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Simultaneous Laser-Induced Fluorescence and Mie
Scattering for Droplet Cluster Measurements
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A technique for planar measurement of size, velocity, liquid volume, and surface area of droplet clusters in
sprays and the identi� cation of � uid � ow structures, which might be responsible for droplet clustering, is reported.
The technique was applied in water spray, which was injected in the air� ow of burner for 0.1-MW domestic boiler.
RhodamineB dye was added in the liquid at appropriately adjusted concentration to ensure volumedependency of
the � uorescence intensity. Combined droplet laser-induced � uorescence and Mie scattering images were recorded,
using two charge-coupled device cameras and appropriate optical � ltering. The ratio of the two light intensity
images allowed measurement of instantaneous spatial distribution of droplet Sauter mean diameter. The droplet
velocity � eld was measured by cross-correlation techniques from the Mie scattering and � uorescence intensity
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 was found
that droplet clusters formed in the central region of the spray where the droplet density was high and droplet
sizes small. The identi� ed droplet clusters were tracked between time-delayed images and their displacement and
cluster velocity quanti� ed, which was in good agreement with corresponding phase Doppler measurements. In the
vicinity of droplet clusters, air� ow structures were identi� ed, using particle image velocimetry, which might be
responsible for the formation of droplet clusters.

Nomenclature
d = droplet diameter, m
K = constant
P = pressure, Pa
Re = Reynolds number
V = instantaneousvelocity, m ¢ s¡1

hV i = mean velocity, m ¢ s¡1

x , y, z = Cartesian body axes, m
½ = density, kg ¢ m¡3

Subscripts

LIF = laser-induced � uorescence signal
Mie = Mie scattering signal
20 = surface mean
30 = volume mean

Superscript

‘ = � uctuating
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Introduction

L IQUID fuels are commonly burned after being atomized to
form sprays of � ne droplets. Two-phase � ow combustion

involves different interacting processes such as chemistry-heat
exchange, turbulent multiphase � ow dynamics, evaporation, and
mixing. One of the dif� culties arises from the existence of differ-
ent diameters of droplets, leading to different dynamic behavior of
droplet dispersion, evaporation, and turbulent interaction with the
surrounding gas. This leads to an important problem: the instan-
taneous spatial distribution of droplets in sprays might have dense
and dilute regions, characterized by the appearance of clusters of
droplets,1;2 which can lead to the formation of fuel-rich and lean
regions.Such droplet clusters can appear in nonevaporatingsprays,
governed only by gas � uid motions3 or the atomization process.4

During combustion, the process is more complicated, and the pres-
ence of droplet clusters might be either caused by droplet interac-
tion with � ow turbulenceand/or preferential evaporation and � ame
propagation.Stricter emission regulationsfromcombustingsystems
requiresbetterunderstandingand controlof the instantaneousstruc-
ture of liquid fuel sprays rather than the time-averaged structure,
which has been commonly used till now.

The study of the formation of such droplet clusters requires si-
multaneousmeasurement of diameter and velocity in a plane. From
the experimental point of view, the most widely used system is the
phaseDoppler anemometer,5 which is an extensionof laserDoppler
velocimetry with monitoring of sizes by using three photomultipli-
ers. This technique has two main drawbacks: it provides measure-
ments at a point, and it is not applicable in dense sprays, where
more than one droplet can exist in the probe volume. It is pos-
sible to overcome these drawbacks by using imaging techniques.
However, planar measurements of droplet diameter and velocity
must be available, and different approaches have been proposed.
One droplet-sizingapproach is to measure the total amount of light
scattered by a droplet, which is illuminated by a continuous laser
[streaked particle image velocimetry (PIV6)] and with a proper cal-
ibration to relate it to the diameter of the droplet. This technique
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suffers from the nonuniformintensityof the incident laser sheet and
is affected by attenuation of the laser light intensity caused by the
interaction of the laser sheet with optical windows or the droplets
in dense sprays. Another technique consists in using a double-pulse
laser to measure the size of the images of droplets7 together with
a particle tracking approach for velocity measurement, but this is
valid for droplets larger than 100 ¹m and for dilute sprays, where
individual droplets can be distinguished. To measure the size of
small droplets with a better accuracy with this approach, a back-
lighting technique has been suggested.8 To overcome problems of
out-of-focusdroplets, the boundariesof the droplets are determined
using edge detection. A threshold on the sharpness of the bound-
ary is used to determine the amount of deviation from the focal
plane and therefore to relate the size measured to the real size of
the droplet. Nevertheless, this technique remains applicable only in
dilute sprays, where no overlapping of droplets is to be expected,
whileproblemswith the edgedetectionof dropletboundariesremain
and introduce uncertainties. The use of the interferometric pattern
formed by the light scattered from droplets, following illumination
by a laser sheet and out-of-focus imaging, is a good alternative.
The size is measured from the fringe spacing of the interferomet-
ric pattern.9 This technique can measure in relatively dense sprays,
provided that physical image compression (with lenses) is used, so
that the observed interferometric pattern is limited to few lines on
the charge-coupleddevice (CCD) camera detector.10 This technique
has the advantage of being insensitive to the incident laser light in-
tensity, but is limited to spherical droplets. Another droplet sizing
technique, which is less sensitive to variations of the incident light
intensity and can measure directly Sauter mean diameter in dense
sprays, is available. This technique relies in measuring with laser-
induced� uorescenceintensityemitted fromdyeddroplets the liquid
volume of droplets and with the scattered light (Mie) intensity the
liquid surface area.This technique is known as planar droplet sizing
or laser sheet dropsizing11;12 and makes use of the ratio between the
� uorescent and scattered light intensities to obtain the Sauter mean
diameter (SMD) according to Eq. (1):

SMD.x; y/ D k
ILIF.x; y/

IMie.x; y/
(1)

Because the ratio of intensities is used, the sizing information is
insensitive to incident laser intensity variations. The limitation and
uncertainty in determining the droplet SMD have been evaluated,
and appropriate data-processingmethods have been suggested.13;14

For the measurement of droplet velocity in sprays, different al-
gorithms have been developed, usually based on particle imaging
velocimetry associated to a double-pulsed Nd:YAG laser. They all
tend to take into account the relation existing between the velocity
and thediameterof thedroplet.If the spray is dilute,particletracking
velocimetry7 is the best choice, as it will measure individual veloc-
ity. For dense sprays this tracking is impossible, and one should
look for statistical quantities. One algorithm is the so-called mul-
tilayer intensity. The original digital images are divided into three
subimages,15 representing respectively the low, medium, and high
level of scattered light intensity from the droplets. This division is
intended to give the velocity of small, medium, and large droplets,
assuming constant laser sheet intensity through the region seen by
the camera. No measurement of the droplet sizes is possible, and
furthermore, no differentiation can be done between a single large
droplet and a group of small droplets, which is desirable in two-
phase � ow measurements. However, PIV can provide some useful
information on spray dynamics. It has furthermore the advantageof
providing instantaneous two-dimensional information that can be
used to characterize spray unsteadiness.

This paper intendsto applya planar-droplet-sizingtechniquecou-
pled to PIV to study the instantaneousand time-averagedcharacter-
istics of a spray in a practical burner. It demonstrates the quantities
that can be measured together with a discussion concerning uncer-
tainties and limitations. For the measurement of the diameter, the
planar-droplet-sizingtechnique is applied with simultaneous mon-
itoring of � uorescence and elastic scattering to get instantaneous

Sauter mean diameter information, as presented in Ref. 16. Two
cross-correlationCCD cameras allowvelocitymeasurements,using
PIV algorithms, from the � uorescing and scattered light intensity
images. The ability of the technique to characterizedroplet clusters
on instantaneous spray images and identify the associated air � ow
structures is presented.

The rest of the paper is presented in � ve sections. The next
section describes the experimental arrangement and instrumenta-
tion. The third section presents the spray characteristics in terms of
droplet size and velocity as measured by phase Doppler anemome-
ter, which are used as a reference for the planar-droplet-sizingtech-
nique. The fourth section shows the planar spray measurementsand
presents the measured SMD and velocity and compares it with the
phase Doppler measurements. Also, it examines the formation of
instantaneous droplet clusters and the instantaneousair� ow veloc-
ity � eld that might be responsible for their formation. Finally, the
instantaneous velocity and SMD of droplet clusters is quanti� ed
and compared with size-velocity correlations measured by phase
Doppler anemometer. The paper ends with a summary of the main
conclusions.

Experimental Apparatus
Spray

A practical gun-type burner was used for the present study, and
a detailed sketch of the nozzle is depicted in Fig. 1. The spray
characteristics of this type of injector have been studied.17 The
water pressure is set to 0.7 MPa giving a � ow rate of 9.46 l/h,
which corresponds to the heat release of 0.1 MW, when operat-
ing under reacting conditions with kerosene fuel. The air� ow rate
is set to 110 Nm3 ¢ h¡1 , which gives a velocity Vair D 14:7 m ¢ s¡1

and a Reynolds number based on the effective diameter of air� ow
Reair D 1:67 £ 105. The ratio between the momentum � ux (½mV)
from the water and the air is 0.124. The combination of the nozzle
and the baf� e plate generates a recirculation zone in the air� ow,18

which is used to stabilize the � ame. Because the ratio between the
mixing and chemical timescales is lower than 1 (estimated to be of
the order of 10¡3 in the case of domestic fuel according to18 ), the
� ame holder is necessary.

In the present application water was injected, and therefore all
of the tests are performed in isothermal,nonevaporatingconditions.
Rhodamine B is added to water with a concentration of 0.0089 g/l
to get the � uorescent intensity and ensure that the � uorescence in-
tensity is proportionalto liquid volume.13 There are two reasons for
this choice. The � rst is that studies in isothermal conditions avoid
problems associated with fuel evaporation, which can modify the
calibration of the technique. The second is that Rhodamine B is
not directly miscible in fuel and requires extra chemical species
for mixing. Because the purpose of our study was to evaluate the
planar-droplet-sizingtechniqueand understandthe origin of droplet
clusters in sprays, using water did not in� uence our conclusions.

Image Recording
Two CCD cameras (TSI PIVCAM 10-30, cross-correlation,

1000£ 1016 pixels, Kodak ES1.0) are used with a lens of 60-mm
focal length to record simultaneously images of Mie scattering and
laser-induced� uorescence(LIF) intensities.A dual-cavityNd:YAG

Fig. 1 Sketch of the nozzle.
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Fig. 2 Sketch of the global facility.

laser (SP PIV-400, 400 mJ per pulse with a wavelength of 532 nm)
forming a laser sheet of less than 1 mm thickness is used as laser
sourcewith a typicalpulsedurationof 8 ns.The cameraswereplaced
perpendicular to the laser sheet to avoid optical distortion. One of
the cameras is equipped with an optical � lter (XF3019605DF50
from Omega Optical that has a total bandwidth of 50 nm centered
on 615 nm), removing the scattered light and allowing only the � u-
orescent signal to pass. Because the � uorescence intensity is much
weaker than scattered light, a high-speed gated Image Intensi� er
Unit C6653 from Hamamatsu is used. During the experiments, its
ampli� cation is set to 95% of its maximum, and the gate time (set
to 50 ¹s, the minimum value available for the cameras) is synchro-
nized with the laser pulses to avoid a strong background noise and
to obtain the correspondingtwo instantaneousimages (Fig. 2). The
remainingbackgroundnoise is caused by the intensi� er of the CCD
camera because the measurements were obtained in a dark room.
The addition of the intensi� er modi� es the optical properties of the
receiving cameras, and therefore speci� c calibrationhas to be done
to ensure identical � eld of view and magni� cation for both cam-
eras. This is done using a reference particle image and performing
cross-correlation between the images recorded with the two cam-
eras. Mechanical displacement of the cameras is performed until
the maximum displacementmeasured by cross correlation is below
30 pixels (which represents 3 mm). The remaining misalignment is
corrected during image processing for translation/rotation effects,
as quanti� ed by the cross correlation of the images of a calibration
target. The � nal misalignment between the two simultaneous im-
ages is down to less than a pixel, which corresponds to a physical
space of around 50 ¹m.

PDA Measurements of Spray Characteristics
PDA measurements were performed to obtain time-averagedve-

locity and SMD maps of the water spray. A Dantec Phase Doppler
Velocimeter was used. A dual-beam system comprised a 5W-ArC

laser and a conventional� ber-optic PDA with a 40-MHz Bragg cell
for frequencyshift and a 500 mm focal length front lens.The receiv-
ing angle was 30 deg forward scattering, which led to a high data
rate. The mean arithmetic velocities as well as the SMD are plot-
ted in Fig. 3. Two important observations are identi� ed from those
measurements.The � rst one is that the range of SMD is quite large,
varying from 15 to 46 ¹m. Therefore, it is a good test for the planar-
droplet-sizing technique to check if it is able to detect those differ-
ences. The second is that larger droplets are found at the edge and
smaller droplets are entrained in the central region of the spray.

One can further notice the existence of an air� ow-recirculating
zone characterizedby the presence of small droplet diameters.This
region comes from momentum exchange between spray and the
air� ow 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
� uxes.The velocitypresentedin Fig. 3 correspondsto the arithmetic
mean velocity as measured by PDA based on either 20,000 samples
(in the core of the spray) or 5 min (at the edge, where the droplet
concentrationis small). The Stokes number is the ratio between the
aerodynamics response time of the droplet (Stp D ½d2

p=18¹ in case
of Stokes drag) dividedby the timescale of the air� ow. The droplets
with a diameter smaller than 25 ¹m have a Stokes number lower

Fig. 3 PDA results for water spray.

than 1. Their aerodynamic response time is 3.5 ms, whereas the
droplets of 50 ¹m have a response time of 13.9 ms. The timescale
of the gaseous � ow is estimated to be 6 ms, which gives a Stokes
number of 0.6 and 2.3, respectively, for 25- and 50-¹m droplets.
Therefore, 25-¹m droplets are expected to follow the air� ow recir-
culation zone, whereas the larger droplets do not.

Planar Spray and Flow Measurements
Typical Instantaneous Image

Figure 4 illustrates a typical Mie-scattering image recorded in
the present experiments. In contrast to the laser-induced� uorescent
images (right side), one can observe the core of the spray and es-
pecially the presence of branchlike structures, which is the major
interest in the present study. On the LIF images one can see that
mainly the edges of the spray are recorded, corresponding to larger
droplet diameters and liquid volume (as measured by PDA) and
therefore higher � uorescence intensity. The outer boundary of the
liquid volume of the spray can be easily identi� ed on those images,
which can identify the spray ejection angle, which was of the order
of 60 deg for the current operating conditions.Those two � gures il-
lustrate the main differencebetweenMie scatteringand LIF images,
as they identify different quantities.A hollow cone spray is formed,
which has larger droplets and liquid volume away from the center-
line and a large number of small droplets (therefore low SMD) and
large surface area close to the centerline. The planar measurements
of Fig. 4 con� rm the expected spray structure.

Measurements of SMD Distribution
The intensity ratio of the instantaneous � uorescent and Mie-

scattering images is computed. This ratio is proportional to the
Sauter mean diameter of the droplets.11 The calibrationconstantbe-
tween SMD and intensityratio was determinedwith a monodisperse
droplet generator (creating droplets of 120 ¹m). The laser illumi-
nation and the operatingconditionsof the image intensi�er were set
at the same level as those used for measurements in the spray. The
determination of the constant can also be done using the PDA re-
sults. However, in general, the planar measurementsshould be done
independentlyof phase Doppler measurements, and a separate cal-
ibration is required. The intensitieswere calculated in interrogation
windows of 8 £ 8 pixels, corresponding to 0:85 £ 0:85 mm. A typ-
ical instantaneous measurement of SMD is shown in Fig. 5. This
� gure shows that the spray is characterizedby a central region with
small SMD, as expected for a hollow cone spray.
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Fig. 4 Typical instantaneous Mie-scattering and LIF images.

Fig. 5 Instantaneous SMD map.

Fig. 6 Mean velocity pro� le on Mie-scattering images.

Fig. 7 Mean velocity pro� le on LIF images.

Cross Correlation
PIV algorithms were used to measure the droplet velocity in the

spray. The time delay between the two pulses is set to 50 ¹s pro-
viding a typical displacement of the order of 8 pixels between the
two images. To retrieve the velocity, the TSI software Insight 3.1
is used. The so-called Hart correlation19 is chosen with initial win-
dow of 64 £ 64 and � nal window of 16£ 16 pixels. This window
size corresponds to a physical spacing of 1.6 mm. Using windows
of 8 £ 8 pixels might not necessarily improve the results as, in this
case, the correlationpeak might be biased by the presenceof a peak
of intensity representing the displacementof this speci� c droplet or
group of droplets. The aim here is to have an insight of the typical
time-averaged velocities and compare them with PDA measure-
ments. However, it is not possible to know exactly the number of
droplets participatingin the correlation, as the spray is quite dense,
and no individual droplets can be observed in the dense part of
the spray. A � rst validation is performed on the expected ranges
of velocity to avoid obviously wrong vectors. The average velocity
� eld is computed on the basis of 800 instantaneous images on both
Mie-scattering images (Fig. 6) and LIF images (Fig. 7).

The mean velocity � elds obtained from LIF images hVLIFi and
Mie images hVMiei exhibit different behavior. To illustrate the main
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Fig. 8 Trajectories from Mie vector � eld.

Fig. 9 Trajectories from LIF vector � eld.

differences, the trajectoriesof the droplets as measured by the mean
velocity are shown in Figs. 8 and 9. One can mainly see two dif-
ferences. The � rst is that the trajectories calculated by the Mie-
scattering images exhibit a strong recirculation region close to the
exit. This depicts the movement of small droplets interacting with
the air� ow. This recirculationcan hardly be seen on the trajectories
calculated by the LIF images, as those trajectories represent large
droplets, which have a higher response time, and do not follow the
air� ow. The second important conclusion is that no clear radial ex-
pansion can be seen on the Mie-scattering streamlines, whereas it
can be detectedon LIF streamlines.The interactionbetween the air-
� ow and the droplets is the explanation for this difference, as large
droplets will tend to be less in� uenced by the air momentum and,
therefore, cannot follow the air� ow recirculation zone.

To understand the physical data recorded, it is important to com-
parewith data basedonPDA measurements.As presentedin Fig. 10,
one can see that the velocity measured from the LIF images hVLIFi
is close to the mean droplet velocity,which has been computedwith
a volume d3 weighting of the PDA velocity measurements, which
should be associatedwith the velocityof the volume mean diameter
d30 . This illustrates the fact that LIF imaging is proportional to the
volume of the droplets. On the other hand, the velocity measured

Fig. 10 Comparison between PDA and LIF velocity.

Fig. 11 Comparison between PDA and Mie velocity.

from the Mie images hVMiei shows good correspondence with the
dropletvelocityfrom thePDA measurementscomputedwith droplet
surfacearea d2 weighting(Fig. 11), which shouldbe associatedwith
the velocity of the area mean diameter d20 . The larger discrepancy
between velocities at the edge of the spray, measured from PLIF
images rather than Mie images relative to PDA measurements, is
caused by the dynamic range of the cameras. The cameras have an
intensity dynamic range of 8 bit, allowing the detection of � uores-
cence intensity from single droplets with diameter between 60 and
15 ¹m before saturation occurs. The correspondingdiameter range
for the scattered light intensity is between 60 and 8 ¹m. Therefore,
PLIF intensity at the edge of the spray, where the droplet density is
lower than in the main part of the spray, will be biased toward larger
droplet diameters, and therefore larger velocity,because the gain of
the camera was adjusted to detect without saturation the main dense
part of the spray.This also explainswhy the recirculationzone is not
captured when applyingPIV on PLIF images. Therefore, the veloc-
ity measured by the cross-correlationmethods of the instantaneous
time-delayed pairs of intensity distributions from Mie and LIF im-
ages can provide measurements of velocities in agreement with the
velocities measured by the PDA after appropriate weighting with
the droplet surface area and volume respectively.

Eduction of Flow Eddies
The � ow structures,which might be responsible for the presence

of droplet clusters in the spray, can be investigated. Because PIV
givesan instantaneousvelocity� eld, it is possibleto detectstructures
within the � ow� eld. To detectvortexlike� ow structures,the method
of the complex eigenvalues of the two-dimensional tensor of the
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Fig. 12 Example of an eddy within the burner exit.

gradient of velocity is used, as introduced in Ref. 20 and further
reported in Ref. 21 and recently Ref. 22.

As the PIV results correspond to a uniform grid, it is possible
to compute easily the vorticity using a Richardson interpolation
scheme,23 which is third-order accurate and is

!i; j D
Vi ¡ 2; j ¡ 8Vi ¡ 1; j C 8Vi C 1; j ¡ Vi C 2; j

121x

¡
Ui; j ¡ 2 ¡ 8Ui; j ¡ 1 C 8Ui; j C 1 ¡ Ui; j C 2

121y

where i and j represent the indices along the lines and columns
respectivelyand 1x and 1y represent the spacing between the PIV
vectors.

These complex eigenvaluesare combined with the existence of a
peak of vorticity to retrieve the center of the structure. It is impor-
tant to combine both peaks in order to avoid the shear stress being
the source of a � ow eddy. Flow eddies are deduced from the Mie-
scattering instantaneous velocity � elds because they represent the
movement of small droplets. It is expected that the calculated � ow
velocity � eld from the Mie-scatteredimages might deviate from the
air� ow � eld. However, the calculatedvelocity from the Mie images
is mainly weighted toward the small droplets, which follow fairly
well the air� ow � eld, and, therefore, is expected to provide a good
representationof the air� ow structure. A typical example of such a
� ow structure can be seen in Fig. 12. This typical � ow structure is
present at the edge of the spray and close to the baf� e plate.

Flow structures can also be identi� ed on LIF images, but their
position is slightly different from the Mie-scattering images. This
is because the larger droplets might have a Stokes number of the
order of one for different local air� ow conditions than the smallest
droplets, and, therefore, LIF images would not be representing the
air� ow.

When detecting � ow eddies representing the air� ow � eld, atten-
tion has to be paid to the accuracy of the measurement, especially
by checking whether the result is physical. The uncertainty in PIV
algorithms is typically 0.1 pixel of the measured velocity. When
applying PIV in sprays, the effect of the size distribution cannot be
neglected,as correlationbetweensize and velocityexists.For the re-
gionwherea vortexlike� ow eddy is found,thePDA resultsshoweda
value for d20 of about 20 ¹m. Knowing that Mie scattering is close
to the velocity of d20, the Stokes number of 20 ¹m droplets will
show whether the information retrieved is meaningful. The identi-
� ed � ow eddies have typically a velocity of 0.4§ 0.1 m ¢ s¡1 . Its
size represents typically six interrogationwindows, hence a length
of 10.0 § 1.7 mm. Therefore, its characteristictime is of the orderof
25 § 7 ms. Water dropletsof 20 ¹m have an aerodynamicsresponse
of 3.5 ms. Therefore, it can be concluded that the � ow eddies found
should represent quite well the air� ow. However, the strength of
those eddies is not precise because the displacement involved is of

Fig. 13 Positions of eddies.

the order of 0.4 pixels, which gives at least an uncertainty of 25%
on the measured velocity. The sizes of the � ow structures indicated
here are relative sizes because no absolute values can be deduced
for the air� ow from the Mie images. The size reported in Fig. 13
is based on the computed strength of the eddy, as being the com-
plex part of the eigenvalues,which is de� ned as being the swirling
strength.22 The instantaneouspositions of the identi� ed � ow struc-
tures can vary signi� cantly, and Fig. 13 shows the location of the
center of these structures within the � ow on a basis of 50 images.
The number of images is limited to 50 for clarity reasons. Figure 13
indicates the following.The most probableregion for the locationof
the � ow eddies is close to the nozzle and away from the centerline,
where the injectionof droplets interactswith the air� ow in the wake
of the baf� e plate. In the central region of the spray, � ow eddies also
appear but at a lower probability. It is interesting to check whether
the location of these � ow eddies is associatedwith the formation of
droplet clusters in the spray.

Cluster Tracking Velocimetry
When lookingat the Mie-scatteringimages (see Fig. 14), one can

identify regionsof higher intensity,which indicatehigh droplet sur-
face area. These regions are de� ned as droplet clusters. The droplet
clusters correspond to regions of high droplet density with a low
SMD.24 The present study attempts to understand the dynamics of
such regions. The � rst task consists in determining their exact po-
sition on the two successive (in time) pair of images. As seen in
Fig. 14, the clusters can be easily identi� ed on the Mie-scattering
images, using adaptive threshold to binarize the image. The pos-
sibility to use Mie scattering to identify droplet clusters has been
previously reported.1

To avoid spuriouseffectsof the level of binarization,the total LIF
intensityof the � rst cluster is computed, representingthe liquid vol-
ume of the droplets in the cluster.The thresholdon the secondimage
is adapted to ensure the corresponding liquid volume identi� ed by
the LIF intensity is present in the cluster, ensuring the tracking of
the same volume of liquid. The liquid volume is computed by sum-
ming the intensity of the LIF images. Typical clusters have a size of
more than 200 pixels correspondingto an equivalentarea of a 5 mm
square, so that the evaluation of the volume is quite reliable. The
centroid is the center of gravity of the cluster. The shape of the clus-
ter remains similar because the time delay between two consecutive
images was 200 ¹s.

One important bit of information that is possible to obtain is the
probabilityto � nda dropletclusteras a functionof the spatial coordi-
nates. By taking the averageover 800 images, it is possible to de� ne
the normalized probability density function (PDF) as representing
the typical positions of the clusters. A grid of 10 £ 10 is used with
a space step of 1 cm. Each time a cluster is found, its coordinates
are stored inside the Cartesian grid. The results presented in Fig. 15
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Fig. 14 Original Mie-scattering image; position of eddies and clusters.

Fig. 15 PDF for the position of the clusters.

identify two distinct regions.The � rst one correspondsto a distance
less than 5 cm from the nozzle exit and is associated with a high
probabilityof � nding clusters of droplets.The secondone is located
at an axial distance larger than 5 cm and exhibits a relatively low
probability of � nding droplet clusters. When plotting together the
PDF for droplet clusters and for presence of � ow eddies in Fig. 16,
one can notice the presence of a link between the two distributions.
The PDF of the cluster is shown in contour,whereas the isolinesrep-
resent the PDF of the swirling eddies. One can observe that isolines

Fig. 16 Comparison between the PDF of clusters (color) and swirling
motions (lines).

are around the peak in the contour, suggesting a link between the
two PDF.

The accuracy of the tracking algorithm highly depends on the
de� nition of the cluster center and on the time delay between the
two pulses.Experimentshavebeendone for that purposewith a time
delay of 200 ¹s (which is four times larger than the one used for PIV
results) to have a better accuracy.The centroidof the cluster is taken
as the reference for determining the displacement and therefore the
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Fig. 17 In� uence of matching volume on centroid’s displacement.

Fig. 18 In� uence of matching volume on front boundary displace-
ment.

clustervelocity.This is illustratedin Fig. 17,where thedisplacement
with and without matchingof volume is plotted.One can see a small
difference in all cases. This is because the laser sheet intensity is
quite uniform for both pulses, and, therefore, the threshold levels
are almost identical for both images.

Attention is drawn on the uncertaintyof the cluster velocity mea-
sured by the tracking technique.The uncertainty in determining the
displacement of the cluster highly depends on the accuracy of de-
termination of the centroid of the clusters. This is a function of the
number of pixels forming the clusters and precision lower than 5
pixels cannot be claimed. This implies that the uncertainty of the
cluster velocity is around 3.5 m ¢ s¡1.

When de� ning the velocity of the cluster as the displacement of
the front boundary of the cluster, the matching of liquid volume be-
tween the two displaced images becomes a crucial issue. Figure 18
indicates a large difference in the cluster velocity, when matching
and nonmatchingof liquid volume in the clusters is used. The com-
parisonbetween the front boundary tracking and the centroid track-
ing shows similar behavior when matching the liquid volume in the
clusters. The main drawback of taking the front boundary as indi-
cator of the displacement of the cluster is the high sensitivity to the
threshold determining the boundary of the cluster. Comparing the
two different approaches shows that a discrepancy exists between

Fig. 19 Difference between centroid and front tracking velocity.

Fig. 20 Velocities of clusters compared to mean PDA results.

the computed displacements, as presented in Fig. 19. In summary,
the centroid of the cluster should be tracked, as its relative position
is not so sensitive (as shown in Fig. 17) to the threshold used to
identify the cluster, which is not the case with the front tracking.

The SMD of droplets in a cluster is obtained from the ratio be-
tween the total � uorescent intensity within the cluster and the Mie-
scattering intensity for the two successive frames. The accuracy of
the SMD measurement is high because the size of the clusters is
more than 200 pixels; hence, a large number of droplets are con-
sidered in the calculation of the value of the SMD. However, PDA
measurements provide the velocity of single droplets. To compare
the measuredsize–velocitycorrelationswith the two techniques,the
PDA measurements were processed to obtain instantaneous SMD
informationand velocityby averagingthe dropletswithin � xed time
intervals. The measured characteristics of droplets within time in-
tervals of 1 ms, which correspondsto a physical space of 1.5 cm for
dropletvelocityof 15 m ¢ s¡1 (the mean velocityat a position50 mm
away from the nozzle), were averagedto providea valueofSMD and
corresponding droplet velocity. Figure 20 presents the comparison
between size–velocity correlations from PDA and cluster tracking
and shows that the measured values fall within a similar interval.
After considering the uncertainty of the velocity measurements of
the cluster trackingmethod and the fact that the PDA measurements
are averaged over a smaller number of droplets than for the cluster
trackingvelocimetry,the agreementbetween the two measurements
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is satisfactory. Therefore, the cluster tracking velocimetry can pro-
vide correlations between the SMD and velocity of droplet clusters
in sprays.

Conclusions
A technique for planar measurement of droplet size, velocity,

liquid volume, and surface area of droplet clusters in sprays is re-
ported. The identi� cation of � uid � ow structures, which might be
responsible for the formation of the droplet clusters in sprays, is
demonstrated.The techniquewas applied in water sprayswith added
Rhodamine dye at appropriately adjusted concentration to ensure
volume dependency of the � uorescence intensity. The spray was
injected in the air� ow of a burner for a domestic boiler. Combined
droplet laser-induced � uorescenceand Mie-scattering intensity im-
ages were recorded, using two CCD cameras and appropriate opti-
cal � ltering, and the ratio of the two light intensity images allowed
measurement of instantaneousspatial distribution of droplet Sauter
mean diameter (SMD).

It was found that droplet clusters formed in spray regions of high
dropletdensity and low SMD values (lower than 30 ¹m) at different
instances in time. The identi� ed instantaneousdropletclusterswere
tracked between time-delayed images, and cross-correlation tech-
niques quanti� ed the instantaneous cluster velocity and measured
the droplet cluster SMD-velocity correlation, which agreed well
with correspondingphase Dopplerdroplet size–velocity correlation
measurements. In the vicinity of droplet clusters, � ow structures
were identi� ed, using particle image velocimetry, which might be
responsible for the formation of droplet clusters. The � uid � ow
structures were detected from particle image velocimetry measure-
ments using the Mie-scatteringintensity images and were present in
regions where low � uorescence intensity was detected, indicating a
high concentrationof small droplets. The droplet velocity � eld was
measured by cross-correlation techniques from the Mie scattering
and � uorescence intensity images and agreed well with the velocity
of mean droplet diameters correspondingto the area mean diameter
D20 and volume mean diameter D30 respectively,as measured with
the phase Doppler technique. The current � ndings demonstrate the
ability of the planar-droplet-sizing technique to evaluate instanta-
neous droplet clustering in sprays and identify its origin.
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