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Abstract
An important problem in spray combustion deals with the existence of dense regions of droplets, called clusters,
creating rich regions. We have measured droplet characteristics with and without combustion by PDA and PIV. But
PDA being a point wise technique does not give any information on the dynamics of clusters and PIV being planar
velocity measurement does not help in providing information on the clusters’ diameters. Hence droplet dynamics and
fuel concentration profile are investigated by means of planar laser methods. Therefore, another technique is applied,
namely Planer Droplet Sizing. The simultaneous measurement of Mie scattering and Laser Induced Fluorescence (LIF)
allows us to get instantaneous measurements of Sauter Mean Diameter (SMD) in a spray if the volumetric dependence
of the fluorescence is ensured by using small concentration of dye. When using two different CCD to get the two
signals, detailed calibration of the CCD response is required before getting absolute diameters. One CCD is coupled to
an intensifier, as fluorescence intensity is very low. Each CCD is 1008 x 1016, 8 bits. Pixels are binned 7 by 7 to obtain
final SMD map, being a compromise between spatial accuracy and noise. Furthermore, if the two CCD cameras are
coupled to a double-pulsed Nd:YAG laser, two different instantaneous velocities can be measured by applying Particle
Image Velocimetry (PIV) algorithms on both set of images. This technique is applied to an industrial gun-type burner.
The cameras are placed at 90degrees from the laser sheet and their field of view (which is 10cm by 10cm) of the two
CCD has to be identical as ratio of pixels is performed to measure diameter. The fuel is the Japanese standard oil type A
with a density of 870 kg.m-3 and Rhodamine B is used as fluorescent dye with a properly adjusted concentration (final
concentration of 0.009 g/l). Measurements with mono-dispersed droplet generator are used to show the cubic
dependence of the fluorescent signal with respect to the diameter of the droplet. The airflow rate is 110 and 130 Nm3.h-1.
To measure the velocity, an iterative method is used to allow maximum displacements of 16 pixels in the center of the
spray with final windows of 16 by 16. Concerning the velocity, the comparison of cross-correlation technique with PDA
results shows that the velocity measured on the LIF images are close to the velocity based on D30, whereas the Mie
scattering results are similar to D20. Different streamlines can be educed from those velocity fields to understand the
dynamics of the spray. SMD maps are obtained for two different pressures (0.7 and 0.9 MPa respectively). Those
measurements show the expected decrease of the SMD with respect to pressure. On Mie scattering images, regions of
high interfacial area can be detected. Those regions form clusters of droplets, which are a very important in combustion.
A tracking scheme is used to characterize their dynamics in terms of velocity and diameters. The influence of the
threshold is studied and a tracking algorithm is proposed to ensure the tracking of the same volume of fluid. It is shown
that the clusters have a velocity similar to the velocity of droplets having the same diameter as the mean SMD of the
cluster. It is also shown that an increase of pressure tends to trigger the appearance of such group of droplets, certainly
due to a smaller diameter of the droplets by the increase of pressure discharge.

Figure 1 PDF for clusters in case of 0.7 MPa (left) and 0.9 MPa (right) pressure discharge

1. Introduction
Reducing pollutant emission is an important issue in combustion process. Several schemes have been proposed to
control (see N. Docquier and S. Candel, 2002) for a review of the existing schemes. However, the combustion of spray
involves different interacting processes such as chemistry, turbulent multiphase flow dynamics and mixing.
Understanding the spray dynamics in isothermal conditions provide useful information that may lead to a better control
of combustion problems. An important problem arising in spray combustion is the presence of fuel rich and lean regions,
characterized by the appearance of clusters of droplets (Akamatsu et al., 1996, Akamatsu et al., 1998). In combusting
conditions, they may also appear due to preferential flame propagation. It is possible to compute their relative
disappearance speed, by taking two consecutive images and counting the number of pixels covered by the cluster.
Nevertheless, such clusters may also appear in isothermal sprays, governed only by gas fluid motions (Cao et al., 2000)
or the atomization process. As a cluster is a two-dimensional structure, it is important to have instantaneous diagnostics
for simultaneous velocity and diameter information. The main effect of clusters will be to modify the combustion
regime of droplets, as suggested in Chiu, 2000. Therefore, having measurement providing spatial location of high
density regions as well as its creation is important.
For velocity measurements, Particle Image Velocimetry algorithms associated to a double pulsed Nd:YAG laser can be
used. Special care has to be taken when applying this technique to sprays, as the velocity is a function of the diameter. If
the density of droplets is low enough, it is possible to use Particle Tracking Velocimetry to measure individual velocity
(Zimmer, 2000). If the number density of droplets is too high to distinguish individual droplets, it is possible to have an
estimation of different velocity using a multi-intensity scheme. The original image is divided into three sub-images
(Ikeda et al., 1998), representing respectively the low scattered intensity, the medium and the high. This division is
intended to give the velocity of the small, medium and large droplets, assuming constant laser sheet intensity through
the captured image. No measurement of the sizes is possible, and furthermore, no differentiation can be done between a
large droplet and a group of small droplets that will provide the same intensity on the image. Despite this problem, the
reported results are in good agreement with a size-classified PDA approach.
To have diameter information within digital images, different solutions may be applied depending on the density of
droplets. If it is possible to separate droplets, the individual size can be measured, either by computing the total amount
scattered by the droplet illuminated by a continuous laser (Streaked PIV: Herpfer and Jeng, 1995) or by measuring the
size of droplets (Zimmer, 2000). The first approach may suffer mainly from the spatial calibration necessary to relate
intensity to absolute diameter, since the initial laser sheet intensity is spatially variable. The second approach is valid for
droplets larger than 100 µm and mainly for dilute flows where individual particles can still be distinguished. To measure
the size of small droplets with a better accuracy, a back-lighting technique can be used (Whybrew et al., 1999), but this
technique suffers from the same limitations: no overlapping of droplets is to occur. For size measurement in a plane, the
use of the interferometric pattern from droplets, following illumination by a laser sheet and out-of-focus imaging can be
used to retrieve the size. The size is measured from the spacing between two fringes (Glover et al., 1995). The use of
this technique in dense sprays requires image compression, so that the interferometric pattern does not represent the size
of the out-of-focussed droplet, but is limited to few lines on the CCD camera detector (Maeda et al., 2000). This
technique has the advantage of being insensitive to the initial light intensity, but requires spherical droplets to measure
the diameter and should be limited to small regions of dense sprays to avoid deterioration of the signals. Finally, it is
possible to measure directly the Sauter mean diameter of a dense region of a spray. For that purpose, laser induced
fluorescence from dyed droplets is used to measure the volume of droplets, whereas Mie scattering information
measures the liquid surface area. This technique, called Laser Sheet Dropsizing (Yeh et al., 1993), (LeGal et al., 1999),
(Stojkovic and Sick, 2001) is insensitive to initial laser intensity as the ratio between the fluorescent signal and the
scattered light is used to obtain the Sauter mean diameter using the following equation:

SMD( x , y ) = k .

I LIF ( x , y )
I Mie ( x , y )

The limitation and uncertainty in determining the diameter have been reported by (Domann and Hardalupas, 2001a) and
(Domann and Hardalupas, 2001b).
The aim of this paper is to present the application of such an approach to a real fuel spray. For diameter measurement,
the Laser Sheet Dropsizing is applied. The use of two CCD cameras allows measuring velocities using PIV algorithms
from the fluorescing and scattered light images as well as instantaneous SMD map. To validate the approach chosen
here, two pressures are investigated and the changes are discussed to evaluate the accuracy of the PDS in evaluating
clusters dynamics in non-combustion cases.

2. Experimental setup
2.1 Characteristics of injector

In the present study, fuel is injected through an air-assisted gun-type burner. The fuel is the Japanese standard oil type A
with a density of 870 kg.m-3. This type of injector has already been studied previously (Ikeda et al., 1995), essentially
through PDA analysis and more recently with stereoscopic PIV (Palero et al., 2001) for getting mean velocities.
The fuel pressure is set to 0.7 MPa (0.9 MPa respectively) giving a flow rate of 9.5 (10.7) l/h. The airflow rate is set to
110 Nm3.h-1 (110 Nm3.h-1), which gives a velocity Vair=14.7 m.s-1 (17.4 m.s-1) and a Reynolds number based on the
effective diameter of airflow Reair=1.67 105 (2. 105). The ratio between the momentum flux (ρmV) from the fuel and
the air is 0.124 for the two cases. The combination of the nozzle and the baffle plate generates a central recirculation,
which is used to stabilize the flame. As the ratio between the mixing time scale and the chemical time scale is lower
than 1 (estimated to be of the order of 10-3 following (Delabroy et al., 1998) in the case of domestic fuel), the flame
holder is necessary. Rhodamine B is added to fuel with a concentration of 0.009 g/l to get the fluorescent signal. The
peak of excitation for Rhodamine B is about 540 nm and its peak of emission is 560nm.
2.2 Recording
To record simultaneously Mie scattering and LIF images a dual cavity Nd:Yag laser (SP PIV-400, 400mJ per pulse with
a wave length of 532 nm) forming a laser sheet of less than 1mm thickness is used. Two CCD cameras (TSI PIVCAM
10-30, cross-correlation, 1000x1016 pixels, Kodak ES1.0, 8 bits) are used with a lens of 60mm focal length. They are
placed perpendicular to the laser sheet to avoid optical distortion. One of the cameras is equipped with a filter
(XF3019605DF50 from Omega Optical that has a total bandwidth of 50 nm centered on 615nm), removing the Mie
scattering light and allowing only the fluorescent signal to pass. As the fluorescence is much weaker than scattered light,
an intensifier is used. In the present experiments, the High speed gated Image Intensifier Unit C6653 from Hamamatsu
is used. During the tests, its amplification is set to 90% of its maximum and the gate time is synchronized with the laser
pulse to avoid integrating a too strong background noise. The addition of the intensifier modifies the optical properties
of the receiving sensors, and therefore specific calibration has to be done to ensure identical field of view and
magnification for both cameras. This is done using a generated particle image and performing cross-correlation between
the images recorded with the two cameras. Displacement of the cameras is performed until the maximum displacement
measured by cross-correlation is below 30 pixels (which represents 0.3mm). The final cross-correlation result is stored
to compute an image from the LIF camera, matching the physical space as seen by the Mie scattering CCD camera. This
is a technique slightly different from the one propose by (Hishida and Sakakibara, 1999), but the final purpose is the
same: matching physical points for both fields of views.
2.3 Calibration
As the absolute values obtained with the image intensifier are required, the Modulation Transfer Function (MTF) has to
be known, in order to correct for non-uniform intensification (Cowen et al., 2001). For this purpose, a first series of
tests are done with different intensification and black room condition, to determine the residual levels for each pixel.
The average over 10 samples is computed and a fluctuation of 1 scale (over 255 by using 8 bits camera) of intensity is
observed. This initial response is homogeneous and is not dependant on the intensification factor. After this preliminary
test, acquisition with uniform light is done for different intensification and a field of view of 10 by 10mm. The
amplifications chosen are 20, 35, 50, 65, 80, 85, 90, 95 and 100% to see which is the most suitable intensification to
avoid large distortion. This information is very important when making the ratio between Mie scattering emission and
fluorescent signals because this may introduce erroneous values that could be understood as absorption of laser intensity
by the fluorescent material through the spray and the difference may also be regarded as non-uniformity of the laser
sheet profile. Therefore, all images from LIF camera are corrected prior to the computation of the ratio. With the camera
recording the Mie scattering image, the same test has been performed to check the homogeneity and by using
attenuators to verify linearity. In this case, the MTF is also known and the images are corrected for those effects.
Another important parameter is to see the dynamic response each pixel for a different illumination. For this purpose,
Neutral Density filters (NDF) are used to attenuate the light. The different NDF used here are 2 and 8, which enables to
test the response for four different conditions.

3. Evaluation of the sizing technique
3.1 Preliminary tests with PDA
In order to have a database with fuel, PDA measurements are performed to get average velocity and SMD maps. A
Dantec Phase Doppler Velocimeter is used. A dual beam system composed by a 5W Ar+ laser and a conventional fiber
optic PDA with a 40MHz Bragg cell for frequency shift and a 500mm focal length front lens. The receiving angle is 30º
forward scattering, which leads to a high data rate. The mean velocities as well as the SMD are plotted on Figure 1.

Figure 1 SMD measurements with PDA for a pressure of 0.7 MPa
Two important observations are identified from those measurements. The first one is that the range of SMD is quite
large, varying from 14 to 50 µm. This is very good to test the Planar Droplet Sizing Technique, to check if it is able to
detect those differences. The evolution of the diameter is consistent as larger droplets are found at the edge and the
smaller droplets are entrained in the central region of the spray. The second is the existence of a recirculation zone
characterized by the presence of small droplet diameters for radial distances greater than 20mm at the exit. This region
comes from momentum exchange between spray and the air flow surrounding the gun-type nozzle. The recirculation is
also present when no air is supplied or when no droplets are discharged but its magnitude and location is a function of
the two momentum fluxes.
3.2 Measurements of SMD map
The intensity ratio of the instantaneous fluorescent and Mie scattering images is computed. This ratio is proportional to
the Sauter mean diameter of the droplets (see Domann and Hardalupas, 2000a), after proper correction of the images.
The concentration of the Rhodamine has been adjusted so that the fluorescent intensity is linearly related to the volume
of the liquid, by avoiding quenching and auto-absorption. To measure absolute diameter, the ratio of intensities is
adjusted to match points in the PDA measurement. This calibration is just done in one line and for one pressure (0.7
MPa in the present case). As the illumination system is not changed between the two pressures, this calibration is valid
also for the higher pressure. An alternative calibration would consist in using a monodispersed droplet generator and use
exactly the same experimental conditions (laser power, aperture, intensification, focal length, distance between CCD
and laser sheet) as in the measurements with the gun-type burner. This is not easy to ensure, so the choice for matching
points with PDA measurements seems to be more adequate.
The SMD can be computed pixel by pixel, but this may lead to erroneous values, as the diffraction pattern size of Mie
scattering is usually bigger than the one of the LIF. However, taking a too big zone to compute the local SMD would
lead to a very small spatial accuracy. One can see that the global behavior of the spray is caught, whatever the grid
chosen. However, for detailed information such as maximum diameter, the size of the grid plays a role. The comparison
between grids of 3x3 to 9x9 is reported in the present article for the mean images. The reason to take the mean images
as test for the grid size comes form the little noise expected in the mean values. Lower size than 3 pixels would result in
higher noise in instantaneous measurements, even if the mean SMD map would not be affected so much. Using bigger
size would cancel the interest of having an instantaneous technique as it would average local non uniformity. It turns out
that the best compromise is for windows of 7 by 7, giving a spatial resolution of 0.7mm2 for the sizing.
As fluctuating intensities are expected for the Mie scattering intensities of particles smaller than 40µm, the calibration
can not be done with only one droplet. Therefore, one line of PDS is matched with measurements performed with PDA
to retrieve the function between ratios of intensity and diameter of droplets. This is illustrated in Figure 2 where the use
of a single constant for calibration turns to underestimate the small size and overestimate the big droplets. This is
because the constant has been adjusted to match droplets of 30 µm. The educed function is computed only for one line
and this new calibration function is used afterwards for all the images. One can notice that the new calibration gives
satisfactory results for a distance of 30 µm from the exit of the nozzle. The chosen function is a power function ensuring
monotony of the calibration. Hence, the true calibration function can be written as

 I ( x, y) 
SMD( x , y ) = k  LIF

 I Mie ( x , y ) 
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Figure 2 SMD comparison between PDA and improved PDS for 0.7 MPa
This relation is valid at initial positions where the influence of the airflow streams is not important. As presented in
figure, one can see that this relation is representative of the decrease as measured by PDS technique in the edges.
Concerning the center of the spray, the measured changes are of the order of 25%. The reason for this higher difference
certainly lies in the fact that those droplets comes from centrifugation forces and as more small droplets are created by
using the higher pressure, the SMD decreases faster in this region. The second observation is that the angle of ejection
is increasing with an increase of pressure.

Figure 3 SMD map for 0.7 MPa obtained by PDS
This is visible as the region of small diameter near the baffle plate is shifted towards the outer region of the spray. This
is also a typical effect of increasing pressure, but the fact that the PDS could detect this tendency confirms the potential
application of the PDS technique.

4. Evaluation of the velocity measurements
4.1 Cross-correlation
PIV algorithms were used to measure the droplet velocity in the spray. The time delay between the two pulses is set to
80 µs (50 µs for 0.8 MPa) providing a displacement of the order of 15 pixels between the two images. In order to
retrieve the velocity, the TSI software Insight 3.1 is used. The Hart correlation is chosen with initial window of 64 by 64
and final window of 16 by 16 pixels with an overlapping of 50%. This size of window corresponds to a physical
spacing of 1.6mm and corresponds to the spatial resolution of the present results. Using windows of 8 by 8 pixels may
not necessary improve the results as, in this case, the correlation peak may be biased by the presence of a peak of
intensity representing the displacement of a specific droplet or group of droplets. Furthermore, for this size of window,
it is difficult to have always enough signals to compute a correlation. Therefore, the best trade-off between spatial
accuracy and good signal to noise ratio is obtained for windows of 16 by 16, with initial windows of 64 by 64. This is
illustrated in Figure 4, where the vectors directly issued from the correlation are plotted, without prior smoothing and
interpolation. Only, wrong vectors (not having enough signals to noise ratios) are omitted. From this instantaneous
velocity field, it is clear that windows of 32 by 32 are not able to get the velocity inside the dense part of the spray,
whereas windows of 8 by 8 would require smoothing operations. As the main interest of PIV is to get instantaneous
information, the choice of the window has to be done on an instantaneous image. To ease the comparison, some vectors
are omitted for the smallest windows.
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Figure 4 Influence of the cross-correlation grid on the results
Even for a final correlation window of 16 by 16, some regions can not well be measured. This is mainly due to the fact
that the small droplets can not properly penetrate the airflow. In the present case, as the motion of the droplets is the
main target, no seeding particles are injected and therefore, in this region, the results may not be very good for
correlation windows of 16 by 16. This is very important to remember, especially when discussing the possibility to
detect eddies in the spray. The aim here is to have an insight of the typical time averaged velocities and compare them
with PDA measurements. However, it is not possible to know exactly the number of droplets participating in the
correlation, as the spray is quite dense, and no individual droplets can be observed in the dense part of the spray. The
PIV results are post-processed to eliminate spurious vectors. A first validation is performed on the expected ranges of
velocity to avoid obviously wrong vectors. After this preliminary checking, a comparison with neighboring vectors is
performed, following (Westerweel, 1994). A wrong vector is replaced by the average between neighbors.
4.2 Streamlines computation
The average velocity field is computed on the basis of 900 instantaneous images on both Mie scattering images and LIF
images for the two pressures. The mean velocity fields obtained from LIF images, <VLIF>, and Mie images, <VMie>,
exhibit different behavior as illustrated by their streamlines. This is illustrated on Figure 5 and Figure 6.

Streamlines from Mie scattering (left) and LIF velocity (right)
Pressure = 0.7 MPa

Streamlines from Mie scattering (left) and LIF images (right)
Pressure = 0.9 MPa
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Figure 6 Streamlines for a pressure of 0.9 MPa

Figure 5 Streamlines for a pressure of 0.7 MPa

One can see that the Mie scattering streamlines exhibit different trajectories than the LIF one. This is due to the fact that
smaller droplets contribute to the determination of the results, as explained previously. One can also see that for small
droplets (Mie scattering with 0.9 MPa), a movement towards the center of the spray is observed. This may be due to the
interaction with the injected air. One can also notice the presence of the recirculation zone which is better observed for
the highest pressure. The strength of this recirculation zone should just depend on the momentum flux ratios between
fuel and air and should be constant in the present experiments. However, the discrepancies observed here have to be
related with the Stokes number that are smaller for 0.9 MPa than for 0.7 MPa. The LIF streamlines present trajectories
that are not influenced by the injection of air. <VLIF> does not exhibit the recirculation zone and is higher than
<VMie>. As LIF images are sensitive to large droplets and the Mie scattering images to smaller droplets, this difference
in the mean profiles measured by the two cameras is expected from the PDA measurements, it is possible to know to
which type of velocity the LIF results are closer.
4.3 Comparison with PDA measurements
As presented in Figure 7, one can see that <VLIF> is close to a mean velocity computed with a d3 weighting of the PDA
velocity measurements, which describes the velocity of the volume mean diameter d30. This illustrates the fact that LIF
is sensitive to the concentration of the dye, and, therefore, to the volume of the droplets. On the other hand, <VMie>
shows good correspondence with a velocity computed with a d2 weighting (describing the velocity of the area mean
diameter d20).
Radial velocity measured by LIF compared to PDA based on d3
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Figure 8 Comparison for the radial component

One can see that for the radial component (see Figure 8) the initial increase and the position of the maximum are well
caught by the fluorescent images. However, there is no recirculation zone depicted by the cross-correlation technique.

5. Determination of clusters
5.1 Detection
The detection of the clusters is performed on the Mie scattering images because small droplets have a high interfacial
area compared to their volume. Therefore, clusters represent regions of high intensity and can be found using threshold.
The principle is to remove the mean image (computed separately for each cavity of the laser to take into account
illumination variation) to each instantaneous images (left of Figure 9) to obtain the fluctuating image (center in Figure
9). After this, a simple threshold and binning operation gives the position and dimension of clusters (right side of Figure
9).

Figure 9 Procedure to detect clusters on Mie scattering images
Once the clusters are detected, it is possible to compute their probability as a function of spatial coordinated to see if
there exists a preferential concentration region. The results are reported in Figure 10 for the analysis of 1800 images for
each pressure. One can notice a preferential position for an axial distance of 50mm from the nozzle in the case of 0.9
MPa. It is interesting to compare the typical distance from the nozzle between the two pressures. Furthermore, doing
this operation on two consecutive images, it is possible to estimate the displacement of the cluster. To avoid spurious
effects of threshold levels, the second threshold level is adapted to track the same amount of fluid within the two images.
Therefore, the volume of the cluster is computed using the LIF images. It has been shown previously on water
experiments (see Zimmer et al., 2002) that the centroid of the cluster is less sensitive to the threshold level than any
other properties of the cluster, such as extremes.

Figure 10 Spatial Probability Density Function for cluster formation (0.7 MPa left and 0.9 MPa right)
5.2 Cluster Tracing Velocimetry
To compute the velocity, a bigger time separation between the two pulses is selected. It is set to 200 µs for 0.9 MPa and
250 µs for 0.7 MPa. The reason for this choice is that the accuracy of tracking is expected to be much lower than the
one obtained by cross-correlation.
Typically, in PTV, the accuracy depends on the accuracy for determining the center of the object to track. When only
one particle is investigated, it is possible to achieve good accuracy, using typical sub-pixel schemes, like a Gaussian
fitting. However, in the present case, the tracking is performed on the clusters, which center is assumed to be the center

of gravity of the digital object. If a cluster is detected on two successive frames, it is possible to estimate its
instantaneous displacement, and therefore its velocity. However, the choice of the point to track may influence the
results. The center of the cluster leads to velocity less dependant on the level of binarization, as a matching of the
volume does not really modify the retrieved velocity. This approach is taken here again, with simultaneous
measurement of the SMD within the cluster to compare the velocities retrieved with PDA measurements. The results
presented for a pressure of 0.7 MPa and 0.9 Mpa show the velocity measured for the higher pressure are bigger than the
lowest pressure. This is expected as the initial velocity of the droplets is influenced by the injection pressure. However,
this shows the consistency of the tracking algorithm.

Figure 11 Cluster Tracking Velocimetry
The diameters measured for the 0.7MPa case are bigger than the 0.9MPa, showing also the consistency of the diameter
measurement. It is shown that typical diameters within clusters are between 15 and 30 µm, which is typically the
diameter found in the axis of the spray.

6. Conclusions
A technique for planar measurement of size, velocity has been used in fuel sprays to identify and characterize the
clusters of droplets. Added Rhodamine dye at appropriately adjusted concentration to ensure volume dependency of the
fluorescence intensity is used to gather fluorescent signals from fuel droplets. The spray was injected in a liquid-fuelled
burner for a domestic boiler. Combined droplet laser induced fluorescence and Mie scattering images were recorded,
using two CCD cameras and appropriate optical filtering, and the ratio of the two light intensity images allowed
measurement of instantaneous spatial distribution of droplet Sauter mean diameter (SMD). However, to get true
diameter information, a dynamic calibration is required, because of the fluctuations of Mie scattering intensity for small
droplets. The droplet velocity field was measured by cross-correlation techniques from the Mie scattering and
Fluorescence images and agreed well with the velocity of mean droplet diameters corresponding to the Area Mean
Diameter (D20) and Volume Mean Diameter (D30) respectively, as measured with the Phase Doppler technique. It is
possible, using those two velocity fields, to better characterize the trajectories of droplets. Furthermore, on the Mie
scattering images, it is possible to identify regions of high intensity representing clusters of droplets. To identify the
clusters, a binarization of the images is done. Afterwards, those identified clusters were tracked between time-delayed
images and cross-correlation techniques quantified the instantaneous cluster velocity. It was found that the typical
diameter within the clusters is between 15 and 30µm and their velocity is similar to surrounding velocity of droplets.
When investigating swirling motions on Mie scattering velocity fields, it is found that the planar distribution of those
structures encompasses the spatial distribution of clusters, giving confidence to the link existing between the two.
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