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ABSTRACT

We investigate the motions of polydisperse droplets in homogeneous and isotropic turbulence at Reynolds numbers Rek ¼ 200–300. The
emphasize is put on the parameter dependences of spatial velocity correlations (SVCs) and relative velocities (RVs) of droplets, which are
relevant to particle transport and dispersion in turbulence and have been less studied in experiments. The Kolmogorov-scale Stokes number
is Stp ¼ 10�1–101, and the settling parameter, i.e., the ratio of particle settling velocity to fluid velocity fluctuations, is SvL ¼ 0:5–2.0. Using
high-resolution measurements, we can resolve the motions of turbulence and droplet over a wide range of scales (10�1g to 102g, g is
Kolmogorov length). The parabolic behavior in droplet SVCs near the origin is observed, similar to turbulence. The droplet SVCs are smaller
than turbulence for all scales and decrease with both Stp and SvL. At large scales, the droplet RVs, smaller than those of turbulence due to the
inertial filtering effect, also decrease with Stp and SvL. At small scales, the path-history effect leads to larger droplet RVs than fluid RVs.
Interestingly, we find RVs present a non-monotonic trend with Stp and reach a valley at Stp � 1:0. It may originate from particle clustering
and preferential sweeping effects, which both prevail at Stp � 1:0. It is also found that droplet motions are less intermittent than turbulence.
This is in contrast to the previous observations by simulations with the gravity effect being ignored. The intermittency of droplet RVs
decreases with SvL due to the diminished droplet–turbulence interactions, and it presents opposite trends with Stp for small and large scales.
Finally, the balance between the effects of path histories and turbulent structures makes the velocity statistics of droplets quasi-independent
from the scale in the range of the dissipative scale (r. 5g).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0101945

I. INTRODUCTION

Particle-laden turbulent flows are widely encountered in many
environmental and engineering situations, including pollutant distri-
bution, atmosphere clouds, and spray combustion. Inertial particles
dispersed in turbulence present profoundly different dynamics from
fluid particles. This complex physical process has attracted much
attention from researchers in fluid mechanics.1–3

Turbulent coherent structures affect the motions of finite-size
particles to some degree; namely, the kinematics of particle motions
present spatial coherency over a finite length scale range. This can be
quantified by the spatial velocity correlations (SVCs), defined as the
ensemble-averaged velocity products of the two measured points

divided by square of velocity fluctuation intensity. According to
F�evrier et al.,4 SVC is made up of two contributions: spatially corre-
lated motion due to the underlying turbulent structures and random
uncorrelated motion rooted in particle inertia or particle memory of
interactions with distant eddies.

F�evrier et al.4 found that at small separations r, the SVCs
decreased appreciably with the increase in particle inertia, and this was
experimentally confirmed in a turbulent vertical channel flow by Fong
et al.5 This framework was then employed in many simulations to ana-
lyze different particle-laden flows.6,7 However, there have been few
experimental investigations examining particle SVCs; Khalitov and
Longmire,8 Fong et al.,5 and Sahu et al.9 are the notable examples, but
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none of these considered homogeneous and isotropic turbulence
(HIT). Moreover, a discontinuity has been noticed in the SVCs at the
origin.4,6,10 Nonetheless, the particle SVCs near the dissipative range
have rarely been examined, especially in experiments. The SVC func-
tion in the dissipative range of HIT presents a parabolic form,11 but it
remains unclear whether this behavior is also shown for inertial
particles.

Another interesting topic is the collision between neighboring
particles. The collision rate is strongly related to both the local concen-
tration and the relative velocity (RV).12,13 The latter is defined as the
velocity difference between two particles. For two inertial particles that
are very close with each other (i.e., with small r), RVs can be rather
large, resulting in a higher probability of collisions. For large separa-
tion, RVs have important implications for the relative dispersion of
particles in turbulence.14 The RVs of particles are determined by three
mechanisms: preferential concentration, path histories, and inertial fil-
tering. These effects are associated with several important parameters,
including the particle Stokes number Stp, i.e., the ratio of the particle
relaxation time to the Kolmogorov timescale, and the settling parame-
ter Sv, i.e., the ratio of particle settling velocity to the characteristic
velocity of turbulence. For Stp � 1:0, preferential concentration,
which describes that inertial particles accumulate in the region of low-
vorticity and high-strain,15 dominates and reduces the particle RVs.16

The path-history effect, i.e., inertial particles retaining a finite memory
of the fluid RVs that they have experienced along their path history,
becomes dominant for Stp Z 1:0 and increases the RVs at small sepa-
rations.17,18 At large separations, the inertial filtering effect, i.e., the
tendency of inertial particles to filter out high frequency velocity fluc-
tuations of the turbulent field, is regarded to be the dominate effect to
reduce particle RVs.16,19–22

Previous studies on particle RVs and their parameter dependen-
ces have overwhelmingly involved numerical simulations. It seems
undisputed that at large scales, the particle RVs decrease with the
increase in Stp due to inertial filtering;16,18–20 however, at small scales,
there is less consensus. Near the dissipative range, some studies have
found that particle RVs increase with Stp without the effect of grav-
ity.14,16,20 However, Pan and Padoan23 found that the RVs peaked at
Stp � 10 for identical particles, while for bidisperse particles, they
reach a minimum when Stp < 7. Moreover, the effect of gravity com-
plicates this picture. Ireland et al.22 found that the inclusion of gravity
reduced the RVs for all separations, and the RVs were found to be
smallest for Stp � 1:0 when Sv is large.

To the best of our knowledge, the only experimental observations
of the Stp dependence of particle RVs have been by Saw et al.24 and
Dou et al.25 In an enclosed turbulence chamber, Saw et al. found that,
near the dissipation range, the particle RVs increased with Stp over a
small range of Stp (0.05–0.50). Dou et al. also observed this trend,
although their measurements exhibited relatively large errors for
Stp Z 1:0. Moreover, most numerical simulations have not considered
particle–particle interactions, although Bragg et al.’s study26 is a nota-
ble exception. However, inspired by the experiments of Yavuz et al.,27

Hammond and Meng28 found experimentally that particle–particle
interactions, including hydrodynamic interactions, lead to a remark-
able enhancement of the RVs at small separations. Therefore, more
reliable information relating to the effect of Stp on the RVs is needed,
especially for Stp Z 1:0 and r=g. 1:0. In addition, although previous
numerical simulations have suggested the effects of settling on particle

motion, the variation of the RVs with Sv has not yet been experimen-
tally investigated.

The intermittency of the particle RVs, measured by the flatness
of the RV distributions, is of significance because it relates to extreme
events, which play a key role in inter-particle collision and dispersion.
However, the dependences of the parameters (e.g., Stp and Sv) on
intermittency in both the small- and large-scale ranges have not been
fully addressed. Using direct numerical simulation (DNS) and ignor-
ing gravity, Bec et al.14 and Salazar and Collins20 demonstrated that
the intermittency of the RVs of inertial particles is much stronger than
that of the RVs of turbulence, and it increases with Stp. However,
recent simulations22,29 have suggested that the inertial-particle RV
intermittency is noticeably weakened by gravity. The experiments by
Saw et al.24 represent the only such investigation. They found that the
intermittency of particle motion near the dissipative range became
higher with decreasing scale and increasing Stp (<0.5).

This brief review of the literature shows that there are many
important factors that have been neglected in most previous simula-
tions; furthermore, these factors could have significant impacts on the
motion of particles in turbulence and may not be avoidable in natural
phenomena. These factors include polydispersity,30,31 gravity,22,32–35

and particle–particle interactions.27,28 As such, experimental investiga-
tions are needed to establish whether the observations from simula-
tions are applicable under more complex circumstances. Furthermore,
the responses of inertial particles to fine-scale (� g) and large-scale
(� 102g) turbulent structures are different. However, in both simula-
tions and experiments, there has been relatively little systematic explo-
ration of inertial particles’ responses to turbulent motions over a broad
range of length scales. With this background, we conducted experi-
ments to investigate the RVs and SVCs of droplets in HIT over a wide
scale range (10�1g to 102g) and explored their Stp and SvL dependen-
ces. We also considered the effects of gravity by comparing relevant
statistics between the gravity and horizontal directions.

The remainder of this paper is structured as follows. The exper-
imental setup and measurement technique are introduced in Sec. II.
Sections III and IV present the SVCs and RVs of droplets, respec-
tively. The effects of Stp and SvL and their corresponding physical
mechanisms are discussed in detail. The results for single-phase tur-
bulence are also shown for comparison. Concluding remarks are
given in Sec. V.

II. EXPERIMENTAL SETUP

Zero-mean-flow HIT can be generated by an open chamber con-
figuration referred to as a “turbulence box,” which features multiple
woofers or fans pointing toward a central point.36,37 In these experi-
ments, the turbulence box consisted of eight woofers, which were each
covered by a perforated rectifier board with 50 small holes. These were
mounted on a cubic frame to produce eight air-jet arrays, as shown in
Fig. 1. In this system, adjusting the excitation voltages of the indepen-
dent woofers can adjust the air-jet intensities and achieve HIT flow in
the center of the cubic frame. The resulting HIT domain has a size of
approximately 50� 50� 50 mm3. This turbulence box, configured in
a laboratory of the Institute of Mechanics at the Chinese Academy of
Sciences, is conducive to the dispersion of gas-phase tracer particles
and discrete particles in two-phase flow measurements. More informa-
tion about the facility can be found in the report of Lian et al.38
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A. Turbulence characterization

We used a particle image velocimetry (PIV) system to obtain the
characteristics of the HIT region; the measurement and calculation
parameters are summarized in Table I. For these measurements, the
air flow was seeded with 3-lm organic oil drops as tracer particles pro-
duced by a high-temperature particle generator. The beam from a
dual-head Nd:YAG laser with a wavelength of 532nm and a maxi-
mum energy of 200 mJ/pulse was passed through a carefully designed
lens group to form a laser sheet with a thickness of approximately
1mm. A double-exposure ultra-high-resolution CCD camera
(IMPERX ICL-B6640, 12 bit) with an sensor size of 4400� 4400 pixels
was equipped with a 180-mm lens to capture the particles in the mea-
surement domain with a digital image resolution of 12lm/pixel. The
sampling frequency was 1Hz, and 1800 uncorrelated realizations for
each case were recorded. A state-of-the-art cross correlation algorithm

with window deformation and multi-resolution iteration was used for
the velocity-field calculations. The interrogation window of the final
pass was 32� 32 pixels with an overlap ratio of 75%. Therefore, the
spatial resolution of the velocity field was 0.42mm (� 2:0g, where g is
the Kolmogorov length scale) with a vector spacing of 0.1mm
(�0:5g), which is typically considered appropriate for capturing fine-
scale turbulence without significant bias.

As illustrated in Fig. 1, the horizontal direction x1 and gravity
direction x2 are defined in the measurement plane, and the correspond-
ing velocity components are u1 and u2, respectively. The subscript
“rms” is used to denote the corresponding root-mean-squared fluctua-
tion intensities, and the subscripts f and p denote variables of the fluid
and discrete phases, respectively. The present experiments explored two
Rek cases by adjusting the input voltages of the woofers. The Reynolds
number Rek can be defined as Rek ¼ kTðk=3Þ1=2=�, where the turbu-
lent kinetic energy can be calculated with k ¼ 3ðu2f 1;rms þ u2f 2;rmsÞ=2
and � is kinematic viscosity. The transverse Taylor microscale is esti-
mated with

kT ¼ ð5�k=eÞ1=2; (1)

where e is the energy dissipation rate and estimated with

e ¼ 4�

�
@u1
@x1

� �2�
þ
�

@u2
@x2

� �2�
þ
�

@u1
@x1

@u2
@x2

� ��"

þ 3
4

�
@u1
@x2

@u2
@x1

� �2�#
: (2)

The basic parameters of the HIT for these two Rek are summarized in
Table II. In the Appendix, we present the verification of the homoge-
neity and isotropy of these turbulent flows.

Figure 2 shows the SVC of the fluid phase, which is calculated
using

qijðrj; xÞ ¼ huiðx; tÞuiðx þ rj; tÞi=u2i;rms; (3)

where the subscript i indicates the velocity components and j denotes
the x1 or x2 directions; when i¼ j, qij denotes the longitudinal correla-
tion function; when i 6¼ j, qij denotes the transverse correlation func-
tion; the angle brackets hi denote the ensemble average; x is the
position of a fluid parcel; and rj is the separation between two points

FIG. 1. Schematic diagram of the measurement system for the droplet-laden HIT
experiments, including the turbulence-generation device, air-assist atomizer, PIV
measurement configuration, and definition of coordinates.

TABLE I. Measurement and PIV-calculation parameters for HIT.

Parameter Value

Sampling frequency 1Hz
Camera sensor size 4400� 4400 pixels
Field of view (FOV) 53.5� 53.5mm2

Digital image resolution 12lm/pixel
Sampling number 1800
Final interrogation window 32� 32 pixels
Overlap ratio 75%
PIV spatial resolution 0.42mm (2g/vector)
PIV vector spacing 0.1mm (0:5g)

TABLE II. Basic parameters of HIT.

Parameter Units Case a Case b

Reynolds number (Rek) � � � 227 264
Kinematic viscosity (�) 105 m2/s 1.57 1.57
Turbulent kinetic energy (k) m2/s2 0.85 1.15
Turbulent intensity (uf ;rms) m/s 0.75 0.88
Intensity ratio (uf 1;rms=uf 2;rms) � � � 1.03 1.02
Energy dissipation rate (�) m2/s3 1.48 2.02
Kolmogorov length (g) lm 226 209
Kolmogorov time (sg) ms 3.3 2.8
Kolmogorov velocity (ug) m/s 0.068 0.075
Taylor microscale (kT) mm 6.71 6.68

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 083320 (2022); doi: 10.1063/5.0101945 34, 083320-3

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0101945/16574719/083320_1_online.pdf

https://scitation.org/journal/phf


in the xj direction. We can observe that both q11 ¼ q22 and q12 ¼ q21
are fairly well satisfied for r=g ¼ 10�1 to 102. The theoretical result of
q21 under isotropic conditions based on the relation39

qij ¼ qii þ
r
2
@qii
@r

(4)

is also shown as the blue curve, and this collapses well onto the plot of
q21 calculated from the velocity field. We also calculated the longitudi-
nal and transverse integral length scales of the turbulence and found
that Lii=Ljj � 1:02 and Lii=Lij � 1:85 ði 6¼ jÞ. Within the range of
experimental uncertainty, these observations indicate that the turbu-
lent flows are isotropic.36,37,40

Fitting a parabola near the origin of the SVC function is a com-
mon way to determine kT if one can resolve scales much smaller than
it. Thanks to the high spatial resolution of this experiment, this para-
bolic behavior can be observed in Fig. 2. The value of kT can, thus, be
obtained from the second-order derivative of the parabolic curve qij at
r¼ 0,39 i.e.,

qij ¼ 1� ðr=gÞ2=k2T ði 6¼ jÞ; (5)

k2T ¼ � 2
@2qij=@r2jr ¼ 0

: (6)

The values of kT obtained from Eqs. (5) and (6) are very close to those
obtained from Eq. (1) listed in Table II. This indicates the reasonability
and robustness of this high-resolution data.

B. Droplet injection and characterization

The polydisperse droplets were produced by an air-assist atom-
izer placed 1.1m above the HIT domain, as shown in Fig. 1. The drop-
let sizes and volume fractions were controlled by adjusting the inlet
water-flow rate and air pressure at the atomizer. More information
concerning the atomizer can be found in the report of Lian et al.38 It is
noted that the velocity fields of the discrete phase (droplets) and con-
tinuous phase (turbulence) were measured separately in these experi-
ments. This is because it is difficult to distinguish droplets from tracer
particles in PIV images using their brightness or pixel size. Therefore,
when measuring the motions of droplets in two-phase turbulence,
we turned on the woofers but did not release the tracer particles.

Nevertheless, for all two-phase flows in this study, the particle volume
fraction UV was approximately 5� 10�6, which is close to the one-
way coupled regime,41 indicating that the droplet motion will have
had only a small effect on the turbulent flows.

We varied the features of the droplets by adjusting the air pressure
in the atomizer with the water-flow rate unchanged. A laser particle-size
analyzer (LPSA; Bettersize2000S) was used to measure the size distribu-
tions of droplets in the measurement domain. For the different cases,
the Sauter mean diameter D32 of the droplets, defined as the ratio of the
droplet volume to droplet surface area, varied slightly between 35 and
40lm, and the droplet size had a wide spread of dp¼ 10 to 120lm,
which are much smaller than the Kolmogorov scale g (see Table II); in
other words, the droplet size distribution was in a polydisperse regime,
as shown in Fig. 3. The droplet sizes in droplet images can be obtained
with the following process. The droplet images were binarized by setting
a brightness threshold and obtained many connected regions with high
brightness occupied by droplets shown in Fig. 3(a). Then, the pixel
sizes (dpix) of the connected regions (i.e., droplets) can be calculated.
In Fig. 3(b), we show the probability density functions (PDFs) and
cumulative distribution functions (CDFs) of droplet pixel sizes for two
cases. The two density functions can be defined as Pða < f < bÞ
¼ Ð b

a PDFðtÞdt and CDFðfÞ ¼
Ð f
�1 PDFðtÞdt, where P is the probabil-

ity for a < f < b and f can be dpix or dp. The physical size distributions
of droplets are shown in Fig. 3(c). As the shapes of these two distribu-
tions are close to a lognormal distribution,42,43 one can roughly convert
the pixel sizes in the droplet images to their physical sizes.

The particle Stokes number Stp is defined as sp=sg, where sg is the
Kolmogorov timescale of turbulence (see Table II). The particle relaxation
time sp can be calculated from sp ¼ qpd

2
p=18�qf ð1þ 0:15Re0:687p Þ,44,45

where the density ratio of the two phases is qp=qf � 775; the particle
Reynolds number based on the slip velocity ur was estimated to be
Rep ¼ dpur=� � 1:0. Accordingly, the Stp of the droplets in the turbu-
lence spans the range 10�1 to 101 [see Fig. 3(c)] and its mean value is in
the range 0.95–1.25 based onD32.

The importance of the settling of particles in turbulence can be
characterized by the settling parameter,33,46 which is defined as the
ratio of the settling velocity of the particles to the characteristic velocity
of the turbulence. Both the small-scale energetic motions and large-
scale structures in the turbulence are consequential in determining
the particle motion. Therefore, two different settling parameters are

FIG. 2. SVC of fluid phase: (a) Rek ¼ 227;
kT � 30:1g (6.80mm); (b) Rek ¼ 264;
kT � 31:4g (6.56mm). The theoretical
result of q21 deduced from Eq. (4) is also
presented as the blue dashed line for com-
parison. The dash-dotted parabolic curve for
Eq. (5) is deduced from the parabolic behav-
ior of q12 (or q21) near r¼ 0, and kT is the
intersection of this curve with the r axis.
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defined as follows: SvL ¼ �up2=uf ;rms and Svg ¼ �up2=ug, where ug is
the Kolmogorov turbulence velocity (Table II) and �up2 is the mean set-
tling velocity of the droplets. The droplet velocity was calculated using
an in-house-developed hybrid particle tracking/particle image veloc-
imetry algorithm. This algorithm can eliminate the pixel-lock effect
and minimize contamination from inaccurate droplet-center identifi-
cation. The uncertainty of droplet matching was estimated to be
approximately 0.1 pixel, which is consistent with that in the PIV calcu-
lations. More information about this algorithm can be found in the
report by Zhu et al.47 The parameters of the droplets are listed in
Table III. The dimensionless parameter Td ¼ td=sg is defined as the
time td normalized by sg taken for the drops to pass vertically through
the turbulence box. For all tested cases, Td > 13, indicating that the
fine-scale turbulent motions can have an impact on the falling
droplets.

The involved parameters here are Stp; SvL (or Svg), and Rek.
However, these parameters are in reality not decoupled, and it is not
feasible to vary only one parameter at a time in a laboratory study, as
noted in previous reports.42,46 Droplets of different sizes have different
settling velocities (SvL) and different degrees of response (Stp) to tur-
bulent flows of different scales. The effect of Rek on droplet motion is
not the focus of this work, but two similar Rek values (with a difference
of 15%) were used to verify the repeatability of relevant results. The
SvL dependence of droplet motion will be investigated by considering
the velocity statistics in four cases (with similar Stp distributions),
while the Stp dependence will be discussed using conditional statistics
based on the droplet sizes in each SvL case. As shown in Fig. 3(b), for
each SvL, we divided the droplet samplings into five parts according to

their sizes (or Stp), in each of which the number of samples accounts
for approximately 20% of the total and is of the order of 106.

III. DROPLET SVCs

We first consider SVCs to provide information about the degree
of spatial coherency of the droplet motion. Particle SVCs have been
experimentally investigated in channel flows5,8 and polydisperse
sprays.9 Due to the discrete nature of the droplet velocity data, the cal-
culation of the SVCs for the droplet phase using Eq. (3) is more com-
plicated than that for the fluid phase. We divided the field of view
(FOV) into many x1-direction bins with a width of the minimum
resolved scale of the present turbulence data (0:5g; r2 is thus very
small). We then categorized upiðxÞupiðx þ r1Þ for every pair of drop-
lets using r1 with an interval of 0:5g and ensemble-averaged them in
each bin. Their normalization by u2pi;rms results in qi1. Similarly, we
obtained qi2 by dividing the FOV into many x2-direction bins and
ensemble-averaging upiðxÞupiðx þ r2Þ according to r2.

Figure 4 shows the SVCs (qij) for all tested cases of the two phases.
These plots lead to several interesting observations. First, the qij plots for
the droplet phase are found to be very similar in shape to those of the
fluid phase, but the values are relatively smaller, especially at smaller
scales. In particular, there is a gap between unity and qpij at the origin,
which is consistent with the results of previous numerical studies.4,10

According to F�evrier et al.,4 the particle velocity consists of a contribu-
tion from the underlying turbulent flows and a spatially random uncor-
related motion component rooted in particle inertia. This gap is, thus, a
measure of the fraction of random uncorrelated motion.4,5

Second, in the dissipation range (r � g), the qij plots for droplets
also unexpectedly present a parabolic form similar to that seen in tur-
bulent flows, which was not observed in previous studies and may be
important for the numerical models.4,10 At small separations, the
droplet motion is dominated by the path-history mechanism in which
the inertial particle pairs reserve a finite memory of turbulent velocity
fluctuations they have experienced along their path history.50

Specifically, the droplet motions are inherited from the coherence of
small-scale turbulent motions, but they are less coherent due to inertial
effects.

FIG. 3. (a) Zoomed snapshot of a droplet image showing polydispersity and (b) CDFs and (inset) their corresponding PDFs of the pixel sizes of droplets dpix deduced from the
images for two air-flow rates in the atomizer. The four dashed lines divide the ensemble into five parts; in each of these parts, the number of sampled droplets accounts for
approximately 20% of the total and is of the order of 106. (c) Physical size distributions of droplets measured by LPSA in the measurement domain for two air flow rates in the
atomizer.

TABLE III. Basic parameters of droplets for four tested cases.

Parameter Case 1 Case 2 Case 3 Case 4

SvL 0.58 0.85 1.15 1.60
Svg 6.8 10.0 12.6 17.6
Td 37.8 25.8 19.0 13.6
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Third, as shown in the inset of Fig. 4(b), the inter-particle coher-
ency decreases with SvL, and the droplet motions in gravity direction
are more coherent than those in the horizontal direction, i.e.,
q22 > q11; this has also been observed in particle-laden vertical chan-
nel flow.5 This can be explained as follows. The rapid settling of drop-
lets can hinder particle–turbulence interactions. As shown in Table III,
the time taken for drops to pass through the turbulence box decreases
with SvL; that is, for larger SvL values, the droplets have less time to
interact with the turbulent flows, and they, thus, possess less coher-
ency. In addition, due to the preferential sweeping effect of the turbu-
lent structures moving downward, the droplets prefer to accumulate in
this flow region and tend to fall together.46,51 As a result, the vertically
settling droplets are more responsive to gravity-direction turbulent
fluctuations than to horizontal ones.33 Thus, the gravity-direction
droplet motion can be correlated over longer distances than the hori-
zontal droplet motion. Indeed, for large separations (r=g > 30), it can
be seen in Fig. 4 that for droplets, the q22 values are noticeably larger
than the q11 values.

Figure 5 shows radial two-dimensional kinetic energy spectra of
the two velocity components of both the droplet and fluid phases for
all cases. These were obtained by performing a Fourier transform of
the two-point correlation (see Fig. 4) using a Hann window. In the
large-scale (low-wavenumber) range, the fluid-phase energy spectra
present the classical Kolmogorov �5=3 power law for both velocity

components. Conversely, in the high-wavenumber (small-scale) range,
the energy spectra deviate from this power-law decay, which has also
been reported in previous studies.36,37 This deviation may be attributed
to measurement uncertainty and the small-scale information suffering
more from the signal noise.

For the droplet phase, it is worth noting that the energy spectra
essentially reflect the energy distribution of the droplet motion under
the action of turbulent structures of different scales. In the small- and
large-scale ranges, the kinetic energy of the up2 component is found to
be higher than that of the up1 component, which is consistent with the
anisotropic behavior of droplet motion (up1;rms < up2;rms). Aside from
a small difference in energy magnitude, the energy spectra in the two
directions for different SvL values present almost the same behavior.
In the large-scale range, although the kinetic energy of the droplets is
slightly lower than that of fluid phase (i.e., up;rms < uf ;rms), the energy
spectra for the droplet phase also approximately present a�5=3 power
law. This observation indicates the significant role of the inertial-range
turbulent structures on the large-scale droplet kinematics.

Surprisingly, in the small-scale range, the energy distribution of
the droplet motion is distinctly different from that of the fluid phase.
On the one hand, the small-scale droplet motions have more kinetic
energy than the turbulence, which can be attributed to inertial effects.
On the other hand, the droplet motions are inclined to have nearly the
same energy near the dissipation range (kr Z 1000 m�1, krgZ 0:2 or

FIG. 4. Longitudinal SVCs of droplet and
fluid phases: (a) q11; (b) q22. The inset of
(b) shows the correlation coefficients as
functions of SvL at small scales
(r=g < 2).

FIG. 5. Two-dimensional kinetic-energy
spectra for the two phases: (a) u1 compo-
nent; (b) u2 component. In the inset of (b),
the energy spectra of HIT reported by
Gotoha et al.48 (Rek ¼ 284, red symbols)
and de Jong et al.49 (Rek ¼ 181, blue
symbols) are shown for comparison.
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r=g < 5). Specifically, the energy distribution in this range presents
nearly scale-invariant behavior. We believe that this behavior may
have a twofold explanation. First, the particle–particle interactions
near the dissipation range have recently been found to distinctly
enhance the particle clustering.27,28 These interactions (including par-
ticle collisions and hydrodynamic interactions) may cause the kinetic
energy of droplets to be uniformly transferred to different small scales.
Second, the present settling parameter Svg is greater than 6 (see Table
III); specifically, the particle settling velocity is at least six times greater
than the Kolmogorov velocity of the turbulence. Thus, considering the
effect of the finite size and rapid settling of the droplets, the turbulent
motions near the dissipation range have a relatively limited impact on
their kinetic energy. This is also consistent with previous studies in
which it was demonstrated that the particle trajectories in the small-
scale range are nearly ballistic due to inertial effects.18 Nevertheless,
small-scale turbulence indeed plays a role in the particle RVs in the
dissipation range through the so-called path-history mechanism, as
mentioned above.18,24,25,50 This will be discussed in Sec. IV.

We now consider the effects of Stp on droplet SVCs. Figure 6
shows plots of the conditional SVCs (qii) in different ranges of Stp. It is
seen that at small separations, the magnitudes of the SVCs decrease
with the increase in Stp for both velocity components. Physically, this
feature suggests that the trajectories of neighboring high-inertia par-
ticles become more independent. This trend becomes weak at large
scales, which is consistent with the DNS results of F�evrier et al.,4

although a clear Stp dependence of q22 can still be seen.

IV. DROPLET RV

The statistics of developed turbulence are commonly investigated
by means of the velocity increments (or RVs) between two points with a
separation of r, i.e., duiðrÞ ¼ uiðx þ rÞ � uiðxÞ, the n-order moments
of which are called velocity structure functions, Sn. When the separation
r is parallel to u, we have the longitudinal components duLi and SnL,
while the transverse components duTi and SnT are obtained if r is per-
pendicular to u. Here, we only consider the longitudinal statistics and
will, thus, omit the superscript L.

Figures 7(a) and 7(b) show the probability density functions
(PDFs) of du1 normalized by S2f jp1 for both the fluid and droplet
phases at four typical scales r, ranging from r=g ¼ 150 (large scale),
through 50 (typical inertial scale) and 10 (intermediate scale), down to

1 (close to the dissipative scale). In Figs. 7(c) and 7(d), the PDFs of
dup1 and dup2 in different ranges of Stp at r=g ¼ 1 are shown for
SvL ¼ 0:58. The related results for the u2 component and the other
cases are similar, and these are, thus, omitted for concision. We now
consider the statistical measures to quantify the shapes of the PDFs
associated with the effects of SvL and Stp.

A. SvL effect

Figures 8 and 9 show the second-order moment S2 and the flat-
ness Ft [¼ S4=ðS2Þ2] of the RVs as functions of r=g, respectively, for
all tested cases of both the fluid and droplet phases. It is worth noting
that the first-order structure functions S1, i.e., the mean RV, have simi-
lar qualitative trends to S2, as demonstrated by previous studies.16,23,25

In addition, here, we do not consider the inward RV (i.e., the RV along
the separation vector), which directly contributes to the particle colli-
sion rate,25,26,28 because we would like to investigate the effects of set-
tling on the small- and large-scale relative motions of droplets by
comparing S2p2 with S

2
p1.

As shown in Fig. 8, both r2=3 scaling in the inertial range and r2

scaling in the dissipative range are observed; these are characteristics
of isotropic turbulence.11,40 Figures 8(a) and 8(b) also present plots of
the S2pi of the droplet phase for different SvL values. There is a two-
branch behavior characterized by a critical scale (r=g � 20) for S2pi,
and this scale seems to decrease with SvL. Specifically, at small separa-
tions, S2pi is much larger than S2fi, and the former changes slowly with r.
At larger separations, S2pi is slightly smaller than S2fi. These observations
are consistent with the results of previous DNS studies14,18,20 and a
few experimental observations.25

The explanation for this two-branch behavior of droplet structure
functions may be as follows. At small separations (r=g. 5), the small-
scale turbulent motions are not energetic enough to affect the droplet
motion. Due to the path-history mechanism, the inertia of the droplets
enhances the relative particle motion at small separations by causing
the particle trajectories to be nearly ballistic.18,24,50 Through a
Lagrangian description, Gibert et al.52 found that heavy inertial par-
ticles separated faster at small distances than the fluid tracers. This can
be confirmed by the correlation functions being remarkably smaller
than 1.0 near r=g ¼ 0, as shown in Fig. 4. At larger separations, large-
scale turbulent structures can have an impact on the droplet motion,
as shown in Fig. 5. However, inertial effects make the finite-sized

FIG. 6. Conditional SVCs of droplet
phase (SvL ¼ 0:58) for different ranges of
Stp: (a) q11; (b) q22. The unconditional
results (all Stp) are also shown as black
dashed lines for reference.
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droplets “filter” the strong turbulent fluctuations, and thus, their RVs
are lower than those of the turbulence, which is called the inertial fil-
tering mechanism.16,22,25 We can see that at large separations, S2p2
decreases with SvL and is larger than S2p1. This is because the correla-
tion time of droplet motion with turbulent flows in the direction of
gravity is larger than that in the horizontal direction, as mentioned in
Sec. III. Moreover, as shown in Figs. 10 and 11, S2pi decreases with Stp
at large separations, which is also consistent with the picture above.

The deviation of the PDF profiles from a standard Gaussian is usu-
ally characterized as intermittency, and this is measured by flatness. In

Fig. 9, we can see that above the dissipation range, the flatness of both
phases Ftf jp decreases slowly with scale and approaches 3.0 in the large
scale, which is consistent with the results shown in Fig. 7. This observation
agrees with the results of previous studies of single- and two-phase turbu-
lent flows.11,23,24 Moreover, at a given scale, the turbulent flow presents
higher intermittency than the droplet motion, which can also be observed
from the more pronounced tails of the PDFs for the fluid phase in Fig. 7.
Although this result is inconsistent with the results of numerical simula-
tions that ignore gravity,14,16,20 the inclusion of gravity has indeed been
found to decrease the intermittency of inertial particles.22,29

FIG. 7. PDFs of longitudinal velocity
increments of fluid and droplet phases at
different scales: (a) duf1 (Rek ¼ 264); (b)
dup1 (SvL ¼ 0:58); (c) dup1; and (d) dup2
in different ranges of Stp at r=g ¼ 1 for
SvL ¼ 0:58. The inset of (c) is a zoomed-
in section of the main plot to show more
clearly the core region of the PDF for
Stp ¼ 0:1–0.3; this core region also exists
for dup2 in (d). The unconditional results
(dash-dotted lines) for all Stp are also
shown in (c) and (d). The black dashed
lines denote a standard Gaussian
distribution.

FIG. 8. Second-order structure functions
of the (a) u1 and (b) u2 components for
both the fluid and droplet phases. Both
r2=3 scaling in the inertial range and r2

scaling in the dissipative range are also
shown.
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Below the large-scale range (r=g < 100), Ftp2 is found to be
noticeably larger than Ftp1, indicating the higher intermittency for the
gravity-direction velocity increments. In addition, we found that Ftp
decreases with SvL. As observed in Fig. 4, the droplet motions are cor-
related over longer distances in the gravity direction than in the

horizontal direction. This is because the vertically settling droplets are
more responsive to the gravity-direction turbulent motions. Therefore,
the settling velocities of droplets fluctuate more intensely and have
stronger intermittency. Similarly, as SvL increases, in the settling
regime, the correlation time (see Table III) of the droplet motion with

FIG. 9. Flatness of the longitudinal veloc-
ity increments of the two phases as func-
tions of r=g: (a) u1 component; (b) u2
component.

FIG. 10. Second-order structure functions
of the (a) up1 and (b) up2 components in
different ranges of Stp for SvL ¼ 0:58.
The unconditional result for all Stp is also
shown by the black dashed line.

FIG. 11. Second-order structure functions
of (a) up1 and (b) up2 components as func-
tions of Stp at r=g ¼ 1 (solid lines, left
ordinate) and r=g ¼ 50 (dashed lines,
right ordinate) for different SvL values.
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the turbulent fluctuations decreases, resulting in decreasing intermit-
tency of droplet motion.29 It is interesting that near the dissipation
range (r=g < 5), Ftp is nearly independent of separation. This scale
invariance of intermittency (and energy distribution in Fig. 5) will be
discussed below.

B. Stp effect

Figure 10 shows S2pi as functions of r=g in different ranges of Stp
for SvL ¼ 0:58, and Fig. 11 presents the Stp dependence of S2pi at
r=g ¼ 1 and r=g ¼ 50 for four cases of SvL. Interestingly, we found
that for small separations, the droplet RVs in two directions present a
non-monotonic trend with separation r, and they reach their mini-
mum at Stp � 0:7, as shown in Fig. 11. This observation seems to be
inconsistent with the results of previous DNS studies18,20 in which it
was demonstrated that, for small separations, the larger the value of
Stp, the larger the value of S2pi. Dou et al.

25 suggested from their experi-
ments that the particle RV increases slowly with Stp, although their
data seem to be relatively scattered for Stp Z 1:0 and they did not con-
sider the effects of settling. However, using DNS, Ireland et al.22 found
that for a small settling parameter (e.g., Svg < 10), S2pi increases with
Stp, while for large Svg (>10), a non-monotonic trend was observed,
and the smallest value occurred for Stp � 1:0. In the present work, the

settling parameter Svg for all cases ranged from 6.8 to 17.6 (see Table
III). The present results do not, therefore, seem to contradict the
observations of Ireland et al.22 The physical explanation for this non-
monotonic behavior is as follows.

First, the path-history effect, which contributes to increasing RV,
is more significant for larger Stp, as shown in Fig. 11. Second, preferen-
tial concentration, which leads to particle clustering, is known to be
strongest for an Stp value of unity.

1,38 Inside a particle cluster, the par-
ticles are expected to share a similar velocity (i.e., to have coherent
motion51) and have smaller RVs. Finally, under the effect of settling,
the preferential sweeping effect, in which particles prefer to reside in
the downward-motion flow field,15,46,51 is prevalent at Stp � 1:0. This
can also induce smaller relative motions among particles. Taking these
points together, it can be expected that the RVs of settling droplets
may reach a minimum at Stp � 1:0.

Figure 12 shows the flatness of the droplet RVs (SvL ¼ 0:58) as
functions of r=g for different ranges of Stp. The Stp dependences of the
flatness at r=g ¼ 1 and r=g ¼ 50 for four cases of SvL are shown in
Fig. 13. Combined with the PDFs in Figs. 7(c) and 7(d), there are two
interesting observations that can be made regarding Figs. 12 and 13.

First, for the smallest Stp values (0.1–0.3), a non-monotonic r
dependence of the intermittency is observed, and this is different from
that for larger Stp values in which Ftp increases with r for r=g. 20

FIG. 12. Flatness of droplet RVs (SvL
¼ 0:58) as functions of r=g for different
ranges of Stp: (a) u1 component; (b) u2
component.

FIG. 13. Flatness of droplet RVs (SvL
¼ 0:58) as functions of Stp at r=g
¼ 1 (solid lines) and r=g ¼ 50 (dashed
lines) for different SvL values: (a) u1
component; (b) u2 component. The black
squares and diamond symbols denote
the corresponding values of the fluid
phase (Rek ¼ 227) for r=g ¼ 1 and
r=g ¼ 50, respectively.
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and decreases for r=gZ 20. This difference can be attributed to
the occurrence of core-and-tail behavior in the PDFs of velocity
increments with small separations for Stp ¼ 0:1–0.3 [see the inset of
Fig. 7(c)]. This phenomenon has also been observed for both velocity
components in other cases of SvL. In a recent experiment, Hammond
and Meng28 also noticed this core-and-tail behavior and found that
the core became obscured with increasing r=g, in agreement with the
present work. They suggested that there could be two mechanisms
driving the particle RV at small separations, but they did not provide
further explanation. To our knowledge, the core region of PDF(du)
around du � 0 with higher probability may originate from the fact
that two particles with very close distance are expected to share the
same velocity (du � 0) when r. g. In addition, it is seen that this
core-and-tail behavior can only be observed for small-Stp (Stp . 0:5)
particles, which are more likely to follow the turbulent flows.
Nevertheless, the particle–particle interaction may lead to extreme
events, i.e., very large RVs. This might explain the occurrence of the
long tail in PDF(du). It is worth noting that the core region observed by
Hammond and Meng28 was more pronounced than that seen in these
experiments. This may be attributed to their higher-resolution 3D mea-
surements, which were able to resolve near-contact events of particles.

Second, for r=g. 20; Ftp increases with Stp, consistent with the
observations in Figs. 7(c) and 7(d), while for r=gZ 20, the opposite is
observed, as shown in Fig. 13. For large separations, decreasing inter-
mittency with Stp can be expected because the larger the value of Stp,
the stronger the inertial filtering of droplets from large-scale turbulent
fluctuations. That is, the diminished influence of turbulent motions
leads to a reduction of the intermittency of droplet motion. At small
separations, Ireland et al.22 also found that the intermittency of par-
ticles increased with Stp without consideration of gravity; with gravity,
a non-monotonic trend of intermittency with Stp was observed. As
noted above, the path-history effect becomes more significant with
larger values of Stp. Therefore, when Stp is larger, extreme events of
the droplet RVs at small separations occur more frequently, leading to
greater intermittency. However, the reason that the critical scale r=g is
around 20 seems unclear; we note that in Fig. 8, there is also a critical
scale (r=g � 20) for the droplet RV. Recall that in addition to the tur-
bulent structures, the path-history effect has an impact on the small-
scale RV, while the effect of inertial filtering has an impact on the
large-scale RV; furthermore, both effects become stronger with
increasing Stp. Therefore, this critical scale could be used to character-
ize the dominant effects associated with particle inertia on the particle
RV, and this can be more noticeably characterized with respect to
intermittency.

Finally, we focus on the velocity statistics of droplets near the dis-
sipation range (r=g < 5). It is found that above the intermediate range
of turbulent flows, the SVCs (Fig. 4), energy distributions (Fig. 5), RVs
(Fig. 8), and intermittencies (Fig. 9) of droplets vary notably with scale.
However, for r=g < 5, we found that these droplet velocity statistics
are almost constant or change only slightly. Note that previous DNS
results have also shown a scale-independence of RV near the dissipa-
tion range for relatively high Stp values (>1).18,20 In this work, this
scale-independent behavior was found for not only the RVs but also
the energy distribution and intermittency of droplets. On the one
hand, as mentioned in Sec. III, at small separations, inter-droplet inter-
actions (particle collisions and hydrodynamic interactions) become
stronger, and thus, the droplet motions are independent of scale to a

certain degree. On the other hand, we note that in this range, the corre-
lation coefficient of the turbulent velocity is nearly independent of
length scale, while the RVs and energy distribution of turbulence display
clear scale dependence. Therefore, near the dissipation range, the turbu-
lent coherent motions seem to play an important role in the scale inde-
pendence of the velocity statistics of particle motion. Furthermore, the
scale independence of intermittency seems to be more pronounced for
medium Stp values (0:3 < Stp < 1:73, i.e., when the particle response
time is comparable to the Kolmogorov timescale of the turbulence) in
this work. It can, thus, be concluded that the balance between the path-
history effect and turbulent motions may lead the velocity statistics of
inertial particles to present nearly scale-independent behavior near the
dissipation range.

V. CONCLUSIONS

The motions of polydisperse droplets in HIT were experimentally
investigated for Taylor Reynolds numbers in the range Rek ¼ 200 to
300 and particle settling parameters in the range SvL ¼ 0:5 to 2.0.
Thanks to the present high-resolution measurements, we were also
able to study the effect of the Kolmogorov timescale-based particle
Stokes number Stp (¼ 10�1 to 101) by identifying different sizes from
the droplet images, and the turbulent and droplet motions could be
resolved over a wide scale range (10�1g to 102g). In this work, the
emphasis was placed on the RVs and SVCs of droplets, which are
related to the particle collision rates and particle dispersion under the
action of turbulent coherent structures. We investigated their SvL and
Stp dependences, reflecting the importance of settling and particle
inertia relative to the effects of turbulent flows on droplet motion.

There is a gap at the origin between the SVCs of droplets and
unity, which can be attributed to the effects of particle inertia. More
importantly, the SVCs of droplets also present a parabolic form similar
to that seen for turbulent flows. These observations indicate that the
motions of droplets are inherited from the coherency of small-scale
turbulent motions, but due to the effects of inertia, they are less coher-
ent. With increasing SvL, both the SVCs and RVs were found to be
diminished because the correlation time of droplet motion with turbu-
lent structures is reduced. For the same reason, there are distinct dif-
ferences in the velocity statistics in the gravity and horizontal
directions. Additionally, the correlation time is smaller for higher Stp
values; thus, the SVCs and RVs of droplets are found to decrease with
Stp in the large-scale range.

Due to particle inertia, the path-history effect in the small-scale
range and the inertial filtering effect in the large-scale range lead to the
droplet RVs being larger and smaller than those of the turbulent flows,
respectively. Furthermore, there is a critical scale (r=g � 20) charac-
terizing the dominant effect associated with particle inertia on droplet
motion, and this critical scale seems to be related to both SvL and Stp.
Below this scale, the path-history effect combined with the action of
turbulence structures dominates the particle motion; above this scale,
the filtering effect plays a more significant role. More importantly, this
critical scale seems to be more noticeably characterized when consider-
ing the Stp dependence of the intermittency of droplet motion.
Specifically, for r=g. 20; Ftp increases with Stp, while for r=gZ 20,
the opposite trend is observed.

The RVs of inertial droplets in the small-scale range were found
to present a non-monotonic trend with Stp, and they reach a mini-
mum value at Stp � 1:0. We attribute this behavior to the effect of
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particle clustering and preferential sweeping, because both are preva-
lent at Stp � 1:0 and lead the particles to share similar velocities and,
thus, have small RVs. Furthermore, near the dissipation range
(r=g < 5), the balance between the path-history effect due to particle
inertia and the action of turbulent coherent motions leads the velocity
statistics of inertial particles, including the SVCs, energy distributions,
and particle RVs and their intermittency, to present nearly scale-
independent behavior. Finally, core-and-tail behavior in the PDFs of
droplet RVs with small separations for small Stp was observed. We
found that this behavior has a significant impact on the scale variance
of the intermittency.

In summary, the present work explores the effect of Stp and SvL
on particle motions in HIT, which could facilitate the understanding
of particle transport and dispersion in turbulence. Specifically, the Stp
dependence of particle RVs observed in the present work is of impor-
tance for modeling particle collision rates in turbulence. Recalling that
particle collision rate is not only related to the RVs but also related to
the effect of particle clustering. To fully address the issues of particle
collisions, particle clustering under the action of turbulent structures is
needed to be studied in the future.
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APPENDIX: VERIFICATION OF THE HOMOGENEOUS
AND ISOTROPIC CONDITIONS

The results shown in Fig. 14 provide a verification of the
homogeneity and isotropy of the turbulent flows in the present
experiments.
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