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Abstract

The aim of this work is to investigate the planar LIF/Mie droplet sizing technique from an experimental and theoretical point
of view. This technique is a good alternative compared to point measurements (e.g., phase Doppler anemometry) or integral
approaches (e.g., laser diffraction). It allows measurement of the Sauter mean diameter over a wide field, providing the spray
topology and droplet size in a limited amount of time. Nevertheless, its implementation remains challenging due to the fact
that the usual assumptions underlying the technique are not fully valid in practice. To overcome these limitations, an innova-
tive experimental set-up has been developed including the use of a telecentric lens and a TwinCam beam splitter device. The
benefit of the key optical elements introduced in the set-up will be discussed and quantified in the paper. In particular, it is
shown that the telecentric lens removes angular dependency of the Lorenz—Mie optical signals. This is demonstrated using
an ethanol hollow cone spray (seeded with rhodamine 6G) generated from a simplex injector at atmospheric pressure and
ambient room temperature. A calibration procedure, based on phase Doppler anemometry measurements, is used to convert
the LIF/Mie into Sauter mean diameter maps. The optical depth of the spray has been measured, exhibiting values less than
0.4 (equal to 67% light transmission), which corresponds to a dilute cloud of droplets where multiple light scattering is not an
issue. These effects have been quantified using Monte Carlo simulations. Finally, a study of the injection parameters has been
undertaken, showing the robustness and efficiency of the planar LIF/Mie droplet sizing method to obtain two-dimensional
maps of the Sauter mean diameter.

1 Introduction hollow cone spray, used in aeronautical engines, extends

from a few microns to several hundred microns. Typically, a

According to Rayleigh (1878), a spray can be defined as a
collection of droplets in a gaseous medium. It results from
the atomization of the liquid, which represents a disintegra-
tion process. In gas turbines, the injection of liquid fuel into
the highly turbulent gas flow of a combustion chamber gives
rise to many complex physical phenomena: the liquid stream
is stretched into ligaments and atomized into droplets that
are then transported further downstream, while evaporating
and enabling the combustion process. Fine atomization is
required to promote vaporization and combustion of sprays.
Most of the time, sprays are characterized by their shape and
droplet size distribution. The droplet size distribution of a
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graphical representation of droplet size distribution is given
through a histogram based on the number and/or volume
of particles (Lefebvre and McDonell 2017). However, in
order to facilitate calculations related to mass transfer and
flow processes, Mugele and Evans (1951) have established a
standardized notation of mean diameters (instead of the use
of a complete droplet size distribution):

lZNiD;,‘| 1/(a=b)
b= | S b 1)
2 N.D

In the case of two-phase combustion applications, the
aim is to obtain a spray with a maximum exchange sur-
face in order to increase the exchanges between the phases
(especially evaporation) for a given volume of liquid. The
Sauter mean diameter (SMD or D3,) is classically used to
characterize injection systems in gas turbines (Lefebvre
and McDonell 2017). The SMD is an important quantity
for mass transfer processes: a small SMD indicates fine
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evaporation, weak penetration and efficient mixing and com-
bustion processes. The application of CFD codes to technical
sprays is still challenging (Sanjosé et al. 2011; Hervo et al.
2018): in fact, if numerical parameters need to be tuned to
fit experimental results, these data must in turn be reliable.
In this respect, experiments yield essential information for
the development and evaluation of atomization and spray
flow models.

In order to fulfill the accuracy requirement, laser-based
optical diagnostics are in steady progress (Berrocal et al.
2023). Although a conventional pointwise technique, phase
Doppler anemometry (PDA), has been widely investigated
over the last few decades, whole-field measurement tech-
niques are promising means to reduce test duration and cost.
In this context, the planar LIF/Mie technique, also called
planar droplet sizing (PDS), is a laser imaging method origi-
nally proposed by Yeh et al. (1993) and used to obtain SMD
distribution in sprays. This technique is based on the detec-
tion of the Lorenz—Mie scattering signal (Mie) and the laser-
induced fluorescence (LIF) emission from droplets illumi-
nated with a laser beam. Mie scattering is essentially based
on the phenomenon of elastic light scattering by spherical
particles. The mathematical solutions are given by the Lor-
enz—Mie theory (Lorenz 1890; Mie 1908). In this theory, for
droplets whose diameter is larger than the emission wave-
length, the scattered intensity is proportional to the square
diameter of the particles. Laven (2008) has developed a com-
puter program, known as “MiePlot,” for the calculation of
scattered light from a sphere using Mie theory and the Debye
series. MiePlot was originally designed to provide a simple
interface, using the conventional BHMIE algorithm, as pub-
lished by Bohren and Huffman (1983). The input data for
this code are the real (n) and imaginary (k) refractive index,
the laser excitation wavelength (1), the scattering angle (),
the laser polarization (S-pol, P-pol or Unpolarized), and the
diameter range of the droplet (D) (monodisperse or polydis-
perse distributions). Unlike Mie scattering, the LIF signal is
based on inelastic light emission (the fluorescent emission
is at a longer wavelength than the excitation wavelength).
When the laser crosses the spray, droplets absorb the inci-
dent light and spontaneously restore that energy via inelastic
light emission. However, fluorescence is only achieved if
the liquid contains fluorescent molecules. If no fluorophores
are naturally present in the liquid, it must be seeded with a
fluorescent dye. According to Felton et al. (1993), the LIF
signal is proportional to the fluorescent molecule concentra-
tion and depends on liquid volume. Consequently, fluores-
cence emission from droplets is proportional to their cubic
diameter. The LIF/Mie technique consists in acquiring two
images of a spray, in two different spectral ranges by apply-
ing a set of optical filters. According to Sankar et al. (1999),
all the light collected by each pixel of the camera, during
the acquisition time, correspond to the sum of the scattered
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light and fluorescent emission from all the droplets that have
crossed the measurement volume. Therefore, for an image
with coordinates x and y, the scattered and fluorescent inten-
sities correspond to:

I(x,y) = (6, y)C, ) N,(x,y)D}(x, y) 2)

I(x,y) = I, Y)C; Y N(x,)D;} (x, y) 3)

where Ji(x,y) is the incident intensity, I(x,y) and /(x.y) are,

respectively, the fluorescent and the scattered light intensi-
ties, N, is the number of particles with diameter D;, and Cf
and C, are proportionality coefficients that can be defined
experimentally. The ratio of both images is therefore propor-
tional to the SMD of the size distribution of the N measured
droplets:

L6y _ G [ ZN@ D) )
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Also:
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The first applications of this technique for the droplet siz-
ing of industrial sprays have been carried out by Le Gal et al.
(1999), Jermy and Greenhalgh (2000) or even Stojkovic and
Sick (2001). Afterward, Domann and Hardalupas (2001,
2003) and Charalampous and Hardalupas (2011a, b) have
conducted extensive research on the PDS technique, in order
to determine its limitations. Regarding the LIF intensity, the
authors show that the relationship between droplet volume
and fluorescence intensity depends on the dye concentration.
Low dye concentration results in a closer proportionality
to volume, while significant deviation can be observed for
large dye concentrations. Moreover, in the event of evapo-
ration or combustion, this concentration changes, as well
as the quantum yield and the molar absorptivity, which are
temperature-dependent. In this case also, vapor and liquid
phases cannot be separated in the fluorescence signal, which
degrades the sizing accuracy of the technique. Optimization
of the scattering angle as a function of the refractive index of
the liquid is also proposed; a forward scattering direction at
60° is recommended to make the Mie intensity proportional
to the droplet surface area (Charalampous and Hardalupas,
2011).

Laser imaging can be reliably quantitative when per-
formed in low-density sprays where single light scatter-
ing predominates. However, in optically dense sprays cor-
responding to optical depth OD > 1, additional scattering
events occur in the spray environment prior to reaching the
camera sensor. As a result, without the suppression of the
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multiple light scattering intensity, a reliable SMD mapping
cannot be acquired. To solve this issue, an imaging method
known as structured laser illumination planar imaging
(SLIPI) has been developed by the Physics Department at
Lund University (Berrocal et al. 2008). Several implemen-
tations of SLIPI image reconstruction have been developed
by Kristensson et al. (2010a, b), Mishra et al. (2014, 2017a,
2017b). These techniques are based on Fourier filtering and
phase-shifted image acquisition. The literature also contains
numerical studies of the phenomenon of multiple diffusion
(Jermy and Allen (2002), Berrocal (2006)). To perform an
analysis of multiple scattering, a software called “Multi-
Scattering” has been developed by Jonsson and Berrocal
(2020) and validated by Frantz et al. (2022). The model is
based on the use of the Monte Carlo (MC) method, where
billions of photon packets are tracked via simulation, while
propagating in scattering and/or absorbing media. This
software can be used before applying any quantitative laser
imaging techniques, to determine if SLIPI is required in the
experimental set-up, like a decision-making tool.

This paper is dedicated to the droplet size characteriza-
tion of a hollow cone spray by applying the LIF/Mie tech-
nique with an innovative optical set-up based on the use
of a camera telecentric lens and a fully integrated beam
splitter device. This removes several sources of uncertainty
observed with traditional set-ups: conventional lens and filter
wheel (Yeh et al. 1993; Le Gal et al. 1999). The remainder
of the paper comprises four sections. A description of the
injection systems and the actual implementation of the tech-
nique is presented in the first section. In the second section,
the optical conditions are defined and a multiple scattering
analysis is performed with the “Multi-Scattering” software
in order to quantify any undesired effects from multiple light
scattering. The third section is dedicated to investigating the
parameters that influence the accuracy of the LIF/Mie tech-
nique. The essential use of a telecentric lens will be demon-
strated in this section using MiePlot simulations. The final
section is dedicated to experimental results obtained with a
simplex injector. First, we detail the calibration procedure,
based on PDA measurements, which is used to convert the
LIF/Mie into SMD maps. A parametric study is conducted
to determine the influence of the injection pressure on SMD,
which demonstrates the potential of the LIF/Mie technique
for further industrial applications. The paper ends with a
summary of the results and perspectives.

2 Experimental set-up
2.1 Injection system

The injection system is an industrial model (Delavan, sim-
plex model, spray aperture of 60°, hollow cone type, Flow

: Flow controller & : Flowmeter @ : Pressure gauge
First tank (200 L)
Secondary tank (1 L) Ethanol
Ethanol + dye
(high concentration)
5 s
@r-tmmmmmmm e [ EEEEEEES )
Prax = £ 6 bars 1 Prax = £20 bars
my = 0.01to0 0.08 g/s 1 m; =0to3.5g/s
+ Dilution
Pax = 14.5 bars @_-j,,,,%(,)r,l?,,,

Moy = o + My [g/s]

Liquid

Fig. 1 Scheme of the injection test bench

Number: FN=5.21+0.02 l-h_l-bar_m), which produces
polydisperse droplets with size in the range (1-150) pm.
Experiments are conducted at ambient temperature and
atmospheric pressure. The liquid used for the experi-
ments is ethanol for safety reasons and also because its
surface tension (¢ =0.0022 N/m) is close to that of Jet
A-1 (kerosene fuel typically used in aeronautics). As
previously discussed, the LIF/Mie technique requires a
fluorescent liquid to promote the LIF signal and derive
SMD maps. According to Ying et al. (2007), ethanol can
fluoresce without the addition of a dye. However, ethanol
must be excited by an ultraviolet light with a wavelength
shorter than 250 nm (the emission bands are centered in
the 290-350 nm range). For convenience, a visible laser
(A=532 nm) is used for the experiments and a fluores-
cent dye must be added to the ethanol. Among the poten-
tial dyes soluble in ethanol, rhodamine 6G (Rh6G) is the
most efficient under the present experimental conditions.
Rh6G has a high solubility in ethanol and its temperature
dependence is quite low when excited at 532 nm (Chaze
et al. 2016). Furthermore, the high quantum efficiency
of Rh6G (about 0.95 (Kubin and Fletcher 1982)) and its
strong absorption at 532 nm are advantageous for maxi-
mizing the fluorescence signal. As seen previously, the dye
concentration has a tremendous effect on the LIF signal.
As a result, an injection test bench has been designed in
order to perfectly control the dye concentration during the
measurements (Fig. 1).
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Fig.2 View of the optical LIF/Mie droplet sizing arrangement

The experimental test bench is composed of two liquid
containers: a large 200 L tank containing pure ethanol and a
small 1 L tank containing ethanol heavily seeded with Rh6G.
Indeed, the large tank cannot be seeded directly because it
would cause the pollution of the entire liquid supply line
for future experiments. Therefore, a specific supply contain-
ing a small volume of seeded ethanol is connected to the
main liquid line upstream from the injector. The solution
of ethanol and Rh6G is mixed with pure ethanol by means
of a Y-junction together with a 2-m-long pipe downstream
from the junction, which is enough to ensure proper mixing
between the fluids. After dilution, the dye concentration (C,)
in the injector is obtained from the dilution law:

c, T

=g ©
where 71, is the mass flow-rate from the first tank (pure etha-
nol), ri1, is the mass flow-rate from the secondary tank (etha-
nol seeded with Rh6G) and C,, is the dye concentration of
the secondary tank. The amount of Rh6G in the secondary
tank is measured with an analytical balance (Adventurer™
Pro AV114C Ohaus®—resolution: 0.1 mg). To ensure opti-
mum control of the mixture, the pressure is controlled by
an analog manometer and the mass flow-rate by a Coriolis

flowmeter (Micro Motion) on the 200 L pipeline. On the 1 L

@ Springer
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pipeline, the pressure is controlled by an analog manom-
eter and the mass flow-rate by a Coriolis flow controller
(Brooks instrument). Thanks to this experimental installa-
tion, the dye concentration at the outlet of the injector is
perfectly controlled and maintained constant throughout the
measurement.

2.2 Optical equipment
See Table 1.
2.3 Optical set-up

The LIF/Mie optical set-up is displayed in Fig. 2. For droplet
illumination, the beam of a frequency-doubled Nd: YAG—
532 nm pulsed laser (No. 1 in Table 1) is formed into a
light sheet by a combination of spherical and cylindrical
lenses. For space reasons around the injection test bench, the
laser source and the lenses must be placed above the spray
and a mirror (No. 11 in Table 1) is used to send the laser
sheet through the spray. The reception module is placed at
a 90° scattering angle. Both conventional (No. 4 in Table 1)
and telecentric (No. 5 in Table 1) lenses are compared in
the experiments, in order to highlight the benefits of the
latter. Two sSCMOS cameras (No. 3 in Table 1) are used
and connected to the lens by a TwinCam module (No. 7
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Table 1 List of optical materials No
used in the experiments .

Details

1 Pulsed laser—Quantel Twins Big Sky (Nd: YAG—532 nm, 200 mJ, 10 Hz, 8 ns impulsion and

horizontal polarization)
Broad spectrum xenon lamp—ASAHI MAX303
Camera—sCMOS PCO.edge 4.2 (20482, pixel size: 6.5x 6.5 pm?, 16 bits, max fps 100 fps)
Conventional lens—Nikon Micro-Nikkor (Macro-objectif—f =60 mm—{/2.8 D-AF)
Telecentric lens—OPTO Engineering TC1IMHRO080-C (1/1.2", magnification 0.134x, C mount)

Telecentric lens—Edmund Optique 33-096 (2/3", magnification 1x, C mount)

Band-pass filter—Chroma FWHM (10 nm width) /zet532-10x

2

3

4

5

6

7 TwinCam—CAIRN research

8 High-pass edge filter—Semrock BLP01-532R
9

10 Beam splitter—Chroma (non-polarizing 80/20)
11 Mirror—Newport (M2: @ =50.8 mm)

12

PDA—Dantec Dynamics (FlowExplorer: 4, =532 nm & 4,=671 nm)

in Table 1). The latter is used to simultaneously record the
LIF and Mie signals in the two cameras. It allows the physi-
cal superimposition of optical paths, which eliminates the
sources of error typically observed with two cameras record-
ing a scene at different viewing angles. Both cameras have
a 24 us exposure time and are used in a X 2 binning mode to
increase the signal-to-noise ratio. The telecentric lens yields
a field-of-view of 84 X 84 mm?2 and a spatial resolution of
approximately 80 um/pixel. It should be noted that the main
disadvantage of a telecentric lens is its high cost, constant
focal length and a large f-number. The conventional lens
leads to a field-of-view of 63 x 63 mm?2 and a spatial resolu-
tion of approximately 60 um/pixel. The camera used for LIF
measurements is equipped with a specific high-pass edge
filter (No. 8 in Table 1), efficiently blocking the laser light
(optical density 7 at 532 nm) and high transmission (> 95%)
above 541 nm. This ensures that there is no contamination
from scattered light at 532 nm in the LIF image acquired
by this camera. The camera used for Mie measurements is
equipped with a 532 nm band-pass filter (No. 9 in Table 1).
Since the LIF signal is significantly lower than the Mie sig-
nal, a beam splitter (No. 10 in Table 1) is used to redirect
80% of the collected signal to the LIF camera and 20% to the
Mie camera, which is enough to obtain a good LIF signal.

2.4 Acquisition and post-processing

The acquisition and post-processing routine of the images is
carried out using a custom-made interface developed on the
App Designer from MATLAB®. The mappings presented in
this paper are all based on the acquisition and averaging of
800 instantaneous images. Thus, the time required to acquire
all the LIF and Mie images is 80 s, which is significantly
lower than that of a grid of PDA measurements with the
same spatial resolution. In order to remove the influence of
the camera offset measured on the results, a “dark image”

is acquired and subtracted from each average LIF and Mie
image, during the post-processing routine. Then, to define
a physical scale on each average image, a calibration is per-
formed with a calibration plate (LaVision 106—10). During
image acquisition, the TwinCam system allows a physical
superimposition of the optical paths (error: + 1 px), but
during post-processing, the LIF and Mie images are then
dewarped and repositioned according to a common origin
(error: 0.1 px). The application of the ratio to the whole LIF
and Mie images produces an aberrant result outside the spray
area, so a mask is defined and applied on the mapping. In
addition, an average filtering is performed when applying
the ratio to smooth the result, i.e., the value of each pixel is
calculated from the mean of three of its neighboring pixels.
The development of this acquisition and post-processing
interface allows the acquisition and definition of SMD maps
in a very short time (a few minutes). Table 2 summarizes all
the treatments.

3 Applicability of the measurement
technique

For all optical diagnostic techniques, it is necessary to know
the geometrical constraints and optical conditions (e.g., opti-
cal depth, multiple light scattering) of the spray. The choice
of the optical set-up is dependent on these parameters. In
this section, an approach is used to define the conditions of
application of the LIF/Mie technique.

3.1 Defining the measurement region
The LIF/Mie droplet sizing technique is applicable where
the drops are perfectly spherical, i.e., in the spray region and

in the last part of the spray formation region, because when
you get closer to the injector, liquid bodies have various

@ Springer
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Table 2 Different steps of the

processing routine Nos. Steps
1
2 Average
3
4
5

Acquisition of 800 instantaneous LIF & Mie images

Subtraction of the “dark image” on the average images
Geometrical calibration of the average images (dewarping and superimposition)
Creation of a mask from a threshold on the LIF and Mie images, allowing to

limit the calculation to the region of the spray

6 Calculation of the LIF/Mie image
7 Average Gaussian filtering on the ratio image
8 Application of the mask on the ratio image

irregular shapes, including the presence of ligaments. Thus,
the separation must be defined. This require a high-resolu-
tion visualization of the liquid structures using single-shot
imaging. This has been applied using high-resolution pla-
nar laser-induced fluorescence (PLIF). It has been shown
by Berrocal et al. (2018) and Berrocal et al. (2019) that LIF
detection provides several advantages for imaging spray
formation region, while elastic scattering is not faithful to
the liquid structures. This is due to the fact that elastically
scattered light is generated at the liquid/gas interfaces and
a collimated beam will have light reflected and refracted
to some preferential directions. This creates a number of
unwanted artifacts such as glare points and strong reflections
responsible to saturation spots on the recorded images. Con-
versely, the LIF signal generated within the liquid is mostly
volume dependent and shows faithful images of the liquid

. Spray
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structures as shown in the zooms images of Fig. 3. Also, the
use of a compact telecentric lens makes it possible to reduce
the contribution of out-of-focus light, because of its short
depth-of-field, thus providing more clearly sectioned images.
The optical set-up used for PLIF imaging is the same as that
represented in Fig. 2 (without the optics for Mie imaging).
The compact telecentric lens (No. 6 in Table 1) allows to
visualize spray areas of 13.3 x 13.3 mm? with a spatial reso-
lution of 6.5 pm/pixel.

As shown in Fig. 3, the injector is embedded in the com-
bustion chamber dome to a depth of about 3 mm. There-
fore, a small part of the liquid cone is not observed. Three
atomization regions are illustrated in the close-ups (Fig. 3).
In the primary breakup zone, which extends from the back
chamber to the first 10 mm, the development of instabilities
on the surface of the liquid cone generates ligaments. In this

Fully Developed Spray

Liquid injection
P, = 4.5 bars

Fig.3 High-contrast / high-resolution visualization of the ethanol hollow cone spray using the PLIF technique. The different atomization

regimes are illustrated in the circles that represent close-ups of the spray
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zone, the first large liquid clusters are torn off. However,
droplets are not yet formed and, therefore, this spray area
cannot be investigated using the LIF/Mie technique. In the
secondary breakup zone, which extends from 10 to 20 mm,
due to aerodynamic forces, the ligaments have all been
disintegrated and replaced by large liquid bodies, most of
them with droplet-like shapes. The last region of the spray,
beyond 20 mm from the injection point, is the dilute zone
where breakup is over and only droplets are present. As a
result, in both the latter spray areas, the LIF/Mie technique
can be confidently applied, and both fluorescence and scat-
tered light intensities are assumed to be proportional to the
intensity of the incident light on the particle. The advantage
of the LIF/Mie technique is to eliminate this dependence on
the incident intensity, which can vary in the field-of-view
due to the inhomogeneity of the laser sheet.

3.2 Multiple light scattering analysis

As previously mentioned, multiple light scattering (more
than one order of scattering event) is the major drawback
when applying laser planar imaging in sprays. It is related
to the density of the spray [#/m’]: the denser the spray, the
more multiple scattering occurs. To estimate multiple scat-
tering, the use of a Monte Carlo software such as “Multi-
Scattering” (Jonsson and Berrocal 2020) makes it possible
to define the number of scattering events for a defined opti-
cal condition. The implementation of the simulation can be
summarized as follows: First of all, photon packets are emit-
ted from a light source. The angular and spatial distribution
of the light source can be adjusted depending on the purpose
of the simulation (here the interest is to reproduce the illu-
mination of a laser sheet). A measurement volume repre-
sentative of a part of the spray is then defined. Throughout
this volume, the multi-scattering code attempts to solve, via
the Monte Carlo method, the Radiative Transfer Equation
(RTE):

10IG5. 0 _

C o —MS.I(?', s, t) - ya.l(?',}, t)

, , @)
+/4S/ f(3.3)1(7.5.1)dQ
4

where C is the speed of light, 7 is time, 7 is the vector posi-
tion, § is the incident direction of propagation, u, and u,
are, respectively, scattering and absorption coefficients and
f (3/3) is the scattering phase function derived from the
appropriate scattering theory (i.e., Lorenz—Mie or Rayleigh-
Gans theory). In this equation, the variation of light intensity
(1) along an incident direction is due to the loss of intensity
by scattering in other directions (first term) and absorption
(second term), to which is added the gain in intensity due to
multiple scattering (last term). At the end of the calculation,

photon paths are tracked within the simulated volume.
Random samples are taken from successive probability
distributions, which govern various interactions and transi-
tions. Once a photon packet exits the simulated volume, the
parameters of interest are extracted from its traveling his-
tory. Among these parameters, the intensity profile and the
scattering orders can be obtained. These steps are repeated
for a large number of photons until sufficient statistics are
accumulated (by tracking several billion photons).

In order to solve the RTE, the boundary conditions
must be defined through parameters such as the droplet
size distribution and the optical properties (i.e., the laser
wavelength, refractive index of the liquid and surround-
ing medium, the scattering and absorption coefficients y,
and y,) of the light transmission (7) are determined by the
Beer-Lambert law:

— @ — 0D
10 "¢ ®)

where /(0) the initial intensity, /(x) the transmitted intensity,
and OD the optical depth (also called z in the literature).
During a laser / spray interaction, the OD parameter defines
the average number of scattering events that statistically
occur when a photon crosses the spray. According to Eq. 8,
the initial intensity decreases exponentially over the distance
traveled by the laser beam through the spray, giving rise
to the extinction phenomenon. Under the hypothesis of a
homogeneous low-density medium, OD is defined as:

OD=py,-x=N-0,-x )

where u, [m~!] is the extinction coefficient, x [m] the dis-
tance traveled by the light in the absorbing medium, N [#/
m?] the particle density, and o, [m?] the extinction cross
section. The local extinction coefficient u, [m™'] is a spray
characteristic parameter because it describes the probability
of interaction between light and matter per distance unit.
From Van de Hulst (1981) and Bohren and Huffman (1983),
the extinction concept results from scattering and absorption
phenomena of an incident electromagnetic wave crossing a
turbid medium. Thus, this signal attenuation phenomenon
corresponds to the sum of both contributions: scattering and
absorption.

He = Hyt Uy (10)

To carry out the simulation, the boundary conditions
mentioned above must be known. The particle size distri-
bution is obtained with PDA measurements (used for the
LIF/Mie calibration), the laser wavelength is known, and
the refractive index depends on the liquid used, but no
information on the transmittance of the medium is avail-
able. To determine the transmittance of the studied spray,
several experimental measurement techniques based on the
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Fig.4 a Experimental set-up used to measure mean transmis-
sion through the spray b Average OD mapping (500 instantaneous
images considered) of the ethanol hollow cone spray (without Rh6G),
obtained for a maximal injection pressure value of 4.5 bars

Beer-Lambert law (Eq. 8) are cited in the literature (Kris-
tensson et al. (2011), Wellander et al. (2011), Stiti et al.
(2022)). The simplest technique to implement is described
by Stiti et al. (2022), where an integral measurement is
realized through the spray and allows an OD map to be
obtained.
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3.2.1 Optical depth measurements

The experimental set-up used to measure the OD is pre-
sented in Fig. 4a. Two spherical lenses and a low-divergence
broadband-spectrum xenon lamp (No. 2 in Table 1) filtered
at 532 nm are used to generate a collimated light beam diam-
eter of approximately 12 cm. The detection is composed of
a sSCMOS camera (No. 3 in Table 1) connected to a large
telecentric lens (No. 5 in Table 1) equipped with a 532 nm
band-pass filter (No. 9 in Table 1). The experimental proce-
dure is as follows: image acquisition is first realized without
spray injection, in order to determine the maximum incident
intensity on each pixel of the camera (/(0) in Eq. 8). Image
acquisition is performed with spray injection, to determine
the amount of light transmitted through the spray (/(x) in
Eqg. 8). The OD image is then reconstructed from the two
previous images, using the following equation:

1(x)

OD = _mﬂ (11)

Figure 4b shows the OD results obtained for the highest
fuel injection pressure in the experiments (P;,;=4.5 bars).
OD is above 0.8 in the first 5 mm, which corresponds to
the primary breakup zone. OD values can reach 0.4 in the
secondary breakup zone (between 10 and 20 mm on the
Z-axis) and remain below 0.2 in the dilution zone (beyond

20 mm on the Z-axis)

3.2.2 Simulation results

Since the LIF/Mie technique will only be applied in the sec-
ondary breakup and dilute zone, two representative simula-
tions are performed in order to quantify multiple scattering
(Fig. 5a). Two representative volumes of these two zones are
defined and the average representative OD measured in Fig. 4b
are applied. The parameters for the simulation are summarized
in Table 3:

The optical collection angle of the photons in the simula-
tion is equal to 7° and calculated from the telecentric lens
information (No. 5 in Table 1): f/N=8, a field-of-view of
80 mm and a working distance of 226 mm. The results of
the simulation are displayed in Fig. 5b, c. For each zone, a
map of the distribution of all photons at the output plane
is displayed on the left hand and middle side, then the per-
centage of all the scattering orders observed is represented
on the right-hand side. The maps of the distribution of all
photons are extracted at a scattering angle of 90° to the laser
sheet (the same configuration as the experimental set-up in
Fig. 2). Results show that in the secondary breakup zone,
single scattering is about 48% and the mean number of scat-
tering events per detected photon is 1.71. By contrast, in the
dilute zone, single scattering becomes the dominant process
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Table 3 Parameters for the simulation

Parameters Secondary breakup zone Dilute zone
\4 10x10% 10 mm’ 30%30x30 mm’
OD 0.4 0.2

(~70%) and multiple scattering reduces significantly (the
mean number of scattering events per detected photon is
1.37). According to Berrocal (2006), multiple scattering is
negligible until there is a mean of 2 or more scattering events
per photon. Additionally, Grosshans et al. (2015) considered
that a region of a spray is optically dense when the intensity
ratio between the incident light 7 (0) and the transmitted
light 7 (x) is less than 37%. In our case, the ratio 7 (x)/I (0)
exceeds 70% over the entire spray studied. In conclusion,
the use of a SLIPI module, allowing the suppression of the
effects of multiple scattering in the spray, is therefore not
required for the next LIF/Mie measurements under these
conditions. In order to limit multiple scattering, observed in
the simulation for OD =0.4 (Z=5-10 mm on Fig. 4), LIF/
Mie measurements will be performed from 10 mm from the
combustion chamber dome.

4 Analysis of the LIF/Mie technique

In this section, a study of the parameters that influence the
LIF and Mie signals is carried out, allowing the possibilities
/ limitations of the technique to be determined.

4.1 Analysis of the parameters that alter LIF
intensity

The fluorescence emission is assumed to be isotropic:
intensity does not depend on the viewing angle around the
droplet (Coppeta and Rogers 1998). According to Felton
et al. (1993), the main parameter that affects the relation-
ship between fluorescence intensity and particle volume is
the dye concentration C [mol/m?]. On the one hand, since
fluorescent intensity is generally low, it could be tempting
to increase the dye concentration. On the other hand, it
would correlatively increase the absorption of laser light
through the droplet and make the fluorescent intensity no
longer proportional to the droplet volume, but to the diam-
eter to a power F(C) smaller than 3 (Eq. 12):

F(C)
I, = Ik, ) n,D] (12)

where /; is the incident light intensity and &, is a constant
that is determined from calibration. To define which con-
centration of Rh6G has to be used in the experiment, a
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Table 4 Estimation of the

. . . Concentration k index

imaginary part of the refractive

index given by Eq. 12 1 mg/L L.OIE—06
10 mg/L 1.01E-05
100 mg/L 1.01E-04

study on the evolution of F as a function of C is carried
out through the GMLT (generalized Lorenz—Mie Theory)
software (Mées and Gouesbet 2001). This software makes
it possible to calculate, in the three dimensions of space,
the excitation field within an illuminated droplet. In this
context, the droplet is considered as a spherical and homo-
geneous particle. The calculation of the excitation field
is performed in the framework of the generalized Lor-
enz—Mie theory. The input data for this code are the real
(m) and imaginary (k) refractive index, the diameter (D) of
the droplet, the laser excitation wavelength (1), the width
of the laser beam (e), the position of the droplet in the
laser beam and the laser polarization (S-pol or P-pol). The
wavelength (532 nm) and the polarization (P-pol) used in
the simulation are defined by the laser used in the experi-
ments. Then, the droplet is placed at the laser waist (X, Y,
Z)=(0, 0, 0) and the half width of the beam is assumed
to be infinite. Since the liquid used in the experiments
is ethanol, the real part (m) of the refractive index is set
at 1.36. Since the imaginary part is proportional to the
concentration of dye in the liquid, an estimation is made
by calculating:

ACg,

k=M _
T 4n 4rzp (13)

With A the excitation wavelength, set at 532 nm, C
the dye concentration [g/L].e, the molar extinction [L/
cm*Mol] (set at 113 577 according to Taniguchi et al.
(2017)) and p the molar mass [g/Mol] (set at 479.01
according to Coplen (1996)). The calculated values of k
for different dye concentrations are given in Table 4.

Once the laser excitation field is calculated within the
droplet, it is spatially integrated over the entire volume of
the droplet. This step is then repeated for different particle
diameters. The results are available in Fig. 6b. The analysis
of the evolution of the fluorescence intensity as a function
of the droplet diameter finally makes it possible to estimate
the value of the F exponent: increasing the dye concentra-
tion decreases the value of the exponent F. A concentration
of 10 mg/L is a good compromise between a sufficiently
intense LIF signal, low absorption, and an F(C) close to 3
(F=2.97). Therefore, in the remainder of the paper, a con-
centration of 10 mg/L will be used.
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4.2 Analysis of the parameters that alter Mie
intensity

The fundamental hypothesis given by Yeh et al. (1993),
assuming proportionality between the scattered intensity and
the droplet square diameter, has been demonstrated to not
be valid in practice (Charalampous and Hardalupas, 201 1b).
Indeed, the scattered intensity /, depends on the intensity of
the light incident on the droplet /;(4), on the droplet diameter
D, on the refractive index of the liquid »n and on the scat-
tering angle a. As a result, the proportionality relationship
between the scattered intensity and the D? is replaced by a
diameter to the power M (4, D, a, n):

I, = Ik, Y n,DM P (14)

where k, is a constant that is determined from calibration.
Since the parameters 4 and n of Eq. 14 are constant in the
experiments (4 =532 nm and n=1.36 + 1.01E—05i), the
study of the parameters influencing the Mie intensity con-
cerns the scattering angle o and the droplet diameter D.

4.2.1 Influence of the scattering angle

The scattering angle a is defined as the angle between
the direction of the light incident on the particle and the
detection (or observation) direction. According to the Lor-
enz—Mie theory (Lorenz 1890; Mie 1908), for a certain
droplet diameter (whose size is equivalent to the excitation
wavelength), there is a strong dependence between scattered

intensity and scattering angle. When using a conventional
lens, some variation in scattering angle is observed in the
measurement field, making the application of intensimet-
ric measurement difficult. With the LIF/Mie technique, this
strong angular dependence cannot be corrected by simply
calculating the ratio image because it only affects the Mie
signal. A correction approach suggested by Findeisen et al.
(2005) consists in generating an image with homogeneously
distributed particles and using it as a flat-field image. How-
ever, the solution is only applicable if monodisperse seed-
ing is used. An alternative could be to determine the most
favorable scattering angle that makes it possible to reduce
the intensity variation in the camera field-of-view. Finally, a
promising solution to remove this angular dependence is the
use of a telecentric lens, which only collects parallel or col-
limated rays that originate from the laser sheet. Therefore,
no angular variation is expected within the field-of-view. To
demonstrate the interest of this latter solution, a comparison
is made between a conventional lens (No. 4 in Table 1) and a
telecentric lens (No. 5 in Table 1) in Fig. 7, under the same
experimental conditions (liquid injection pressure of 3 bars
and a liquid mass flow-rate of 2.20 g/s).

A mean scattering image of the longitudinal section of
the spray is presented in Fig. 7a. This image, obtained with
the conventional lens, is not symmetrical about the Z-axis.
In fact, an attenuation of approximatively 8% between the
maximum amplitudes of the two peaks A and B is observed
on a vertical Y-profile at Z=15 mm from the injector
(Iypy=92% I4))- In order to understand this result, the main
parameters that influence the scattered light intensity I, will
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Fig.7 Left: Average Mie scattering image of the ethanol hollow cone

spray, obtained for a fuel injection pressure P;,; =3 bars. The images

are recorded with: a Conventional and b Telecentric lens. Right: Ver-

be investigated (Eq. 13). First, the refractive index and the
wavelength are constant and can, therefore, be discarded.
Second, the LIF profile, shown in Fig. 7a, is symmetrical,
implying that the asymmetry is not related to the spray topol-
ogy. Although not shown here, the diameter profiles meas-
ured by PDA are almost symmetrical about the Z-axis (+ 1%
difference between SMD at points A and B). Third, the laser
light extinction through the spray (from A to B) is negligible
due to low optical depth (OD < 0.4). Finally, the only factor
that may explain the dissymmetry of g is a variation of &
within the field-of-view. This angular dependence can be
quantified by means of MiePlot simulations. Calculations
are performed considering a PDA size distribution measured
on the edge of the spray (droplet range: 1-150 pm), with a
laser wavelength of A=532 nm and the refractive index of
ethanol + Rh6G (Cgp =10 mg/L —n=1.36+1.01E—-05i).
Calculations are restricted to a+ 6° range around a scattering
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tical Y-profiles on Mie images at Z=15 mm from the injector and
definition of the local scattering angle. The laser sheet propagates
from top to bottom

angle of 90° because in the experiments with the conven-
tional lens, the scattering angle varies from 84° (top of the
image in Fig. 7a) to 96° (bottom of the image in Fig. 7a); and
it is equal to 89° and 91° for points A and B, respectively.
Simulation results are presented in Fig. 8. The difference
in scattered intensity between A and B is roughly equal to
7%, which is similar to the relative intensity drop in the Mie
scattering image. In the present experiments, the difference
is low due to the small opening angle of the spray (60°),
which limits the vertical distance between the two peaks A
and B to 12 mm (which corresponds to a 2° angular devia-
tion). For a spray with a larger opening angle (90°), calcula-
tions show that the intensity difference between points A and
B is about 18%, which would further bias measurements.
Benefits of telecentric optics are clearly shown in Fig. 7b,
where the intensity profiles on the Mie images are almost
symmetrical about the injection axis. A difference of 2%
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Fig.8 Evolution of the scattered intensity as a function of the scatter-
ing angle, in the range [1-150] um. Curve a is defined for an observa-
tion angle between the lens and the measurement plane of 90°, while
curve b represents an observation angle of 60°. A and B represent the

is observed between points A and B, which is similar to
the small dissymmetry observed in the PDA results. The
slight remaining dissymmetry originates from other physi-
cal phenomena intrinsic to the spray or the injector (e.g.,
manufacturing tolerances).

The inaccuracy of droplet sizing using a conventional lens
is proportional to the variation of the Mie intensity signal
between both edge of the image, resulting from the local
scattering angle imposed by the lens. It has to be noted that
this phenomenon is not present when using a telecentric
lens (@ is fixed at 90°). Owing to these good results, the use
of the telecentric lens has been retained in the experiments
presented hereafter. The telecentric lens has a fixed working
distance of 227 mm.

=

A

Scattering
angle o

15000 [ T

£

z

=

]

g

=

2 \

1 A: AL
s : W
§£ 10000 a=59° . F s
=

v

=

<

E

-

=]

Z

=14 886

5000

0 Il 1 Il 1 Il Il 1
55 56 57 58 59 60 61 62 63 64 65

Scattering angle a [°]

positions of the two peaks presented in Fig. 7. The intensity decrease
is significantly higher: 16% at a mean scattering angle of 60° and 7%
at 90°

4.2.2 Influence of the droplet diameter

The last parameter that affects the relationship between the
scattered intensity and the droplet surface is the droplet
diameter D. According to Charalampous and Hardalupas
(2011b), in the range of interest 1-150 um, the D? law is
invalidated and the M exponent steadily decreases. In addi-
tion, recent work conducted by Koegl et al. (2022) has
shown that the polarization of the incident light influences
the proportionality between Mie signal and droplet diameter,
which therefore influences the sensitivity of the LIF/Mie
results. Previous work carried out by Hofeldt (1993a, 1993b)
has highlighted that perpendicular polarization (s-pol) is
proportional to the square of diameter D?, while parallel
polarization (p-pol) is proportional to the diameter D. With
these considerations, Stiti et al. (2023) have developed a new

@ Springer



165 Page 140f 19

Experiments in Fluids (2023) 64:165

method combining SLIPI and polarization ratio method to
measure the D, field in an optically dense spray.

In order to quantify this impact of droplet diameter and
incident polarization on M exponent, a numerical study is
carried out through the MiePlot software (Laven 2008).
Simulations are performed on monodisperse droplets
with diameters ranging from 1 to 150 pm. The input data
for the calculation consider here again a laser wavelength
of =532 nm, a refractive index of n=1.36+ 1.01E-05i
(ethanol + 10 mg/L of Rh6G), and a scattering angle of
90°. The calculation is made for a diameter increment of
AD=0.05 pm. The results obtained confirm first the obser-
vations reported in the literature, i.e., the s-pol signal is
nearly proportional to D? (M = 1.9032), while the p-pol sig-
nal is nearly proportional to D (M =0.9131), in the range of
interest: 1-150 pm (Fig. 9a). For this reason, s-pol seems
essential when measuring SMD with LIF/Mie technique.
Figure 9b shows different trends depending on the diam-
eter range: for 1-30 pm, the value of the M is 1.723, for
30-100 pm, the value of the M is close to 2.03, and for
10-150 pm, the value of the M is close to 2. Based on this
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Fig.9 Simulation of the Mie scattered signals, s-pol and p-pol as a
function of droplet diameter, in a case of monodisperse size distribu-
tion (A=532 nm, m=1.36+1.01E—05i, §=90°)
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observation, it becomes evident that the particle diameter
significantly impacts the M exponent. Consequently, apply-
ing a single exponent across a broad range of diameters, such
as 1-150 pm, proves challenging. Finally, the determination
of the F and M exponents shows that the LIF/Mie is not
proportional to a diameter:
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> (15)
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= 1:/ has the unit of a diameter to a power of 1.07
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(16)
To overcome this bias, the most straightforward method

consists in applying a calibration on LIF/Mie, which will be
described in the next section.

5 Droplet size characterization
5.1 LIF/Mie calibration

In the literature, different methods are used. For example
Domann and Hardalupas (2003), Charalampous and Hard-
alupas (2004), and Charalampous and Hardalupas (2011a)
have carried out theoretical analysis to correct the propor-
tionality error: First, a droplet size distribution is defined
using a distribution function (e.g., Rosin—-Rammler), and
the corresponding scattered and fluorescent light is calcu-
lated with the Lorenz—Mie theory. Second, LIF and Mie
measurements are compared with the simulations. Finally,
a proportionality coefficient is defined numerically and
applied to the LIF/Mie. Domann and Hardalupas (2003)
made comparisons between SMD results from the LIF/
Mie technique (calibrated by theoretical analysis) and
PDA, showing a 10% sizing error. Mishra et al. (2017a,
2017b), Koegl et al. (2018a, 2018b) or even Koegl et al.
(2018a, 2018b) performed a calibration using a mono-
disperse droplet generator that accurately controls the
droplet diameter in the range of interest. LIF and Mie
signals from the droplets are sequentially recorded as a
function of droplet diameter. The correlation between
LIF/Mie intensity and droplet diameter is then used for
the calibration of the LIF/Mie. The major disadvantage of
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this method is that a monodisperse injection system must
be added to the experiments and the optical set-up must
be adapted to a much smaller field-of-view. Sankar et al.
(1999) and Le Gal et al. (1999) have developed a look-up
table (LUT) to relate the values of SMD measured with a
PDA system and the LIF/Mie ratios deduced from image
processing at the same points. The method is effective,
but the only drawback is the requirement of a second opti-
cal diagnostic technique. In this paper, we have chosen to
use PDA calibration, because this technique is considered
as a reference for accurate droplet sizing. Moreover, PDA
results are also used to make comparisons with LIF/Mie
SMD measurements.

In the literature, many studies have shown that the LIF
intensity of certain dyes exhibits a temperature dependence
(Coppeta and Rogers 1998; Chaze et al. 2016; Doublet et al.
2019). As a result, when using a temperature-dependent
dye, there should be as many calibration curves as tem-
peratures. However, in this paper, the dye used (Rh6G) is
almost independent of temperature: temperature sensitiv-
ity equal to —0.07%/°C (Doublet et al. 2019). Moreover,
it is also well-known that that ethanol evaporation affects
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dye concentration (Koegl et al. 2020) in the droplet volume,
which may bias LIF/Mie ratio measurements. Calculations
of droplet vaporization using the classical D? law were per-
formed and indicate that in our experiments, the droplet vol-
ume remains practically unchanged from right to left on the
images, and that the dye concentration is unaffected.
Figure 10 presents LIF, Mie and LIF/Mie average maps
recorded for an injection pressure of P;,; =3 bars. Build-
ing the calibration table over the largest possible diameter
range requires PDA measurements to be performed at sev-
eral distances from the injector (Z=20-30 mm) and for
different injection pressures (P;,;= 1.5 & 3 bars). For each
pressure, measurements are realized on line segments,
perpendicular to the spray axis (Fig. 11a), along which
mean diameter has the highest spatial gradient. Intensity
profiles are considered at the same Z distances on the
LIF/Mie image and a cloud of experimental points can
be plotted (Fig. 11b). For a given LIF/Mie, oscillations
of diameter values are observed, which may be attributed
to the coherence length of laser radiation that can gener-
ate interferences in Mie scattering. Indeed, as reported in
the literature (Van de Hulst 1981; Bohren and Huffman

Y
) [mm]

|:| : Unformed spray

Fig. 10 Average a Mie, b LIF and ¢ LIF/Mie maps of the ethanol hollow cone spray, obtained for an injection pressure of P;; =3 bars. The laser

sheet propagates from top to bottom
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Fig.11 a Positions of the PDA measurement volume at different
distances (Z=15, 20, 25 and 30 mm) from the injector. b LUT cor-
relating LIF/Mie ratios to SMD measured by PDA. In order to scan
a maximum diameter range, the data are derived from two injection

pressures (P;,;=1.5 & 3 bars) and two distances from the injector

(Z=20 & 30 mm)

1983), the interaction of electromagnetic waves with
droplets results in various scattering orders. As shown
by Albrecht et al. (2003), Bakic (2009), in the far field,
waves from the different scattering orders interfere and
cause the characteristic angular intensity distribution of
the exhibiting scattering lobes. Further investigations
have shown that for ultra-short lasers [fs], the coherence
length can be smaller than droplet diameters (Albrecht
et al. 2003), which eliminates intensity fluctuations in
the far field. However, the present experiments use a Nd:
YAG laser with a 10 ns pulse, which results in the signifi-
cant standard deviation observed on the LIF/Mie. In addi-
tion, the scattering of the results may also be attributed
to low values of LIF signal, leading to low SNR values.
For example, the uncertainty on the SMD is+5 pm for
a LIF/Mie equal to 250 and increases to+ 15 pm for a
LIF/Mie equal to 800 (Fig. 11b). As shown in Fig. 11b, a
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logarithmic law can be used to build the LUT to transform
LIF/Mie images into SMD maps.

5.2 Quantitative measurements of droplet size

In this section, the LIF/Mie technique is applied for quanti-
tative measurements of droplet size in a hollow cone spray,
at different injection pressures. Figure 12 represents differ-
ent SMD maps obtained by applying the LUT on LIF/Mie
maps. As mentioned previously, the first 10-mm downstream
from the injector are not considered when calculating SMD
values, because droplets have not yet formed in this spray
region. At first sight, it is obvious that the spray is not per-
fectly symmetrical around the injector axis; larger droplets
are present in the lower part of the spray. Although the laser
sheet propagates from top to bottom on the spray image,
no systematic signal extinction is visible along that direc-
tion on both LIF and Mie images. This suggests that there
must be other physical reasons in the spray formation pro-
cess that lead to the asymmetry, as mentioned previously.
In Fig. 12a for an injection pressure of P;;=1.5 bars, the
spray does not yet appear to be formed, because the hollow
cone representative of this type of injector is not apparent.
Between 10 and 20 mm, the SMD varies from a minimum
of about 50 pm in the center to a maximum of 100 pm at
the edges. Since the spray is not completely open, between
30 and 50 mm, droplets from the top and the bottom mix
together, which increases the SMD to approximately 75 pm
in the center. In Fig. 12b for an injection pressure of P;,;=3
bars, the spray seems to have reached its optimum opening
angle of 60°. The hollow cone clearly appears and the SMD
varies between a minimum value of 30 pm in the center
and a maximum of 110 pm at the edges. In Fig. 12c¢ for an
injection pressure of P;;=4.5 bars, the spray is well-formed,
and the hollow cone is even more apparent. The spray looks
almost symmetrical. The SMD varies between a minimum of
about 20 pm in the center and a maximum of 110 pm at the
edges. Validation of these results is performed by comparing
SMD values deduced from the LIF/Mie image processing
with those obtained by PDA measurements. The results are
shown in Fig. 13. The comparison is carried out at Z dis-
tances different from those used to construct the calibration
table: Z=15 and 25 mm. A good match between measure-
ments is observed, both at the edges and at the center of the

spray.

6 Conclusions

In this paper, the LIF/Mie technique was investigated experi-
mentally and theoretically, on an ethanol hollow cone spray
generated by a pressure swirl atomizer, using an innovative
optical set-up including a TwinCam system and a telecentric
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Fig. 13 Comparison between PDA and LIF/Mie SMD measurements,
for two injector distances (Z=15 and 25 mm) at P;; =3 bars

lens. The TwinCam system allows the physical superimposi-
tion of the optical paths and simplifies the ratio measurement
by contrast to set-ups used in the literature. Experiments and
simulations first showed that the optical conditions imposed
by the spray do not prevent the application of the technique
(i.e., low laser attenuation and limited multiple scattering).
The parameters influencing the Mie and LIF images were
then analyzed, and the results showed that the assumptions
of proportionality between fluorescence/scattering intensity
and volume/surface droplet are not valid in the present spray.
The present paper shows that the telecentric lens, which only
collects light parallel to the optical axis, makes it possible
to remove the angular dependence of the Mie signal on the
images. Moreover, the diameter of the particles strongly

influences the M exponent, and it is difficult to apply a single
exponent over a wide range of diameters. To overcome this
dependence, a calibration of LIF/Mie, based on the use of a
LUT, was also implemented to relate the SMD measured by
PDA and the LIF/Mie. The technique was then applied to
study the influence of various parameters on droplet size in
the spray, and the comparison between PDA measurements
and LIF/Mie obtained by LUT shows a good agreement with
an uncertainty close to 12%. Finally, the study demonstrates
the strong capability of the LIF/Mie technique for further
industrial applications with two outstanding advantages
compared to point-measurement techniques: a whole map
is available with a high spatial resolution and within a rea-
sonable time. The next work will be to apply the technique to
denser sprays where the use of the SLIPI device is necessary.
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