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Abstract: Structured laser illumination planar imaging (SLIPI)-based techniques have been employed
during the past decade for addressing multiple light scattering issues in spray imaging. In this article,
SLIPI droplet sizing based on the intensity ratio of laser-induced fluorescence (LIF) over Mie scattering
(SLIPI-LIF/Mie) and SLIPI-Scan for extinction-coefficient (µe ) mapping are applied simultaneously. In
addition, phase Doppler anemometry (PDA) and numerical calculations based on the Lorenz–Mie
theory are also employed in order to extract the droplets Sauter mean diameter (SMD), the droplets
number density (N), and the liquid volume fraction (LVF) in a steady asymmetric hollow cone water
spray. The SLIPI-LIF/Mie ratio is converted to droplets SMD by means of a calibration procedure
based on PDA measurements. The droplet SMD for the investigated spray varies from 20 µm to
60 µm, the N values range from 5 to 60 droplets per mm3 , and the LVF varies between 0.05 × 10−4
and 5.5 × 10−4 within the probed region of the spray. To generate a series of two-dimensional images
at different planes, the spray scanning procedure is operated in a “bread slicing” manner by moving
the spray perpendicularly to the light sheet axis. From the resulting series of images, the procedure
described here shows the possibility of obtaining three-dimensional reconstructions of each scalar
quantity, allowing a more complete characterization of droplet clouds forming the spray region.
Keywords: structured laser illumination planar imaging (SLIPI); sprays; laser-induced fluorescence
(LIF); Mie scattering (Mie); multiple scattering; Sauter mean diameter (SMD); liquid volume fraction
(LVF)

1. Introduction
Atomizing sprays are used for many industrial processes such as in internal combustion engines,
crop treatment in agriculture, spray painting, production of powder in the food and pharmaceutical
industry, etc. [1,2]. Based on their applications, spray systems must have a given global structure,
which is characterized by several parameters including, spray angle, penetration distance, droplets
size distribution, droplets evaporation rate, droplets number density (N), and liquid volume fraction
(LVF) [1,3]. Spray quantities such as droplets SMD (Sauter mean diameter) give the information
on the active surface area of the spray, while the LVF provides the spatial distribution of liquid in
the spray. Therefore, measuring SMD, N, and LVF from a droplet cloud, is very important for the
understanding of the fuel-air mixing process used in internal combustion engines [4]. Simultaneous
measurement of these quantities could be very helpful for correlation studies in sprays. Owing to
their non-intrusive nature, optical methods have been widely used for the measurement of spray
quantities in a point-wise manner, as well as in three dimensions [5]. As a point-measurement optical
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method, phase Doppler anemometry (PDA) is one of the most reliable methods to extract droplets mean
diameters, droplets sphericity, droplets number density, and droplet velocity in sprays [6]. However,
in optically dense sprays, PDA measurements are restricted by effects from multiple light scattering
and laser extinction [6]. Furthermore, point-wise approaches require longe measurement times for
fully mapping the spray.
For two-dimensional (2D) mapping of a large cross-section of the spray, laser sheet imaging is
commonly employed [5]. The method can easily be extended to three-dimensional (3D) imaging by
means of “slicing” the spray in several 2D layers [7]. There are a variety of quantities that can be
extracted using laser sheet imaging, for example, Pastor et al. [8] reported on the fuel concentration
mapping of self-fluorescent diesel by exploiting its laser-induced fluorescence signal. The velocity
vectors of droplets in a plane can be deduced using particle image velocimetry [9]. The fuel
distributions in terms of liquid and vapor phases have been extracted by means of the exciplex-LIF
(laser-induced fluorescence) [10]. The SMD of droplets in a plane of the spray has been reported
using the ratio of laser-induced fluorescence (LIF) and Mie scattering (Mie) light intensity, known as
LIF/Mie ratio or planar droplet sizing (PDS) method [11]. For the LVF mapping in sprays, Deshmukh
and Ravikrishna [12] used planar laser-induced fluorescence combined with particle and droplet
image analysis. In this method, backlight illumination microscopic imaging-based calibration of
LVF was implemented on macroscopic planar LIF and Mie images (recorded one after another; not
simultaneously). However, in optically dense sprays, the planar imaging techniques are limited by
effects from multiple light scattering and light extinction [13]. The extinction effects can be compensated
for based on the exponential decay of transmitted light according to the Beer–Lambert’s law [14].
Nevertheless, the light extinction is accurately deduced only under the single scattering regime (when
a maximum of one interaction between photon and droplets is occurring in average; optical depth
or OD ≤ 1) and the suppression of the light intensity contribution from multiple scattering becomes
very important in the intermediate and multiple scattering regimes (when the averaged number of
interaction between photon and droplets is larger than one) [15,16].
The suppression of multiple scattering intensity in planar imaging of sprays can be done using
structured laser illumination planar imaging (SLIPI) [17–19]. The virtue of the SLIPI method is that it
utilizes the intensity modulation (usually a sinusoidal) on the laser sheet as a “fingerprint” to distinguish
between the singly and multiply scattered photons reaching the detector after droplet/photon interaction
in sprays [17]. Considering that a sinusoidal pattern is superimposed upon the light sheet, consequently,
after the droplet/photon interaction, the resulting image intensity I (x, y) of the probed spray is described
as:
I (x, y) = IC (x, y) + IS (x, y)· sin(2πxν + φ)
(1)
where ν represents the spatial frequency of the modulation and φ is the spatial phase, IC (x, y) is the
non-modulated intensity component and IS (x, y) is the modulated intensity component. Here, IC (x, y)
is equivalent to the intensity recorded with a conventional homogeneous light sheet, while IS (x, y) is
the amplitude of the spatial modulation corresponding to the desired SLIPI signal. The IC (x, y) consists
of both multiply and singly scattered intensities, while IS (x, y) represents the intensity mostly from
singly scattered photons. Therefore, if there was no modulation superimposed on the laser sheet, then,
all the intensity components in Equation (1) would be defined only by IC (x, y) and it is not possible to
differentiate between singly and multiply photons.
To extract IS (x, y) a triplet of modulated sub-images I0 , I120 and I240 are recorded, having a
spatial phase φ of 0◦ , 120◦ , and 240◦ , respectively. The change of φ is achieved by shifting the “line
pattern” one-third of the spatial period between each recording. Using these sub-images, a SLIPI
image is constructed from the root-mean-square of the differences between sub-image pairs, described
mathematically as:
√
1
2
IS =
·[(I0 − I120 )2 + (I0 − I240 )2 + (I120 − I240 )2 ] 2
(2)
3
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Note that an image equivalent to a homogeneous illumination can be reconstructed by averaging
the three modulated images and is usually termed as ‘’conventional” image. Numerical Monte Carlo
simulations have been used in the past in [19], to quantify the suppression of the intensity contribution
from multiple light scattering intensity when applying Equation (2). Figure 1 summarizes the results
of the study presented by the authors in [19] where it can be observed that the SLIPI image (Figure 1d)
reconstructed from Equation (2) shows a similar light intensity distribution as the one corresponding
to single scattering detection (Figure 1c). Here, the simulation is performed via a validated Monte
Carlo code in association with a ray-tracing approach, to simulate the propagation of the incident
laser radiation in the spray, the collection of the light by the camera lens, and the image formation
on a matrix simulating the camera sensor. The light transmission is set to 5% near the nozzle tip
and 27% in the dilute region, with a droplet size distribution ranging from 8 to 68 µm. From these
numerical calculations, it is observed that the resultant SLIPI signal tends to be closer to the pure
single scattering signal when reducing the spatial period of the incident modulated light, as shown
in Figure 1e. However, the remaining differences between SLIPI and only single scattering detection
are mostly due to the highly forward scattering lobe of the scattering phase function. Nevertheless, it
is observed that the technique is capable of suppressing 90% of the unwanted light intensity which
is detected in the “conventional” planar imaging detection scheme. Similar Monte Carlo simulation
studies of the SLIPI process can be found in [20] but in the case of homogeneous spray medium.
The combination of SLIPI with LIF/Mie ratio was reported in 2014 for the 2D mapping of droplets
absolute SMD in a steady hollow-cone water spray [21]. In the investigation, LIF/Mie maps from both
SLIPI and “conventional” detection approaches were compared. The conventional approach was found
to be affected by errors introduced by multiple light scattering even in spray defined as optically dilute
(optical depth or OD ~1). In contrast, in SLIPI-LIF/Mie, the multiple scattering effects were addressed,
and calibration of LIF/Mie ratio was possible in this case. The 2D maps of droplets SMD extracted with
SLIPI were found in good agreements with the PDA measurements. However, it is worth highlighting
that the intensity contribution from the multiply scattered light is very difficult to predict and the
observed differences between conventional and SLIPI showed in [21] can change with the collection
angle, optical turbidity, droplets size, distribution of the droplets in the spray, etc. Nevertheless, the
results reported in [21], have been further demonstrated for absolute droplet SMD mapping in air blast
atomizer [22], hollow-cone sprays [23], and direct injection sprays [7,24]. In another study, SLIPI-scan
was used for 2D and 3D mapping of the local µe in an air-assisted spray system with a maximum
optical depth OD ~3 [25]. The method was first verified on a cuvette containing a homogenous solution
of scattering particles of known µe = 0.13 mm−1 . In a similar study, the SLIPI-scan method has been
verified using milk solutions of controlled concentrations [26]. In this article, SLIPI-LIF/Mie [21] and
SLIPI-scan [25,26] are combined to simultaneously record the following:
•
•
•

The fluorescence signal from droplets located in the spray region;
The Mie scattering signal from droplets located in the spray region;
The light intensity transmitted through the spray; using a cuvette containing a fluorescing liquid.

The simultaneous recording ensures that the generated images of LIF/Mie signals and transmission
imaging are from identical spray operating conditions. This significantly reduces the time it would
usually take as compared with two measurements performed sequentially. Furthermore, the same
area is viewed on the camera providing the same spatial resolution. Finally, the PDA measurements
are utilized for the calibration, and therefore, are not simultaneous with SLIPI-based measurements.
Unlike the method to deduce 2D maps of droplets LVF from backlight-illumination based microscopic
setup shown in [12], here, PDA calibration and numerical calculations are implemented for LVF
calculations. The PDA calibration is preferred over microscopic setup due to its larger dynamic range
(smallest droplet diameter measured is up to 3 µm) as compared with the microscopic method (smallest
diameter ≥10 µm).
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The schematic of the combined SLIPI-LIF/Mie and SLIPI-scan optical setup is shown in Figure 2.
Thenozzle
liquid of
is continuously
injected at
bars isinjection
at an
room
temperature
and
A damaged
the orifice diameter
of 50
1 mm
used topressure
generate
asymmetric
and
steady
atmospheric conditions. The defiled nozzle (Order no. 216.324, Lechler Inc., St. Charles, IL, USA)
hollow-cone water spray. The liquid is continuously injected at 50 bars injection pressure at room
produced completely different droplet size distribution (much larger) and spray pattern
temperature and atmospheric conditions. The defiled nozzle (Order no. 216.324, Lechler Inc., St.
(asymmetric) as previously reported with the same nozzle [21]. An asymmetric 3D map of droplets
Charles,
USA) produced
completely
different
droplet
size
distribution
larger)
and spray
SMDIL,
produced
with this nozzle
is also reported
in [23].
In this
work,
the injected(much
liquid was
a solution
pattern
(asymmetric)
as
previously
reported
with
the
same
nozzle
[21].
An
asymmetric
3D
map of
of water containing fluorescein dye. The dye is excited at 447 nm wavelength using a CW laser (LRDdroplets
produced
with
this nozzle
is also
reported
in [23]. In
this work,
the injected
0447SMD
Series,
Laserglow
Technologies
Inc.,
Toronto,
ON, Canada)
producing
a broadband
LIFliquid
signal,was a
which
peaking
at 517 nm.fluorescein dye. The dye is excited at 447 nm wavelength using a CW
solution
of iswater
containing
The structured
sheet isTechnologies
generated using
theToronto,
same optical
as presented
in reference
laser (LRD-0447
Series, light
Laserglow
Inc.,
ON,setup
Canada)
producing
a broadband
[21]
and
is
detailed
in
Figure
2.
The
vertically
modulated
light
sheet
was
around
58
mm
in
height and
LIF signal, which is peaking at 517 nm.
approximately
mm
thick.
The laser power
incident
wavelength
was ~28 mW.
A phase [21]
The
structured0.25
light
sheet
is generated
using at
thethe
same
optical
setup as presented
in reference
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The 2D matrix of SLIPI-LIF/Mie ratio is converted to two independent spray quantities, 2D maps
of droplets SMD (D32 ) and droplets volume mean diameter (D30 ). This is performed according to
the calibration between the SLIPI-LIF/Mie ratio and PDA measurements. At a given measurement
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3. SLIPI-LIF/Mie Ratio Method for Droplet SMD and Extinction Cross-Section (σe ) Mapping
3.1. Description of LIF/Mie Droplet Sizing
The SMD of an ensemble of the spherical droplets in sprays can be calculated from the ratio of their
LIF/Mie optical signals simultaneously measured from the same probe location [11,24,31]. The method
assumes that the fluorescence from the liquid phase, ILIF , is proportional to the droplet volume, d3 , and
the Mie scattered light intensity, IMie , from the same droplet is proportional to its surface, d2 , [32–34].
Apart from this assumption, three important conditions must be respected. First, the technique is
only valid for spherical droplets and it does not withstand for non-spherical liquid structures and
ligaments [24,31]. Second, the fluorescence from the gas phase must be excluded [35]. Third, all
photons reaching the camera should have experienced only one scattering event prior to detection [16].
If those conditions are respected, the resulting intensity ratio, RLIF/Mie , is then proportional to SMD of
droplets as:
Pn
3
KLIF i = 0 Ni ·di
ILIF
=
· Pn
RLIF/Mie =
= K·SMD
(3)
IMie
KMie i = 0 Ni ·d2
i
where KLIF and KMie are coefficients related to dye concentration, laser power, signal collection angle,
detector response, and scattering efficiency, etc. Here K defines the calibration curve which is equal to
the ratio KLIF /KMie . The calibration curve can be either deduced by using the calibration of LIF/Mie
ratio with the absolute SMD measured by the PDA system [21,22] or calibrating the ratio by means of
monodisperse droplet generated by a droplet generator [24,36].
3.2. Calibration of SLIPI-LIF/Mie Ratio and Extinction Cross-Section (σe ) Images
Figure 4 is an example of results at layer number m = 30 which corresponds to the depth position
Z = 15 mm. In (a) the SLIPI-LIF image of the spray is shown together with the transmitted light from
the fluorescing liquid in the cuvette. The Mie image and the intensity ratio, SLIPI-LIF/Mie are given in
(b) and (c), respectively. These images are recorded using the experiments described in Section 2.1.
Some residual stripes are seen on the processed SLIPI images. These artifacts can be reduced by
averaging the data over a larger number of images, effectively reducing the intensity variations between
the three sub-images. Other reasons for their occurrence are given in [16,20] together with some
suppression strategy.
The black dashed line in Figure 4c corresponds to the location where PDA measurements are
performed. For each location, 20,000 validated droplet size measurements are recorded by the PDA
instrument. In all measurements, the percentage of validation rate was above 96%, confirming a good
sphericity of the droplets at a distance 7.5 cm below the nozzle tip without unwanted multi-occupancy
effects. Figure 4d shows the SLIPI-LIF/Mie ratio and various mean diameters, D10 , D30 , and D32 plotted
against the PDA measurement position. Those mean diameters are calculated by using the droplet
distribution histogram shown in Figure 4e for measurement positions X = 1 and X = 10. From mean
diameters, it is seen that arithmetic mean diameter (D10 ) is the lowest mean diameter while SMD, D32 ,
is the largest. The size distribution histograms are shown in Figure 4e or a similar distribution can also
be utilized for deducing several other mean diameters, as given in reference [13,27].
Figure 5a shows the plots of SLIPI-LIF/Mie ratio against droplets D32 and D30 . Both the
experimental data and the calibration fit for correlating the ratio with mean diameters are seen. In a
recent study, Corber et al. [37] extensively investigated the SLIPI-LIF/Mie ratio and the PDA calibration
in a simple pressure atomizer. A calibration curve similar to Figure 5a in this study is also reported
by the authors in [37]. Figure 5b shows the plot of calibrated SLIPI-ratio (droplets SMD) against the
corresponding droplets σe . To deduce the averaged σe , the histogram of the droplets size distribution
(see Figure 4e) for each measured SMD value is used as input data to the Lorenz–Mie calculator
software developed by the authors. The input incident wavelength is set, here, to 447 nm, while the
refractive indices are set to 1 for air and 1.33 for the water droplets. The entire medium is assumed to
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from the calibration curve shown in Figure 5b. It is observed in Figure 5c that the largest droplets
largest droplets corresponding to approximately SMD = 60 µm are located at the spray edge, while
corresponding to approximately SMD = 60 µm are located at the spray edge, while the smallest droplets
the smallest droplets of approximately SMD = 25 µm are in the spray center. It is seen in Figure 5d
of approximately SMD = 25 µm are in the spray center. It is seen in Figure 5d that the σe varies from
that the σe varies from 0.5 × 10−3 mm2 in the center of the spray to 3 × 10−3 mm2 at the outermost edges
0.5 × 10−3 mm2 in the center of the spray to 3 × 10−3 mm2 at the outermost edges of the spray.
of the spray.

Figure 4. (a) SLIPI-LIF image of the spray and the dye cuvette; (b) SLIPI-Mie image; (c) SLIPI-LIF/Mie
ratio image of the spray; the PDA measurements are plotted in (d) against the SLIPI-LIF/Mie ratio and
droplet mean diameters; (e) histograms of droplet size distributions measured using PDA.
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Figure 5. (a) The calibration curve of the SLIPI-LIF/Mie ratio plotted against droplet mean diameters,
D32 and D30 . Both experimental data and calibration fit are given; (b) the calibration curve for the
calibrated SLIPI-LIF/Mie ratio (SMD or D32 ) plotted against droplet extinction cross-section. The droplet
Figure 5. (a) The calibration curve of the SLIPI-LIF/Mie
ratio plotted against droplet mean diameters,
extinction cross-section is deduced from the Lorenz–Mie theory using the droplet size distribution
D32 and D30. Both experimental data and calibration fit are given; (b) the calibration curve for the
histograms given in Figure 4e; (c) the calibrated SLIPI-LIF/Mie ratio showing the droplet SMD (for
calibrated SLIPI-LIF/Mie ratio (SMD or D32) plotted against droplet extinction cross-section. The
Z = 15 mm) is extracted by the calibration curve given in (a); (d) the droplets extinction cross-section
droplet extinction cross-section is deduced from the Lorenz–Mie theory using the droplet size
map is extracted from the calibration curve shown in (b).
distribution histograms given in Figure 3e; (c) the calibrated SLIPI-LIF/Mie ratio showing the droplet
SMD (for Z =for
15 Extinction
mm) is extracted
by the (µ
calibration
curve given in (a); (d) the droplets extinction
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Coefficient
e ) Mapping
cross-section map is extracted from the calibration curve shown in (b).

4.1. Description of the SLIPI-Scan Technique
4. SLIPI-Scan for Extinction Coefficient (µe) Mapping
The SLIPI-scan technique is used to extract the µe by imaging the sample in a “bread slicing”
manner by means of a laser sheet with sinusoidal intensity modulation (see Section 2.1). For each slice
4.1. Description of the SLIPI-Scan Technique
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intensity from the reference cuvette has decreased at the bottom part at a height corresponding to the
height where the laser sheet interacts with the spray. Following this manner, the spray is scanned in
a total of 31 planes, separated by 500 µm each, until the middle of the spray is reached.

4.2. SLIPI-Scan Realization in Sprays
The recorded stack of 2D-SLIPI images (see Figure 6) can be described as a 3D matrix of voxels
defined by the number of pixels in the X- and Y-direction and the number of planes, m, in the Zdirection. Along with any row through the spray in a given plane m, the irradiance follows the
Beer–Lambert’s law:
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For the calculation of ( , , 1), it is assumed that the signal attenuation is negligible for that
plane, i.e., ( , , 1) = 0 For the calculation of ( , , 1), it is assumed that the signal attenuation is
negligible for that plane, i.e., ( , , 1) = 0 [25,26]. Hence, all parameters in Equation (7) are available
and the extinction coefficient can be calculated according to Equation (6) for the first plane of the
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4.2. SLIPI-Scan Realization in Sprays
The recorded stack of 2D-SLIPI images (see Figure 6) can be described as a 3D matrix of voxels defined
by the number of pixels in the X- and Y-direction and the number of planes, m, in the Z-direction. Along
with any row l through the spray in a given plane m, the irradiance I follows the Beer–Lambert’s law:
I (k + 1, l, m) = I (k, l, m)e−µe (k,l,m)dx

(4)

where k denotes the column and dx its corresponding width in the image. For the first column in each
plane, incident irradiance is determined from the reference image at plane m = 0. Alternatively, the
irradiance in each voxel in the spray can be expressed as the difference between the incident irradiance
in the previous voxel along the direction of propagation and the irradiance lost through scattering (or
LIF in this case) Is in that previous voxel:
I (k + 1, l, m) = I (k, l, m) − Is (k, l, m)

(5)

The combination of Equations (4) and (5) yields:
!
(I (k, l, m) − Is (k, l, m) 1
µe (k, l, m) = −ln
dx
I (k, l, m)

(6)

The scattered irradiance, Is , is calculated as given in references [25,26]:


S(k, l, m) Ii (l, m) − I f (l, m)
Is (k, l, m) =
P
S(k,l,m)
(1 − a(k, l, m)) kkmax
= 1 (1−a(k,l,m))

(7)

where S is the detected SLIPI signal in the images; Ii and I f are the incident and final irradiance obtained
from the images of the reference cuvette at plane m = 0 and the corresponding plane m, respectively;
and a describes the signal attenuation that signal, from a particular voxel (k, l, m), experiences on its
way to the camera. It is calculated as:
 m−1

 X

a(k, l, m) = 1 − exp−
µe (k, l, m0 )dz
(8)
m0

For the calculation of Is (k, l, 1), it is assumed that the signal attenuation is negligible for that plane,
i.e., a(k, l, 1) = 0 For the calculation of Is (k, l, 1), it is assumed that the signal attenuation is negligible
for that plane, i.e., a(k, l, 1) = 0 [25,26]. Hence, all parameters in Equation (7) are available and
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Figures 9 and 10 show the 2D images of the spray quantities, i.e., droplet SMD, droplet concentration
(N) and liquid volume fraction (LVF) for spray sections at Z = 4 mm to 9 mm and at Z = 10 mm to
Z = 15 mm, respectively, as follows:
•
•
•
•

At Z = 4 mm, droplet SMD ranges between 50 µm to 60 µm, N value ranges from 5 to 20 droplets
per mm3 , LVF ranges between 2.5 × 10−4 to 5.5 × 10−4 ;
At Z = 8 mm, droplet SMD ranges from a minimum value of 35 µm to a maximum value of 60 µm,
N value ranges from 5 to 35 droplets per mm3 , LVF ranges between 1.8 × 10−4 to 5.5 × 10−4 ;
At Z = 12 mm, droplet SMD ranges from 30 to 60 µm, N value ranges from a minimum of 5 droplets
per mm3 to a maximum of 40 droplets per mm3 , LVF ranges between 1 × 10−4 to 5.5 × 10−4 ;
At Z = 15 mm, droplet SMD ranges from 20 to 60 µm, N from 5 to 60 droplets per mm3 , LVF
ranges from 0.1 × 10−4 to 5.5 × 10−4 .

The absolute SMD values measured with the presented approach follows well with the PDA data,
as has been previously demonstrated in [21], with the calibrated SLIPI-LIF/Mie ratio and SMD acquired
from PDA for the hollow-cone spray of OD ~1. The extracted N and LVF values in this investigation
are in the order of the theoretical calculations performed based on a homogeneous distribution of
monodisperse non-absorbing dielectric spherical droplets in reference [5]. Note that the numerical
calculations in [5] are verified by an experimental study performed by Berrocal et al. in [38]. Using all
30 sections (15 mm depth) of 2D maps of LVF (see Figures 9 and 10), a resultant 3D reconstruction can
be generated as shown in Figure 11. The LVF value is lowest at the center of the spray and highest at
the spray peripheries.
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