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ABSTRACT
An experimental investigation of the time-dependent spatial distribution of droplet concentration in a “box” of stationary homo-
geneous and isotropic turbulence without mean flow was performed for polydispersed droplet clouds with a wide range of mean
droplet diameters and droplet size distributions, characterized by a representative Stokes number, based on the droplet arith-
metic diameter and the Kolmogorov time scale of the flow, varying between 0.2 and 6, and for turbulent Reynolds numbers of 98,
127, 147, and 235. A novel morphological tracking scheme was used to provide temporal tracking of droplet clusters according to
cluster morphological features. The tracking scheme was based on Voronoï space tessellation, multivariate kernel density esti-
mation, and mean shift feature space tracking. The developed tracking scheme was used to establish the relationship between
the morphological features of droplet clusters, i.e., number of clusters per unit area and cluster length scales, and the velocity
of droplet clusters. The time scale of the droplet clusters increased with both the turbulent Reynolds number and the Stokes
number, but its dependence was stronger on the turbulence level. In addition, the effect of filling factors of turbulent flows by
turbulent structures on droplet clustering was discussed, which led to suggestions of potential flow control methods to mitigate
droplet preferential concentration.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5063673

I. INTRODUCTION

In many natural and engineering turbulent two-phase
flows, the interaction between turbulence and dispersed
droplets results in preferentially concentrated (clustered)
droplets, which leads to dense regions, where droplets are
more concentrated than the local average value, or voids,
where droplets have lower concentration than the local aver-
age value. Droplet clustering can significantly affect differ-
ent engineering applications. For example, the evaporation
rate of fuel droplets may be reduced in dense clusters due
to the saturation of the surrounding gas by fuel vapour,
resulting in local fuel rich regions, which may increase the
formation of particulate emissions and reduce combustion
efficiency. The increased droplet concentration of droplet

clusters can also lead to an increased number of inter-droplet
collisions and influence agglomeration in powder produc-
tion processes. Thus, understanding the mechanism of droplet
clustering is essential for optimisation of different engineering
applications.

Preferential concentration of mono-sized particles in tur-
bulent flows has been widely studied numerically during the
past two decades using Direct Numerical Simulations (DNS). It
has been observed that inertial particles are centrifuged in the
high strain and low vorticity regions of the flow (Maxey, 1987;
Squires and Eaton, 1991; Hardalupas et al., 1990; 1992; Eaton
and Fessler, 1994; Wang and Maxey, 1993; and Sundaram and
Collins, 1997). However, this mechanism has been argued as
incomplete. For instance, in the numerical work of Bec (2005),
particles exhibited strong clustering in white-in-time type
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flow with the fluid velocity as a given random function of time
in the absence of particle centrifuging mechanism. The parti-
cle preferential concentration represents a self-similar, multi-
scale nature observed both numerically (Boffetta et al., 2004
and Goto and Vassilicos, 2006) and experimentally (Monchaux
et al., 2010 and Lian, 2014). The concentrated vorticity at small
scales, which is a direct result of the vorticity cascade of tur-
bulent flows, cannot provide a satisfactory explanation for this
multi-scale nature of particle concentration.

Strong correlations have been observed numerically
between the location of local topological zero acceleration
points and the high concentration of inertial particles (Chen
et al., 2006; Goto and Vassilicos, 2006; 2008; Bragg et al.,
2015; and Sumbekova et al., 2017) since the Radial Distribu-
tion Function (RDF) of distances between inertial particles
coincide with the RDF of distances between zero acceler-
ation points. To elaborate the observed phenomenon, Goto
and Vassilicos (2006) proposed a “sweep and stick mecha-
nism,” which suggests that both the local velocity gradient
field and inertial particles are swept by the local fluid veloc-
ity. The inertial particles stick to and move together with the
zero acceleration points and form clusters. In a recent sim-
ulation (Bragg et al., 2015), the trajectories of inertial particles
were observed to depend upon the interactions with turbulent
velocity field at earlier time along their path history. There-
fore, the clustering mechanism was “non-local” that does
not explicitly depend upon the local flow topology. However,
the observed self-similar multi-scale nature of inertial par-
ticle clustering remains an outstanding issue that requires
explanation.

The parameter that has been used in the above studies to
evaluate the relative inertia of the dispersed phase is a particle
Stokes number (Crowe et al., 1998), defined as

St =
τp

τk
, (1)

which is the ratio between the particle relaxation time and a
specific turbulent time scale. Different studies used different
characteristic turbulent flow time scales, but the Kolmogorov
time scale is most commonly used for homogeneous, isotropic
turbulence, and this is followed in the current paper as well.
The particle relaxation time τp is defined as

τp =
ρpD2

18µ
, (2)

where ρp is the density of a dispersed droplet, D is the droplet
characteristic diameter (the arithmetic mean D10 is used in
this paper), and µ is the fluid dynamic viscosity. According to
Eq. (1), very low values of Stokes numbers (i.e., lower than 0.1)
indicate high droplet response to flow turbulence.

Despite the availability of a large number of numeri-
cal studies, experimental studies remain scarce (Wood et al.,
2005; Salazar et al., 2008; Saw et al., 2008; Monchaux et al.,
2010; Obligado et al., 2011; and Huck et al., 2018) due to the
complexity to conduct two-phase flow experiments. Wood
et al. (2005) evaluated the effectiveness of the box counting
method (Eaton and Fessler, 1994) and two-dimensional Radial
Distribution Function (RDF) (Sundaram and Collins, 1997) in

quantifying mono-dispersed solid particle preferential con-
centration within homogeneous and isotropic turbulence
with very small mean flow. Strongest particle clustering was
observed at flow time scales around 10 times the Kolmogorov
time scale, when the corresponding particle Stokes number
approaches unity.

Salazar et al. (2008) presented measurements of three-
dimensional RDF of mono-dispersed solid particle preferential
concentration within homogeneous and isotropic turbulence
with small mean flow, which were obtained with holographic
Particle Image Velocimetry (PIV) and compared to DNS simu-
lations. Saw et al. (2008) quantified droplet pair correlations to
study clustering of inertial water droplets generated by four
spray nozzles in a wind tunnel with a high turbulent Reynolds
number. Monchaux et al. (2010) proposed Voronoï analy-
sis to quantify preferential concentration of poly-dispersed
droplets generated by using an air-assist atomizer in isotropic
turbulence with conveying mean flow in a wind tunnel.
None of those experimental studies considered the influ-
ence of particle/droplet size distribution on preferential con-
centration. Warhaft (2009) reviewed recent advances in the
study of droplet motion and suggested that the droplet size
influence should be considered and studied systematically.
Bordas et al. (2011) presented a study of the influence of
turbulence on droplet diameters generated by an air-assist
nozzle in spatially decaying turbulence with conveying mean
velocity.

However, to the best of our knowledge, all previous stud-
ies have focused on the spatial characteristics of droplet clus-
tering, while no experimental investigation of the temporal
evolution of poly-dispersed droplet clusters is available. For
example, some open questions are as follows: (i) For how
long does a droplet cluster survive? (ii) Does the dimension
of a droplet cluster affect its time scale? (iii) How does the
speed of a droplet cloud in space change? (iv) How does
a droplet cloud disperse? Temporal tracking at the scale of
coherent clusters may provide new insights and enhance our
understanding on the governing mechanism of particle pref-
erential concentration. Baker et al. (2017) defined coherent
clusters by imposing restriction that clusters are large enough
to represent self-similarity based on the Voronoï tessel-
lation and applied it to the distribution of heavy parti-
cles in direct numerical simulations. The current paper
reports temporal tracking of coherent clusters measured from
experiments.

The complexity of turbulent droplet-laden flows and the
presence of droplets with a wide range of sizes make the
isolation of individual physical mechanisms and associated
coupling effects between flow turbulence and droplets diffi-
cult. Homogeneous and isotropic turbulence is an ideal flow,
which is especially desirable for the study of multiphase flows
because of simplifications that can be introduced in the equa-
tions. To simplify the experimental investigation of droplet
clustering, a volume of homogeneous and isotropic turbu-
lence without a mean flow has been generated and used to
study polydispersed droplet dispersion (e.g., Charalampous
and Hardalupas, 2010; Lian et al., 2013; and 2017). This flow
configuration eliminates the contribution of mean shear and
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enables direct comparison with DNS of particle-laden tur-
bulence. It can also allow the evaluation of the effects of
polydispersed mean droplet size and the spread of the corre-
sponding size distributions on the formation of droplet clus-
ters, which can occur only due to turbulence without any
mean flow contribution.

The paper is organized as follows. Section II describes
the experimental setup and the associated high speed imaging
system, which records the temporal evolution of the droplet
concentration with a temporal resolution approximately one
third of the turbulent flow Kolmogorov time scale. Station-
ary homogeneous and isotropic turbulent flow characteriza-
tion and poly-dispersed droplet size characteristics are also
included in this section. Section III proposes a novel morpho-
logical identification and tracking scheme, based on Voronoï
space tessellation, multivariate kernel local density estima-
tion, and mean shift feature space tracking. The proposed
method provides time-resolved droplet cluster identification
and tracking and quantifies the corresponding morphologi-
cal features. Section IV uses the temporal tracking of droplet
clusters, identified by the morphological method proposed
in Sec. III and the time and length scales of poly-dispersed
droplet clusters. The influence of turbulent flow filling fac-
tors, which are explained in this section, leads to suggestions
of possible flow control methods to mitigate droplet prefer-
ential concentration. Section V summarizes the main findings
and proposes future work.

II. EXPERIMENTAL SETUP
Thegeneration of a “volume” of homogeneous, isotropic

turbulence without mean flow, known as “Box of Turbulence,”
was based on the approach of Hwang and Eaton (2004) and
Goepfert et al. (2009). Charalampous and Hardalupas (2010)
and Lian et al. (2013) have described the “box of turbu-
lence” used for the current study, and a short description is
provided here. Figure 1 shows a photograph of the facility,

FIG. 1. Experimental setup of “box of turbulence.”

which consisted of a cubic frame with 8 loudspeakers placed
at the vertices, which are covered by a plate with 50 holes
of 8 mm diameter. The loudspeakers operate at a random
frequency between 40 Hz and 60 Hz and generate arrays of
synthetic jets, which all meet at the centre of the cube. Fine
tuning of the amplitude of the imposed oscillations at the
loudspeaker membranes allows balancing the flow and gener-
ating approximately a 40 mm cubic volume of homogeneous
and isotropic turbulence without mean flow at the central
region of the experimental facility. Poly-dispersed droplets
were introduced from an air-assist atomizer mounted around
1 m above the “box of turbulence” to ensure that droplet
momentum is minimum before entering the “box.” The droplet
size distributions of the associated fully developed sprays
were measured by means of Phase Doppler Anemometry (PDA)
and could be varied widely by controlling the air and liquid
flow rates.

An Edgewave, IS-series, Nd:YAG laser operating at 532 nm
was pulsed at a high repetition rate (controllable between
25 Hz and 3 kHz) to generate a planar laser sheet through the
centre of the “box.” The laser sheet was shaped by a series
of cylindrical optics and had a thickness of around 0.1 mm
and was aligned at the centre of an illuminated Area of Inter-
est (AOI) of around 45 × 45 mm2 at the “box” centre. The
laser sheet illuminated the droplets, and the resulting time
dependent, instantaneous images of scattered light intensity
were recorded at a rate up to 3000 Hz. The air flow charac-
teristics of the “box of turbulence” were measured without
the presence of droplets by 2D Particle Image Velocimetry
(PIV) with a time lag of 100 µs between the two frames using
tracer particles of fine glycol droplets with size less than 3 µm,
generated by a VIVID stage fog generator. The instantaneous
double frame, double exposure PIV images and the single
frame spatial droplet distribution images were captured by
using a Photron APX CMOS camera (1024 pixel × 1024 pixel)
with a 105 mm lens f/2.8, leading to a linear magnification
of 0.3 and resulting in a spatial resolution of 45.5 µm/pixel.
The recording frame rate of the camera for the PIV measure-
ments was set at 1500 Hz, corresponding to a time step of
6.6 × 10−4 s, which represents a time step of around 0.5
times the Kolmogorov time scale, τk, of the flow (see Table I).
Double-frame, double-exposure image pairs were processed
with the PIV software Davis 7.2 from Lavision GmbH to
acquire velocity vector fields. The 46.6 mm × 46.6 mm
image pairs were processed twice with an initial interro-
gation window size of 64 × 64 with 50% overlap and a
final window size of 16 × 16 with 50% overlap, result-
ing in a 128 × 128 vector field. The resulting vector spac-
ing is 364 µm, which is 8 times the spatial resolution
of 45.5 µm/pixel of the camera.

A. Turbulent flow characteristics
Four different turbulent intensities were generated by

varying the amplitude of the imposed oscillations at the
loudspeakers of the experimental setup, leading to turbu-
lent Reynolds numbers Reλ of 98, 127, 147 and 235, based
on the Taylor length scale of the flow. An example of the
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TABLE I. Turbulent quantities measured by 2DPIV with a repetition rate of 1500 Hz.

Turbulent
quantities Experiment 1 Experiment 2 Experiment 3 Experiment 4

q2 (m2/s2) 0.441 ± 0.000 0.789 ± 0.002 2.148 ± 0.025 2.262 ± 0.006
ε (m2/s3) 4.966 ± 0.085 10.499 ± 0.116 19.692 ± 0.4581 16.151 ± 0.251
λ (m) 0.004 ± 0.000 0.004 ± 0.000 0.004 ± 0.000 0.004 ± 0.000
τk (s) 0.003 ± 0.000 0.002 ± 0.000 0.001 ± 0.000 0.001 ± 0.000
η (mm) 0.193 ± 0.000 0.167 ± 0.000 0.134 ± 0.000 0.136 ± 0.000
τς (m) 0.123 ± 0.001 0.122 ± 0.001 0.069 ± 0.000 0.129 ± 0.000
Λ (m) 0.031 ± 0.000 0.039 ± 0.000 0.032 ± 0.000 0.072 ± 0.000
Reλ 98.854 ± 0.357 126.749 ± 0.440 147.407 ± 0.773 234.888 ± 0.590

spatial distribution of the magnitude of the mean flow
velocity, umean, for a turbulent Reynolds number of 147 is pre-
sented in Fig. 2(a) as evaluated from 1024 images, recorded at
a rate of 25 Hz. This repetition rate is chosen to ensure sam-
ple independence. The velocity magnitude umean is defined as
√
u2 + v2, where u and v are the two orthogonal velocity com-

ponents along the directions x and y determined in Fig. 1,
on the plane of the laser sheet. The mean velocity magni-
tude is less than around 0.1 m/s, approximating zero mean
velocity throughout the recorded plane of the flow and estab-
lishing stationary turbulence. The spatial contours of the ratio
of the velocity fluctuations in the two orthogonal flow direc-
tions x and y on the plane of the laser sheet,

〈
ūrms/v̄rms

〉
,

are presented in Fig. 2(b). The results show that the ratio is
bounded between 0.9 and 1.1 and centered around 1 across the
recorded plane of the flow. This confirms the spatial isotropy
of flow turbulence within the area of interest. The statisti-
cal uncertainty of the results of Fig. 2 is estimated to be less
than 1% for the mean velocity and around 2% for the veloc-
ity ratio, based on a confidence interval of 99%. These results
are in agreement with those of other researchers (e.g., Hwang
and Eaton, 2004; Goepfert et al., 2009; and Charalampous
and Hardalupas, 2010). Appendix A discusses further the eval-
uation of the isotropy and homogeneity of the turbulent
flow.

The time-dependent flow velocity was measured with a
repetition rate of 1500 Hz, and the mean flow velocity char-
acteristics are presented in Table II of Appendix A together
with the corresponding statistical uncertainties, which are in

agreement with the results of Fig. 2, which were obtained at
a low sampling rate. The characteristics of the turbulence for
all turbulent Reynolds numbers are presented in Table I. The
definition of all the parameters and the evaluation method of
their values can be found in Appendix A.

B. Poly-dispersed droplet characteristics
An air-assist atomiser, placed at a distance of 1 m above

the “box of turbulence,” generated sprays with droplets with
different mean sizes and spreads of their size distribution,
which dispersed through the “box of turbulence.” The droplet
sizes were controlled by adjusting the inlet water flow rate
and supply air pressure at the atomiser. Larger droplet mean
diameters were delivered by increasing the water flow rate,
while keeping the air pressure constant. The droplet size dis-
tributions present in the “box” of turbulence were measured
by using a Phase Doppler Anemometry (PDA) system (57 × 80)
from Dantec forming an optical focusing probe volume at the
centre of the “box of turbulence.” The optical setup of the
PDA allowed a maximum droplet size of 160 µm to be mea-
sured. To acquire sufficient data to describe the droplet size
distribution, 5000 validated droplets were measured for each
experiment.

The main statistical quantities used to quantify the
droplet size are the droplet mean diameters, Dpq, droplet
number-based diameters, DNx%, representing diameters for
different fractions x of the cumulative number of droplets
in a size distribution, and droplet volume-based diameters,
DVx%, representing diameters for different fractions x of the

FIG. 2. Spatial contours of (a) mean flow velocity and (b)
ratio of r.m.s. of velocity fluctuations in the direction of x
and y of the coordinate system of Fig. 1 for the turbulent
condition of Reλ = 147.
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cumulative volume of the droplet size distribution. Number-
weighted droplet size distributions for different operating
conditions of the atomizer are shown in Fig. 3. DN60% is
derived from the cumulative droplet number-based size dis-
tributions and indicates, respectively, the diameter below
which 60% of the total number of droplets in the spray
is present. Representative droplet diameters based on a
number-weighted size distribution may be more appropri-
ate for scaling the behavior of preferential concentration,
which is identified by droplet clusters with large number den-
sity and voids with low number density of droplets relative
to the average across the imaging region. Volume-weighted
size distributions and the corresponding cumulative distribu-
tions are also commonly used and are converted from the
number-weighted distributions after considering the volume
of each droplet size. Representative diameters, DV5%, asso-
ciated with volume-based size distributions, correspond to
diameters below which 5% of the total liquid volume in the
spray is present. The droplet size spread is also character-
ized, according to the volume-based size distribution with a

relative diameter span factor (DRSF) defined below (Bayvel and
Orzechowski, 1993),

∆DRSF =
DV90% − DV10%

DV50%
. (3)

Although the droplet size measurements were obtained at
the centre of the “box of turbulence,” the droplet size dis-
tribution remained the same at every location in the “box.”
This is expected due to the lack of initial droplet momen-
tum when entering the “box.” Each measurement represents
one set of experiments and is characterized by the droplet
Sauter mean diameter D32 ranging from 25 µm to 95 µm and
droplet arithmetic mean diameter D10 ranging from 15 µm to
41 µm. Different size spreads have been achieved and char-
acterized accordingly for each experiment. The representing
droplet size and size spread of the size distributions are cho-
sen based on a recent observation that D10, DV5%, and DN60%
are preferable to use for the characterization of droplet clus-
tering in this flow (Lian et al., 2013). The Stokes number is
defined by the response time of a droplet with size equal

FIG. 3. Number based droplet size distributions of the injected droplets in the 4 turbulent flow conditions with (a) Reλ = 98, (b) Reλ = 127, (c) Reλ = 147, (d) Reλ = 235.
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to the arithmetic mean D10, according to Eq. (1), which is
based on the Kolmogorov time scale. A summary of the vari-
ous representative droplet diameters and droplet size spreads
of the considered size distributions is presented in Appendix
B. Number based droplet size distributions of the injected
droplets for the four turbulent flow conditions are shown in
Fig. 3. In the current paper, a representative Stokes num-
ber for each droplet size distribution is evaluated based on
the arithmetic mean D10. However, the droplet size distribu-
tions of Fig. 3 show the range of the Stokes numbers for each
flow condition. Figure 3 shows that most of the droplets have
Stokes numbers up to around 2. In addition, there is a ten-
dency for the number of the droplets of the size distribution
that has Stokes numbers up to around 2 to reduce with the
increase in the turbulent Reynolds number. Since the num-
ber of droplets, which have the Stokes number larger than 2,
is low for all turbulent levels, most of the droplets have sim-
ilar response to the flow turbulent fluctuations, which may
lead to a lower effect of the Stokes number on the droplet
clustering.

III. TEMPORAL TRACKING OF DROPLET CLUSTERS

A. Voronoï tessellation
The dimension of the acquired images was 1024 pixel

× 1024 pixel with a spatial resolution of 45.5 µm/pixel,
which was selected as a compromise between the size of the
recorded space on each image and its spatial resolution. As a
consequence, there is a possibility that more than one droplet
may be present in one pixel. However, given the droplet size
distributions of the different cases of the experiment, the
probability of such occurrence was low for the low mass load-
ings of the current experiment. The image recording rate was
3000 Hz. For each experiment with different droplet mean
diameters, 1000 raw images of instantaneous light scatter-
ing intensity from the droplets were processed based on the
image processing method proposed by Lian et al. (2013). This
method ensured that the droplet locations were identified
accurately on each image. The Voronoï analysis decomposes
the two-dimensional space into individual Voronoï cells that
correspond to each detected droplet with each side of the
cell being closer to it than any other droplet. The Voronoï
cell area A is the inverse of the local droplet concentration.
Thus, the distribution function of Voronoï cell areas can pro-
vide information of the instantaneous, local droplet concen-
tration. The distribution function of the normalized Voronoï
cell areas A/Aavg was applied to the quantification of pref-
erential concentration (Monchaux et al., 2010), and it is also
used for the time-dependent measurements of the current
study.

The acquired images were recorded in time steps of
3.3 × 10−4 s, corresponding to a recording rate of 3000 Hz,
which represents a time step of around 0.3τκ for the tur-
bulent condition of Reλ = 147. Figure 4 shows an example of
the temporal evolution of droplet dispersion for the droplet
size distribution with D32 = 55 µm, which includes 8 subse-
quent frames in time of the Voronoï cells corresponding to

the identified droplet centres. The presented frames are 800
pixels × 800 pixels, covering 80% of the area of the acquired
experimental images. Image edges were only truncated in
this figure to exclude incomplete Voronoï cells and provide
better clarity. However, the whole imaging area of 1024 pix-
els × 1024 pixels was used for all the measurements described
in Sec. III B.

In the sequence of 8 presented images of droplet cen-
tres with superimposed Voronoi areas of Fig. 4, a droplet
cluster is identified by a circle and tracked for the turbu-
lent condition of Reλ = 147. The initial characteristic length
scale of this cluster is approximately 450 µm (100 pixels; equal
to 4η) and, after temporal evolution of around 2 ms (equal
to 6τκ ), merges to a larger cluster and disappears at the
fifth frame when the cluster size is reduced to approximately
300 µm (70 pixels; equal to 2η). In the sixth frame, a new
larger cluster is formed, probably through merging of the orig-
inal cluster and another larger cluster, leading to an approxi-
mate new cluster size of around 900 µm (200 pixels; equal to
6η). The eighth frame shows that the size of the new cluster
reduced to around 670 µm (150 pixels; equal to 4η). It is also
clear from Fig. 4 that the shape of the original cluster varies
between frames. The behavior of other droplet clusters on the
images of Fig. 4 is similar to the one that has been described
above.

Itis interesting also to evaluate the velocity of the droplet
clusters. It is observed that the circled cluster of Fig. 4
moves both vertically and horizontally in coordinates (x, y)
and the displacement is around 225 µm (50 pixels; 1.5η) for
the time interval between t1 and t6, which is around 2 ms
(equal to 1.6τκ ), resulting in a velocity of approximately
0.1 m/s, which is similar to the rms of the turbulent velocity
fluctuations. The droplets within this cluster appear to move
together within the illuminated 2D frame, although some rel-
ative motion between individual droplets in the cluster can be
observed.

These observations need additional discussion. There are
at least two reasons that may change the size and shape
of droplet clusters: (i) Droplet clusters have 3D shapes and
extend in the normal direction to the laser sheet. The cur-
rent 2D laser illumination allows only a cross section of a
3D cluster to be visualised. Since the cluster may also move
in a direction normal to the laser sheet, the shape of the
observed cluster may change due to the change in the visu-
alised cross section of the 3D cluster. (ii) Turbulent dispersion
of individual droplets in each cluster may influence the size
and shape of the 2D cluster, as droplets disperse relatively
to each other. This may be enhanced by the local instan-
taneous velocity gradient measurements in the turbulent
flow.

The observed changes in the cluster size in Fig. 4 have
occurred within a time scale of the order of the Kolmogorov
scale. This means that the local gas flow did not change within
a Kolmogorov time scale, making item (ii) above, related to
the turbulent dispersion of the droplets in the cluster, an
unlikely source of the observed changes. Therefore, a ten-
tative suggestion is that the changes in the cluster size are
probably due to item (i) above, where the inertial out-of-plane

Phys. Fluids 31, 025103 (2019); doi: 10.1063/1.5063673 31, 025103-6

© Author(s) 2019

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 4. Example of the temporal evolution of droplet disper-
sion for the experiment characterized by droplet size distri-
bution with D32 = 55 µm for turbulent flow with a Reynolds
number of Reλ = 147. The instantaneous images present
the droplet centres and the corresponding Voronoï cells.
The time step between images is 3.3 × 10−4 s, which is
around 0.3 times the corresponding Kolmogorov time scale.

component of the motion of the clusters, which do not follow
faithfully the gas flow, makes the laser sheet to illuminate a
different cross section of the cluster. However, further
evidence is required for this explanation, which requires

the development of a method that can temporally track
the 3D droplet clusters to estimate simultaneously the
cluster time scale and 3D length scale and shape of the
clusters.
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B. Cluster identification: Multivariate kernel local
density estimation and the modified mean shift
analysis

To this end, a novel morphological temporal tracking
algorithm is developed to quantify the characteristics of indi-
vidual droplet clusters, which were detected by visual inspec-
tion in Fig. 4. The local droplet number density estimation for
the 8 frames of Fig. 4 is illustrated in Fig. 5. As shown in Fig. 5,
it is intuitive to identify a “cluster” as the difference in the
local density estimation and its gradient. Thus, the developed
morphological tracking algorithm introduces Voronoï tessel-
lation to the mean shift feature space analysis widely used
for pattern recognition (Comaniciu and Ramesh, 2000 and
Comaniciu and Meer, 2002) and can quantify the temporal
evolution of the droplet cluster length scale. The mean shift
algorithm is a “hill-climbing” algorithm that locates the max-
ima in the density of sample points by iteratively shifting the
multivariate kernel density estimation function at the points
of interest to a higher density region until convergence. Tra-
ditionally, the points of interest are centres of circular den-
sity estimation windows or fixed length grid points. However,
the traditional mean shift tracking shares the disadvantages
of the quantification methods of box counting and pair cor-
relation, which require a priori choice of the fixed grid size
leading to ambiguities in identifying droplet clusters, as shown
in the previous work of Eaton and Fessler, 1994. Thus,to bene-
fit from the advantages of the Voronoï analysis over the above
quantification methods, the mean shift-tracking algorithm is
adapted to use the vertices of the Voronoï cells. The com-
bination of the vertices of polygon Voronoï cell as points of
interest and the mean shift feature space analysis to iden-
tify droplet clusters offers the following advantages: (i) no
a priori choice of a fixed grid size is required, avoiding the
ambiguity in identifying droplet clusters and local density
concentration; (ii) each polygon Voronoï cell and its vertices
are associated with a single particle at a given time step so
that the local droplet density estimation can be developed
to identify Lagrangian trajectories of individual droplets and
clusters.

The theory of mean shift feature space analysis and
its adaptation to include Voronoï space tessellation in iden-
tifying and tracking each individual droplet cluster are
provided below with detailed discussion on the appli-
cation of time-resolved droplet cluster identification and
tracking.

Given n sample data points xi, i = 1, . . ., n, on a d-
dimensional space, the multivariate kernel density at points of
interest x is estimated (Comaniciu and Meer, 2002) as

f(x) =
1

nhd

n∑
i=1

K
(x − xi

h

)
, (4)

where K is the kernel function and h is the bandwidth param-
eter of the kernel function. The Gaussian multivariate kernel
is one of the most commonly used kernels and is defined
(Comaniciu and Meer, 2002) as

K(x) = (2π)−d/2e(− 1
2 ‖x‖

2). (5)

The gradient of the density estimation is given (Comaniciu and
Meer, 2002) as
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where g(x) = −k′(x) and k′ is the derivative of the kernel
function K. The first term of the product of Eq. (6) is pro-
portional to the density estimate at location x. The sec-
ond term of the product is effectively the mean shift vector
mh ,G(x), which always points toward the direction of maximum
increase,

mh,G(x) =

n∑
i=1

xig
(

x−xi
h


2
)

n∑
i=1

g
(

x−xi
h


2
) − x. (7)

The mean shift vector can shift a point of interest x toward
the direction of maximum increase in the density via a path
leading to its corresponding centre of “mass.” At the cen-
tre of mass, the gradient of the density function is zero and
the mean shift vector equals zero. In practice, a small arbi-
trary value is used to define the lower threshold toward zero.
This procedure is an adaptive gradient ascent approach. In
the regions with low density, the mean shift steps are signifi-
cantly larger than those in the dense regions. Near the centre
of mass, the mean shift analysis is more refined with small shift
steps. Note that the mean shift algorithm combined with the
Voronoï vertices is slow due to the iterations at each of the
vertices.

The steps of the cluster identification procedure based
on the mean shift feature space analysis combined with the
Voronoï tessellation approach are summarized as follows:

1. The two-dimensional space is divided into Voronoï cells
corresponding to each individual droplet. The vertices
of polygon Voronoï cells are defined as points of inter-
est for density gradient estimation in the mean shift
analysis.

2. Compute the mean shift vector mh,G(x) according to
Eq. (7).

3. Shift the points of interest xt+1 = xt + mh,G(xt) until
approaching the centre of mass, where ∇fk(x) equals zero,
which also yields mh ,G(x) equal to zero.

4. The vertices of Voronoï cells that converge to the same
“peak” or “centre of mass” are identified as one group
of vertices. The droplets contained in complete Voronoï
cells in the same vertex group are identified as a droplet
cluster. The droplets contained in incomplete Voronoï
cells between neighboring clusters are defined as voids.

Based on the mean shift analysis, a “cluster” is identified
as droplets with a similar gradient of local number density
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FIG. 5. Example of the temporal evolution of droplet disper-
sion for the experiment characterized by droplet size distri-
bution with D32 = 55 µm for turbulent flow with a Reynolds
number of Reλ = 147. The instantaneous images present
the droplet centres and the corresponding local droplet
number density estimation. The time step between images
is 3.3× 10−4 s, which is around 0.3 times the corresponding
Kolmogorov time scale.

estimation that its Voronoï cell vertices converge to the
same centre of mass, as described above. An example of
two time consecutive images of the spatial distribution of
droplets with a time difference of 3 × 10−4 s is shown in
Fig. 6. The clusters are shown in different colors and are

observed to move, rotate, transform in shapes, merge, or
disappear.

In the process of mean shift feature space analysis, the
bandwidth matrix H is the single parameter affecting the out-
come of the droplet cluster identification. In the community
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FIG. 6. Droplet cluster identification on
two time consecutive images of spatial
distribution of droplets.

of pattern recognition, the selection of bandwidth has been
commonly assessed empirically (Comaniciu et al., 2001) for
tracking objects and is usually characterised by specific
color representation histogram. However, the identification of
droplet clusters, which have non-rigid shape, requires a more
rigorous approach since there is no benchmark histogram to
assist the identification process. In the current work, a fixed
bandwidth is defined as the optimal bandwidth, which min-
imises the mean integrated square error (MISE) that achieved
the best compromise between the bias and variance in the ker-
nel density estimation and provides optimal global measure
of the droplet number density of a sample image. Although
kernel density estimation is not required in the mean shift
feature space analysis, it has been performed here for the
purpose of determining the optimal bandwidth. The mean
integrated square error (MISE) (Abramson, 1982) is defined
as

MISE(x) = E
∫ (

f̂(x) − f(x)
)2
dx, (8)

where f(x) is the kernel density estimation function.
For its robustness, the fixed optimal bandwidth is

applied for all of the experiments. This suits our purpose
of evaluating the spatial and temporal correlations between
the identified “clusters” of droplets and stagnation points
and avoids the complexity of applying variable bandwidth
(Comaniciu et al., 2001) adaptive to the local number den-
sity. The time resolved experiments of droplet dispersion are
characterised by different turbulent intensities of the flow,
droplet size distributions, and number densities. As a result,
the optimal bandwidth that minimises MISE is slightly dif-
ferent according to the processed sample image. In order to
maintain the consistency of the cluster identification scheme
based on the mean shift feature space analysis, the same
bandwidth matrix has been used for the processing of all
experimental data of spatial droplet distributions. The selec-
tion of this “universal” fixed bandwidth matrix is based on

the kernel density estimation for the flow condition char-
acterised by droplet size distribution with a Sauter mean
diameter D32 = 55 µm and droplet spread with a relative diam-
eter span factor of 1.3 for the turbulent flow with a Reynolds
number Reλ = 147.

As explained above, combining the Voronoï tessel-
lation with the mean shift feature space decomposition
avoids the effect of fixed grid size so that clusters with
non-rigid shape can be identified quantitatively and an equiv-
alent cluster length scale that corresponds to the morphology
of the cluster can be defined. Such a cluster length scale lc is
defined as the diameter of a circle that occupies the same area
as the non-rigid shaped droplet cluster Ac,

π

(
lc
2

)2

= Ac, (9)

where Ac is the total area of the Voronoï cells defined as one
group based on the adapted mean shift analysis.

Cluster identification in the spatial distributions of exper-
imentally determined preferentially concentrated droplets
and computationally generated randomly dispersed particles
using the mean shift method combined with the Voronoï
analysis is shown in Fig. 7. Figures 7(a), 7(c), and 7(e) cor-
respond to the recorded experimental images of preferen-
tially concentrated droplets for the turbulent flow condition of
Reλ = 147. Figure 7(a) shows the identified droplet clusters with
the defining Voronoï cell vertices marked with different colors.
The droplet clusters with different length scales, as observed
from visual inspection, are identified with the centers marked
as blue dots in Fig. 7(a). Figure 7(c) shows the corresponding
normalized p.d.f. of the Voronoï areas of clustered droplets,
which clearly deviates from the Random Poisson Process (RPP)
and, therefore, confirms the presence of preferential droplet
concentration. Figure 7(e) shows an example calculation of the
p.d.f. of cluster length scales averaged over 2048 experimen-
tal images with 1024 × 1024 pixels and a spatial resolution of
45.5 µm/pixel. The p.d.f. of the cluster length scales
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FIG. 7. Droplet cluster identification
using the Mean shift method combined
with Voronoï tessellation for clustered
or random dispersed droplet distribu-
tions. Experimental results for clustered
droplets for a turbulent flow condition of
Reλ = 147. (a) Example of identified
droplet clusters, as indicated by different
colors; (c) p.d.f. of normalised Voronoï
areas for clustered droplets compared to
p.d.f. for randomly distributed droplets;
(e) p.d.f. of characteristic length scales
of identified droplet clusters. Results for
computationally generated random parti-
cle distributions: (b) Example of identified
clusters for randomly dispersed particles
as indicated by different colors; (d) p.d.f.
of normalised Voronoï areas for ran-
dom particle distribution, which agrees
with expected shape; (f) p.d.f. of clus-
ter length scales for randomly dispersed
particles, which demonstrates similar
probability of different length scales.

indicates maximum probability at around 10 mm, suggesting
that the most probable droplet cluster length scale for this
flow condition is around 10 mm.

Randomly dispersed particles are generated numerically
with the same image resolution and domain as achieved in

the experiment. The developed cluster identification method
is examined by processing those randomly distributed par-
ticles. It is expected that no particular cluster length scales
would be identified preferentially in the generated distri-
butions. Figure 7(b) shows the identified pseudo-clusters
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with the defining Voronoï cell vertices marked with differ-
ent colors. It appears that these pseudo-clusters have sim-
ilar length scales. Figure 7(d) shows the normalized p.d.f. of
Voronoï areas of randomly distributed droplets that coin-
cides with the random Poisson process well, as expected.
Figure 7(f) shows the p.d.f. of the cluster length scales
of randomly distributed particles averaged over 1500 sam-
ple realizations. The distribution of cluster length scales
spreads over a wide range with similar probability, and
no higher probability is observed for some length scales,
which is clearly different from the case of preferential con-
centration shown in Fig. 7(e). This demonstration provides
confidence in the developed droplet cluster identification
method.

IV. TIME SERIES ANALYSIS OF DROPLET NUMBER
DENSITY SPATIAL DISTRIBUTIONS

This section presents the characteristics of droplet pref-
erential concentration in the “box of turbulence,” as quan-
tified by the Voronoï analysis and the modified mean shift
algorithm. The goal here is to evaluate the magnitude of

droplet clustering and the effect of turbulent flow character-
istics on the typical cluster time scales and length scales.

A. Time scale of droplet clusters
The temporal correlation in the evolution of the standard

deviation of the normalized Voronoï areas is evaluated by the
auto-correlation coefficient function, defined in Eq. (10),

ρ(τ) =
〈
σ′v(t)σ′v(t + τ)

〉〈
σ′2v (t)

〉 . (10)

Note that the mean value of the standard deviation of nor-
malised Voronoï areas has been subtracted, so the fluctuating
component of the standard deviation σ′v = σv − σv is used
for the calculation of the auto-correlation coefficient func-
tion. The auto-correlation coefficient function of the time
dependent fluctuations of the standard deviation of the nor-
malised Voronoï areas is presented in Fig. 8 for different
droplet size distributions, which have different representa-
tive Stokes numbers, as indicated in Table III, for the four
turbulent flow conditions of Reλ = 98, 127, 147, 235. The time

FIG. 8. Auto-correlation coefficient func-
tion of the fluctuations of the stan-
dard deviation of the normalized Voronoï
areas for the four turbulent flow condi-
tions of (a) Reλ = 98, (b) Reλ = 127, (c)
Reλ = 147, and (d) Reλ = 235 and for
a wide range of droplet Stokes numbers.
Time is normalized by the corresponding
Kolmogorov time scale of the flow.
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scale of the droplet clusters is represented by the time when
the auto-correlation coefficient function becomes zero for the
first time. Figure 8 shows that for the four flow conditions, the
time scale of the droplet clusters is in the range of 2 × 100 and
8 × 101 times the Kolmogorov time scale and, for most condi-
tions, is close to 101. A consistent trend for all turbulent flows
is that the cluster time scale is lower for the droplet size dis-
tributions with the lower Stokes number. There is an increase
in the cluster time scale by around a factor of 3 to 4 over a
change of 10 times of the Stokes number. An increase in the
turbulent Reynolds number leads to an increase in the cluster
time scale, which is around 10 times over an increase in the
turbulent Reynolds number by a factor of 2.5. Therefore, the
results show that the effect of the turbulent Reynolds number
is larger than the effect of the Stokes number on the cluster
time scale. This may suggest that droplet clustering is more
intense for higher level of turbulence. Such a behavior has
been observed by DNS (Tagawa et al., 2012) and experiments
(Obligado et al., 2011). In addition, Sumbekova et al. (2017) also
concluded that the turbulent Reynolds number had a more

dominant role than the Stokes number. The current exper-
iment does not have a mean flow, while the experiments of
Sumbekova et al. (2017) included a mean flow. Therefore, the
results suggest that the effect of the mean flow does not affect
the qualitative behavior of droplet clustering.

B. Droplet cluster tracking: Mean shift based droplet
identification

The probability distributions of the number of identified
droplet clusters on the area of the recorded images for all
droplet size distributions and for the four turbulent flows with
Reynolds numbers Reλ = 98, 107, 127, and 235 are shown in
Fig. 9. The results show that the most probable number of
clusters is 10 per image for all experimental conditions. The
physical dimensions of each image are 45 mm × 45 mm. This
suggests that the most probable number of turbulent flow
structures that can lead to the formation of droplet clusters
is also around 10 in an area of 45 × 45 mm2 in the “box of
turbulence.”

FIG. 9. P.d.f.s of the number of iden-
tified droplet clusters in an area of
45 × 45 mm2 of the homogeneous,
isotropic turbulent flow for the four tur-
bulent flow conditions (a) Reλ = 98, (b)
Reλ = 127, (c) Reλ = 147, and (d) Reλ
= 235 and for different droplet Stokes
numbers.
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To illustrate the relationship between the number of
identified droplet clusters per image area and the magni-
tude of droplet clustering, the average number of identified
droplet clusters is correlated to the standard deviation of
the normalized Voronoï areas in Fig. 10 for all four turbu-
lent flow conditions and for all Stokes numbers detailed in
Table III. It is shown that the average number of droplet
clusters decreases with the increase in the magnitude of
droplet clustering. This is expected since a larger number
of droplets form a cluster when the magnitude of droplet
clustering is higher and the total number of droplets cap-
tured in each frame is approximately the same, as deter-
mined by the number of droplets that are supplied to the flow.
The established relationship between the number of identi-
fied droplet clusters and the magnitude of droplet clustering
may be useful for the design of a flow control device aim-
ing to mitigate the magnitude of droplet clustering for various
applications.

The instantaneous cluster length scale can also be calcu-
lated by using the newly developed cluster tracking method
for all droplet conditions and for the four turbulent flows. The
p.d.f.s of the droplet cluster length scale [defined according
to Eq. (9)] for each measurement condition are based on 2048
images and are plotted in Fig. 11. The most probable cluster
length scale is between 10 and 100 Kolmogorov length scales
η and tends to increase from around 50-60η for low turbu-
lent levels to around 80-90η for high levels of turbulence. The
p.d.f.s of Fig. 11 show that the length scales of the droplet clus-
ters can vary between values below 10 times the Kolmogorov
length scale up to values around 300 times the Kolmogorov
length scale. This information is presented experimentally for

FIG. 10. Relationship between the temporal average of the standard deviation of
the normalized Voronoï areas and the average number of identified clusters per
image area of 45 × 45 mm2 for the four turbulent flow conditions with Reλ = 98,
127, 147, and 235 and the droplet Stokes numbers detailed in Table III.

the first time. This shows that the droplet cluster size can
be affected by flow structures with a wide range of length
scales since the droplet clusters are expected to occur due to
interactions with the turbulent flow. Therefore, it is interest-
ing to consider the structures with similar length scales in the
turbulent flow.

In Fig. 11, high probability is also observed for formation of
small clusters with length scales below 10η, as well as clusters
with length scales larger than 50η. These observations suggest
that there are variations in the mechanism of droplet clus-
ter formation. The correlation between the number of droplet
clusters and the normalized cluster length scales, measured
from 2048 images, and a constant droplet size distribution
with D32 = 55 µm for the four turbulent conditions, is illus-
trated as scatterplots in Fig. 12(a). Figure 12(a) confirms that
the cluster length scale is smaller when the number of clusters
per image is larger. There is an approximate linear relationship
between the number of droplet clusters and the correspond-
ing length scale, which is not dependent on the droplet Stokes
number; thus, only the scatterplot for one size distribution
with D32 = 55 µm is presented as an example. Larger cluster
length scales are observed when the turbulent Reynolds num-
ber is higher. This suggests that the relationship between the
number of droplet clusters and their length scales is mainly
affected by the turbulent flow structure, i.e., the number of
turbulent flow structures present per unit flow area (or fill-
ing factor of the flow by turbulent structures), which must be
responsible for the change in the number of droplet clusters
present in the droplet spatial distribution.

The relationship between the normalized mean cluster
length scale and the total area occupied by droplet clusters,
defined as the sum of the areas of complete Voronoï cells
corresponding to the total number of droplets present in clus-
ters, is shown in Fig. 12(b). The total area occupied by clusters
increases for larger cluster length scales and reaches a plateau
when the average droplet cluster length scale approaches 102

Kolmogorov length scales. In agreement to the correlation
between the number of droplet clusters and the normalized
cluster length scales, the relationship between the total area
occupied by droplet clusters and the averaged cluster length
scale is independent from the droplet Stokes number and
mainly affected by the turbulent flow. This finding suggests
that the spatial separation of droplet clusters can affect the
variation in the length scale of droplet clusters, the number of
droplet clusters, and eventually the magnitude of droplet clus-
tering. Thus, it may be possible to find a flow control method
to modify the length scale of droplet clusters, formed dur-
ing preferential concentration, as a method to mitigate the
magnitude of droplet clustering.

The developed droplet cluster identification method
enables the temporal tracking of droplet clusters. The dis-
placement of the droplet cluster centres and the local density
estimation are illustrated in Fig. 13 for 8 consecutive frames.
It shows that the identified droplet clusters move, rotate,
transform in shape, merge, or disappear. Thus, it is difficult
to calculate quantitatively the velocity magnitude and the vec-
tor angle of the droplet cluster centre. However, the ratio
of the droplet cluster length scale to the corresponding time
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FIG. 11. P.d.f.s of the length scale of the
identified droplet clusters for the four tur-
bulent flow conditions (a) Reλ = 98, (b)
Reλ = 127, (c) Reλ = 147, and (d) Reλ
= 235 and for different droplet Stokes
numbers.

scale provides a characteristic velocity of droplet clusters. The
time scale of droplet clusters was found to be in the range
of 101 to 102 times the Kolmogorov time scale in Sec. IV A. As
shown in Fig. 11, the cluster length scale is in the range of 101

to 102 times the Kolmogorov length scale. Thus, the velocity of

droplet clusters is in the range of 101 m/s, which is similar to
the turbulent flow velocity fluctuations.

According to the findings in the literature, the typical
average droplet cluster radius is in the range of 20 to 30
times the Kolmogorov length scale, which is effectively 40

FIG. 12. Correlation between the num-
ber of droplet clusters and their length
scales for droplet size distribution with
D32 = 55 µm corresponding to St = 1.18
for turbulent flows with Reλ 98, 127,
147, and 235, based on 2048 images
of instantaneous droplet spatial distribu-
tions. (a) Average number of identified
clusters per image area and average
cluster length scale. (b) Average number
of identified clusters per image area and
average clustering area. The image area
is 45 × 45 mm2.
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FIG. 13. Example of the temporal evolution of droplet clus-
ters for the experiment characterized by droplet size dis-
tribution with D32 = 55 µm for a turbulent flow Reynolds
number Reλ = 147 (droplet Stokes number = 1.18). The
instantaneous images present the droplet locations, the cor-
responding Voronoï cells, and the identified cluster mass
centre. The time step between images is 3.3 × 10−4 s,
which is around 0.3 times the corresponding Kolmogorov
time scale.

to 60 times the Kolmogorov length scale if viewed as the
equivalent diameter of the droplet clusters. The results on
the cluster length scale, based on two entirely different
approaches, agree reasonably well.

In summary, the temporal evolution of the standard devi-
ation of the normalized Voronoï areas was analyzed, which
quantified experimentally measured temporally resolved

poly-dispersed droplet clustering in homogeneous and
isotropic turbulence without mean flow. In agreement with
previous findings in the literature, the most probable time
scale of poly-dispersed droplet clusters is in the range of
101 times the Kolmogorov time scale. The morphological
characteristics of droplet clustering were quantified by a
proposed pattern recognition method, combining Voronoï
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tessellation and kernel density estimation. It has been found
that the droplet cluster area and length scale increased with
higher magnitude of preferential concentration, while the
number of clusters decreased. Thus, it may be possible to
find a flow control method to modify the length scale of
droplet clusters, formed during preferential concentration, as
a method to mitigate the magnitude of droplet clustering. With
the pattern recognition method, the velocity of droplet clus-
ters was estimated to be in the range of 101 m/s, similar to the
turbulent flow velocity fluctuations.

V. CONCLUSIONS
Time dependent measurements of the spatial distribu-

tion of droplet concentration were obtained for a wide range
of droplet size distributions, characterized by a representa-
tive Stokes number, based on the droplet arithmetic diameter
and the Kolmogorov time scale of the flow, varying between
0.2 and 6, in a “box” of homogeneous and isotropic turbu-
lence with turbulent Reynolds numbers of 98, 127, 147, and
235 without mean flow. The droplet preferential concentra-
tion was quantified by two-dimensional Voronoï tessellation,
and the temporal evolution of droplet clusters was quanti-
fied by a newly developed morphological tracking algorithm.
The effect of filling factors of turbulent flows by turbulent
structures on droplet clustering characteristics is discussed,
with cluster length scale defined by the proposed morpholog-
ical tracking algorithm, which leads to suggestions of poten-
tial flow control methods to mitigate the droplet preferential
concentration. The main findings are listed below.

(1) A novel morphological temporal tracking algorithm was
developed to identify and track individual droplet clus-
ters in time. The mean shift-tracking algorithm is
adapted using the vertices of the Voronoï cells, instead
of the grid vertices. Defining vertices of polygon Voronoï
cells as points of interest required a major development
in order to adopt the mean shift feature space analysis
in identifying droplet clusters with several advantages:
(i) no “a priori” choice of a fixed grid size is required,
thus avoiding the ambiguity in identifying droplet clus-
ters and local density concentration; (ii) each poly-
gon Voronoï cell and its vertices are associated to a
single droplet at a given time step so that the local
number density estimation can be developed to per-
form Lagrangian tracking of droplets and droplet cluster
trajectories.

(2) Analysis, based on the developed mean shift-tracking
algorithm, quantified the temporally and spatially aver-
aged cluster length scales to be in the range of 40η
to 50η for all the considered droplet size distributions.
The relationships between the identified number of
droplet clusters, its length scale, and the total “cluster-
ing area” were evaluated. It was found that, in agreement
with the correlation between the number of droplet
clusters and the normalized cluster length scales, the
relationship between the total clustering area and the
averaged cluster length scale was independent of the

droplet Stokes number and mainly affected by the level
of turbulence in the flow. This finding suggests that
the spatial separation of the clusters can affect the
variation of the length scale of droplet clusters, the
number of droplet clusters per unit flow area, and even-
tually the magnitude of droplet clustering. Thus, devis-
ing a flow control method to modify the length scale
of droplet clusters and the corresponding filling factor
of the associated space during preferential concentra-
tion can lead to a method to mitigate the magnitude of
droplet clustering.

(3) The time scale of the droplet clusters is in the range
of 2 × 100 and 8 × 101 times the Kolmogorov time
scale and, for most conditions, is close to 101. A con-
sistent trend for all turbulent flows is that the cluster
time scale is lower for the droplet size distributions with
the lower Stokes number. There is an increase in the
cluster time scale by around a factor of 3 to 4 over a
change of 10 times of the Stokes number. An increase in
the turbulent Reynolds number leads to an increase in
the cluster time scale, which is around 10 times over an
increase in the turbulent Reynolds number by a factor
of 2.5. Therefore, the results show that the effect of the
turbulent Reynolds number is larger than the effect of
the Stokes number on the cluster time scale.

(4) Droplet clusters were observed to move, rotate, trans-
form in shapes, merge, or disappear. Thus, it is diffi-
cult to quantify the temporal evolution of the velocity of
individual droplet clusters. The velocity of droplet clus-
ters was evaluated both as the ratio between the most
probable droplet cluster time scale and length scale and
by visual inspection of the vector displacement of the
mass centre of the identified clusters. The velocity of
droplet clusters was measured to be comparable to the
turbulent velocity fluctuations.
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APPENDIX A: FLOW CHARACTERISTICS
The time-dependent flow velocity was measured with a

repetition rate of 1500 Hz, corresponding to a time step of
6.6 × 10−4 s, which represents a time step of around 0.5τk.
The mean flow velocity and the corresponding velocity fluctu-
ations along the x and y directions for the four flow conditions
are summarised in Table II with the corresponding uncer-
tainties, which are estimated based on a confidence inter-
val of 99%. The average velocity in both directions is close
to zero, suggesting that the mean flow velocity is negligible
for all four turbulent flow conditions, in agreement with the
non-temporally resolved measurements of Fig. 2.
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Both one-dimensional and two-dimensional turbulent
kinetic energy spectra were calculated from the measured
PIV vector maps to confirm that the flow is homogenous and
isotropic. The one-dimensional energy spectrum was defined
based on the corresponding two-point correlation functions
(George, 2006),

F(1)
i,j (k) =

1
2π

∫ + T
2

− T
2

e−ikrBi,j(r, 0, 0)dr, (A1)

where the two-point correlation function is defined as

Bi,j
(
~r, t

)
=

∫ + T
2

− T
2

〈
ûi

(
~k′, t

)
û∗j

(
~k, t

)〉
ei(k

′
m−kp)d~k

∫ + T
2

− T
2

d~k′. (A2)

The calculation procedure started by subtracting the temporal
mean flow velocity and then performing fast Fourier transform
(FFT) of the fluctuating velocities at each row of the velocity
vector map and averaging over all the images. The universal
Kolmogorov spectrum (Kolmogorov, 1941) is defined as

Eαα(kα) =
18
55

Ck(ε)
2
3 (kα )−

5
3 , (A3)

where Ck is the constant determined as 1.5 by Pope (2000). kα
is the wavenumber defined as

−→
kα =

2π
−→rα

, (A4)

where ε is the turbulent dissipation rate, calculated with
the direct method described by Jong et al. (2008) under the
assumptions of homogeneity and isotropy. The one dimen-
sional kinetic energy spectrum is presented in Fig. 14(a). The
turbulent flow is considered isotropic, following the energy
spectrum collapse on longitudinal and transverse directions
and the relationship between longitudinal and transverse
spectra agreeing with the suggestion of Monin and Yaglom
(1971) as

Eαα(kα) = 0.75Eββ (kα). (A5)

The deviation from the −5/3 slope at high wavenumbers is an
artifact of the measurement method and has been observed
by other researchers (Hwang and Eaton, 2004 and Goepfert
et al., 2009). This is probably due to remaining noise on the
velocity measurements and the increased spacing between the
PIV velocity vectors, and this effect becomes more important
at high wavenumbers. Non-temporally resolved 2D PIV mea-
surements confirmed the influence of above sources on the
resulting spectra (Charalampous and Hardalupas, 2010).
Therefore, the good agreement in both longitudinal and
lateral kinetic energy spectra supports the isotropy of tur-
bulence. The two-dimensional kinetic energy spectrum was
also calculated from the squared one-dimensional spec-
trum in longitudinal and lateral directions and is shown in
Fig. 14(b).

TABLE II. Average turbulent velocity measured by 2DPIV with a repetition rate of 1500 Hz.

No. of experiments Experiment 1 Experiment 2 Experiment 3 Experiment 4〈
ū
〉

(m/s) −0.016 ± 0.000 −0.022 ± 0.000 0.049 ± 0.000 0.028 ± 0.001
〈ν̄〉 (m/s) −0.018 ± 0.000 0.072 ± 0.000 −0.001 ± 0.000 0.064 ± 0.001〈
ūrms

〉
(m/s) 0.384 ± 0.000 0.505 ± 0.001 0.746 ± 0.003 0.866 ± 0.001

〈ν̄rms〉 (m/s) 0.380 ± 0.000 0.512 ± 0.001 0.734 ± 0.003 0.849 ± 0.001

FIG. 14. 1D and 2D kinetic energy spec-
tra for the turbulent condition of Reλ
= 147.
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Other turbulent scaling quantities were calculated based
on the dissipation rate with the following definitions. The esti-
mated characteristics of turbulence in the current flow con-
dition are presented in Table I. The turbulent kinetic energy is
defined as

q2(x, y) � 3
u2

1,rms(x, y) + u2
2,rms(x, y)

2
. (A6)

The Reynolds number, associated with the Taylor microscale,
is

Reλ �
λ(q2/3)1/2

ν
, (A7)

where ν is the kinematic viscosity of the air, which is
1.57 × 10−5 m2/s at atmospheric pressure and temperature,

and λ is the Taylor microscale defined as

λ �

(
5νq2

ε

) 1
2

. (A8)

The Kolmogorov time and length scales, τk and η, are, respec-
tively, defined as

τk �
(
ν

ε

) 1
2
, (A9)

η =

(
ν3

ε

) 1
4

, (A10)

η =

(
ν3

ε

) 1
4

. (A11)

APPENDIX B: DROPLET CHARACTERISTICS

TABLE III. Characteristics of dispersed droplets in the considered turbulent flows. Diameter unit in microns.

Exp. no D10 D32 DN40% DN60% DV5% DV50% ∆DRSF StD10

Reλ = 97
No. 1 15.0 25.0 + 1.0 10.8 14.3 11.9 28.3 1.7 0.28
No. 2 17.5 35.0 − 0.6 11.9 16.3 14.8 39.4 1.9 0.38
No. 3 22.4 45.0 + 2.6 13.7 20.4 21.8 56.6 1.2 0.62
No. 4 25.9 55.0 − 0.5 15.0 23.6 26.5 63.6 1.0 0.83
No. 5 29.3 65.0 − 4.3 16.4 26.7 30.8 70.7 0.9 1.07
No. 6 34.7 75.0 − 1.4 18.6 32.4 39.0 86.6 0.8 1.50
No. 7 38.5 85.0 + 1.6 20.3 34.2 43.4 105.0 0.8 1.84
No. 8 41.0 95.0 − 2.8 22.0 35.3 46.7 116.5 0.7 2.09

Reλ = 127

No. 1 17.1 25.0 − 2.0 12.6 14.8 13.4 30.4 1.4 0.49
No. 2 18.8 35.0 − 2.1 13.3 18.2 15.6 37.2 1.4 0.59
No. 3 22.7 45.0 − 0.8 15.0 21.2 20.1 51.8 1.2 0.86
No. 4 26.6 55.0 − 1.7 16.7 25.0 25.1 62.6 1.1 1.18
No. 5 30.8 65.0 + 1.0 18.0 27.3 31.0 78.4 1.0 1.58
No. 6 33.9 75.0 − 4.3 19.4 31.5 35.5 83.0 1.0 1.91
No. 7 41.0 85.0 − 2.3 22.8 38.7 43.4 97.3 0.8 2.79
No. 8 45.8 95.0 − 2.4 25.1 43.2 49.3 110.1 0.7 3.48

Reλ = 147

No. 1 10.6 25.0 + 2.1 5.9 9.1 11.6 30.1 2.0 0.29
No. 2 13.0 35.0 + 1.0 6.8 11.3 15.3 40.7 2.2 0.44
No. 3 17.1 45.0 + 0.0 8.9 15.1 20.2 54.1 1.6 0.75
No. 4 21.4 55.0 + 0.1 11.0 19.5 25.2 65.5 1.3 1.18
No. 5 23.0 65.0 − 1.2 11.3 19.5 29.3 79.2 1.0 1.36
No. 6 30.0 75.0 − 2.2 15.5 27.2 35.3 84.6 1.0 2.32
No. 7 38.7 85.0 + 1.6 20.5 35.9 44.5 103.0 0.8 3.86
No. 8 48.3 95.0 − 0.7 28.0 49.2 51.5 110.2 0.7 6.02

Reλ = 235

No. 1 18.9 25.0 + 7.6 14.9 18.2 14.8 36.0 1.9 0.89
No. 2 23.8 35.0 − 0.4 18.4 21.9 17.1 37.2 1.9 1.42
No. 3 34.7 45.0 + 4.1 28.0 33.5 25.7 52.4 1.4 3.02
No. 4 36.2 55.0 − 0.2 28.0 39.8 27.0 60.2 1.2 3.28
No. 5 40.4 65.0 − 0.2 29.5 47.8 32.3 74.6 1.0 4.09
No. 6 47.0 75.0 − 4.1 32.4 46.7 41.2 90.3 0.9 5.53
No. 7 45.7 85.0 + 1.6 30.2 46.7 42.7 93.6 0.8 5.23
No. 8 53.0 95.0 + 1.0 31.2 56.0 55.3 112.1 0.7 7.04
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