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ABSTRACT: Particle clustering in turbulent flows is ubiquitous in particle-fluid two-phase flows in the riser of fast fluidized
beds. Controlling the level of clustering is very crucial for improving the reactive efficiency in such flows. The present paper is
devoted to numerically studying particle clustering in turbulent flows, where both point particles and finite-size particles are taken
into account, respectively. A pseudospectral method with the particle tracking method is used to simulate the point particle
clustering in the forced isotropic turbulent flows, while the lattice Boltzmann method is used to simulate the finite-size particles
in decaying isotropic turbulent flows. It is observed that the mean drift velocity, caused by forces such as gravity, could reduce the
level of particle clustering for point particles. However, the particle clustering is very weak for the particles of sizes larger than the
characteristic viscous scales of turbulent flows, which is consistent with the previous experimental results. The observations
suggest that the mean drift velocity and particle sizes can be used to control the level of particle clustering in chemical reactors.

1. INTRODUCTION

In the riser of fast fluidized beds used in chemical engineering,
heterogeneous flow structures are developing in the particle-
fluid two-phase flows due to the competition between particle
gravity and fluid drag force according to the energy
minimization multiscale (EMMS) theory.1 Even in a fluid-
dominating regime, the heterogeneity at mesoscale exists due to
particle interaction with turbulent flows. In the fluid-
dominating regime, turbulence plays an important role in the
formation of particle clusters. Particle clustering is due to the
competition between the inertia of a particle and the centrifugal
force acting on particles, where particles tend to accumulate in
the regions of high strain rate and low vorticity in turbulent
flows. When particle response time τp is comparable to the
turbulent Kolmogorov time scale τK, that is, the particle Stokes
number StK = τp/τK is about 1.0, the particle cluster is most
favorable.2 Under gravity, particles have a mean relative velocity
to the surrounding flows. The relative velocity reduces the
interaction time scale between the turbulent structures and
particles, thus it could suppress the level of particle clustering in
turbulence.3,4

The formation of clusters not only affects the hydrodynamic
coupling between the dispersed particles and fluid, but also
affects the mass and heat transfer rates between particles and
fluid, and thus affects the chemical rate in the fluidized beds.5−7

The collision rate between particles can be increased by one
order due to the formation of cluster.8 Therefore, it is
meaningful to control the level of particle clusters using an
external body force, such as gravity or electrical forces for
charged particles.
The formation of clusters in large-scale reactors raises a

challenge to computational fluid dynamics (CFD) simulation.
In industrial-scale reactors, the spatial resolution can not be fine
enough to fully resolve the mesoscale clusters; the subgrid
cluster structures have substantial influences on drag force. In
the EMMS framework, many corrections to the drag force
formula due to subgrid cluster structures are proposed to

improve the ability of the Eulerian−Eulerian two-fluid models
to simulate industrial scale reactors.9−12

Several methods have been used to quantify the clusters
formed in turbulent flows, such as the box counting method,13

correlation dimension,14,15 radial distribution function (RDF)
or particle-pair correlation,16−18 the Voronoi ̈ diagram anal-
ysis,19−22 and Minkowski functional.23 The last two methods
widely used in cosmology have been recently applied to
geometrically characterize clusters of particles in turbulence.
Tagawa et al.21 first analyzed the Lagrangian autocorrelation of
the Voronoi ̈ volumes and found that the clustering of light
particles lasts much longer than that of heavy or neutrally
buoyant particles. Light and heavy particles remain clustered for
much longer times than the flow structures which cause the
clustering due to the inertial bias between the particle and fluid.
Using Minkowski functionals as morphological order parame-
ters, Calzavarini et al.23 quantified the geometrical and
topological features of particle and bubble clusters in turbulent
flow. The RDF has the advantage of providing scale by scale
quantification of clusters and allowing theoretical calculation of
particle collision rate, thus we use the RDF to characterize
particle clusters in this paper. We also propose to use
wavenumber spectrum of particle concentration fluctuations
to analyze the multiscale nature of particle clusters.
The objectives of this paper are to study the Stokes number-

dependent clusters of point particles and finite-size particles
suspended in turbulent flows and to investigate the effects of a
mean relative velocity on particle clustering in isotropic
turbulent flows. Two direct numerical simulation (DNS)
methods are used to simulate fluid flows: One is based on
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the point particle DNS (PPDNS) for particle diameters much
smaller than the turbulent Komlogorov length scale, in which
the Navier−Stokes equations are solved using the pseudospec-
trum method with artificial forcing at the large scales, and
particle motions under a drag force and gravity are tracked
using the Lagrangian method. One-way coupling from fluid to
particles is assumed. Another method is based on the particle-
resolved DNS (PRDNS) for finite-size particles with diameters
comparable to or larger than the turbulent Komlogorov length
scale, in which the turbulent flow is solved using the lattice
Boltzmann method since this method can easily handle the
complex moving boundaries between particles and fluid with a
high parallel efficiency.24−26 The two-way coupling between
particles and fluid are achieved through the momentum
exchange at the moving surfaces of particles.
The organization of this paper is as follows. The

mathematical models for PPDNS and PRDNS are given in
section 2. Numerical results are presented and discussed in
section 3. Conclusions are drawn in section 4.

2. MATHEMATIC MODELING
In this section, we first give the method for the point particle
DNS (PPDNS), and then, we describe the method for the
particle-resolved DNS (RPDNS).
2.1. Point Particle Direct Numerical Simulations.

Currently, a reliable approach for studying the particle-
turbulence interactions is the Eulerian−Lagrangian simulations
based on the point particle model. In this model, the particle
diameters are assumed to be much smaller than the
Kolmogorov length scale of turbulent flow and particle motions
are described by a model equation which includes the drag
force, added mass, and body forces, etc.
2.1.1. Pseudo-Spectrum Method for the Turbulent Flows.

The fluid velocity is governed by the incompressible Navier−
Stokes equations
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where u denotes the fluid velocity, ω = ▽ × u fluid vorticity, p
is pressure, ρ is fluid density, and ν is fluid kinematical viscosity.
The flow is driven and maintained by a random forcing f(x,t)
which is nonzero only at low wavenumbers in Fourier space
∥k∥ < √8.27 In Fourier space, the Navier−Stokes equations
can be described as
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where û(k, t) is a Fourier coefficient of fluid velocity u, k = (k1,
k2, k3) is the wavenumber vector. The projection tensor P(k)
projects u × ω onto the plane normal to k and eliminates the
pressure term in eq 2. The term u × ω is calculated using the
pseudospectral method. F denotes the Fourier transform.
The flow domain is discreted uniformly into N3 grid points in

a cubic box with each side of 2π (N = 256 in this paper). The
spatial resolution is monitored by the value of ηkmax, where η is
the Kolmogorov length scale, kmax is the maximum cutoff
wavenumber, and kmax = N/3. This quantity should be larger
than unity if the Kolmogorov scale of the flow is well-resolved.
The value of ηkmax is typically larger than 1.1 in our simulation.
The Fourier coefficients are advanced in time using a second-

order Adams−Bashforth method for the nonlinear term and an
exact integration for the linear viscous term. The time step is
chosen to ensure that the Courant−Friedrichs−Lewy (CFL)
number is 0.5 or less for numerical stability and accuracy.28

2.1.2. Motions of Point Particles. The discrete phase is
composed of solid, spherical particles with dp < η and ρf ≪ ρp
where ρp is particle density. Many forces act on a single particle
suspended in turbulent flow fields.29 Since ρf ≪ ρp, the forces
on a small particle can be simplified as drag force and gravity
force. Then, the governing equations for a single particle can be
written as
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where Yp and Vp(t) are particle position and velocity at time t,
w0 is the particle Stokes terminal or settling velocity in still fluid
under gravitational acceleration g, τp is particle relaxation time,
τp = dp

2ρp/18ρfν, w0 = τpg, and dp is particle diameter. The term
u(Yp(t), t) is the fluid velocity seen by a particle. The velocity is
obtained from DNS flow field by a three-dimensional six-point
Lagrangian interpolation scheme, f is the nonlinear drag
correction coefficient,

= +f Re Re( ) 1 0.15p p
0.687

(6)

which is determined by the instantaneous value of the particle
Reynolds number, Rep = |u − Vp|dp/ν.
The motion of a particle is obtained by numerical integration

using a fourth-order Adams−Bashforth method for the particle
velocity and a fourth-order Adams−Moulton method for
particle trajectory, respectively.

2.2. Particle-Resolved Direct Numerical Simulation.
When the particle diameter dp is comparable to or larger than
the Kolmogorov length, the point particle model becomes
invalid because the particle-fluid slip velocity which governs the
motion of a point particle can no longer be properly defined
and the equation of particle motion is not available.30−32 The
limitations of the point particle approach have motivated the
development of particle-resolved simulation methods in recent
years such as the immersed boundary method (IBM),33

distributed Lagrange-multiplier (DLM) method,34 and the
lattice Boltzmann method.35

2.2.1. Lattice Boltzmann Method. In this paper, the
multiple-relaxation-time lattice-Boltzmann equation (MRT-
LBE) is used to simulate the isotropic turbulent flows with
moving finite-size particles.36 At each lattice point x and time t,
the mesoscale distribution function f(x, t) is governed by

δ δ+ + = − · · −−t tf x e f x M S m m( , ) ( , ) [ ]t ti
1 (eq)

(7)

where f(x, t) is a vector indicating the distributions of 19 lattice
particles in the D3Q19 model, M is a 19 × 19 orthogonal
transformation matrix which converts the distribution function
f(x, t) from the discrete velocity space into the moment space
m, where the collision relaxation is performed. The term m(eq)

is the equilibrium value of the moment m, and δt is the time
step. The transformations between the particle velocity space
and the moment space are

= · = · = ·−m M f f M m m M f, ,1 (eq) (eq) (8)

Industrial & Engineering Chemistry Research Article

dx.doi.org/10.1021/ie303507d | Ind. Eng. Chem. Res. 2013, 52, 11294−1130111295



The macroscale variables are obtained from the moments of
the distribution function
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where u is the macroscale fluid velocity, ρf0 is the mean density,
δρf is the density fluctuation, and the discrete velocities ei in the
D3Q19 model shown in Figure 1 can be expressed as37
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The following equilibrium distribution function is used to
initialize the distribution function
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2.2.2. Motions of Finite-Size Particles. Particle motion is
governed by the gravity force and the hydrodynamic force of
the fluid. An advantage of LBM is that the hydrodynamic force
acting on the solid particle is directly calculated based on the
impulses exerted on the lattice fluid particles and Newton’s
third law. The hydrodynamic force Fhy acting on the solid
particle is the summation of the loss of the fluid momentum,
from t to t + δt, on all the links cutting the solid particle surface.
The torque Γhy is the summation of the cross product of the
local position vector relative to the center of the particle and
the loss of fluid momentum over all boundary links. Namely,
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where “bn” denotes summation over all boundary links, ei ̅ =
−ei, and f(̂x, t) = f(x, t) − M−1·S·[m − m(eq)] denotes the
distribution function just after the collision (referred to the
time step t + 0.5δt). f i(̅x, t+ δt) denotes the distribution function
after bounce-back collision with the solid particle surface at x
and t + δt. n̂l denotes the local outward-normal vector
connecting the solid particle center and the point of
intersection of the i link with the surface of the solid particle.
After obtaining the hydrodynamic force and torque acting to a
particle, we update the particle transversal velocity Vp

t+δt, particle
rotational velocity Ωp

t+δt, particle transversal displacement Yp
t+δt,

and particle angular displacement Θp
t+δt, respectively, by

δ ρ ρ δ

= + +

+ + + −

δ δ

δ

+ +

−

M
V V F F

F F g

1
2

[( )

( ) ] ( )

t t c t

c t
t

p p
p

hy lub
/2

hy lub
/2

p f t

t t

t
(14)

δΩ = Ω + Γ + Γδ δ δ+ + −

I
1

2
[ ]t t t t

tp p
p

hy
/2

hy
/2t t t

(15)

δ= + +δ δ+ +Y Y V V0.5( )t t t t
tp p p p

t t
(16)

δΘ = Θ + Ω + Ωδ δ+ +0.5( )t t t t
tp p p p

t t
(17)

where Mp denotes the mass of the particle, Ip is the moment of
inertia of the particle, g is the gravitational acceleration, and Flub

c

represents the lubrication force correction, to be described
below.

2.2.3. Particle−Particle Hydrodynamic Interactions in
Short Range. When the gap between two particles is less
than about 2 lattice units, the local viscous flow in the gap is not
adequately resolved, leading to underestimation of hydro-
dynamic force. Here, we use the stiffness-based elastic model to
correct the short-range particle−particle hydrodynamic inter-
actions38
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where rij = Ypi − Ypj, rij = |Ypi − Ypj|, cij is set to be buoyancy
force. εp is an adjustable parameter.

3. NUMERICAL RESULTS AND DISCUSSIONS
3.1. Turbulent Flows. When the flow reaches a statistically

stationary flow state, the energy spectrum of the flow displays a
short inertial subrange as shown in the spectrum in Figure 2.
Table 1 lists the statistics of the isotropic turbulent flows
simulated, where N3 is the space resolution of flow domain of
(2π)3, Reλ ≡ u′λ/ν is the Reynolds number based on the Taylor
microlength scale λ. Here, λ = u′/⟨(∂ui/∂xi)2⟩1/2, u′ is the root-
mean-square (rms) of the velocity, ε is the energy dissipation
rate per unit mass, Lf is the integral length-scale, Lf = u′3/ε.
Also, η ≡ (ν3/ε)1/4 and τK ≡ (ν/ε)1/2 are the Kolmogorov
length and time scales, respectively, Kmax = N/3 is the cutoff
wavenumber in the pseudospectral method.

3.2. Point Particle Clustering. Inertial particles are
expelled from regions of high vorticity due to the centrifugal

Figure 1. Schematic diagram showing the velocities of 19 lattice
particles in the D3Q19 model.
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force and preferentially concentrate in regions of low vorticity
and high strain rate in turbulent flows. Figure 3 shows the
clustering of inertial particles in a 2D snapshot centered at the
3D flow field at z = π where particle Stokes number is StK = 1.0.
In the figure, the regions of red and blue colors denote the
positive and negative high vorticities respectively and the
regions of green color denote low vorticity. We can observe
that particles mainly distribute in the green regions. We use the
radial distribution function at contact g(R) to quantify the
clustering which indicates the probability of finding a particle
pair separated by a distance R = dp, with respect to the
probability of finding a particle pair in a uniformly distributed
field. The term g(R) is simply computed as

π
=

−
g R

N R V

N N
( )

( )/

0.5 ( 1)/(2 )
pair shell

p p
3

(19)

where Npair(R) is the number of particle pairs located in the
shell Vshell = 4π[(R + δR)3 − R3]/3 with a reference particle at
the center, R and R + δR as radii, and δR = 0.05R in this study.
Figure 4 shows that there are three regimes for g(R). In the

limit cases of both StK → 0 and StK → ∞, particles tend to be
uniformly distributed and g(R) → 1 since particles with a very
small Stokes number are distributed like fluid elements and
particles with a very large Stokes number are not responsive to
flow structures. For the intermediate Stokes numbers, particles
interact with a range of fluid eddies and tend to accumulate in
the regions of low vorticities shown in Figure 3, leading to the
large values of g(R) with a peak value around StK = 1 in the
DNS. This trend is consistent with the previous observations.39

From Figure 3, we can also observe that the length-scale of
the cluster structure is not uniform and manifests a character-
istic of multiscale. In general, the particle concentration field
changes with Stokes number and contains more large-scale
structures as the Stokes number increases. When the particle
relaxation time is comparable to the time scale of a certain
length-scale of eddies, clusters mainly form around those
eddies, and the characteristic length-scale of the cluster reflects
the length-scale of that eddy. Like the energy spectrum of
turbulent fluctuating velocity, we can analyze the multiscale
nature of the clusters using the energy spectrum of particle
concentration fluctuation. This is demonstrated in Figure 5
which plots the energy spectra of concentration fluctuations at

the Stokes numbers StK = 0.3, 0.6, 1.0, 3.0, 7.0, ranging from
small to large inertial particles. The particle concentration C(x,
t) is defined as the number of particles in a local grid centered
at x. In the present calculations, 1283 coarse grids are used to
compute the particle concentration field. The difference
between the particle concentration C(x, t) at time t and the
initial concentration C(x, 0) is defined as the concentration
fluctuations. Since the probability distribution function (PDF)
of C(x, 0) is a Poisson distribution, the difference ΔC = C(x, t)
− C(x, 0) measures the fluctuations of concentration relative to
a randomly uniform concentration. When particle concen-

Figure 2. Spectrum in forced isotropic turbulence at Reynolds number
Reλ = 100.9.

Table 1. Statistical Parameters in the Isotropic Turbulent Flows

N3 Reλ ε ν u′ Lf λ vK τK ηkmax

2563 100.9 4834.7 0.049 19.52 1.54 0.24 3.62 0.0037 1.06

Figure 3. Snapshot of particle clustering in a 3D flow field at StK = 1.0.

Figure 4. Variation of the level of clustering g(R) with particle Stokes
number.

Figure 5. Wavenumber spectra of particle concentration fields.
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tration field becomes statistically stationary, the concentration
fluctuations are transformed into the Fourier space. The area
under each curve in Figure 5 denotes the concentration
variance of heavy particles. It measures the degree of
nonuniformity of the particle concentration for a given Stokes
number. This area increases with StK, reaches a maximum at StK
= 1, then decreases with StK. It is observed from Figure 5 that as
the Stokes number increases, the peaks of concentration spectra
move from larger wavenumbers to smaller ones with more
concentration energy contained at small wavenumbers. The
peak wavenumber gives an indication of the length scale at
which these eddies contribute most significantly to the
concentration field.
3.3. Controlling Particle Clustering and Collision.

When particles move in isotropic turbulent flows under gravity,
there is a mean drift velocity between the particles and the
surrounding turbulent flows. The mean drift velocity will drive
the particle away from the regions of low vorticity and reduce
the interaction time between particles and turbulence. Thus,
particles will distribute more uniformly in the flows fields. This
is qualitatively demonstrated in Figure 6 which plots the

variation of particle preferential concentration with the Froude
number which is defined as Frp = w0/u′, the ratio of particle
settling velocity to the fluid fluctuation velocity. We can observe
the tendency that the level of clustering is reduced with
increasing the Froude number.
The quantitative measure of the variation of level of

clustering at different Froude numbers is shown in Figure 7.
We can observe that the radial distribution function g(R) at
contact significantly decreases with increasing Froude number
by several times. For example, g(R) = 10.7 at Frp = 0.0 and it
reduces to g(R) = 2.6 at Frp = 4.71, particles distribute more
uniformly under large drift velocity.
When particles fall in turbulent flows, the interaction time

scale between particles and turbulence reduces and particles
tends to get less fluctuating velocity from the turbulent flows,
thus the relative velocity between particles reduces. The radial

relative velocity at contact is an important parameter for
particle collision rate which is defined as

= − ·W R
r

V V
r

( ) ( )r p,1 p,2
p (20)

where r = |r| = |Yp,1 − Yp,2| is the separation between two
particles, r = R = dp, Vp,1, Vp,2 are the velocities of the two
particles, ⟨•⟩p denotes the average over particle pairs with the
separation of collision radius R = dp. Figure 8 shows Wr(R)

decreases with Froude numbers. When Frp < 2,Wr(R) increases
with particle Stokes number; when Frp > 2, the relative velocity
is smaller for particles at larger Stokes numbers.
The collision rate is important for turbulent coagulation of

liquid droplets and solid reaction between particles.16,17 The
direct consequences of the reduction of g(R) and Wr(R) by
increasing Froude numbers is that the reduction of the collision
rate between particles. The collision rate of the monodispersed
particles is expressed as

π=N R g R W R
n

2 ( ) ( )
2rc

2 0
2

(21)

where n0 = Np/(2π)
3 is the average particle number density and

Np is the total particle number in the flow domain. Figure 9
shows that the collision rate decreases with Froude numbers.

3.4. RDF and Relative Velocity of Finite-Size Particles.
In this subsection, we shall study the radial distribution function
and radial relative velocity of finite-size particles in the particle-
resolved simulation in decaying isotropic turbulence. Table 2
lists the parameters in simulations using the lattice Boltzmann
method, where N is the grid number, dp is the nondimensional

Figure 6. Particle clustering at different Froude numbers.

Figure 7. RDF g(R) of particles at different Froude numbers.

Figure 8. Variation of radial relative velocity Wr(R) with Froude
numbers.
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particle diameter in lattice unit, Np is the total particle number,
ΦV is volume fraction, and Φm is mass fraction.
The initial velocity field at t = 0 was specified by a Gaussian

field with a prescribed kinetic energy spectrum as
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where k is the wavenumber, kp is the wavenumber containing
peak energy, and u′ is the initial rms velocity. Before releasing
particles in the turbulent flow, a relaxation process is carried out
via the nonlinear cascade over different scales. The nonlinear
cascade is established when velocity-derivative skewness is
about −0.50 as shown in Figure 10. After that, the particles are
released in the domain at random locations with a gap distance
of at least two grids. The initial translational velocities of
particles are set as the instantaneous fluid velocity at the particle
center, and angular velocity is set to be zero. The gravity was set
to zero. The simulations are run from t = 0 to t = 4.28Te,0,
where the initial eddy turnover time Te,0 = u′2/ε. The flow
fields are well resolved as shown by kmaxη > 1 for the whole
time interval.
In the particle-resolved simulation, when particles are

released into the flow, the coupling between particles and
fluid is automatically established through the moving surfaces of
finite-size particles. Figure 11 shows snapshots of vorticity
contour and particle location on the plane z = 128.5 in the
simulation of case 4 at t = 1.69Te,0. The different areas of circles
are due to the different relative positions of spheres to the plane
z = 128.5.
We can observe that the presence of finite-size particles is

often associated with high vorticity values, suggesting that
motion of finite-size particles can generate small-scale flow
structures near particles. The disturbance near particles is
visible. The clustering of finite-size particles is weak compared
with the point particles at similar Stokes numbers. This is due
to the fact that the size of particles is at the same scale around
the Taylor microscale, and the centrifugal effects of the small
scale vortical motions on particle motions are weak. Figure 12

shows the variation of the radial distribution function and
relative velocity of particles with the separation distance r. From
Figure 12a, we can observe that the clustering is only obvious at
very near contact, which is caused by the influence of the short-

Figure 9. Particle collision rate with different Froude numbers.

Table 2. Parameters for Particle-Resolved Simulations

case no. N3 dp ρp/ρf Np dp/η dp/λ ΦV Φm τp/τK

1 2563 8.0 1.2 6258 7.62 0.87 0.1 0.12 3.87
2 2563 8.0 3.13 3130 7.62 0.87 0.05 0.14 10.08
3 2563 10.0 1.2 3204 9.52 1.08 0.1 0.12 6.04
4 2563 10.0 2.0 6408 9.52 1.08 0.2 0.33 10.08
5 2563 12.0 1.2 1854 11.43 1.30 0.1 0.12 8.71
6 2563 12.0 2.0 2782 11.4 1.30 0.1 0.26 14.51

Figure 10. Velocity-derivative skewness of the turbulent flow versus
time.

Figure 11. Snapshot of vorticity contour and particle location on a
plane z = 128.5 in the 2563 simulation of case 4 at t = 1.69Te,0.

Figure 12. Radial distribution function and radial relative velocity of
finite-size particles.
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range hydrodynamic interactions. This is consistent with the
previous experimental results by Xu and Bodenschatz40 that
inertial particles with sizes larger than the Kolmogorov scale in
turbulent flows have little clustering. In a study by Ladd41 on
fully resolved settling spheres, a strong increase in the radial
distribution function at short separations is also observed. For
the same volume fraction, the values of g(r) are almost
unchanged. However, for the same Stokes number, the larger
volume fraction leads to larger g(r). When the separation is
larger than 1.5D, particles almost uniformly distribute in the
flow fields.
From Figure 12b, we found that radial relative velocity is

identical for the same volume fraction. And the value of radial
relative velocity decreases with increasing volume fraction.
Since the larger volume fraction can lead to a smaller turbulent
kinetic energy, which will reduce the fluctuating velocities of
particles and thus reduce the relative velocity between particles.

4. CONCLUSIONS
Particle clustering is ubiquitous in the riser of fast fluidized
beds, which reduces the heat and mass transfer rates in the
flows. How to control the level of clustering is very crucial to
improve the reaction efficiency in the reactors. In this paper, we
have studied the effects of mean drift velocity on particle
clustering, which could be caused by gravity or external electric
force for charged particles at particle Stokes number less than
unit. The conclusions that can be drawn from the present study
are as follows: (1) The drift velocity can reduce the level of
clustering and the relative velocity in the turbulent flows for StK
≤ 1. As a consequence, the turbulent collision rate between
particles is reduced. (2) The particles of size larger than the
characteristic scales of turbulent flows are weakly clustering
only at small separations. The results obtained propose a
potential approach to control the level of particle clustering by
producing a mean velocity between particles and fluids in
turbulent flows in chemical engineering reactors.
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