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It is well-known that heavy particles in homogeneous isotropic turbulence tend to collect in certain
regions of the flow, leading to preferential accumulation. In this study, we investigate different measures
of preferential accumulation, some of which show a dependence on Reynolds number. All the measures
used in this study confirm that this phenomenon is most pronounced for a Stokes number, St ~ 1, based
on the Kolmogorov time-scale. The variation with Stokes number has been studied over a wider range for
all the measures than in previous studies. Though the effect of changing St, for a particular Re, has been

ﬁz‘;‘;oris" well understood, the scaling with Re is not so obvious. The measures used in this study seem to suggest a
Turb uﬁ’e nce structure to the particle concentration field which scales with Re. To investigate this structure, we intro-
Particle duce a concentration distribution length scale which shows a dependence on Re, especially at higher St.

Preferential accumulation The results in the present work agree with several previous computational and experimental works and

provide a more unified picture of the dependence of preferential accumulation on St and Re.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Direct numerical simulations of dispersed phase flows, using the
point-particle assumption for particles, have proved very useful to
probe the particle distribution characteristics. Depending on
whether the effect of particle phase on the fluid phase has been ne-
glected or incorporated, the simulations are classified as one-way
coupled and two-way coupled respectively. Direct numerical simu-
lations have been widely used to investigate both one-way
(Elghobashi and Truesdell, 1992) and two-way coupled (Boivin
et al., 1998) situations in homogeneous turbulence. In this study,
we focus our attention on one-way coupled situations. The DNS code
using point-particles, described within this paper, simulates the
simplest case of stationary homogeneous isotropic turbulence
(HIT) and one-way coupling and is used to investigate small-scale
turbulence effects on preferential accumulation. Complete details
of the code mathematical background may be obtained from Scott
(2006).

It has been shown in a series of papers, both numerical and
experimental, that inertial particles tend to accumulate in areas
of high-strain and low vorticity. This phenomenon is generally re-
ferred to as preferential accumulation or preferential concentration
(henceforth referred to as PC) in literature. The clustering of parti-
cles or droplets plays an inherently important role in processes like
droplet formation in clouds (cf. review by Shaw (2003)) and coag-
ulation of particles caused by collisions (Wang et al. 2000). In this
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study, we use different measures for quantifying preferential con-
centration and probe their dependence on Stokes number (St) and
Taylor Reynolds number (Re).

Before proceeding to discuss observations on PC in literature,
we define here the various measures of accumulation encountered
in this study for the benefit of the reader. Some of the measures,
introduced elsewhere in literature are re-defined here for purpose
of clarity and some new measures are introduced here. The D,
measure, introduced by Wang and Maxey (1993), is a bin-size
dependent measure defined as follows:

NP
D=3 (P(C) = P{(C))
Cc=0
where the concentration C is the number of particles found in a
small cube with its side equal to the specified bin-size and N, is
the total number of particles. P(C) is the measured probability of
finding a small cube with concentration C and P¥(C) = e*2°/C! is
the same for a Poisson distribution (Squires and Eaton, 1990a) with
mean particle number density . Another measure of quantifying
the deviation from random distribution is the D measure (Fessler
et al.,, 1994) defined as follows:

D— g — jl’oisson (12)

where ¢ and g pyisson Tepresent the standard deviations for the mea-
sured particle number density distribution and the Poisson distribu-
tion. Both the D and D. measures characterize the deviation of the
observed particle distribution from a perfectly random distribution.
For a random distribution of particles, both D and D. would be equal
to zero. The correlation dimension, D, introduced by Grassberger

’ (1.1)
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and Procaccia (1983), is part of a spectrum of generalized dimen-
sions used to characterize multifractal sets. The correlation dimen-
sion is defined as follows:

D, = lim(1/log!) log > v} (1.3)

where [ is a variable length scale and p; is the probability that the
separation distance between two particles is less than [ (Tang
et al.,, 1992). We compute this quantity by binning all of the particle
pairs N(I), according to their separation distance I, and calculating
the slope of the curve log (N(1)) versus log () over a range of [ where
a linear dependence exists. For a uniform distribution of particles,
D, equals the space dimension (three in our case). In the present
study, we introduce a measure which correlates the local particle
number density concentration to the local fluid enstrophy (referred
henceforth as ND-E correlation). The ND-E correlation is defined as
(n'e’)/{n)(e) where (n) and (e) are the mean particle density and the
mean enstrophy respectively. All the averages () in the preceding
definition refer to Eulerian averages over the simulation domain.
It follows from the definition that preferential concentration of par-
ticles in low-enstrophy areas would result in increasingly negative
values of the ND-E correlation. Another measure introduced in the
present study is the clustering length scale, I,,, defined as follows:

__m_ [N
1,_2<n>2/ e (1.4)

where N(x) = 1/2(A(x)f" (k)) is defined on lines of fluid kinetic en-
ergy to obtain a length scale consistent with fluid integral length
scale. This length scale provides a convenient measure of the extent
of the region over which the number density field is correlated.

Typically radial distribution function (RDF), introduced by Sun-
daram and Collins (1997) and correlation dimension (D,) have
been used to quantify the multi-scale nature of the particle distri-
bution. The measures can be broadly divided into two types - the D
and D. measures quantify the deviation of the particle distribution
from randomness, while the correlation dimension, D, is a measure
of particle-particle separation. In this study, we take a closer look
at what each of these measures represent. While the global mea-
sures like D, D, quantify the global property of distribution, mul-
ti-scale measures like RDF and D, probe the structure of particle
distribution from a fractal point of view. As such, D and D, mea-
sures tend to depict uniform particle distribution at higher Rey-
nolds numbers while D, exhibits independence with Reynolds
number. Also, in this study, we cover a wider range of Stokes num-
bers for all the measures of accumulation than in any previous
study. In addition to the measures mentioned above, we introduce
a couple of new measures — ND-E correlation and the clustering
length scale, I,, to better understand the structure of PC.

Squires and Eaton (1991) demonstrated PC in isotropic turbu-
lence (Re =38.7) and found that particles are most preferentially
accumulated for the intermediate Stokes number in their simula-
tions. Wang and Maxey (1993) investigated concentration distri-
bution of particles at Re = 31. They introduced the D, measure for
quantifying local accumulation and found PC to be a Kolmogorov
scale phenomenon. In their experimental investigation, Fessler
et al. (1994) calculated the D parameter for quantifying PC and
investigated the role of box-size used for calculating the D param-
eter. They noted that evaluating the dependence of D on box-size
revealed useful information about the scale on which PC occurs.
Eaton and Fessler (1994) summarized the mechanism of PC in their
review, attributing it primarily to the coherent vortical structures
present in the fluid. At the lower Reynolds numbers used in the
studies mentioned before, PC is mainly influenced by the action
of Kolmogorov scale eddies. This phenomenon has been captured
in numerous studies using measures of deviation from randomness
like D and D.. It is well-known and consistently observed that PC is

most pronounced for Stokes number, St ~ 1, where St is based on
the Kolmogorov time scale.

Many recent studies have pointed to the multi-scale nature of
preferential concentration phenomenon at higher Reynolds num-
bers. Goto and Vassilicos (2008) have pointed out the role of mul-
ti-scale eddies in PC at higher Reynolds numbers. The ‘sweep-stick’
mechanism proposed by them, points to the tendency of particle
clusters to reflect the underlying acceleration structure of the fluid
flow field. Chen et al. (2006) found a good correlation between
acceleration stagnation points of fluid and particle clusters for par-
ticle response times smaller than integral scale of turbulence in 2D
turbulence. This upper limit on particle response time corresponds
to St ~ 15 for the highest Re in the present simulations. Yoshimoto
and Goto (2007) demonstrated the role played by eddies of the size
range between Kolmogorov and integral length scales of the flow
on clustering.

Van Aartrijk and Clercx (2008) used the correlation dimension
(D7) as a measure of accumulation and investigated PC in both
HIT and stratified turbulence. They concluded that PC is only
weakly dependent on Re. Similar conclusion was reached by Collins
and Keswani (2004) and Hogan and Cuzzi (2001). Collins and
Keswani (2004) studied the scaling of radial distribution function
(RDF), first introduced by Sundaram and Collins (1997) in the con-
text of particle collisions, with Reynolds number. They found that
the RDF saturates to a constant value with increasing Re, for the
range of Re (65-152) in their study. Bec et al. (2007) probed the
dependence of PC on Reynolds number using DNS. They point
out that PC is independent of Re at the dissipative scales, but the
same argument does not apply at higher Re, where a much broader
range of length and time scales are involved. In particular they note
the direct relationship between particle distribution and structure
of acceleration field in the inertial range. Balkovsky et al. (2001)
also point out the scale invariance at small scales, but note that
deviations from uniform distribution for higher St, are expected
to depend on the scales involved. The scale invariance of clustering
at dissipative scales is also observed in 2D turbulence by Boffetta
et al. (2004). They suggest that clustering of particles relates to
the presence of structures characterized by a large set of time
scales.

In their experiments, Aliseda et al. (2002) characterize PC
using D and D. measures introduced earlier and also probe the
role of bin-size on these measures. In their study, a bin-size on
10n corresponds to the peak of these measures, consistent with
similar earlier observation by Fessler et al. (1994) in their exper-
iment (note: Re ~ 75 in Aliseda et al., Re ~ 150 in Fessler et al.).
Though the study by Aliseda et al. gives a detailed account of
clustering characteristics for a particular Re, being limited to a
single Re, the scaling with Re remains unexplored in their study.
Wood et al. (2005) conduct experiments at much higher Re (Re
~ 230), where PC occurs over a fairly wide range of scales. The
bin-size dependence of D measure suggests a peak around bin-
size of 8-20#, which is a broader range than found in experiments
by Aliseda et al. and Fessler et al. at lower Re. Wood et al. also ob-
served that this peak shifts towards larger length scales for higher
Stokes numbers.

It has been established that multi-scale eddies play an increas-
ingly important role in preferential accumulation at higher Rey-
nolds numbers. In this study, we introduce a clustering length
scale for particle concentration, similar to integral scale for the
fluid. Such a measure would give an estimate of the spacing be-
tween particle clusters. Combined with studying the bin-size
dependence of D and D. measures for different Reynolds number,
it enables us to gain a better understanding of scaling of the clus-
tering phenomenon with Re. Also we look at the D, measure, to
facilitate comparison with studies focusing on scaling of RDF with
Reynolds number.
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The remainder of this manuscript is organized as follows. Sec-
tion 2 presents abridged details of the pseudo-spectral method,
code organization, initialization, forcing method and validation.
In Section 3, results from a comprehensive set of mono-sized sim-
ulations are presented. Section 4 discusses these results in the con-
text of recent computational and experimental work, which used
different measures of preferential accumulation to add some fur-
ther illumination to our arguments. Finally, the main findings are
summarized in the concluding remarks.

2. Continuum phase method

The pseudo-spectral method (Orszag and Patterson, 1972), as
described by Rogallo (1981) has been used to simulate the fluid
turbulence. In the pseudo-spectral method, the non-linear term
is evaluated in real space and transformed back to Fourier space.
Evaluation of the non-linear terms introduces aliasing errors and
here the errors are eliminated using a simple truncation method
(Canuto et al., 1988). At the code level, the Navier-Stokes equation
is solved in the rotational form, which conserves kinetic energy
and has been shown to be the most stable form for numerical sim-
ulations (Canuto et al., 1988). The temporal field is evaluated using
a third-order Runge-Kutta scheme (Williamson, 1980). The time
step is calculated according to a predefined Courant Freidricks Levy
(CFL) number. All simulations in this study use the CFL number
CFL=0.75 and the time step At is adjusted dynamically during
the simulation.

In order to obtain a statistically stationary simulation without
decay of the energy spectrum, it is necessary to input energy by
forcing the large scale motions of the flow. Several historical meth-
ods are available (Siggia and Patterson, 1978; Siggia, 1981; Kerr,
1985) but here the forcing scheme used is an Uhlenbeck-Ornstein
stochastic process (Gardiner, 1985), as implemented by Eswaran
and Pope (1987, 1988). Forcing of the large scales is achieved by
the addition of a forcing acceleration to the Navier-Stokes equa-
tion in wave space form within a sphere of radius K = 2v/2k, .

The Kolmogorov time scale, Taylor length scale and Taylor Rey-
nolds numbers are calculated as - T, = (/&) 4 =
(15vuP /¢)'/?, Re = uJs /vy, respectively. The turbulent flow sta-
tistics for forced isotropic turbulence generated from this code
were compared and validated with the results of Overholt and
Pope (1996). Further validation work was performed by examining
the energy density spectrum for the forced isotropic turbulence
validation cases. Consistency with freely decaying turbulence is
ensured by comparing with the experimental results of Comte-Bel-
lot and Corrsin (1971). In all cases, the expected results were ob-
tained and full details are available elsewhere (Scott, 2006).

2.1. Discrete phase method

The particle trajectories are calculated using the physical space
velocity field, and advanced in time using the same third order
Runge-Kutta scheme as used for the fluid phase. The position of
a particle is calculated according to the following ordinary differ-
ential equation:

dX;

®i_y, 1)
and the particle velocity is calculated using

du; 1 .

E*_ﬁ(ul_ui) (2.2)

where u; is the fluid velocity seen by the particle. The particles are
assumed to be smaller than the Kolmogorov length scale of fluid
flow (Maxey and Riley, 1983). The particle drag function f;, and par-

ticle Reynolds number Re, are calculated as follows Clift and Grace

(1978):

= M < 800
Vs

where ¢ is the particle diameter. The particle relaxation timescale is
defined,

18p,vy
U= 2
Py
To calculate the particle drag force, it is necessary to know the
instantaneous fluid velocity at the particle position. In the code, the

instantaneous fluid velocity is interpolated to the particle position
using a third order accurate polynomial (Ferziger and Peric, 1996).

fu=1+0.15Re)®’ : Re, (2.3)

(2.4)

2.2. Initialization and statistical analysis

All statistics were obtained from identical realizations of the
turbulent carrier flow. Particles were initialized at random posi-
tions within the computational domain and released with initial
velocity equal to the local fluid velocity. It was ensured that the
particles were initialized in the same positions for each realization
(assuming equal number of particles) and also ensured that the
fluid realization was identical each time, independent of the num-
ber of particles used, since the flow is one-way coupled.

Both Eulerian and Lagrangian statistics were collected at every
time step during the simulation. Lagrangian statistics were ensem-
ble averaged across all particles. The Eulerian statistics were vol-
ume averaged for all nodes in the computational domain. An
initial period at the start of the simulation was disregarded when
time averaging to allow the particles to obtain a statistically sta-
tionary state within the flow.

A simple investigation was conducted to assess the influence of
the particle population size on the accuracy of the measured statis-
tics. The percentage errors for various measured statistics for 10%,
10% and 10° particles relative to a reference simulation with 108
particles were calculated. In general this rough error assessment
indicated that 10* particles should be sufficient for accurate
Lagrangian mean statistics. This is supported by Elghobashi and
Truesdell (1993) who found that 223 particles are sufficient. In
practice, the additional CPU time required to simulate 10° particles
is relatively small, so all simulations documented here were per-
formed using 10° particles.

3. Results

Simulations were performed at Taylor Reynolds numbers of
Re=24.24, 49.28, 83.40, 136.0 using 323, 643, 1283, 256> nodes,
respectively, the flow characteristics of which are detailed in Table
1. For each Reynolds number, a range of Stokes numbers, based on
the Kolmogorov timescale of the fluid, from 0.2-20 were consid-
ered. Although modification of the fluid phase turbulence is not ac-
counted for in these simulations, the particle diameters have been
selected to ensure particles are smaller than the Kolmogorov
length scale of the flow.

Figs. 1 and 2 illustrate the tendency of inertial particles of a gi-
ven St to accumulate in areas of low vorticity. In the St = 1.0 simu-
lations the initially uniform particle field has organized itself into
distinct areas of higher number density. Conversely the St =10.0
simulations appear to maintain the initially uniform distribution.

All the measures used in this study confirm that preferential
accumulation is maximum around Stokes number, St ~ 1.0. Fig. 3
shows the variation of PC with Stokes number for both the scale-
dependent measure, D and scale-free measure, D,. The D, measure
is inherently a scale-dependent measure and the bin-size used in
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Table 1
Normalized Reynolds stresses and other quantities during the stationary period for forced isotropic turbulence. (-) denote the time averaged stationary value.

323 64> 1283 256
Largest resolved wave-number Kmax (1) 1.213 1.123 1.171 1.256
Smallest resolved wave-number Ko(n) 0.0758 0.0351 0.0183 0.0085
Integral length scale Ko(l) 1.224 1.005 0.8563 0.8109
Kolmogorov length scale (n/l 0.0621 0.0350 0.0214 0.0105
Taylor micro-scale (/1) 0.5999 0.4846 0.3779 0.2417
Eddy turnover time Te = (A/u) 1.486 0.3940 0.1375 0.0468
Kolmogorov time scale (Tn) 0.2301 0.0493 0.0134 0.0029
Start of stationary period Ts=T/Tg 18.58 11.13 6.241 2.512
Duration of stationary period Tp = Tmax/Tg — Ts 164.8 94.85 23.09 3.019
Turbulent kinetic energy (k) 1.031 9.863 58.63 4533
Dissipation rate (€) 0.4821 1045 141.7 2968.3
Taylor Reynolds number (Re;) 24.23 49.83 80.57 136.0

Fig. 1. (a) Contours of enstrophy and particle positions for a plane (contour levels between 0.2 (e) and 2.0 (e)). (b) Fluid velocity vectors and particle positions for plane.

(Re=50,5t=1.0.)

Fig. 2. (a) Contours of enstrophy and particle positions for a plane (contour levels between 0.2 (e) and 2.0 (e)). (b) Fluid velocity vectors and particle positions for plane.

(Re=50,5t=10.0.)

Fig. 3 is nearly equal to the Kolmogorov length scale. On the other
hand, the D, measure is simply the exponent of the scaling of num-
ber of particles N within a radius, r, from a base particle of the form
NP2, It is interesting to note that in spite of this inherent difference
in the definition of D. and D, measures, both peak at St ~ 1, as
found by numerous previous studies. This demonstrates that pref-
erential accumulation peaks at St ~ 1 irrespective of the measure
used for quantifying it in our simulations and agrees with well-
established conclusions to this effect from the literature.

Figs. 4 and 5 show the bin-size dependence of D and D, mea-
sures for Re =50. The bin-size has been normalized by the Kol-
mogorov length scale to enable estimation of the range of scales

present in the calculation. It is observed that for the larger Stokes
numbers, the peak of the D and D. measures shifts to larger scales
relative to the dissipation length scale. It has also been observed
that the peak values of these measures for a given Stokes number
decreases with increasing Reynolds number.

In order to facilitate comparison of our results, we used the
same spatial scale for binning particles as that used by Wang and
Maxey for estimating D, in their simulations. Fig. 6 compares the
D, measure in our simulations with that of Wang and Maxey,
where we use the same bin-size used by them for their Re = 31
calculation. It is seen that our results agree very well with those
reported by Wang and Maxey. The Kolmogorov scaling of
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Fig. 4. Variation of D, with normalized bin-size for St = 0.2, 0.8, 3.0, 10.0 for Re = 50.
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Fig. 5. Variation of D with normalized bin-size for St = 0.2, 0.8, 3.0, 10.0 for Re = 50.

preferential concentration phenomenon is also clearly evident
with D. showing a peak at Stokes number near unity for all the
Reynolds numbers. It should be noted that in Fig. 6, the bin-size
normalized by the Kolmogorov length scale, is different for each
of the Reynolds numbers. Hence it would be erroneous to estimate
the trend with Re based solely on Fig. 6. In order to estimate the

0.14

0.12

0.1}

0.08 r

0.06

0.04

0.02

0.1 100

Fig. 6. Variation of D, measure with Stokes number for Re = 24, 50, 81, 136 and
compared with data from Wang and Maxey (1993).

trend with Reynolds number more clearly, it is required to investi-
gate the trend of the peak values of D and D, for a given Re and
St. Fessler et al. (1994) reported the peak D values for their channel
experiments and Fig. 7 compares results from our simulations with
their experimental values. We observe a decrease in D measure for
higher Reynolds number, for Stokes numbers, St less than 3. More-
over results from our simulations tend to the experimental results
of Fessler et al. (1994) with increasing Reynolds numbers. Hogan
and Cuzzi (2001) reported only a weak dependence on Re for the
D. measure in their simulations. However, it should be noted that
in comparing D. across Reynolds numbers, they had normalized
their results with St = 1 measure and thus the qualitative variation
of D, with Stokes number showed invariance across Reynolds num-
ber, although this is not the case for this measure of PC.

In order to compare our PC estimation with the bulk of studies
related to collision statistics of heavy particles, we calculated the
correlation dimension (D,) for each of our calculations and com-
pared our results with that of Hogan and Cuzzi (2001) and
Van Aartrijk and Clercx (2008). The D, measure derives itself from
the radial distribution function (RDF), which itself is a statistical
measure of clustering calculated from the particle position field.
Fig. 8 shows the variation of D, with St for the different Reynolds
numbers. The D, exhibits only a weak dependence of Re, consistent
with similar conclusion by Collins and Keswani (2004). The D,

1.4 . .
x_ Fessleret. al. Re; ~150 ——

12

0.8 1

04t

0.2

0.1 1 10 100
St

Fig. 7. Variation of D measure with Stokes number for Re = 24, 50, 81, 136 and
compared with data from Fessler et al. (1994).
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Fig. 8. Variation of D, measure with Stokes number for Re = 24, 50, 81, 136 and
compared with data from Hogan and Cuzzi (1991) and van Aartrijk and Clercx
(2008).

measure is an indicator of particle-particle separation and cap-
tures the spacing between particles in a cluster. The observation
that D, is only weakly dependent on Re means that the relative
particle-particle separation is nearly independent of Re. With
increasing Re, there is going to be a broader range of scales (eddy
sizes) interacting with each other and the particles. In the simula-
tions, it is evident that the dissipative scales (#) decrease by an or-
der-of-magnitude from the smallest to highest Re. It is seen that
the D, measure is insensitive to this range of eddy sizes since a sin-
gle particle continues to see a similar structure around it. In short,
the D, measure by virtue of its definition, strips out the quantita-
tive scaling of particle separations, while retaining its qualitative
structure, as it scales with Re.

In order to better probe the relation between the location of a
particle and underlying fluid turbulence, we calculate the Eulerian
correlation between local fluid enstrophy ef= w - wy and local par-
ticle number density n. The earliest studies of PC (Squires and Ea-
ton, Fessler et al.) have shown that particles tend to reside in low-
vorticity areas of the flow when they are preferentially concen-
trated. The correlation between number density and fluid enstro-
phy captures this phenomenon by an increasingly negative
correlation between the two quantities. However, we are inter-
ested in the value of this indicator at higher Reynolds number,
which is not so obvious. This scaling of this quantity (<n’e’>) with
Reynolds number is shown in Fig. 9. The general trend indicated is
an increasing tendency for particles to accumulate in areas of low
vorticity for particular particle Stokes numbers, as first observed by
Squires and Eaton (1990a,b, 1991). In addition, the variation of the
correlation between enstrophy and number density across the
range of Stokes numbers considered is also less in the more turbu-
lent simulations. It is evident that for the highest Reynolds number
in the simulation, particles (of a greater range of response times)
do not show a particular preference for low-vorticity areas. This
is another pointer towards our argument of particle clusters
becoming diffuse structures at the higher Re and St.

Squires and Eaton (1990a,b, 1991) suggest that as the particle
Stokes number decreases, eventually a tracer limit will be reached
and the accumulation effect is no longer evident. However, the
studies of Squires and Eaton concentrated on a single turbulent
Reynolds number whereas the present study has considered a
range. Results from this study suggest that in addition to the tracer
limit, the Reynolds number also has a significant effect on the pref-
erential accumulation effect. In other words, as the turbulence le-
vel is increased for constant Stokes number, the accumulation

-0.15 T T T T T T .

<n’e’>

Fig. 9. Correlation coefficients of particle number density and fluid enstrophy in
terms of St and Re.

effect appears to approach a limit as measured by D, but shows
a scaling as measured by D and D, quantities.

While the measures D, and <n’e’> are indicators of particle spac-
ing and particle location vis-a-vis fluid enstrophy, respectively, they
do not contain information about particle clusters and cluster sep-
arations. The bin-size dependence of D, and D measures (Figs. 4 and
5) does provide information about particle clusters, though only in
an approximate sense. It is seen that for a given Reynolds number,
the range of sizes of particle clusters increases with Stokes number.
At St ~ 1, we observe a sharp peak for these measures indicating
that the particle number density field is composed predominantly
of clusters of a single length scale. On the other hand, at higher
Stokes numbers, there is an even distribution of clusters of all sizes.
This is consistent with the observation by Yoshimoto and Goto
(2007) and indicates that higher St particles interact with a range
of eddy sizes. In this study, the same has been argued quantitatively
for higher Reynolds numbers using additional measures.

In order to further investigate the idea of scaling of preferential
accumulation with Reynolds number, the particle number density
spectra were calculated during each simulation by taking the Fou-
rier transform of the particle number density field. The clustering
length scale, I, (Eq. (1.4)) is defined in consistence with the carrier
flow integral scale If.

The variation of the clustering length scale across St for different
Re is shown in Fig. 10. Note that in this figure, the highest Reynolds
number data is not included owing to the computational expense
of getting stationary statistics. From this figure it is clear that the
clustering length scale shows the same trend as the other mea-
sures used in this study and shows a peak for St ~ 1. The clustering
length scale basically refers to the distance between clusters of
particles. At the peak of preferential accumulation, it is observed
that the clustering length is highest. This suggests that PC is qual-
itatively composed of small particle clusters separated by rela-
tively large distances. At the lowest Reynolds number in the
simulation, there is a significant difference in the clustering length
scale between the peak (St ~ 1) and that at higher Stokes numbers
(St ~ 20). On the other hand, the difference in peak and the asymp-
totic value reached at higher St is much smaller for the highest Re.
At higher Reynolds numbers, the particles interact with a broader
range of fluid scales or eddy sizes. The smallest or Kolmogorov size
eddies still play a dominant role leading to PC for appropriate par-
ticles (St ~ 1). However, for the more sluggish particles (higher St),
the average spacing between particle clusters remains higher. It
should be remembered that at the higher Re and St, the clusters
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Fig. 10. Variation of clustering length scale with Stokes number for Re = 24, 50, 81.

themselves are larger or more diffuse structures, as seen from the
shift in peak of D and D, indicators towards larger length scales.
It is suggested that whilst the process of preferential accumula-
tion is governed by the small scale features of the turbulence for
the lower Reynolds numbers, while at higher Reynolds numbers,
clustering is influenced by a range of eddy sizes, whish is most
effectively demonstrated by the clustering length scale.

4. Conclusions

A pseudo-spectral DNS code with point-particles has been
developed and has been validated for grid sizes up to 256> and
shows good agreement with available experimental and computa-
tional data for simulation of isotropic turbulence. This code has
been used to demonstrate the preferential accumulation effect of
particles in areas of low vorticity using a new measure of preferen-
tial accumulation, the clustering length scale of accumulation.

The qualitative observations of preferential concentration as
found by Squires and Eaton (1990a,b, 1991) are confirmed. The
quantitative results are in agreement with the computational work
of Wang and Maxey (1993) and experimental work of Fessler et al.
(1994) using measures D. and D used in their works respectively.
The effect of bin-size on these measures has been systematically
studied. It was observed that these measures show a decreasing
trend with Re, irrespective of bin-size. The fact that this seems to
suggest scaling with Reynolds number was further confirmed by
measuring the correlation dimension, D,. It has been noted, consis-
tent with previous studies that D, shows only a weak dependence
on Reynolds number. This seems to suggest that the D, measure
provides a scale invariant picture of particle distribution. However
it does not seem to capture the effect of the changes in the struc-
ture of particle number density field.

The structure of the particle number density distribution is
effectively captured the clustering length scale defined in this
work. The authors suggest that this measure better mimics the
underlying fluid acceleration field. Recent works by Vassilicos
and co-workers suggest the sweep-stick mechanism for preferen-
tial concentration, which presents a so-called fluid interpretation
of accumulation. In the present work, the authors suggest a parti-
cle-interpretation for the same phenomenon.
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