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Abstract
Structured Laser Illumination Planar Imaging (SLIPI) is

used in combination with LIF/Mie ratio and two-side Mie
imaging (dual-SLIPI) for a two-dimensional mapping of
both the droplet Sauter Mean Diameter (SMD) and the
extinction coefficient ( e ). By means of combining the two
techniques simultaneously, the local distribution of droplet
concentration as well as the liquid volume fraction can also
be deduced. This approach is for the first time tested for
the characterization of a steady hollow-cone water spray.

1 Introduction
Atomising sprays are used for large numbers of

applications, spanning in a variety of fields such as
medicine, agriculture, combustion, and industrial
processes. Each spray process must deliver the desired
droplets size and concentration at a desired location.
Therefore there is a clear need for rapid and accurate 2D or
even 3D characterization of the spray region. Such
characterization consists in extracting a measurement map
of both the droplet size and concentration with high
spatial resolution.

In the past, various light sheet based 2D imaging
techniques have been developed for example LIF/Mie ratio
technique proposed by Yeh et al.[1] can rapidly extract
droplet relative SMD in 2D. This has been further
developed as an Optical patternator by Sankar et al. [2]
and other researchers to extract droplet SMD combined
with laser extinction measurements [3]. However, these
conventional techniques could not resolve the errors
induced by multiple scattering when applied to image a
spray plane consisting of dense clouds of micro-sized
droplets. In addition, sources of errors such as light
extinction and signal attenuation also bring discrepancies
in measurements but these are easier to correct with
bidirectional illumination and compensation scheme based
on Beer-Lambert law [4].

SLIPI present a solution to suppress efficiently the
intensity from multiple light scattering [5]. The Dual-SLIPI
geometry ishowever, capable of also correcting for laser
extinction and signal attenuation [6].

Here, we show simultaneous SLIPI-LIF/Mie and Dual-
SLIPI measurements performed on a hollow-cone spray
for a rapid 2D-mapping of droplets SMD and extinction
coefficient in-between two illuminated planes.

2 Description of imaging techniques
2.1 SLIPI
Structured Laser Illumination Planar Imaging (SLIPI) is

based on using a spatial modulation in conventional laser
sheet imaging. A sinusoidal modulation is imprinted on
the light sheet by using a Ronchi grating and a spatial filter
[5]. This is used as a signature to recognise the singly
scattered photons. Such photons leaving the illuminated
plane will maintain this modulation while the multiply
scattered photons will lose it. A planar image of spray of
intensity ( , )I x y with a sinusoidal pattern imprinted on it
is described as:

( , ) ( , ) ( , ) sin(2 )C SI x y I x y I x y x      (1)

where  is the spatial phase and  represents the
modulation frequency. Here, ( , )CI x y is the intensity
corresponding to singly and multiply scattered photons
and ( , )SI x y represents the amplitude of the modulation
from the singly scattered photons only. To be able to
experimentally generate a SLIPI image, a minimum of
three modulated sub-images with a spatial phase of 0 ,
120 , and 240 is recorded.

A SLIPI image (consisting of singly scattered photons
only) can be constructed by means of taking the root mean
square of differences between each modulated images.
Similarly, a conventional image (consisting of both the
singly and multiply scattered photons) can be generated
by averaging the three sub-images [5]. Details regarding
SLIPI technique and its application in spray diagnostics
can be found in [7].

2.2 LIF/Mie droplet sizing:
The SMD of droplet in sprays can be measured by

taking the ratio of laser induced fluorescence signal
(proportional to droplet volume) and Mie scattered signal
(proportional to droplet surface area) [1].

However, there are three main conditions need to be
addressed while performing LIF/Mie technique:

First, the spray droplets must be spherical. Second, all
photons arriving at the CCD chip should be singly
scattered. Third, the evaporation rate should be slow
enough in order to minimize the fluorescence contribution
from the gaseous phase.
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2.3 Dual-SLIPI
Dual SLIPI is extended version of SLIPI where two Mie

images are recorded simultaneously on two cameras
positioned at ± 90 degrees to light sheet. By moving the
laser sheet in-between two positions, a final set of four
images is recorded. From these images an average
extinction coefficient ( e ) using Beer-Lambert relation can
be calculated. A detailed description of the Dual-SLIPI
technique theory and its application in sprays is reported
in [6]

3 Experimental setup
The experimental setup is shown in Figure 1. The centre

of the spray is crossed by the modulated light sheet (a)
(λ=448 nm) created by the SLIPI setup shown in (b).

Figure 1 (a) Experimental setup for LIF/Mie and Dual-SLIPI.
(b) Optical arrangement of SLIPI setup (top-view)

The injected water (20 bars pressure) is mixed with
Pyranine dye from yellow highlighter’s ink. When excited
with 448 nm, it gives a broad-band fluorescence (LIF)
signal peaking at 517 nm. Prior to reaching at detector,
these two wavelengths are spectrally separated using
adequate optical filters. Two EM-CCD cameras (of similar
characteristics) used for image recording can be seen in
figure 1(a). For SMD measurement (LIF/Mie ratio), one
camera record LIF and other camera record Mie signal.
Whereas for the extinction coefficient measurement (based
on Dual-SLIPI), two cameras record Mie images
simultaneously. Similar image recording routine is
followed on a second location of the spray by changing the
position of laser sheet.  From the images acquired in-
between two locations, relative SMD and e is deduced.

4 Results
Relative SMD image shown in figure 2 is extracted from

the LIF/Mie ratio while the extinction coefficient image
shown in figure 3 is obtained from four Mie images.

4.1 Relative SMD of droplets

Figure 2 Image of relative SMD of droplets. Note that only half
portion of the HC spray is considered here. To obtain the
absolute SMD, recently shown in [8], a calibration procedure
using for rxample PDI, is needed.

4.2 Extinction coefficient

Figure 3 Image of the extinction coefficient
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