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Spatially-localized wavelet-based spectral analysis
of preferential concentration in particle-laden

turbulence

By M. Bassenne, J. Urzay AND P. Moin

1. Motivation and objectives

In this study, the wavelet transform is used to address the preferential concentra-
tion of inertial particles in one-way coupled, particle-laden incompressible homogeneous-
isotropic turbulence. The analysis includes a characterization of the spatially-localized
spectral structure of turbulence in the vicinity of the particle clouds, along with a spectral
analysis of the particle concentration field. The spatial localization of spectral quantities
is enabled here by the utilization of wavelets instead of Fourier transforms.

2. Background

Preferential concentration of particles is an ubiquitous phenomenon in multi-phase
turbulent flows (Balachandar & Eaton 2010). The wide range of scales and different
topological flow structures present in high-Reynolds number flows cause accumulation
of particles in distinct regions whose properties are difficult to characterize. The spatial
inhomogeneities arising in the concentration of particles as a result of the preferential-
concentration effect have important consequences on the relative dispersion and inter-
phase coupling with the turbulent environment.
Theoretical studies of preferential concentration of particles are limited given the com-

plex coupling of particle motion with the unsteady and multi-scale turbulence dynamics.
However, they have drawn a number of fundamental conclusions, some of which are con-
nected to the present study. In particular, Robinson (1956) was the first to establish an
analytical framework for the accumulation of particles by noticing that the disperse phase
is compressible, and that in irrotational incompressible flows the particle number density
n increases monotonically in the Lagrangian frame according to the corresponding mass
conservation equation for particles

1

n

Dn

Dt
“ ´

Bup,i
Bxi

ą 0, (2.1)

where D is the material derivative, t is the time and up,i is the particle velocity. In
particular, an expression for the right hand side of Eq. (2.1) can be obtained by taking
the divergence of the Eulerian version of the equation of motion for the particles
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3
πρpa

3Dup,i
Dt

“ 6πρνapui ´ up,iq, (2.2)

which leads to

ta
D

Dt

ˆ
Bup,i
Bxi

˙
`

Bup,i
Bxi

“ 2Qpta, (2.3)
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where

ta “
2

9

ρp
ρ

a2

ν
(2.4)

is the characteristic particle acceleration time, and

Qp “ ´
1

2

Bup,i
Bxj

Bup,j
Bxi

“
1

4
pωp,kωp,k ´ 2Sp,ijSp,ijq (2.5)

is the second invariant of the particle velocity-gradient tensor. In this formulation, Sp,ij “
p1{2q pBup,i{Bxj ` Bup,j{Bxiq is the strain rate of the particle velocity field, and ωp,i “
εijkBup,k{Bxj the associated vorticity, with εijk the permutation tensor. Additionally, a
is the particle radius, ρp the particle density, and ν and ρ are the carrier-phase kinematic
viscosity and density, respectively. Small particle Reynolds numbers, along with large
density ratios ρp{ρ " 1, have been assumed in writing Eq. (2.3).
Since Qp ă 0 in irrotational flows, integration of (2.3), subjected to the initial condi-

tion Bup,i{Bxi “ 0 at t “ 0, gives Bup,i{Bxi “ 2 expp´t{taq
şt
0
Qp exppt{taqdt ă 0, which

corresponds to an accumulation of particles along streamlines that is described by sub-
stituting this expression into Eq. (2.1). Conversely, the presence of vorticity in the carrier
phase, ωi “ εijkBuk{Bxj , induces vorticity in the disperse phase, as easily observed by
taking the curl of Eq. (2.2), which gives

Dωp,i

Dt
` ωp,i

Bup,k
Bxk

´ ωp,j

Bup,i
Bxj

“
ωi ´ ωp,i

ta
, (2.6)

where ωi appears as a source term. The resulting vorticity in the disperse phase leads
to sign variations in Qp, by which dispersion originates from predominantly vortical
regions. Subsequent studies on aerodynamic focusing of particles have largely exploited
these fundamental results (Fernández De La Mora & Riesco-Chueca 1988). Similarly,
Robinson’s inequality (2.1) has implications on the dynamics of fuel sprays in counterflow
mixing layers (Sánchez et al. 2015), where small droplets tend to accumulate near the
stagnation plane by the action of the strain rate unless the temperature of one of the
streams is sufficiently high to enable vaporization.
In a related study, Maxey (1987) recognized that (2.3) simplifies to

Bup,i
Bxi

“ 2Qta (2.7)

for particle acceleration times ta much smaller than the characteristic fluid mechanical
time |Q|´1{2, where

Q “ ´
1

2

Bui
Bxj

Buj
Bxi

“
1

4
pωkωk ´ 2SijSijq (2.8)

is the second invariant of the carrier-phase velocity-gradient tensor, with the norm of
the strain-rate tensor Sij “ p1{2q pBui{Bxj ` Buj{Bxiq competing against the enstrophy
in modulating particle accumulation. As a result, particles are predicted to accumulate
in regions of high strain rate and low vorticity. It should be emphasized, however, that
Eq. (2.7) is an asymptotic approximation for small particle inertia, with finite inertial
effects entering into the problem to decorrelate the dynamics of the carrier phase, Q,
from those of the disperse phase, Qp.
In spite of the limitations described above, the physical arguments implied by Eq. (2.7)

are useful and easily observed in numerical simulations and experiments. For instance, the
computational results presented in Figure 1(a), obtained from DNS of one-way coupled
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Figure 1. (a) Conditional expectation of the particle concentration C normalized by its mean
C0 as a function of the second invariant of the velocity-gradient tensor for Stk “ 1, and (b)
preferential-concentration global indicator Dc as a function of the Stokes number.

homogeneous-isotropic particle-laden turbulence (see Section 4 for further details) show
that the conditional expectation of the particle concentration C is strongly negatively
correlated with Q, confirming that particles are predominantly found outside swirling
regions (where Q ą 0) and tend to accumulate in highly-strained zones (where Q ă 0).
A complementary representation of preferential concentration in homogeneous-isotropic

turbulence can be obtained by examining the dependence of the accumulation factor

Dc “

Npÿ

C“0

rpcpCq ´ PcpCqs
2

(2.9)

on the Stokes number

Stk “ ta{tk, (2.10)

where pcpCq is the fraction of computational cells containing C particles, PcpCq is the
discrete Poisson probability density function (PDF), Np is the number of particles, and
tk “ pν{ǫq1{2 is the Kolmogorov time scale, with ǫ the turbulent dissipation. In particular,
positive deviations from Dc “ 0 represent departures from a random distribution of
particle concentration. Values Dc ą 0 are therefore ascribed to preferential concentration
of particles (Squires & Eaton 1991), which becomes maximum at Stokes numbers Stk „ 1
in homogeneous-isotropic turbulence, as shown in Figure 1(b).
Computational analyses of preferential concentration in particle-laden turbulence are

typically performed in physical and spectral spaces, the latter addressed always using
Fourier transforms (Squires & Eaton 1991; Wang & Maxey 1993; Ferrante & Elghobashi
2003; Jin et al. 2010). In particular, analyses of results in physical space, such as the ones
presented in Figure 1, provide global statistics of the turbulence preferentially sampled
by particles, and therefore do not provide any scale dependency. For instance, although
Figure 1(a) shows that particles are found away from swirling regions, it does not provide
any insight into the scales associated with those zones. Since particles are never found
in highly vortical regions and vorticity lives in the small scales of turbulence, based on
Figure 1(a) it may be erroneously concluded that the characteristic particle concentration
variations occur over much broader regions whose sizes are associated with those bearing
low vorticity, such as the integral scales of turbulence.
To circumvent the limitations of investigations in physical space, Fourier-based spectral
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analyses can be used to obtain scale-dependent information. However, the scale depen-
dency provided by the spectral localization properties of the Fourier transform is coun-
terbalanced with the associated spatial delocalization with regard to where in space those
dependencies are found. In this way, the accurate spectral insight gained with Fourier
transforms pertains to spatially-averaged dynamics. In contrast, spatial localization in
spectral space can be obtained by using wavelets. In particular, wavelets are spatially
localized wave-like oscillations that serve as basis functions for the spectral decompo-
sition of scalar and velocity fields. The capability of wavelets for drawing information
simultaneously in both space and wavenumber domains is a distinct characteristic that
cannot be achieved with traditional Fourier transforms. In recent years, wavelets have
been applied to the analysis of a multitude of diverse physical phenomena, including
turbulent flows, where they demonstrated potential to identify and characterize localized
flow structures in a way that brings new insights into turbulence analysis, modeling and
simulation (Farge & Rabreau 1988; Meneveau 1991; Schneider & Vasilyev 2010).
In this study, the preferential concentration of particles in one-way coupled, incom-

pressible homogeneous-isotropic turbulence is computationally studied in spectral space
using wavelets, which render localized scale-dependent statistical information regarding
the turbulence structures associated with variations in the spatial distribution of parti-
cles. This report is organized as follows. A brief summary of the formulae involved in
the wavelet spectral representation is provided in Section 3. The computational setup is
described in Section 4. Numerical results, including scale-dependent spatially localized
statistics of preferential concentration, are given in Section 5. Lastly, conclusions are
drawn in Section 6.

3. Wavelet spectral representation of particle-laden turbulence

In this section, a brief description of the discrete wavelet transform, including corre-
sponding spectral statistics, is provided. The reader is referred to other papers for more
detailed explanations of the method (Mallat 1989; Meneveau 1991). For illustration, con-
sider a three dimensional discrete turbulent scalar field ϕ, described in physical space by
its point-wise values ϕpxq, where x “ pi∆, j∆, k∆q denotes collocation points, with i,
j and k “ 0, 1, . . .N ´ 1. In this formulation, ∆ is the grid spacing, N “ L{∆ ` 1 the
number of grid points in each direction, and L the computational domain side length.
This representation assumes a uniform discretization of a cubic computational domain
in accordance with the numerical setup described in Section 4.
If ϕ is triply-periodic, it is also uniquely described by the discrete Fourier transform

pϕpκq “ xϕpxqfκpxqy
x
, (3.1)

where κ “ p2πi{L, 2πj{L, 2πk{Lq is a wavenumber vector, fκ are orthonormal Fourier-
basis functions, and the bracketed operator x¨yx indicates volume averaging by integration
with respect to x over the entire computational domain. Parseval’s theorem,

@
|ϕpxq|2

D
x

“
ÿ

κ

| pϕpκq|2, (3.2)

relates the physical-space and Fourier-space representations of the energetics of the scalar
ϕ. It is worth noting that the Fourier transform (3.10) is spectrally localized, yet the
resulting information is spatially delocalized. This limitation can be circumvented by the
utilization of wavelets, as briefly explained below.
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Consider the wavelet transform of ϕ,

qϕps,xs, dq “
@
ϕpxqψs,xs,dpxq

D
x
, (3.3)

which quantifies the fluctuations of ϕ at scale s and position xs. Specifically, s “
p1, . . . , Sq are scale exponents, with S “ log2N the number of resolution levels (Mal-
lat 1989). Additionally, xs “ 2spi∆, j∆, k∆q are subsets of collocation points where the
wavelets are centered, with i, j, k “ 0, 1 . . . , N{2s´1. The rest of the notation in (3.3) in-
volves the wavelet-directionality index d “ p1, . . . , 7q and the set of orthonormal wavelet
functions ψs,xs,d. In particular, ψs,xs,d are taken to be Haar wavelet functions, which
are compactly-supported, localized wave-like oscillations characterized by a wavenumber
modulus κ given by

κ “
π

∆
21´s, (3.4)

or equivalently, by a lengthscale ℓs given by

ℓs “ 2π{κ “ 2s∆. (3.5)

Similarly to Eq. (3.2), the wavelet components of ϕ obey

@
|ϕpxq|2

D
x

“
Sÿ

s“1

C
7ÿ

d“1

| qϕps,xs, dq|2

G

xs

, (3.6)

indicating that the quantity within the bracketed operator is a local measure of the
intensity associated with fluctuations of ϕ at a length scale ℓs in a spatial region centered
at xs. In this study, the wavelet-directionality index d is not exploited since the flow is
isotropic.

3.1. Wavelet spectra

The mean or spatially-averaged wavelet spectrum of ϕ at scale s is defined as

Eϕpκq “
2´3s

κ ln 2

C
7ÿ

d“1

| qϕps,xs, dq|2

G

xs

, (3.7)

which is analogous to the Fourier spectrum. Conversely, the local spectrum

Eϕpκ,xsq “
2´3s

κ ln 2

7ÿ

d“1

| qϕps,xs, dq|2, (3.8)

quantifies the spectral intensity of the fluctuations of ϕ at location xs, with (3.7) and
(3.8) being related as Eϕpκq “ xEϕpκ,xsqy

xs

. Correspondingly, the standard deviation

σpκq “
b
〈Eϕpκ,xsq2〉

xs

´ 〈Eϕpκ,xsq〉
2

xs

, (3.9)

flatness factor

F pκq “

〈
Eϕpκ,xsq4

〉
xs

〈Eϕpκ,xsq2〉
2

xs

, (3.10)

and extrema

Eą
ϕ pκq “ min

xs

Eϕpκ,xsq, Eă
ϕ pκq “ max

xs

Eϕpκ,xsq, (3.11)

represent statistical quantities that measure the spatial variabilities of the spectrum.
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Figure 2. Schematics of wavelet multi-resolution effects on concentration-weighted spectra. The
figure shows the spatial distribution of particles (black dots) in a 2D cross section of a DNS of
particle-laden homogeneous-isotropic turbulence at Stk=1 (see Section 4 for further details).

3.2. Concentration-weighted spectra

In this study, the spatially-localized spectral information provided by the wavelet trans-
form (3.3) is exploited to characterize the turbulence sampled preferentially by particles.
For this purpose, the local spectrum (3.8) is weighted by the local concentration of par-
ticles as

rEϕpκq “
xCspxsqEϕpκ,xsqy

xs

xCspxsqy
xs

. (3.12)

In Eq. (3.12), the symbol Cspxsq refers to the Eulerian particle concentration field com-
puted by counting the number of particles in a cubic volume of side length ℓs centered at
xs, consistently with the scale and spatial location associated with the spectrumEpκ,xsq.
In particular, the spatial average of Cspxsq corresponds to the mean concentration C0,

xCspxsqy
xs

“ C0. (3.13)

For uniformly distributed particles, the concentration-weighted spectrum (3.12) be-

comes equal to the unweighted spectrum (3.7) at all wavenumbers, rEϕpκq “ Eϕpκq.
Note, however, that a spatial distribution of particles segregated in clouds whose char-
acteristic length is in the high-wavenumber range, would render approximately neutral
weighting at small wavenumbers, while departures from the unweighted spectra would
only be noticed at large wavenumbers. As a result, in homogeneous-isotropic turbulence,
weighted and unweighted spectra are approximately equal only in the small wavenum-
ber range where preferential concentration is not discernible. These considerations are
illustrated schematically in Figure 2.

4. Computational setup

In this study, a DNS of incompressible homogeneous isotropic turbulence laden with
point particles is performed in a triply-periodic domain. The mass-loading ratio is suf-
ficiently small such that the influences of the particles on the gas are negligible. The
numerical integrations involve the linearly-forced Navier-Stokes equations

Bui
Bxi

“ 0, (4.1)

Bui
Bt

` uj
Bui
Bxj

“ ´
1

ρ

Bp

Bxi
` ν

B2ui
BxjBxj

`Aui, (4.2)
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where p is the hydrodynamic pressure. The forcing coefficient A is given by

Aptq “
ǫptq ´Grkptq ´ k8s{tℓ

2kptq
, (4.3)

which yields statistically steady homogeneous-isotropic turbulence at constant kinetic
energy (Bassenne et al. 2015). In this formulation, kptq “ xuiuiyx{2 is the instantaneous
turbulent kinetic energy, k8 is the steady value of the turbulent kinetic energy, ǫptq “
xνpBui{BxjqpBui{Bxjqyx is the instantaneous turbulent dissipation, tℓ “ p2k8{3ǫ8q1{2 is
the integral time, with ǫ8 the steady value of the turbulent dissipation, and G " 1 is a
dimensionless constant that defines a short characteristic control time tℓ{G ! ta during
which the kinetic energy converges to k8 at the beginning of the simulations.
The initial conditions used for integrating (4.1)-(4.2) involve a synthetic, solenoidal-

isotropic velocity field with a prescribed energy spectrum that serves as a starting point
for the computations. Such a field is generated by employing the Passot-Pouquet kinetic-
energy model spectrum (Passot & Pouquet 1987) and by subsequently calculating the
corresponding initial velocity components ui from their Fourier transforms subject to
random phases and a divergence-free condition.

The formulation of the disperse phase is based on a Lagrangian description for small
particles that satisfy a{ℓk ! 1, with ℓk “ pν3{ǫ8q1{4 the Kolmogorov length. In particular,
the trajectory equation

dxp,i
dt

“ up,i (4.4)

is integrated to obtain the position of the particle from its velocity, the latter computed
from the equation of motion

4

3
πρpa

3 dup,i
dt

“ 6πρνapui ´ up,iq. (4.5)

The Navier-Stokes equations (4.1)-(4.2) are solved with a finite-difference discretization
of second order central in space and fourth-order Runge-Kutta in time (Pouransari et al.
2015). The input parameters of the simulations are L “ 2π, ν “ 0.05, k8 “ 552 and
G “ 100, all quantities being expressed in arbitrary yet consistent units. The resulting
Taylor-Reynolds number of the turbulence is Reλ “ 85. The calculations are conducted
on a staggered, uniform cartesian grid of N3 “ 2563 points, which translates into a
resolution κmaxℓk “ 1.56, where κmax is the largest wavenumber resolved by the grid.
The grid allows S “ 8 levels of wavelet resolution, with ℓ1 “ 4ℓk corresponding to the
first level s “ 1. The Kolmogorov-based Stokes number (2.10) used in the computations
ranges from 0.1 to 40. The simulations therefore involve cases of small and large particle
inertia relative to the small scales of the turbulence. These values of Stk translate into
large-scale Stokes numbers Stℓ “ ta{tℓ in the range 0.005 ´ 2.
After the turbulence has reached a statistically steady state, Np “ 107 particles are

randomly seeded in the computational domain under kinematic equilibrium with the car-
rier phase. The particle concentration is computed by projecting the Lagrangian particles
on an Eulerian grid with 1283 grid points, which warranted that each cell contained, on
average, at least 5 particles. The corresponding number of wavelet resolution levels for
concentration is S “ 7. Data collection starts after a time sufficiently long compared
to the characteristic particle acceleration time has passed, and it lasts for a period 16tℓ
during which 20 snapshots are recorded for time-averaging the statistics computed using
the wavelet formulation described in Section 3.
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Figure 3. Wavelet spectra of (a) kinetic energy and (b) Q-fluctuation energy. The symbols
denote the wavelet resolution levels s “ 1, 2, . . . 8, with ℓs{2ℓk “ 2s.

5. Wavelet-based particle-laden turbulence statistics

Spectral energetics of velocity and Q fluctuations are provided in Figure 3. The data
portray spatially-averaged wavelet spectra given by Eq. (3.7), which are reminiscent
of Fourier spectra. Also included are the standard deviation and spectra extrema, as
computed from Eqs. (3.9) and (3.11), respectively, which correspond to spatial variations
of the spectral dynamics. These variations, which highlight the scale-dependent spatial
intermittency of turbulence and cannot be captured by regular Fourier transforms, render
a gap of six orders of magnitude in energy extrema at Kolmogorov scales.

5.1. Turbulence spectra

The spatial localization properties of the wavelet transform provide information about
spectral dynamics of the turbulence surrounding the particles. For instance, Figure 4
shows the ratio of concentration-weighted spectra rEpκq to unweighted spectra Epκq for
kinetic energy and Q, which are plotted as functions of the wavenumber. As described in
Section 3, the concentration weighting takes into account the amount of particles at the
scale and spatial location where the spectra are computed. At small wavenumbers, the
spectra ratio rEpκq{Epκq approaches unity, indicating that no discernible preferential con-
centration takes place at these scales. Similarly, the spectra ratio theoretically asymptotes
to unity for infinitely large and vanishingly small Stokes numbers, for which the particles
are either tracers or follow ballistic trajectories, respectively, thereby sampling all tur-
bulent structures without bias introduced by preferential-concentration effects. However,
at intermediate Stokes numbers, the spectra ratio decays to values smaller than unity.
This phenomenon is a signature of preferential concentration, as described schematically
in Figure 2, and evolves non-monotonically with the Stokes number as well. Specifically,
the decay of the spectra ratio indicates that the particle clouds low-pass filter the mean
ambient turbulence, in that they preferentially sample relatively calmer regions of the
flow (approx. 15% and 40% calmer in velocity and Q fluctuations, respectively) subjected
to decreasingly less fluctuations than the mean level as the wavenumber increases.
The tendency of particle clouds to move into flow regions undergoing low levels of fluc-

tuations is a scale-dependent phenomenon. This is observed in Figure 5, which depicts
the spectra ratio as a function of the Stokes number (2.10) for different wavenumbers.
In particular, the results show that the decrement of turbulence fluctuations in the sur-
roundings of the particle clouds is most pronounced for the small scales, where the inter-
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Figure 5. Scale repartition of the ratio of concentration-weighted spectra to unweighted spectra
versus Stokes number for (a) velocity and (b) second invariant of the velocity-gradient tensor.

mittency is the largest. However, per scale, the peak of fluctuation downsampling occurs
at different Stokes numbers, which is a consequence of the fact that particle-turbulence
relative motion is most amplified with respect to eddies whose Stokes number is of order
unity based on their turnover time (Urzay et al. 2014). These considerations are further
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Figure 6. Mean wavelet spectrum of particle concentration field (upper panels) and spectral
flatness factor (bottom panels) versus wavenumber for different Stokes number (a,c) and versus
Stokes number for different wavenumbers (b,d).

explained in Section 5.3, where it is shown that the curves in Figure 5 collapse along the
horizontal axis if an appropriate spatial scaling is used for the Stokes number.

5.2. Concentration spectra

In homogeneous-isotropic turbulence, preferential concentration arises when the charac-
teristic particle acceleration time becomes comparable to the Kolmogorov turnover time,
as observed in the DNS snapshot for Stk “ 1 shown in Figure 2. A spectral representa-
tion of this phenomenon is provided in Figure 6(a,b) in terms of the mean concentration
spectrum EC , which quantifies the energy associated with the spatial fluctuations of C
caused by preferential concentration. In particular, it is observed that the characteristic
scale associated with the peak in EC is a Stokes-number-dependent one that moves from
large to small wavenumbers as the Stokes number decreases. Similarly, the energy of the
concentration fluctuations decreases rapidly as the Stokes number departs from order-
unity values, thereby implying an increasingly uniform spatial distribution of particles
and a diminishing importance of preferential concentration. These considerations are in
agreement with previous analyses based on Fourier transforms (Jin et al. 2010).
While Figure 6(a,b) shows spatially-averaged dynamics, the results displayed in Fig-

ure 6(c,d) provide wavelet-enabled information of the spatial variability of EC in terms
of the flatness factor defined in Eq. (3.10). Specifically, the analysis shows that the high-
wavenumber peaks of EC associated with preferential concentration have larger flatness
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Figures 5 and 6(b).

factors, indicating an increased intermittency in the spatial distribution of particles as the
Stokes number approaches order-unity values. This is in contrast to the smaller flatness
factors associated with the peaks in EC at large or small Stokes numbers, which suggest
an increasingly organized particle distribution in absence of preferential-concentration
effects. In conclusion, although peaks are observed in EC for Stokes numbers away from
order-unity values, they are much less spatially intermittent than the peaks in EC ob-
served for preferentially concentrated regimes at order-unity values of Stk.

5.3. Eddy scale for maximum particle response

The wavelet-based spectral results in Figures 4-5 provide direct spectral information of
the turbulence in the surroundings of the particle clouds in wavenumber space. This is in
contrast to analyses performed in the Lagrangian frame that describe dynamics of the flow
velocity seen by the particles by Fourier-transforming the velocity signals into frequency
space. Wavenumbers are representative of the spatial scales of turbulence in the vicinity
of the preferentially concentrated particle clouds. The fluctuation frequencies recorded in
the Lagrangian frame attached to the inertial particles are not straightforwardly related
to the spatial scales of the underlying turbulence. An approximate relation between
spatial and temporal dynamics, useful for tracers, can be foreseen using Kolmogorov’s
universal scaling,

ts „ pℓ2s{ǫq1{3, (5.1)

where ℓs is the eddy size and ts is the corresponding turnover time. Using Eq. (5.1), the
Stokes number (2.10) can be written as

Stk “ Stspℓs{ℓkq2{3, (5.2)

where Sts is a scale-dependent Stokes number given by

Sts “ ta{ts. (5.3)

As described in Urzay et al. (2014), the relative motion between the particle and the
ambient turbulence becomes most amplified for eddies whose Stokes number Sts is of
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Figure 8. (a,b) Figure 5 and (c) Figure 6(b) replotted using the scale-dependent Stokes
number Sts instead of Stk in the horizontal axis.

order unity, or equivalently, for eddies whose characteristic size is of order

ℓa
ℓk

„ St
3{2
k , (5.4)

where use of Eq. (5.2) has been made. It is noteworthy that the power relation (5.4) is
a good approximation to describe the Stokes number associated with the spectra-ratio
minima and the concentration-spectra maxima observed, respectively, in Figures 5 and
6(b), as shown in Figure 7. These considerations suggest that the dynamics portrayed in
Figures 5 and 6(b) are manifestations of particle maximum response to eddies of length
scale ℓa given by Eq. (5.4). This can also be understood by replotting Figures 5 and 6(b)
in terms of Sts rather than Stk, which leads to collapse of the curves with respect to the
horizontal axis, as shown in Figure 8, with all maxima and minima being aligned with
the relevant Stokes number Sts „ 1 for which the slip velocity is maximum.

6. Concluding remarks

In contrast to regular Fourier analyses, the wavelet transform enables extraction of
spatially-localized spectral dynamics. In this study, wavelets are used to analyze the tur-
bulent flow in the surroundings of preferentially concentrated particle clouds in terms of
spectral densities of fluctuations of velocity and second invariant velocity-gradient tensor
(denoted as Q). Additionally, the spatial variabilities of the concentration spectra are
addressed using wavelet-enabled statistical moments. The analysis is focused on DNS of
one-way coupled, incompressible homogeneous-isotropic turbulence. In this flow, prefer-
ential concentration occurs in regimes where particles interact with the small scales of
turbulence, in such a way that the associated Kolmogorov-scale-based Stokes number is
of order unity.
The results of this investigation suggest that, in preferentially concentrated regimes,

the particles are found in flow regions undergoing fluctuation levels smaller than the
average. Such selective sampling of the small turbulence scales is enabled by their high
intermittency, which allows the particles to concentrate preferentially in small scales
where the strain rate is maximum while avoiding high-wavenumber flow structures of
high vorticity. The preferentially concentrated clouds are clearly distinguishable by a
peak in the concentration spectra, with the associated characteristic scales being of the
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same order as the Kolmogorov length. In turn, as the regime of preferential concentration
is approached, the high-wavenumber range of the concentration spectra, where the peak
is observed, becomes increasingly intermittent in space.
It should be stressed here that in the present study preferential concentration is as-

sociated with interaction of particles with small scales of turbulence. This is an appro-
priate description for homogeneous-isotropic turbulence, where Kolmogorov eddies are
frequently observed everywhere in the flow. In different types of flow configurations,
such as particle-laden turbulent jets or mixing layers, the coherency of the large-scale
eddies produces preferential concentration in regimes where the characteristic particle
acceleration time becomes of the same order as the integral time instead, with particles
accumulating along saddle zones perpendicular to the braids in between the large-scale
vortices (Lazaro & Lasheras 1989; Longmire & Eaton 1992). In those flows, the descrip-
tion given here may require revision, although in principle the lack of triple periodicity
does not represent there an obstacle for wavelet-based spectral analyses.
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