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Abstract

In this article, structured laser illumination planar imaging and polarization ratio techniques are successfully combined to size
droplets in various optically dense sprays. The polarization ratio approach is based on the acquisition of the perpendicular
and parallel polarized components of Lorenz—Mie scattered light, for which the ratio is proportional to the surface mean
diameter, D,,;. One of the main advantages of this technique, compared to some other laser imaging techniques for particle
sizing, is that no fluorescent dye is required. This makes the technique suitable for characterizing sprays under evapora-
tion conditions, such as combustion or spray drying applications. In addition, the SLIPI technique aims at suppressing the
detection of multiple light scattering and at extracting the desirable single-light scattering signal. To test the reliability of
this novel approach, an industrial hollow-cone nozzle is used, injecting at 50 bar water mixed with Glycerol (in the range
of 0-60%). The first aim of this work is to study the experimental parameters that influence the reliability of the technique,
such as the polarization orientation of the incident light, the refractive index of the injected liquid and the variation of the
droplet size distribution. Using Phase Doppler Anemometry, the results show that a linear calibration is obtained for drop-
lets ranging between 10 and 70 pm, when the incident illumination has a polarization set to 10° and 20°. In addition, this
article demonstrates the feasibility of the technique for the measurement of liquids having a refractive index reaching 1.41.
In the last stage of this work, after rotating the nozzle every 5°, a 3D tomographic reconstruction of D, is performed. This
demonstrates the robustness and efficiency of the technique for droplet sizing in 3D, under challenging conditions.

1 Introduction diameter is of utmost importance for the understanding of

the subsequent liquid—air mixing and evaporation processes

According to Rayleigh, a spray is characterized as a collec-
tion of droplets in a gas-filled environment (Rayleigh 1878).
Sprays serve a wide range of applications, including lig-
uid fuel injection in combustion engines, industrial powder
production via spray drying, as well as for some specific
medical treatments. The ability to measure spray charac-
teristics holds fundamental importance, helping to improve
and control the optimization of systems using spray-based
technologies. Regarding combustion science, the knowledge
of spray quantities such as droplet size distribution and mean
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(Ashgriz 2011) (Lefebvre and McDonell 2017).

To measure these quantities experimentally, two laser-
based diagnostics are mainly available in the literature:
point measurements (Durst and Zaré 1975) (Bachalo 1980)
and 2D imaging (Berrocal et al. 2023). Phase doppler
anemometry (PDA) is the most commonly used method
for determining the droplet size and velocity (Bachalo
and Houser 1987; Lacoste et al. 2003; Hage et al. 2010).
Despite providing good accuracy, this calibration-free
method is limited to point measurements, which makes
the technique time-consuming for the characterization of
a whole spray. In order to overcome this limitation, laser
sheet imaging techniques offer an alternative solution,
allowing for high spatial resolution and fast measurements.
For droplet sizing, laser sheet imaging is mainly based on
intensity ratio measurements, such as the polarization ratio
technique (Hofeldt 1993a; Hofeldt 1993b), the LIF/Mie
technique (LIF for Laser Induced Fluorescence and Mie
for the Lorenz—Mie scattering signal) (Yeh et al. 1993;
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Domann and Hardalupas 2003) and the Raman/Mie tech-
nique (Malarski et al. 2009). When using these methods,
the signal ratio is proportional to a statistical mean droplet
diameter (Mugele and Evans 1951). Theoretically, the LIF/
Mie and the Raman/Mie techniques yield a ratio propor-
tional to the Sauter mean diameter (SMD or D3,).

The LIF/Mie technique is often related to the use of
an excitation wavelength in the visible range (Le Gal
et al. 1999; Domann and Hardalupas 2003), leading to the
need of adding a dye in the injected liquid. This limits the
measurement to non-evaporating sprays. To suppress the
fluorescence signal from the vapor phase of evaporating
sprays, the exciplex method LIEF/Mie can be used (Zeng
et al. 2012; Qiu et al. 2023). However, under certain hot
evaporating conditions the amount of dye may not contrib-
ute to the gas phase but instead increase in concentration
in droplets, leading to a significant signal variation during
the measurement time (Frackowiak and Tropea 2010). This
increase of dye in significant proportions can also alter the
physical properties of the fluid, such as surface tension and
viscosity (Stiti et al. 2021). The polarization ratio is a good
alternative technique for 2D droplet sizing in evaporating
sprays because it does not require a fluorescence signal.
This is based on the calculation of the ratio between the
perpendicular (s-pol; f=90°) and parallel (p-pol; f=0°)
polarized scattered lights providing a statistical surface
mean diameter (D).

In practice, intensity-based techniques depend on param-
eters such as laser excitation wavelength, refractive index,
scattering angle and particle size. As demonstrated in the
literature, these parameters affect the respective proportions
of the light intensity ratio and mean diameter (Massoli et al.
1989; Charalampous and Hardalupas 2011a, b; Bareiss et al.
2013). A calibration procedure is applied by comparing the
intensity ratio with the results obtained by a PDA instru-
ment in a steady-state spray (Sankar et al. 1999; Le Gal et al.
1999), or by using a monodisperse droplet generator that
accurately controls the droplet diameter within the range of
interest (Koegl et al. 2018a, b).

In sprays of low optical density, where single light scat-
tering predominates, laser imaging can directly provide
quantitative results (Garcia et al. 2023). However, in opti-
cally dense sprays, additional scattering events occur leading
to unwanted contributions (Berrocal et al. 2005a; b) (Lehnert
et al. 2023):

1. The signal generated from the laser sheet can be multiply
scattered on its way to the camera (along a path normal
to the laser sheet).

2. The laser sheet widens along the incident path through
the spray due to multiple light scattering in semi-forward
direction. This broadening of the illumination generates
a signal out of the intended plane.

@ Springer

A technique based on the use of spatially modulated laser
sheet, called SLIPI (Structured Laser Illumination Planar
Imaging) (Berrocal et al. 2008; Kristensson et al. 2008), sup-
presses efficiently all the unwanted light described in the con-
tribution 1 and most of it described in the contribution 2. The
technique has been applied to various liquid injection systems
including hollow cones (Kristensson et al. 2010), air assisted
(Wellander et al. 2011), diesel (Berrocal et al. 2012) and direct-
injection spark-ignition (DISI) (Koegl et al. 2019) sprays. In
addition, SLIPI can also be used for the three-dimensional
(3D) reconstruction, by collecting 2D planes shifted in space
(Wellander et al. 2011; Mishra et al. 2019). In a recent study
(Stiti et al. 2023), it has been demonstrated for the first time
that the polarization ratio technique is successfully applicable
to optical dense sprays when coupled with the SLIPI method.

The aim of the work presented in this article is to perform
an experimental and numerical analysis of the parameters
influencing the polarization ratio technique and to provide
insights and limitations of the technique for future particle
sizing of dense atomizing sprays. The remainder of the paper
consists of five sections:

e The first section revisits the theoretical background of the
technique and conducts numerical Lorenz—Mie simulations
to demonstrate its applicability to a polydisperse spray.

e In the second section, a detailed description of the
experimental setup is presented, featuring the utilization
of a telecentric lens and a fully integrated beam split-
ter device. Additionally, the post-processing routine for
generating polarization ratio map is outlined in this sec-
tion.

e The third section undertakes an experimental analysis
of the impact of incident laser polarization orientation
on the reliability of the polarization ratio with the D,
droplet size.

e In the fourth section, the study focuses on the polariza-
tion ratio measurement capabilities for different complex
refractive indices (n = n, + ik). Both numerical (MiePlot
simulations) and experimental studies are employed.

e Finally, an optimal configuration of SLIPI-polarization
ratio is defined and the measurement of D,, is achieved
in 3D on an industrial transient water spray running
at 50 bar injection pressure. Those measurements are
achieved by rotating the injector and doing a tomographic
reconstruction.

2 Theoretical background of polarization
ratio droplet sizing

The first applications of the polarization ratio technique were
presented in early 1980th, where the results were related to
the use of isothermal sprays and to combustion applications
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(Beretta et al. 1981, 1983, 1985). In Beretta and co-workers
work, the physical understanding of light scattering by drop-
lets is limited to the interpretation of the angular scattering
coefficient u (#) [m~'] which is directly proportional to N
[#/m?], corresponding to the number of droplets by volume
unit (Beretta et al. 1985):

14,(0) = No(0,n, D) )

where 6(0, n, D) is the angular scattering cross-section [mz],
which is a function of the scattering angle 6 [°], the droplet
diameter D [m] and the complex refractive index n (Van de
Hulst 1981).

Two physical interpretations can be attributed to the scat-
tering cross-section: first, it corresponds to the ratio between
the total flux of light scattered by a droplet W, [W] and the
incident light flux density /, [W/mz]; second, it can be inter-
preted as a geometrical cross-section receiving the incident
energy and scattering it according to an efficiency factor Q:

W(6,n,D)
1.

L

o,0,n,D) = = Q(6,n)o,(D) )
where o, [m?] is the geometrical cross-section which depends
on the observed droplet diameter D [m] (o, = zD?/4).
Using this approach, Massoli and co-workers, or even
Hofeldt and Hanson, extended the technique to the appli-
cation of the polarization ratio technique to single droplet
sizing (Massoli et al. 1989; Hofeldt and Hanson 1991).
The polarization ratio is obtained by analyzing the signal
produced by individual droplets, at an observation angle
of 6=90°. The authors demonstrated that, over a large size
range (10-200 pm), the s-pol signal is proportional to the
projected surface area (D?), whereas the p-pol signal is
proportional to the diameter (D). By applying an s-pol/p-
pol ratio, it is thus possible to recover a value close to D,,.
However, the strong oscillations in the light scattered by
micrometric spherical droplets prevent any direct correla-
tion between size and scattered intensity (Hofeldt 1993a; b).
These Lorenz—Mie oscillations are caused by the interfer-
ence of light scattered from different refractive orders inter-
acting within a single droplet. A solution to this problem was
found by Beretta and co-workers, who studied the effects of
absorption on polarization ratio technique using numerical
methods (Beretta et al. 1985). They demonstrated, for a sin-
gle droplet, that the surface waves are progressively damped
as the absorption index increases. Indeed, in the case of a
transparent sphere, the wave mostly travels in a lossless
medium. However, if the droplets are no longer transparent,
part of the energy is absorbed and the surface waves are
more strongly damped and consequently the oscillations in
the scattered intensity decrease. The major drawback with
this solution is that, for liquids with a low absorption rate at
the excitation wavelength (e.g., water at 532 nm), a dye must

be added. An alternative solution is the use of ultra-short
laser pulses to significantly reduce the oscillations from the
scattering phase functions (Bakic et al. 2008). To solve this
issue femtosecond laser pulses can be used for droplet siz-
ing based on the polarization ratio technique (Bareiss et al.
2013). The results of this study confirm that the time and
coherence length of the incident laser light influence the
development of Lorenz—Mie signal ripples. All of this pre-
liminary research on the polarization ratio technique relates
to single droplets. However, according to Hofeldt (1993a),
with a polydisperse spray where the intensity-based scat-
tered measurements are derived from a statistical droplet
size passing through the measurement volume, the strong
oscillations induced by the large droplets are also attenuated
by the contribution of the smaller droplets. These results can
be demonstrated numerically by calculating the scattered
light from a sphere using the Lorenz—Mie theory and the
Debye series. Laven developed a computer program (Laven
2008), called “MiePlot”, using a simple interface, based on
the classic BHMIE algorithm (Bohren and Huffman 1983).

In the case of a polydisperse spray, where the droplet sizes
can be described by a distribution function f(D), Eq. (1) can
be rewritten for each polarized scattering coefficients:

(s

p(0) = / No(6,n,D)f(D)dD o N / Df(DdD  (3)
0

0

MO / Noy(8,n, D)f(D)dD & N / Df(D)dD ()
0 0

where o (6, n, D) and o) (0, n, D) are the s-pol and p-pol scat-
tering cross-section, respectively.

Simulations were carried out using the MiePlot soft-
ware to demonstrate the dependence indicated in Egs. 3
and 4, as shown in Fig. 1a, b. The input data for this code
are the real (n,) and imaginary (ik) parts of the refractive
index, the laser excitation wavelength A, the scattering
angle 0, the laser polarization (s-pol, p-pol or Unpolarized)
and the diameter range of the droplet D (single droplets
or polydisperse distributions). The results show the simu-
lated Lorenz—Mie scattered intensity for s-pol and p-pol
polarization as a function of droplet diameter in 1-100 um
range. A scattering angle of 90°, a center wavelength of
A=532, arefractive index of n=1.33 + Oi (pure water) and
a diameter resolution of A@=0.05 pm are used for the cal-
culations, corresponding to the experiments described in
the second section of this paper. For monodisperse diam-
eter distributions, the results show strong ripples for large
droplets. However, these strong oscillations can be reduced
by the polydispersion of a spray, as shown in Fig. 1 (b). In
the polydisperse simulation, the mean diameter is given

@ Springer
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Fig. 1 MiePlot simulations of the Lorenz—Mie scattered signals s-pol
and p-pol, as a function of water droplet diameter when consider-
ing single droplets in (a) and polydisperse size distributions in (b).
The related polarization ratio y is respectively given in (c¢) and (d),

along the x-axis, assuming a log-normal distribution with
a standard deviation of 20% and using 20 points in the dis-
tribution. This type of droplet size distribution is typically
observed in simple x-type pressurized injectors, similar to
the one employed in this article. Hence, this distribution
hypothesis is utilized here as an initial approximation. The
signal detection is assumed as a point receiver located at
90° scattering angle where an additional aperture (+2.5°)
is also considered to simulate the collection angle Af=5°
of the telecentric lens used in the experiment. It can be
observed in Fig. 1c, d that the collection angle reduces the
oscillations. However, the theoretical residual uncertainty
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without aperture (in yellow) and with an aperture angle of A@=5° (in
green). The ratio is obtained with an incident light polarization ori-
ented at f 45° (50% s-pol and 50% p-pol). For better readability, the
vertical scale on c is plotted on a logarithmic scale

remains evident and is imposed by the presence of ripples
which increases for larger droplets. In addition, a reduction
of ripples in the scattering phase function can be observed
when the polydispersity is considered in the simulation.
On the one hand, for single droplet applications, the
results show a nonlinear relation between polarization
ratio y and diameter D (the best fit is given by the linear
trend given on the graphic: y =1.03D-5.35). On the other
hand, for polydisperse configurations, the results show a
quasi-linear relation between ratio and mean diameter (the
best fit is given by the linear trend given on the graphic:
y=0.09D+0.37).
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To further investigate the theoretical relationship between
the polarization ratio and D,,, the influence of the droplet
size distribution function is studied. Three log-normal dis-
tributions with different standard deviations (¢1 =0.01%,
02=1%, and 63 =20%) and two bimodal distributions (a
narrow one and a broad one) are used to compute the ratio.
The results are illustrated in Fig. 2. Notably, significant
oscillations are observed for the log-normal distribution
with 61 =0.01%. In this case, the results are similar to those
obtained using single droplets. This type of monodisperse
distribution is not representative of the spray investigated
experimentally. Conversely, for models with 6=1% and
20%, the oscillations are substantially reduced, and the
curves nearly superimpose on each other. Moreover, the
results from the two bimodal distributions align closely with
those of the log-normal models. To quantify the differences
between each distribution, a comparison is realized, where
the ratio values are derived for different diameters.

As shown in the “Bimodal vs Log-normal distribution”
in Fig. 2, the discrepancy of the ratio values increases with
diameter. Specifically, there is an observed variation in the
range of ratio values of about 7% for small diameter (i.e.,
D, =10 pm), while it reaches 58% for large diameter (i.e.,
D, =80 pm). Additionally, the results indicate ratio val-
ues higher for a log-normal distribution. This observation
suggests that the significant presence of large droplets may
affect the accuracy of the ratio, particularly for higher D,,;
values (> 50 pm). For example, in the case of a log-nor-
mal distribution for a D,; =60 pm and a standard devia-
tion 63 =20%, it is possible to find several droplets above
100 pm, unlike the other distributions where diameters do
not exceed 90 pm. Hence, the shape of the particle size dis-
tribution seems to significantly influences the value of the
ratio.

As previously stated, the polarization ratio technique is
based on the calculation of the ratio of the vertical (s-pol)
and horizontal (p-pol) polarized Lorenz—Mie scattered sig-
nals. Using now an imaging system, where a detection vol-
ume is imaged which contains a certain number of droplets
with different diameters, the signals of the individual drop-
lets (k) recorded by each pixel (i, j) are ensemble averaged.
Considering the signal emitted by the droplets as a scattered
flux density, the ratio of the two perpendicular and parallel
polarized scattered intensities can be written as follows:

<I“> CL TNy c(Dy) s)
Yii = e == b))

TN/ G EeNyDy N

where 7, and /| are the s-pol and p-pol scattered intensity,
N, ; is the number of particles of size k captured in the pixel
of coordinates (i, j), C, and C|| are two constants experimen-
tally determined by a calibration. The intensity ratio meas-
ured in each map pixel is therefore proportional to the local
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Fig. 2 Polarization ratio y as a function of D21 for various particle
size distributions: log-normal (6¢1=0.01%, 62=1%, and 63=20%)
and bimodal. Each simulation is computed with §=90° and an aper-
ture angle of A@=5°. The evolution of the polarization ratio is shown
(plots on the bottom) by assuming four particle size distributions

surface mean diameter, D,, (Lefebvre and McDonell 2017).
Note that experimentally, there is variation of light intensity
that is related to:

e Non-uniformity of the laser beam profile (different light
intensity at different locations)

e Variation of light intensity over time (different light
intensity between each recordings)

e Effects of light extinction along the incident direction
(there is much more light at the entrance of the spray than
at the exit)

@ Springer



96 Page6of19

Experiments in Fluids (2024) 65:96

o Effects of light extinction between the laser sheet and the
camera (various loss of light on the way to the camera as
the droplet concentration is highly inhomogeneous)

However, as the two polarized images are simultaneously
recorded with the same field-of-view, they are both affected
in the same way. Thus, their ratio allows to efficiently
suppressed unwanted effects related to any light intensity
variation.

3 Description of the experiment
3.1 SLIPI-polarization ratio optical setup

The optical setup of the SLIPI-polarization ratio is described
in Fig. 3. A continuous laser (Spectra-Physics Millenia
Prime, 532 nm, 5 W) is used to illuminate the droplets. The
beam is converted into a structured laser sheet of 12-cm
hight and 2-mm thick, by a combination of spherical and
cylindrical lenses. A diffractive optical element (DOE) is
also used to produce a spatially modulated intensity along
the vertical direction of the planar illumination. The top of
laser sheet is located 2 cm downstream from the injector exit,

Cylindrical
lens

Spherical
lenses

CW Laser DOE

S SpectraPhysics

!

which ensures that areas where the spray is not fully formed
(related to the spray formation region) are not considered.

A steady-state water hollow-cone spray, generated by a
pressure swirl atomizer (Tetra Pak injector, simplex model,
Flow Number=23 L h~! bar 2), is investigated in atmos-
pheric conditions. Liquid injection pressure is set to 50 bar,
which leads to a volume flow-rate of 2.7 L/min for water.
Under these injection conditions, the droplet density N [#/
m?] is such that multiple light scattering is predominant in
the spray, preventing intensity-based measurements without
the use of a SLIPI module. Measurements with the same
injection system were previously presented by Stiti and co-
workers, yielding optical depth (OD) values larger than 1
(Stiti et al. 2023).

The light intensity is modulated using a diffractive optical
element (DOE) (Holo/Or, DS-190 532), acting as a light-
efficient Ronchi grating. The 3p-SLIPI method is imple-
mented to maintain the spatial resolution offered by the
detection setup (Berrocal et al. 2008). Three images, modu-
lated and phase-shifted by 2x/3, must be acquired for the
purpose of reconstructing the final image using the 3p-SLIPI
method. Each phase is displaced by vertically transferring
the DOE using a piezoelectric motor (PiMotor). A zero-
order air-spaced A/2 polarizer (Thorlabs, Half-Wave Plates,

(, 360° nozzle rotation

B ~45° Spatially modulated

laser sheet

Cylindrical
lenses

A=532mm -5W Beam Diffractive Spatial' Half-
expansion  Optical Element  filter waveplate
Telecentric Detection
s-pol lens
B =90° Vertical
A polarization Y  Structured
Vertical sCMOS filter light sheet
polarization Cameral X
zZ
Band-pass filter
532 nm
p-pol s
B=0° Cube beamsplitter
PDA measurements
Horizontal sCMOS for calibration data c —

polarization L Camera 2 Horizontal polarization filter

Fig.3 Scheme of the experimental setup for 3p-SLIPI-polarization
ratio measurement. A spatially modulated light sheet is generated by
means of a diffractive optical element. The incident light is polarized
at a 45° angle using a half-waveplate. Scattered signals are collected
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by a telecentric lens (positioned at §=90°), and images correspond-
ing to parallel and perpendicular polarizations are captured on two
cameras using a beamsplitter cube and two polarizing filters
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WPHSMO05-532) is coupled with the 3p-SLIPI device and
used to adjust the polarization axis of the incident beam. The
polarizer is placed at an angular orientation of f=45°as a
first approximation referring to the previous work of (Bare-
iss et al. 2013; Stiti et al. 2023). The reception module is
placed at a scattering angle of 90°. The scattering signal
is recorded using a large telecentric objective (0.066X, 1"
C-Mount TitanTL®), with an aperture angle of A@=5°. As
shown by (Garcia et al. 2023), a telecentric lens is used to
remove the angular dependence of the scattered Mie sig-
nal in the field-of-view: all the light rays collected have a
scattering angle #=90°. The particularities of a telecentric
lens are a fixed magnification at any object distance and
a large depth of field. Two sCMOS cameras (Andor, Zyla
5.5) are used and coupled to the lens by a TwinCam module
(CAIRN research). The two cameras are synchronized using
an Arduino module (Uno Rev3) which receives the acquired
data and transmits to the two cameras simultaneously. A 532
nm specific band-pass filter (Thorlabs, FLH0532-1) is fitted
on the telecentric lens to filter the TwinCam input signal. A
beam splitter cube (Thorlabs, non-polarizing 50/50, BS013)
is used to distribute the signal equally between the two cam-
eras. Polarization filters (Thorlabs, LPVISC100b, OD6) are
placed in front of each camera and oriented as necessary to
collect the required polarization for each sensor.

Various methods can be used to calibrate intensity ratios
from planar laser imaging techniques. An ex situ method
consists of using a monodisperse droplet generator that accu-
rately controls the droplet diameter in the range of interest
(Bareiss et al. 2013; Mishra et al. 2019). Signals from the
droplets are recorded sequentially as a function of droplet
diameter, and the correlation between intensity ratio and
droplet diameter is used for calibration purposes. The major
disadvantage of this method is that a monodisperse injection
system must be added to the experiments, and the optical
setup must be adapted to a much smaller field-of-view. An
in situ method consists of creating a calibration function
(also called look-up table in our previous article (Garcia
et al. 2023)) to relate mean diameter values measured with
a PDA system and the intensity ratios deduced from image
processing at the same points (Le Gal et al. 1999). The tech-
nique is effective, but it requires a second optical diagnostic
technique. In this paper, the in situ calibration method is
chosen. Thus, PDA measurements are taken using an Artium
PDI TK2 to calibrate the polarization ratio and validate the
conversion to D,,.

3.2 Post-processing routine

The acquisition and post-processing routine for the s-pol and
p-pol images is carried out using a custom-made interface
developed on the App Designer from MATLAB. All the
maps presented in this paper are based on the acquisition

and averaging of three modulated images (I, 1|, and I,,,),
where the phase of the sinusoidal modulation of the intensity
is shifted by 120° corresponding to a third of the modulation
period. For each phase, sixty images using a long exposure
time of 80 ms are recorded. The final image of light inten-
sity I 1pr is obtained using the following equation (Berrocal
et al. 2008):

Igppr = ? : \/(10 - 1120)2 + (I — 1240)2 + (I159 — 1240)2
(6)
Figure 4 shows comparisons between conventional s-pol
and p-pol (I,,) and SLIPI (I ;py) images. The laser sheet
propagates from left to right, and, as can be seen, in both
cases the laser signal is attenuated across the spray due to
large droplet density. The polarization ratio y is then recon-
structed according to Eq. 5, for I, and Ig; 1p;. On I, the
hollow-cone spray shape characteristic of the injector used
in the paper is not observed, whereas this shape is visible
on I ;p, which demonstrates the benefits of the SLIPI tech-
nique in terms of removing the multiple scattering effects.
In order to remove the influence of the cameras noise, a
“dark” image is defined and applied on each average s-pol
and p-pol image. To define a physical scale on each average
image, a calibration is then realized (1 px correspond to
0.07 mm). The TwinCam system allows a physical superim-
position of the optical paths (error: + 1 px). The application
of the ratio on the whole s-pol and p-pol images produces an
aberrant result outside of the spray area, so a mask is defined
and applied on the map. A calibration is then applied to the
ratio image in order to define the D,; maps. As the injector
is mounted on a rotating system (360°), 2D measurements of
the polarization ratio at different angles (from 0° to 90° with
a 5° step) are recorded, which allows the reconstruction of a
3D spray image. The different planes are then assembled in
a 3D matrix, according to a common reference system corre-
sponding to the injection axis. Linear interpolations are then
performed between the measurement planes to complete the
3D matrix. The matrix is then exported to the ParaView
software which allows the visualization of the results. In this
way, spray cross-sections can be deduced from the interpola-
tion of the longitudinal data. For a better understanding, all
these operations are summarized in Table 1.

4 Experimental analysis of various
polarization angles from the incident light

Recent work (Koegl et al. 2022) has shown that the polari-
zation of the incident light influences the proportionality
between the Lorenz—Mie signal and droplet diameter. Fur-
ther investigation is undertaken here to study the influence
of the incident light polarization on the SLIPI-polarization
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Fig.4 Averaged s-pol and p-pol images of a hollow-cone spray
injecting at 50 bar water spray are produced by capturing three spatial
modulated sub-images (show on the right). These images are taken
with a 120° phase shift and SLIPI images (ISLIPI) are obtained using

technique. Figure 5 and Fig. 6 present in the left side, dif-
ferent polarization ratio average maps recorded for an injec-
tion pressure of 50 bar and different incident light polariza-
tion (measurement accurate to f= + 1°). To calibrate these
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Eq. 6. To demonstrate SLIPI’s ability to eliminate the effects of mul-
tiple scattering, conventional images (IConv) are obtained using a
traditional light sheet technique. Finally, the ratio y is reconstructed
according to Eq. 5

polarization ratio average maps, PDA measurements are
carried out at three distances from the injector (Z=50 mm,
70 mm and 90 mm), in order to build the calibration func-
tion over the largest possible range of diameters. For each
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Table 1 Different stt?ps of the N° Steps
post-processing routine
2D map
1 Acquisition of 60 instantaneous s-pol and p-pol images for each SLIPI phases.
Average for each phase and 3p-SLIPI processing (see Eq. (6) and Fig. 4)
2 Creation of a mask from a threshold on the s-pol and p-pol 3p-SLIPI images,
allowing to limit the calculation to the region of the spray
3 Calculation of the s-pol/p-pol image. Conversion of the ratio image into D,; map
3D map
4 Measurement of the D,; for each plane (0°-90° with a 5° step)
5 3D matrix reconstruction using a linear interpolation between measurement planes

distance, PDA measurements are performed over a half-
spray traverse on the incoming side of the laser sheet.
Data are acquired every millimeter and are validated when
100,000 droplets are acquired for each measurement point.
A maximum diameter gradient can thus be captured on the
Y-axis (from 10 to 80 um). Intensity profiles are then consid-
ered at the same Z distances on the polarization ratio image
and a cloud of experimental points can be plotted.

In most studies (Bareiss et al. 2013; Stiti et al. 2023) the
incident light polarization that is experimentally employed is
oriented at # ~ 45° in order to equalize the vertical and hori-
zontal components of the illumination. As seen in Fig. 5d,
for diameters below D,; =30 pm, y values exhibit limited
discrepancy, whereas above this diameter, a large discrep-
ancy is observed that increases with diameter (for example,
at D,; =60 pm the polarization ratio method gives a y range
from 1.5 to 3). To investigate this phenomenon, different
angles are imposed on the incident light polarization, in
order to obtain an optimal configuration where the polari-
zation ratio linearly varies with D,,. For #=90° (s-pol), the
vertical component of polarization is detected; while for
p=0° (p-pol), the horizontal component of polarization is
detected.

In Fig. 5, for > 45° (mostly s-pol signal), the rela-
tionship is not bijective, which prevents any calibration.
However, the absolute value of the measured ratio is larger
than for f=45°: at f=55° (Fig. 5¢), the maximum value is
6.5, increasing to 14.5 at #=70° (Fig. 5b). This tendency
can be explained by the fact that for f>45°, the majority
of the received polarization is perpendicular. As numeri-
cally demonstrated by (Stiti et al. 2023), when the incident
light polarization is unbalanced between s-pol and p-pol,
the dominant polarization influences the mean value of the
ratio and its fluctuations. Here, the dominant polarization
is the s-pol, and as observed in Fig. 1, for a given diameter,
the mean intensity and its fluctuations are larger than those
for the p-pol. Furthermore, as shown in Fig. 2, there is an
effect of the distribution shape on the ratio value, which
increases with D,,. As shown in Fig. 7, three shapes of
droplet size distributions were measured by PDA. Each

distribution has the same D,; =60 pm, although measured
at three different Z distances from the injector. The results
illustrate a log-normal shape at distance Z=50 mm and
two bimodal shapes for Z=70 and 90 mm. The significant
variations in the ratio observed with a D,; > 60 pm for
the calibration function in Fig. 5d may also be potentially
related to the change in the distribution shape. It is there-
fore advisable to conduct PDA measurements on each new
spray to quantify the error associated with the shape of the
distribution. Finally, when the incident signal is almost
perpendicular (Fig. 5a), the trend reverses, and the result
becomes aberrant: the smallest ratios correspond to the
largest diameters.

Taking things further, angles of #<45°, where the
polarization is mostly parallel, are then tested (Fig. 6). As
a result, the relationship between ratio and diameter tends
to become bijective and discrepancy of the ratio is signifi-
cantly reduced for large diameters. In addition, there is a
considerable decrease of the ratio for f<45°, due to the
higher proportion of p-pol. For example, for D,; =20 um
aratio of 1.5, 0.55 and 0.1 is observed, respectively, for a
p value of 35°, 20° and 10° (Fig. 6a—c). However, a large
experimental uncertainty remains for large diameters: for
example, in the case of f=35°, the error on D, is+2 pm
for y equal to 0.5 and increases to+20 pm for y equal to
1.2 (Fig. 6a). As the relationship is bijective for f<45°,
several calibration functions can be fitted, starting close
to 0 because in theory, when D,; =0 pm, the polariza-
tion ratio y =0. Consequently, the calibration function is
established based on a linear equation originating close to
0, aiming to encompass a broader range of data within the
curve. This linearity in the observed correlations is highly
interesting compared to the nonlinear trends identified in
the LIF/Mie technique (Koegl et al. 2018a, b; Garcia et al.
2023). Indeed, a linear law means that the measurement
uncertainty remains constant, and the ratio between small
and large diameters remains proportional. From this cali-
bration function, a relative error (RE) of the D, measure-
ment can be calculated as follows for each diameter bin:
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Fig. 5 Influence of different incident light polarization (f=a 87°, b
70°, ¢ 55° and d 45°), on the polarization ratio. On the left-hand side,
different average ratio maps of the water hollow-cone spray, obtained
for an injection pressure of Pinj=50 bar. The laser sheet propagates
from left to right. Positions of the PDA measurement volume are dis-
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for an injection pressure of Pinj=50 bar. The laser sheet propagates
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with Mth representing the mean value of the ratio obtained
from the calibration function and Mexp representing the
mean value of the ratio obtained from the experimental
measurement.

The results are summarized in Fig. 8 for each diameter
bin and each incident light polarization value. For f=45°, a
small relative error is observed within the diameter range of
[10-30 pum], but the value increases significantly above 30
um. For f=35°, the maximum relative error gives less than
6.8% between 10 and 40 um, but beyond that, the data no
longer follow the linear trend. For f=20° and 10° (Fig. 6b,
c), the results show an improvement in linear trends and
less discrepancy in measurements for a given diameter.
However, there is still a decrease of the ratio, which varies
from 0.05 to 0.35 for a diameter range from 10 to 70 um
(Fig. 6¢). The variation in p from 35° to 10° reduces the
measurement relative error for each diameter bin, and the
best result is obtained for #=10°: a maximum relative error
of 5.6% is observed in the range 10-70 um. Unlike with
the previous incident light polarization, here the experi-
mental data exhibit a linear evolution across the entire data
range [10-70 pm]. For this incident light polarization, the
particle size distribution had no impact on the value of the
ratio. Additionally, the dynamic ratio is sufficient for accu-
rate measurements: the value of the ratio is multiplied by a
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Fig.8 Variation in the relative error of the results observed per D21
range, for each incident light polarization tested

factor 3 in the range of interest. For < 10° (Fig. 6d), the
diameter range where the relationship is linear decreases to
[10-40 pm] and the relationship becomes nonlinear above
that limit. Finally, the best result is obtained for P fixed at
10°, allowing a low relative error together with a good sensi-
tivity of the polarization ratio measurement. The calibration
function can be fitted and written: y =0.0044 D+ 0.0108.
These experimental results confirm the modeling data
given in (Stiti et al. 2023) which demonstrates that when the
s-pol signal prevails, the fluctuation of the polarization ratio
around the simulated D,, values is very strong. Conversely,
when the p-pol signal dominates, the fluctuation is signifi-
cantly attenuated. In the experiments conducted here, the
ratio decreases when the p-pol signal prevails, yet the loss
of linearity in the calibration function remains unexplained.

5 Experimental analysis of various
refractive indices from the injected liquid

When considering a sphere whose diameter is much larger
than the wavelength, Van de Hulst stated that most of the
scattering angular pattern could be interpreted in terms of
diffraction, refraction and reflection (Van de Hulst 1981).
It is therefore implicit that any change in the properties of
the liquid will modify electromagnetic properties such as
permeability and permittivity, which affects the reflection,
refraction and diffraction behavior of light in droplets. For
this reason, it is important to study the influence of refractive
index on the polarization ratio technique.

5.1 Real part of the refractive index (n,)

With a single water droplet (n=1.33 4 0i), the polariza-
tion ratio technique can be used for a scattering angle in
the 75—-115° range, but beyond this limit, the ratio becomes
uniform and no longer varies as a function of droplet size
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(Massoli et al. 1989). Extensive work was performed by
Hofeldt, in which polarization ratios were calculated for dif-
ferent refractive indices at a scattering angle 8=90° (Hofeldt
1993a; b). The results show that under these scattering con-
ditions, the technique is applicable up to a real refractive
index of n,=1.40, but above this value, the polarization ratio
varies very little with droplet size.

Experimental investigation of the dependence of the
polarization ratio on the real part (r) of the refractive index
is carried out by gradually adding glycerol (Sigma Aldrich
G9012) to water. For example, 20% of glycerol in water cor-
responds to a refractive index of n,=1.36 and 40% of glyc-
erol yields a refractive index of n.=1.38. As the viscosity
of glycerol is much higher than that of water (Hyycero = 1.49
Pa.s ,whereas ., = 1E-3 Pa.s), the proportion of glycerol
in water is limited to a maximum of 60%, which corre-
sponds to a real refractive index n,=1.41. This ensures that
the water/glycerol mixture still atomizes properly. The real
refractive index is then measured for each solution with an
Abbe refractometer (ATAGO, DR-M2 & DR-M4). Accord-
ing to (Ren et al. 2012), at a wavelength of 532 nm, the
imaginary part of the refractive index of the Glycerol can
be considered as zero. Figure 9 presents the experimental
polarization ratio obtained for different real parts of the
refractive index: n,=(a) 1.36, (b) 1.38 and (c) 1.41.

A drawback of this process is that adding glycerol to
water leads to increased values of viscosity and surface ten-
sion. As a result, the particle size increases with glycerol
concentration for a fixed injection pressure. In order to take
account of these variations, PDA measurements are con-
ducted for each refractive index and recorded at a distance
Z=70 mm from the injector. Results are shown in Fig. 10
(cf. experimental calibration curve) and a linear calibration

(b) n=138+0i

function is fitted for each refractive index. The experimen-
tal results confirm the simulation performed by (Hofeldt
1993a), which showed that for a 90° observation angle of a
polydisperse spray, the sensitivity of the ratio decreases with
increasing refractive index. For a refractive index of 1.33,
the ratio dynamics varies by a factor of 5 over a diameter
range extending from 10 to 70 pm, whereas a factor of 7 is
observed experimentally (Hofeldt 1993a). In contrast, for a
refractive index of 1.41, Hofeldt reported a factor of 2 for
the same diameter range (10-70 pm), which is similar to our
experimental results. For a refractive index of n=1.3340i,
the technique is therefore more sensitive and the sensitiv-
ity of the technique decreases with increasing index. It has
been numerically demonstrated that for a refractive index
of 1.45, the slope becomes zero above a droplet diameter of
40 pm, making particle size measurement impossible using
the polarization ratio technique. For the experimental results
obtained in this paper, the value of the slope changes from
0.0057 for a refractive index of 1.33 to a value of 0.0022
for a refractive index of 1.41. So, despite the low dynamic
intensity of the ratio, the measurement is still applicable for
a real refractive index value of 1.41.

To confirm the trends observed experimentally, MiePlot
simulations are carried out under the same conditions and
results are also displayed in Fig. 10. Six droplet size distri-
butions were acquired with PDA. Each distribution is valid
for a 10 pm range of D,;: the first one for [10-20 pm], the
second one for [20-30 pm], the third one for [30—40 pm],
the fourth one for [40-50 pm], the fifth one for [50-60 pm]
and the sixth one for [60—70 pm]. The six distributions were
then used to define the mean values of D,, in the simulation.
From these values, a numerical trend curve is reconstructed,
and this process is repeated for each refractive index. The
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Fig.9 Average polarization ratio maps for different real refrac-
tive indices: n=a 1.33+0i, b 1.36+0i, ¢ 1.38+0i and d 1.41+0i,
obtained for an injection pressure of 50 bar. The laser sheet propa-

71l

gates from left to right and the scattering angle is fixed at 90°. For
each map, PDA measurements are realized at a distance Z=70 mm
from the injector
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Fig. 10 Experimental and numerical linear evolutions of the polariza-
tion ratio y as a function of the surface mean diameter D21, for dif-
ferent real refractive indices. An observation angle is set to 90° and
the slope (p) is defined for each refractive index. In the case of the
experimental results, D21 has been measured by PDA at Z=70 mm
(refer to Fig. 9) and the incident light polarization f=10°. Six drop-

results show a linear relationship between the ratio and the
mean diameter, as well as a decrease in the value of the
slope for an increase of the refractive index. Nevertheless,
although the experimental and numerical slopes are quite
similar for a refractive index of 1.33 and 1.36, differences
can then be observed for the other refractive indices. Indeed,
for a refractive index of n=1.38 + 04, the experimental curve
yields a slope of p=0.0046 compared to a numerical slope
of 0.0037. Conversely, for a refractive index of n=1.41+0i,
the experimental slope (p=0.0022) is lower than the numer-
ical one (p=0.0029). It has to be noted that experimental
results are limited to n=1.4140i and further investigations
are required for larger refractive indices in order to verify
that the slope tends toward zero.

Finally, the polarization ratio technique is applied for
quantitative measurements of droplet size. The differ-
ent polarization ratio mappings obtained in Fig. 9 for the
three mixtures of water and glycerol are converted to D,,
mapping. The results are presented on the left-hand side in
Fig. 11. On the right-hand side, a comparison is made with
PDA data, taken at the distance Z=70 mm from the injec-
tor. PDA measurements are conducted along a half-spray
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let size distribution (PDF) obtained by PDA were used as inputs for
numerical simulations, each of them attributed to a 10 pm range of
D21: the first one for [10-20 pm], the second one for [20-30 pm], the
third one for [30—40 pm], the fourth one for [40-50 pm], the fifth one
for [50-60 pm] and the sixth one for [60—70 pm]

traverse on the incoming side of the laser sheet. Data points
are collected at every two-millimeter interval, and validation
is ensured with the acquisition of 100,000 droplets for each
measurement point. This approach allows us to capture a
maximum diameter gradient on the Y-axis, ranging from 10
to 80 um. As shown in Fig. 11, for the same injection pres-
sure, the addition of glycerol in certain proportions affects
the spray droplet size. Increasing the concentration of glyc-
erol, which is more viscous than water, leads to an increase
in droplet size for a fix injection pressure of 50 bar. In the
case of water +20% glycerol (Fig. 11a), the maximum D,,
obtained is 60 um at the edges. In contrast, when injected
with water +60% glycerol (Fig. 11c¢), the D, exceeds 80 um
at the edges. This is confirmed by comparisons with PDA
data, which show a measurement error of less than 4.4% for
all mixtures.

5.2 Imaginary part of the refractive index (k)
The effects of the imaginary part of the refractive index need

to be assessed in order to further investigate its influence on the
polarization ratio. Some researchers have studied numerically
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Fig. 11 On the left-hand side, different D21 mappings, obtained for
different refractive index: a n=1.36+0i (water+20% glycerol), b
n=1.38+0i (water+40% glycerol), and ¢ n=1.41+0i (water +60%

the absorption effect on the polarization ratio technique and
demonstrated that the Lorenz—Mie ripples are progressively
damped as absorption increases (Beretta et al. 1985). Addi-
tional MiePlot simulations have been performed (Fig. 12), for
the following experimental conditions: a scattering angle of

S0 10 20 30 40
Y [mm]

= SLIPI
polarization ratio

-40  -30 -20 -10 50

® PDAat70 mm
from the nozzle

glycerol). On the right-hand side, comparison is realized between
SLIPI-polarization ratio and PDA measurements of D21. The aver-
age relative error is given for each case

90° (with an aperture angle of A@=5°), a center wavelength
of 1=532 nm, a real refractive index of n,=1.33 and a poly-
disperse droplet size distribution following a log-normal law
(standard deviation of 20% and using 20 points to build the
distribution), with a diameter resolution of AD=0.05 pm. As
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seen in the differences between Fig. 12a, b, increasing absorp-
tion significantly reduces the Mie ripples, which confirms the
results from (Beretta et al. 1985). Figure 12¢ presents the influ-
ence of the absorption on the polarization ratio: first, it appears
that the increase of the absorption does not damp the ratio
dispersion. The slope then increases with absorption, which
leads to an improvement of the measurement accuracy.

Finally, the relationship between ratio and mean diameter
remains linear up to an imaginary index of k=0.001, but for
an index of k=0.002 the relationship is no longer linear. In
this case and for a range of diameters from 50 to 80 pm, the
ratio becomes almost independent of the diameter, which
means that the technique is no longer suitable for droplet
sizing. This shows that although it is tempting to increase
absorption in order to decrease Mie ripples, the sensitivity
of the polarization ratio is then reduced and limits the appli-
cability of the technique.

6 Tomographic 3D reconstruction of water
spray

In this last section, an average tomographic 3D map of D,,
is obtained for a hollow-cone spray generated by the Tetra
Pak injector, with an injection pressure of 50 bar. The result
is obtained according to the method described in Table 1 and
are presented in Fig. 13. On the top, different D,, half map-
pings used for 3D reconstruction are shown. On the middle,
the 3D reconstruction method and the average 3D map of
D,, are presented, while on the bottom, three cross-sections
are derived from the 3D results, at distance Z; =50 mm,
Z,=80 mm, and Z;=110 mm. All the D,, map used in the
3D reconstruction are obtained by applying the calibration
function to convert the polarization ratio images into diam-
eter. The results are obtained with an incident light polari-
zation oriented at #=10°, as recommended in the previous
section (see Fig. 6¢ and y=0.0044 D +0.0108). On Z-axis,
the 3D map starts 50 mm downstream from the injector,
where the droplets are well formed, and the Lorenz—Mie
theory is applicable. At first sight, the spray appears to be
symmetrical about the injector axis: larger droplets are pre-
sent at the edges of the spray, whereas the smallest ones are
present in the center. The hollow cone clearly appears and
the D,, varies between a minimum value of 10 pm in the
center and more than 80 pm at the edges. The reconstruction
of a 3D map from several longitudinal 2D planes allows to
obtain transverse 2D planes.

7 Conclusion
This paper presents an analysis of the experimental param-

eters influencing the application of the SLIPI-polariza-
tion ratio technique in sprays. It was first demonstrated
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Fig. 12 MiePlot simulation of the scattered intensity (s-pol and p-pol)
function of the surface mean diameter, for two imaginary refractive
indices where k=0 in (a) and k=0.001 in (b). The simulated con-
ditions are similar to the experimental ones: a polydisperse spray, a
scattering angle §=90° with an opening angle A@=5°. Finally, the
ratios are obtained numerically and displayed on (c)

numerically that the Lorenz—Mie ripples could be attenu-
ated by the polydispersity of the spray, making the technique
suitable for the particle sizing of an entire spray. Second, the
analysis of experimental parameters has been investigated.
The main results of this study can be summarized as follows:
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Fig. 13 On the top side, different D, half mappings are realized at reconstructed using 2D maps is presented. The results are obtained
different angle of the spray. These mappings are then used for the 3D for an injection pressure of Pinj=50 bar. On the bottom side, three

reconstruction as described in in Table 1. On the middle of the fig- cross-sections are extracted on the studied spray, from the 3D recon-

ure, an average three-dimensional map of surface mean diameter D, struction at distance Z1 =50 mm, Z2=80 mm and Z3=110 mm

e [t was found that the PDA calibration of the SLIPI- e The influence of the complex refractive index was
polarization ratio technique becomes fully linear for then studied experimentally and numerically. On the
droplets between 10 and 70 pm, when the illumination one hand, the experimental results showed that for an
has an incident linear polarization set to 10° and 20°. observation angle of 90°, the technique loses its meas-
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urement sensitivity when the real refractive index
increases from 1.33 to 1.41. Above 1.41, it is believed
that the technique may becomes hardly applicable for
this 90° scattering angle detection. On the other hand,
simulation results showed that for refractive indices
above 1.41, the technique is still applicable but with a
different scattering angle detection (i.e., for n,=1.41
the most appropriate scattering angle would be 110°).

e A second numerical study was carried out to investigate
the influence of the imaginary part of the refractive
index (related to absorption) on the polarization ratio
technique. The results showed that as the absorption
effects increase, the Lorenz—Mie ripples tend to disap-
pear. However, the relationship between D,; and the
ratio becomes nonlinear.

e After converting the polarization ratio into D,; via
calibration, further characterizations were carried out
on sprays of water mixed with a certain proportion of
glycerol (20%, 40% and 60%). These results demon-
strated the reliability of the technique, giving an aver-
age relative error of less than 4.5% compared with PDA
measurements.

e Finally, a 3D reconstruction of the spray diameter D,,
was performed via tomography, enabling the overall
symmetrical characterization of a hollow-cone atom-
izing spray that is typically used in the industry.

To conclude, SLIPI-polarization ratio provides accurate
droplet sizing in 2D, in optically dense sprays. In addi-
tion, the applicability of the technique is very promising
in warm and highly evaporating sprays, due to the fact that
no additive dyes are needed for such measurements.
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