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We measure the absolute dispersion of clouds of monodisperse, phosphorescent droplets in turbulent air
by means of high-speed image-intensified video recordings. Laser excitation allows the initial preparation
of well-defined, pencil-shaped luminous droplet clouds in a completely nonintrusive way. We find that the
dispersion of the clouds is faster than the dispersion of fluid elements. We speculate that preferential
concentration of inertial droplet clouds is responsible for the enhanced dispersion.
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A turbulent flow mixes added contaminants perfectly,
but only if these faithfully follow the flow. Particles with
inertia lag behind the most rapid velocity changes of the
fluid. They are expelled from regions of vorticity and
attracted by regions of strain, which results in sponta-
neous fluctuations of the added particle concentration at
the smallest time and length scales of turbulence. This
phenomenon is called preferential concentration [1,2] and
signifies the tendency of turbulence to unmix added
matter that has inertia. This remarkable phenomenon,
which has been observed both in numerical simulations
[3] and experiments [4–10], is of great practical interest
for many applications, such as the dispersion of sprays in
combustion, the spreading of pollutants in the atmos-
phere, and the initiation of rain in warm turbulent
clouds [11,12].
We use a new experimental technique to study the

dynamics of turbulent dispersion of droplets at the smallest
length and time scales. Using phosphorescent droplets that
can be made to glow by illuminating them with a UV laser,
we can delineate a small volume inside a turbulent cloud of
droplets and study the evolution of this volume in time. In
this Letter, we focus on the evolution of the width of a
pencil-shaped cloud, which offers a uniqueway to study the
dispersion of an initially well-delimited cloud of droplets.
At initial time, the width of the tagged cloud is 10η, with η
the Kolmogorov length scale, the smallest length scale in
turbulence.
The motion of inertial particles is a filtered version of the

motion of the fluid which carries them. The droplet inertia
is quantified by the Stokes number St ¼ τp=τη, where τη is
the turnover time of the smallest eddies in turbulence, the
Kolmogorov time, and where the droplet response time τp
is determined by Stokes friction τp ¼ ρpd2p=ð18μÞ, with dp
the droplet diameter, ρp the liquid mass density, and μ the
dynamic viscosity of air. Filtering of velocity fluctuations is
expressed by the formula vp=v ¼ ðτp=Tf þ 1Þ−1=2, with v
the mean fluctuation fluid velocity and Tf a typical time
scale of the flow [13]. For our experiment, this predicts that

the largest droplets are approximately 1% slower than air
parcels [14].
It is well known, both from experiment and numerical

simulations, that, paradoxically, the relative dispersion of
two droplets, that is, the growth of the distance between
them, is faster than that of two fluid parcels [17,18]. The
question is whether the same holds for the absolute
dispersion, where a small puff of droplets is released from
a point or a line and is subsequently dispersed by
turbulence as time progresses.
The relative dispersion of two point particles has been

measured in an experiment involving a swirling turbulent
flow [18] (a von Kármán flow between rotating disks). It
was found that, on average, the distance between two
inertial particles increases faster than the separation of two
fluid parcels. The same phenomenon was found in numeri-
cal simulations, the enhancement of relative dispersion
being largest when the droplets start close together, with the
initial separation comparable to the Kolmogorov scale η
[17]. The occurrence of caustics [11,19,20] is thought to be
responsible for the enhanced particle dispersion.
In an experiment, the relative dispersion of particle pairs

is normally measured by tracking many particles simulta-
neously and computing the change of their mutual
distances. In this way, a measurement of the evolution of
the particle distribution inside a dense cloud would be very
difficult. Similarly, it would require a special numerical
simulation in which the evolution of a small dense
cloudwith initial size comparable to the Kolmogorov length
is followed. These simulations have not yet been performed.
Optical selection of an initial particle distribution makes

an ideal experiment to study particle dispersion. The
selection is not intrusive, while the droplets have already
adapted to the turbulence. These conditions are naturally
realized in our experiments, where we tag a volume of
droplets by making them glow. In experiments where a
cloud of droplets is injected, it is difficult to avoid
perturbation of the flow and make the droplets forget their
initial condition.

PRL 117, 164501 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

14 OCTOBER 2016

0031-9007=16=117(16)=164501(5) 164501-1 © 2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.117.164501
http://dx.doi.org/10.1103/PhysRevLett.117.164501
http://dx.doi.org/10.1103/PhysRevLett.117.164501
http://dx.doi.org/10.1103/PhysRevLett.117.164501


We have measured the dispersion of thin pencil-shaped
clouds by exciting droplets using a weakly focused beam of
a pulsed UV laser [see Fig. 1(a)]. Let us call t ¼ 0 the
instant where the cloud was delineated optically. The cloud
evolves in time as it is deformed and advected by the
turbulent flow. We trace the glowing droplets at a frame rate
of 10 kHz using a high-speed camera (Photron SA-Z) with
a gated image intensifier (Lambert Instruments, HICAM
5000). Each pencil-shaped cloud was followed during
1.2 ms, which is comparable to the lifetime of the
phosphorescence. This experiment is repeated at each laser
shot, and the images are phase averaged. In this manner, the
growing size of the averaged cloud with increasing time
reflects absolute turbulent dispersion. The prime quantity is
the averaged transverse luminosity profile Iðy; tÞ of the
cloud. It was measured by collapsing the pencil-shaped
clouds along the x axis, while the camera already integrates
the intensity along the line of sight (z axis). The intensity
Iðy; tÞ is all that is needed to measure absolute dispersion at
small length and time scales.
In view of the Gaussian character of the fluctuating

air velocity, we quantify the dispersion by assuming that a
unit pointlike concentration released in the origin spreads
isotropically as Iðr; tÞ ¼ σðtÞ−3π−3=2 exp½−r2=σðtÞ2�.
Consequently, an initial concentration profile I0ðyÞ as
observed from our phase-averaged images would evolve as

Iðy; tÞ ¼ 1

π1=2σðtÞ
Z

∞

−∞
I0ðy0Þe−½y−y0−y0ðtÞ�2=σðtÞ2dy0; ð1Þ

where y0ðtÞ allows for a droplet motion due to a residual
mean velocity in the chamber.
In principle, the full three-dimensional initial tagged

droplet distribution I0ðy; zÞ would be needed, followed by
its projection on the camera image plane at later times.
However, the Gaussian assumption, which of course must
be verified in the experiment, only needs the projection of
I0ðyÞ. If the (projected) initial distribution were Gaussian,
I0ðyÞ ¼ π−1=2σ−10 expð−y2=σ20Þ with initial Gaussian width
σ0, hðyðtÞ − y0Þ2i ¼ ½σ20 þ σðtÞ2�=2. However, in our
experiment the intensity profile of the laser beam is not
smooth (we use a multimode frequency-tripled Nd:YAG
laser), while the excitation of phosphorescence depends
nonlinearly on the laser intensity. This, in general, does not
lead to an initial Gaussian intensity profile, and the more
general description of Eq. (1) must be used instead.
In the experiment, the fate of small clouds (diameter

≈10η) of St ≈ 1 droplets can be followed in a turbulent flow
with large Reynolds number, large enough to clearly
separate the stirring and viscous length scales, so that
the observed phenomena do not depend on the way
turbulence is generated. A schematic drawing of the
experiment is shown in Fig. 1(a). Strong turbulence,
reaching Taylor-based Reynolds numbers Reλ ≈ 460, is
generated inside a closed chamber. The chamber has a
similar design to that described by Hwang and Eaton [21],
using eight loudspeaker-driven synthetic jets to stir the air
inside the chamber while maintaining near-zero average
flow. The cubical chamber has a side length of 0.4 m, while
the images cover a region of interest with size 51 × 51 mm2

(a) (b)

(c)

(d)

FIG. 1. (a) Experimental setup, not to scale. It consists of a closed chamber in which turbulence is generated by loudspeaker-driven
synthetic jets. For clarity, only one loudspeaker is shown. The chamber contains a fog of approximately monodisperse droplets which
are made from a water-based phosphorescent solution. A pencil-shaped volume is delineated by exciting phosphorescence with a pulsed
focused laser beam. The glowing droplets are followed using a fast intensified camera. (b) Uniformity of the turbulent velocity v (vertical
y component) inside the chamber. The initially delineated pencil-shaped volume which is imaged by the camera (50.1 mm long) is
indicated. (c) Turbulent velocity v along the delineated pencil. (d) Volume-weighted droplet size probability distribution function (PDF)
for two rotation rates of the spinning disk, corresponding to mean droplet diameters of dp ¼ 12 μm and dp ¼ 46 μm, respectively.
These PDFs are normalized; the PDF of the 46 μm droplets has been shifted vertically for clarity.
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in the center of the chamber (resolution 60 μm per pixel). In
this region of interest, the turbulence, whose characteristics
were measured in a separate experiment using particle
image velocimetry is isotropic and approximately homo-
geneous. Reaching (approximate) homogeneity in this flow
required meticulous balancing of the loudspeaker drive
currents. The latter consisted of colored noise, summed to 0
so that pressure variations inside the chamber were mini-
mized. The homogeneity of the vertical component of the
turbulent velocity is shown in Fig. 1(b); it varies by
approximately 10% over the initially delineated volume.
The corresponding residual mean velocity is ≈0.2 m=s.
The measured longitudinal correlation function can be
approximated by CðrÞ ∝ expð−r=LÞ with L ≈ 70 mm, so
that the integral scale L exceeds our measurement volume.
Particle image velocimetry provides velocity information

averaged over square windows with size 20η, and a special
procedure is needed to infer the small-scale characteristics
of the turbulence [22]. The typical turbulent velocity is
v ¼ 2.15 m=s, and the turbulent dissipation rate is
ϵ ¼ 90 m2 s−3, from which follow the Taylor-based
Reynolds number Reλ ¼ 490, the Kolmogorov length scale
η ¼ 7.8 × 10−5 m, and the Kolmogorov time scale
τη ¼ 4.1 × 10−4 s.
We use a spinning-disk aerosol generator to produce

relatively monodisperse droplets and measure the droplet
diameter using interferometric particle imaging [23]. In our
experiment, we scan the Stokes number by tuning the
droplet size through the rotation rate of the spinning-disk
droplet generator. The luminescence intensity of the glow-
ing droplets is proportional to their volume, and a volume-
weighted size distribution is shown in Fig. 1(d). It is a
challenge to produce monodisperse droplets in the large
quantities needed for this experiment, but we are aided by
the phosphorescence technique which effectively narrows
their size distribution. The width of the particle-size
distribution leads to a relatively large uncertainty in the
Stokes number St, as St is proportional to the square of the
droplet diameter. The largest droplet diameter (50 μm) in
these experiments is still smaller than the Kolmogorov
length (η ¼ 78 μm).
Our droplets are small and move in strong turbulence.

Therefore, the influence of gravity is expected to be
negligible. Gravity can be quantified by a terminal sinking
velocity vT which is a small fraction of the turbulent
velocity. For the largest drops, vT=v ¼ ð4� 1Þ × 10−2,
while for the smallest drops, vT=v ¼ ð4� 3Þ × 10−3,
and where the variation is determined by the width of
the droplet size PDF [see Fig. 1(d)].
The phosphorescent droplet tagging technique was

inspired by [24]. The droplets are formed from a phos-
phorescent water-based solution which has been doped
with europium-(III)-chloride hexahydrate and uses thenoyl-
trifluoroacetone (TTA) and trioctylphosphine oxide
(TOPO) as ligands. The concentrations of the different

ingredients are 8.3 × 10−5 MEu3þ, 8.3 × 10−4 MTTA,
8.3 × 10−4 MTOPO [25]. The solution has a phosphores-
cence decay constant of ≈600 μs, an excitation wavelength
of 355 nm, and an emission wavelength of 613 nm. The
illumination with UV light easily saturates the excitation.
Therefore, the laser beam profile must be shaped judi-
ciously in order to excite a narrow pencil-like volume. In
fact, saturation and scattering of light is responsible for the
broad tails of the initial profile in Fig. 2(b).

(a)

(b)

(c)

FIG. 2. Dispersion of pencil-shaped volumes delineated at
t ¼ 0 in a turbulent cloud. (a) Single tagged volume at initial
time. (b) Initially tagged volume, averaged over 775 cycles.
(c) Tagged volume after t ¼ 0.8 ms (corresponding to t ¼ 2τη).
The cross-sectional intensity profiles of the phase-averaged
images are indicated.
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FIG. 3. Cross-sectional profiles of tagged volume at initial time
(t ¼ 3 μs) and after t ¼ 0.4, 1.0, and 1.6 ms after tagging. The
initial profile is used in Eq. (1) for a fit of the widening σðtÞ. The
fits are indicated by the thick gray lines.
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The dispersion experiments consist of tagging a thin
pencil-like volume with diameter σ0 ¼ 10η at the center of
the turbulent cloud and recording its evolution in time.
Every tagging realization (a cycle) results in a recording of
12 frames. For every case, we collect 775 sequences. The
data are then phase averaged over cycles, and a mean
intensity profile is obtained for each time step by summing
the distribution horizontally. For two delay times, the result
is shown in Fig. 2.
Next, this intensity profile is fitted using Eq. (1), taking

for the initial profile I0ðyÞ the measurement 3 μs after
tagging. (The small delay is introduced to avoid capturing
elastically scattered laser light and fluorescence.) This
procedure, illustrated in Fig. 3, produces perfect fits.
The result is the time-dependent Gaussian width σðtÞ,
which for a typical experiment is plotted in Fig. 4(a).
The width can be fitted well using σ2ðtÞ ¼ 2v2dt

2, with vd
the droplet dispersion velocity. It should be compared to the

dispersion velocity of air parcels, which for short times
equals the turbulent velocity v.
The statistical error in the dispersion velocities was

estimated by dividing the total number of sequences in
10 blocks and computing a dispersion velocity for each of
them. The variance of the found velocities was taken as the
statistical error. The uncertainty in the Stokes number was
computed from the width of the volume-weighted droplet
diameter PDF (see Fig. 1).
Our main result is shown in Fig. 4(b). We find that small

clouds of droplets spread faster than fluid parcels, that is,
vd > v. Figure 4(b) shows the results for pencils with two
different initial Gaussian widths σ0=η ¼ 10 and 30, respec-
tively. In both cases, their dispersion velocity exceeds the
turbulent air velocity at St≲ 20, but at small Stokes
numbers St ¼ Oð1Þ, the narrowest initial cloud spreads
fastest.
Although the enhanced relative dispersion of inertial

droplets is well known [17,18], our results are unexpected
as they are about absolute dispersion. The emergence of a
length scale ≈10η suggests a connection with preferential
concentration.
In conclusion, we have exploited a technique to make

small clouds of droplets glow inside a strongly turbulent
flow and find that for short times and small length scales
these clouds disperse faster than genuine fluid tracers. This
is a new nonintrusive way to instantaneously create
Lagrangian distributions of many droplets that are already
immersed in a turbulent flow.
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