MerogoM pemérdaroro bonsimana (LBM), coBMeménnoit ¢ mHTEp-
MOJMPOBAaHHOM cxeMoii oTpakerns (IBB) i 3aganns rpaHUYIHBIX yCIOBUI PIUTUIIAHNS HAa TOBEPXHOCTSX
JIBIKYIITUXCS YaCTHIl. TOUHOCTH METO/Ia MOITBEPKIAETCS Ha TECTOBBIX 3a/1a4ax, BKIFOUAst SKCTIEPUMEHT 110
ocenanuio cephl U MPH CPABHEHUH C PE3YIIbTaTaMH IICEBIOCIICKTPAIBHOTO METO/IA [T OAHO(A3HOH Typ-
OyieHTHOCTH. Pacu€Thl BRITIOTHEHBI IPH HAaJaIbHBIX YHciax PelHomnbaca mo Macitady Teitmopa B quara-
30He Re) = 20—45 mpu 00bEMHOIT none yacTuil 2.5%. Pe3ynsraTsl MOKa3bIBAIOT, YTO YaCTHIIE KOHETHOTO
pasMepa yCHITUBAIOT MEITKOMACIITa0HbIE CTPYKTYPHI TEUSHUS U YCKOPSIOT 3aTyXaHue TypOyJICHTHON KIHE-
TUYECKOW PHEPTHH 10 CPABHEHUIO C OAHO(MA3HBIM CllydaeM. AHAIIN3 SHEPTETHUECKHUX CIIEKTPOB BBISIBIISET
nepepacnpeesieHue SHEPTur OT OONBIIUX K MaJibIM MaciiTabam. DTH pe3yibTaThl MPedoCTaBISIOT HOBBIE
CBEJICHHSI O MEXaHU3MaX MOIYJISALINHU TypOYIEHTHOCTH B IOTOKAX C YACTHLAMH U JIEMOHCTPUPYIOT IIpUMe-
HUMOCTH LBM 11151 IOMHOCTRIO pa3pelI€HHBIX HCCIICA0BAaHUIA B3aNMOICHCTBIS YaCTHIIBI-TYPOYJICHTHOCTb.
KiroueBsle cji0Ba: IOrpy>kKeHHBIE YacTHIIBI, TypOYIEeHTHOCTh, MHOTO(a3HbIe TedeHns, LBM, DNS.

1 Introduction

Turbulence laden with solid particles is a phenomenon of fundamental and practical importance in
a wide range of natural and industrial processes, including sediment transport, atmospheric dust
dynamics, spray combustion, and chemical mixing. Understanding the dynamics of such flows
is particularly challenging due to the complex interplay between turbulent eddies and dispersed
particles, especially when the particles are of finite size and can modulate the turbulence field [2].

Recent advances in numerical analysis, and computing hardware allowed researchers to gain
more knowledge about two-way interactions of the flow and dispersed solid phase through interface-
resolved direct numerical simulations (DNS), where all the flow details around moving solid
particles are explicitly resolved, without a need to rely to empirical models or assumptions. The
configuration of the turbulent flows in such studies is often described by the decaying homogeneous
isotropic turbulence (DHIT) case, which offers a simple environment without of mean shear,
wall effects, and external forcing. It enables the isolation and detailed examination of turbulence
modulation mechanisms induced by particles, including attenuation or enhancement of turbulent
kinetic energy (TKE), spectral energy redistribution, and modifications of small-scale intermittency.

[15] presented particle-resolved direct numerical simulations of homogeneous isotropic
turbulence containing small, fixed spheres to investigate their impact on turbulence structure
and decay. By resolving the flow around each sphere, detailed near-field and wake dynamics
were captured which were absent in point-particle models[4]. The results show that the presence
of fixed particles enhances small-scale dissipation and alters the energy spectrum, leading to
increased energy at smaller scales and a faster decay of turbulent kinetic energy. The study further
demonstrates that wake-induced fluctuations are a dominant mechanism for turbulence modification
and provides quantitative measures of the additional dissipation generated by particle wakes.
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One of the recent works by [[12] employed direct numerical simulations of finite-size spherical
particles in decaying homogeneous isotropic turbulence, focusing on particle-induced modulation
of turbulence and the underlying mechanisms. The results show that particles generally enhance
small-scale dissipation and alter the decay rate of turbulent kinetic energy, with the effect depending
on particle size relative to the Kolmogorov length scale and the solid volume fraction. Energy
spectra reveal a transfer of energy from large to small scales in the presence of particles. The study
also quantifies additional dissipation from particle wakes and demonstrates that particle Reynolds
number and wake dynamics play a central role in modifying turbulence decay.

Oka and Goto [9] investigated the attenuation of turbulence in a periodic cube by finite-size
spherical solid particles through direct numerical simulations using an immersed boundary method
to resolve flow around each particle, with fixed volume fraction ¢ = 8.2 x 1073 and systematically
varying particle diameters d and Stokes numbers St. They found that turbulent kinetic energy
attenuation is governed by the additional energy dissipation rate €, in particle wakes. Based on their
simulation results authors proposed conditions for turbulence attenuation by finite-size particles.

While previous works incorporated discretized form of the Navier-Stokes equations to solve
for the motion of the fluids [[7], [S] used the Lattice Boltzmann Method (LBM) as fluid solver,
combined with the interpolated bounce-back (IBB) boundary scheme to account for dynamic fluid-
solid interface. The authors demonstrated that such numerical method can archive second order
spatial accuracy and good computational efficiency, proposing its usage for turbulent flows laden
with finite-size particles.

From the above mentioned examples, it is evident that the study of detailed mechanisms of
turbulence decay in the presence of finite-size particles remain an active research area. Presence
of the finite-size particles can significantly affect the temporal decay of turbulence. These effects
depend strongly on several dimensionless parameters, such as the particle Stokes number, volume
fraction, density ratio, and Reynolds number. In particular, when the particles are large compared to
the Kolmogorov length scale, the interaction becomes two-way or even four-way coupled, involving
significant feedback from particles to the fluid and particle-particle interactions [2].

In this study, we perform interface-resolved DNS of decaying particle-laden turbulence using the
LBM method with fully resolved flow around spherical solid particles. Our aim is to investigate the
effect of finite-size particles on the decay of turbulence at different flow Reynolds numbers, along
this way we also demonstrate that kinetic methods, such as LBM are suitable for such complex
cases as particle-laden turbulent flows. In the next section we provide the details of the combined
LBM-IBB method we use, followed by Section 3, where validation cases and simulation results for
particle-laden DHIT problem cases are presented. Finally, in the end we present conclusions to this
work.

2 Numerical Methods

In this section the numerical methods used to simulate fluid and solid (dispersed) phases are
described, including the details of the particle-particle collision treatment and scheme to enforce
a no-slip boundary condition on the surface of the freely moving finite-size particles.
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2.1 Lattice Boltzmann Method for Fluid Flow

The fluid motion is simulated using the Lattice Boltzmann Method, a kinetic approach that solves
the discrete Boltzmann equation on a cubic mesh. We employ the three-dimensional, 27-velocity
lattice model (D3Q27, see Fig. R.1)) , where the evolution of the particle distribution function
fi(x,t) is governed by the lattice Boltzmann equation with the Bhatnagar-Gross-Krook (BGK)
approximation:

f,-(X + ci5t7 t+ 5t) = fi(X7 t) - % (fi<x7 t) - fieq(x7 t)) ) (1)

where ¢; is the discrete velocity in the i-th direction, 7 is the relaxation time, 0t is the timestep
(0t = 1 in present work) and f;* is the equilibrium distribution function given by:

2

fieq:wip(Hci-qu(ci-u) _u-u>7 )

2 4 2
cs 2c; 2cz

where w; are the lattice weights, p is the fluid density, u is the macroscopic velocity, and c; is the
lattice speed of sound. The D3Q27 discrete velocity model is utilized because it is found to be more
accurate and stable for turbulent flows in complex configurations [[13].

The macroscopic flow variables are recovered via the moments of the discrete disctribution
function:

26 26
p=) fi ~pu=) fi (3)
i=0 i=0

The kinematic viscosity v is related to the relaxation time 7 through:

V= c? (7’ — %) ot. 4)

During numerical simulations, it is common to advance Eq. ([I]) in two step procedure consisting
of collision and streaming steps.

Collision:
* ot eq
fi <X7t):fz(x7t)_?[fz(xat>_f7, (p,ll)], (5)
Streaming:
fi(x + ¢;dt, t + 6t) = f1(x,1), (6)

where f; is the post-collision distribution function, and ¢ is the time step size.
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Figure 1: The D3Q27 discrete velocity model is used in the current work. The fluid particles are
allowed to move only in the shown discrete directions. The cube centered at the origin (0, 0, 0) has
side length of 1.

2.2 Interpolated Bounce-Back Scheme for Moving Boundaries

The standard bounce-back scheme is a popular choice to enforce no-slip boundary condition
in kinetic methods, such as LBM. However, it assumes that solid boundary is always located
exactly half-way between fluid nodes. An improvement made by Bouzidi et al. [1]] allowed to use
bounce-back scheme on curvilinear boundaries with arbitrary location of solid boundary relative to
fluid nodes. The key point in the improvement of Bouzidi et al. []1]] is to use linear or quadratic
interpolation to recover unknown fluid particles coming from the boundary. The interpolated
bounce-back scheme is found to posses second-order of accuracy and is a common choice in laminar
and turbulent flow simulations.

The idea behind IBB is demonstrated using one-dimensional example in Fig. fl. When a lattice
link between a fluid node (zf) and a solid node () intersects the particle boundary, the IBB scheme
determines the exact intersection point and computes parameter ¢q. The value of ¢ defines which of
two ways is used to recover unknown distributoin function values, heading off the solid boundary
(that is, moving in the right direction at node x¢). In case ¢ < 0.5, the value of f; is equal to the pre
streaming value of f; at the node z;, while in the case ¢ > 0.5, f; at the near boundary node x is
recovered using interpolation through the values at nodes xs¢, x¢; and x;. The required values at
the node z; also found using the interpolation.

The hydrodynamic force and torque acting on a particle are computed from the momentum
exchange (Peng et al. [10]) at each fluid-solid interface:

thdro = Z Z Ap, Thydro = Z(r - rc) X AP, (7)
Ty %

where particle nature of LBM is exploited, and Ap is the momentum exchanged across a lattice
link, Ap = (ff + f{”At) - ¢;, I, is the center of the particle, and the summation extends over all
links intersecting the particle surface.
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Figure 2: An example of the interpolated bounce-back scheme for two possible cases, depending
on the parameter ¢ which defines relative solid boundary intersection with velocity links, defined
as ¢ = (z, — xy)/(xp — xf): @) ¢ < 0.5, the unknown fluid particles are coming from the node z;,
b) ¢ > 0.5, the unknown fluid particles ar node x ; are reconstructed from the data from the nodes
Trrfs Xfy and ;.

2.3 Particle Motion and Coupling

Particles are modeled as rigid spheres, and their motion is governed by the Newton-Euler equations:

du

mpd_tp = thdro + Fcoll; (8)
dw
Ipd_tp = Thydro + Tcolb (9)

where m,, and I, are the particle mass and moment of inertia, u, and w,, are the translational and
angular velocities of the particle, and F, T represent forces and torques acting on a particle due to

interaction with the surrounding fluid (subscript hydro) and collision with other particles (subscript
coll).

The fluid-particle interaction is resolved at each time step. First, the LBM updates the fluid
flow field (Eqs. (B, 6)), after which hydrodynamic forces and torques are computed via the IBB
scheme. The particle motion is then integrated based on the computed forces, and updated positions
and velocities are used in the next iteration of the IBB scheme. Eqs. (8, P)) are discretized using
second-order scheme.
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2.4 Collision and Lubrication Modeling

To account for short-range hydrodynamic interactions (Fig. ) that are under-resolved on the lattice,
particularly during close particle-particle approaches, a lubrication correction model is employed.
Specifically, a soft-sphere collision model with linear spring-dashpot mechanics combined with a
lubrication force correction is employed in this work. This approach provides physically correct
contact mechanics and helps to avoid nonphysical particle overlapping.

particle #1

g€ Gall

particle #2

Figure 3: An example of particle-particle or particle-wall interaction. The gap between particles or
between particle and wall is denoted as e.

The particle interaction force is split into two constituents F.,; = F; + F, F; accounts for
lubrication correction and F for soft-sphere collision. The magnitude of Fj is then:

Fi(e,u,) = —6mp s Ruy[A(€) — Mésw)], (10)

where u,, - relative velocity, € - gap width, and ¢, is the distance at which correction is activated.
The particular forms for A depend on the type of interaction, analytical forms of which were given
by Brenner [3], and for particle-particle interactions A = A,
1 9 3
=5 %ln(e) - %eln(e) + 1.346 + O(e). (11)
The soft-sphere contact collision force takes the form of a spring-dashpot system with the
magnitude of F given as:

where k,, is the spring stiffness parameter, (3, is the dashpot resistance parameter and ¢ = N At -
collision time:

b - _me(m + [lned]2)’ﬁn _ _2me[lned]' (13)
[N.At]? [N.At]
The coefficients k,, and (3,, are the functions of the collision time t = N_.At, effective mass m, and
of the coefficient of dry restitution. They form spring-dashpot system and guarantee that particle
re-bounces during the collision with duration of ¢ = N.At with the velocity u = eju., where u* is
the velocity at the end of the contact interaction.
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3 Simulation results

As a validation of the code first the single-phase Decaying Homogeneous Isotropic Turbulence
(DHIT) problem was compared to spectral simulation results. For this case, Rogallo’s procedure [[L1]
was used to generate an initial divergence-free velocity field with the prescribed energy spectrum.
The initial energy spectrum is given by [|16]

Eo(k:) _ Ak46_0'14k2,

with energy containing wavenumbers k = [k,, ky] = [3, 8] and coefficient A = 1.1474 x 1072, The
flow is prescribed for the DHIT problem using the Taylor microscale-based Reynolds number Re),

defined as
Urms A

Re}\ = )
14

where ;s 18 Root-Mean-Square (RMS) velocity, A is Taylor micro length scale, and v is fluid
kinematic viscosity.

The numerical simulation results for the evolution of turbulent kinetic energy and energy
dissipation at Re), = 26, obtained from the LBM and the benchmark pseudo-spectral simulation
[6], are presented in Fig. §. The excellent agreement between the kinetic method and the pseudo-
spectral simulation at a mesh resolution of 2562 strongly supports the applicability of the LBM to
turbulent flow simulations.

k, spectral =
" €, spectral  *
1E+00 § k, LBM 3
: g, LBM =-=-- ]
S 1E-01 4
W F E
@
S
< 1E-02 ¢ =
X
1E-03 ¢ E
1E-04 ] ]
0.1 1 10

te(0)/k(0)

Figure 4: Evolution of the turbulent kinetic energy (k) and it’s dissipation rate (¢) for DHIT problem.

To validate the accuracy of the numerical method for two-phase cases, we compare our
simulation results with the experimental data reported by ten Cate et al. [§] for the solid particle
settling problem. In their study, the motion of a single solid sphere settling under gravity in a
quiescent viscous fluid was investigated using particle image velocimetry (PIV). The experiments
were conducted in a square tank with dimensions 100 x 100 x 160 mm?, and the diameter of
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the sphere was d = 15mm. The sphere was released at the height of 120 mm above bottom
of the tank and was allowed to settle freely. The fluid used was a water—glycerol mixture with
varying viscosities, and the density ratio between the particle and fluid was in the range of p,/p; =
1.15—1.16. The Reynolds number based on terminal velocity ranged from Re ~ 1.5 to 32, covering
both creeping and moderately inertial regimes. In Fig. [§ the evolution of the particle settling velocity
is shown. Here, again very good agreement between numerical results from LBM and experimental
data indicate sufficient validation and performance of the newly implemented kinetic approach.

U3, cm/sec

LBM| = = =
LBM Il +rveees T

LBM Il ===+
LBM IV
ten Cate |
ten Cate Il
14 ten Cate lll
ten ICate IIV

] ] ] ] ]
0 0.5 1 1.5 2 2.5 3 3.5

~ o> Hd«

4.5
t, sec

Figure 5: Evolution of the particle settling velocity compared with experimental data of cases [-IV
from Ten Cate et al. [[14].

After above mentioned validation cases we now present DHIT results for particle-laden and
particle-free cases. In total six simulations were performed, three of which are single-phase cases
and other three are particle-laden counterparts of fluid only cases. The carrier flow properties are
shown in Table [I, whereas suspended solid phase properties are shown in Table 2.

L N ko Upms v Re,
I | 256|256 |3.52-107% | 1.53209-10% | 0.0121 | 20
Il | 256 | 256 | 3.52-107% | 1.53209 - 1072 | 0.0101 | 30
III | 256 | 256 | 3.52-107* | 1.53209 - 1072 | 0.0068 | 45

Table 1: Fluid phase properties for single-phase and particle-laden cases.

The DHIT problem was defined in the cubic domain with periodic boundary conditions in all
three directions with the length of the cube side as L and the mesh resolution of V. The initial kinetic
energy of the flow is kg, while RMS velocity of the initial flow is u,.,,,s. Turbulence was characterized
using the Taylor microscale Reynolds number Re,. In particle-laden cases the volume fraction of
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Ny | pp/ps| @ | d/Az| d/X | d/n
I [50 ] 1.0 [25% | 256 | 1293 | 127
|50 1.0 |25% | 256 |12.93 | 13.91
|50 | 1.0 |25% | 25.6 | 12.93 | 14.91

Table 2: Solid-phase properties for particle-laden counterparts of the single-phase flows shown in
Table [Il.
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Figure 6: Evolution of the flow turbulent kinetic energy and dissipation rate for single-phase (SP)
and particle-laden (PL) cases at different Reynolds numbers.

the solid-phase is set to 2.5% with the number of buoyant particles equal to 50. Particle diameter (d)
and mesh resolution was large enough to allow properly resolve all flow scales, including Taylor (\)
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Figure 7: Comparison of turbulence energy spectraat t* = 1 between single-phase (SP) and particle-
laden cases (PL).

and Kolmogorov (n) length scales. Particle-laden cases were identical to single-phase cases, except
that buoyant particles were introduced to the flow after one step of LBM algorithm.

Evolution of the flow turbulent kinetic energy and dissipation rate for single-phase and particle-
laden cases at different Reynolds numbers are shown in Fig. [§. For all three considered cases
which differ only in the initial flow Reynolds numbers, increase of dissipation rate due to the
introduction of the particles is visible at the beginning of the simulation. However, at later time
the energy dissipation rate becomes lower for PL cases. For all PL cases slight reduction of the
TKE is observable. This decrease of TKE is usually related to enhanced energy dissipation at the
surface of freely moving particles.
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Overall, evolution of TKE and energy dissipation is quite close to the ones in the single-phase
cases due to the relatively low volume fraction of suspended phase. At the same time, no significant
Reynolds number dependence in the behavior of the energy evolution is visible.

Comparison of the turbulence energy spectra at non-dimensional time t* = 1 between single-
phase (SP) and particle-laden cases (PL) is shown in Fig. []. Immediately two observations can
be underlined. First, we see an increase in energy of the small structures in PL cases relative to SP
cases, related to a high wavenumber part of the spectra for all three Reynolds number cases. Second,
energy distribution at high wavenumber part of the spectra has noticeable wiggling, which is related
to velocity discontinuity on the solid-phase boundaries. Such osccillations can be considered as
numerical artifact and will be ignored here. Level of energy increase of small structures is larger for
lower Reynolds number cases. This can be explained due to enhanced introduction of the smaller
structures to the flow by fixed-size particles. At larger Reynolds numbers, the flow already contains
such small strucutres, and their enhancement due to the freely moving particles is minor.

4 Conclusions

From the performed work we can conclude that kinetic method of LBM is an efficient tool to study
turbulence in multiphase flows, particularly, for flows with freely moving suspended finite-size
particles. The second-order accuracy and stability of LBM is well suited to perform direct numerical
simulations of turbulent flows. The decaying homogeneous isotropic turbulence problem studied
here in single-phase and particle-laden cases revealed that modulation of turbulence is present,
visible from energy enhancement at higher end of spectra and decreased overall TKE. For all
three Reynolds numbers considered, such behaviour lasts, indicating that, at least under considered
Reynolds number range (Re) = 20—45) no significant Reynolds number dependence is visible. For
future works we suggest to hold similar studies at wider range of flow and solid-phase parameters
such as ones shown in Tables [I] and [.
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