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Abstract
A recent appendix in the aircraft regulations comprises testing supercooled large droplets
impinging on its surfaces. For those tests, the size and distributions of droplets need to
be characterized in icing wind tunnels. In this paper, the applicability of implementation
of the “Interferometric Laser Imaging for Droplet Sizing” technique inside a wind tunnel
with a 3 m x 2 m open elliptical test section has been discussed. Experiments have been
conducted in the laboratory for the discussion at object distance of 1.6 m and 2.29 m and
droplets diameters between 360 pm to 850 um. All the streams were previously
characterized by means of the shadowgraph imaging technique. A novel approach of the
Interferometric Laser Imaging for Droplet Sizing technique where droplets are not fully
defocused to avoid excessive overlapping is presented. Two new image processing

approaches provide in general good results as compared to previous methods.
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1. Introduction
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Even though aircraft icing has been considered as an important in-flight hazard since the
early days of aviation [1], the limitations associated with the presence of supercooled
large droplets (SLDs) in icing environments have not been included in the maximum flight
envelopes until fairly recently [2], following the intensive studies that were conducted
after the ATR-72 accident of 1994 regarding SLDs icing conditions. The latest review on
aircraft icing also includes SLDs conditions [3]. A significant loss in aircraft performance,
resulting even in loss of control, on account of the icing phenomena has been well
documented [4-10]. Recent work still addressed the iced airfoils aerodynamic [11] and
ice accretion models [12]. The ice accretion models are very sensitive to the liquid water
content, the mean volume diameter and the droplet distribution [13]. Supercooled large
droplets additionally add new threats due to the appearance of new phenomena
substantially different associated with their large size such as droplet deformation and
breakup prior to impact [14] being the formed ice more difficult to remove. Aircraft icing
environments including SLDs have also been thoroughly characterized over the years
based on direct clouds observation [10,15,16] in order to update the existing certification
requirements. Specifically, the work presented by Cober and Isaac [16] provided enough
data to undertake either numerical SLDs icing simulations or wind tunnel experiments,
which could prove to be extremely helpful and provide invaluable information to better
understand the ice formation. A hypothetical wind tunnel capable of effectively providing
SLDs icing conditions without the scaling limitations reported by Anderson and Tsao [17]
was designed by Orchard et al [18] by simulating both droplet velocities and
temperatures through the wind tunnel for a given contraction ratio. However, the
simulation of SLDs icing environments is not at all trivial with the current test facilities,
especially when considering droplet diameters exceeding 500 ym [19] or a median
volume diameter (MVD) higher than 190 ym [17]. The main problem lies in the correct
generation and subsequent characterization of the SLDs cloud inside the wind tunnel.
The cloud characterization consists of the determination of the droplets size, distribution,

temperature and velocity. These droplets, that need to be characterized, are only
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supercooled and no ice particles should be present. Therefore, problems associated to
the formation of ice crystals, such as the ones described in Brunel et al [82], are not

considered in this investigation.

While droplet velocities could be measured by means of particle image velocimetry (PIV)
or particle tracking velocimetry (PTV) [83] and its temperatures assessed through
simulation [18], the measurement and characterization of droplet size distributions
through the test section is quite problematic. Direct imaging using backlit cannot be
performed because in the transversal characterization either the camera or the backlit
should be placed upstream thus modifying the flow. A Malvern Spraytec laser diffraction
system has been used to provide in situ droplet size measurements in a wind tunnel [20],
but it was placed inside the wind tunnel and other non-invasive technigues outside the
wind tunnel are preferred [21]. In this context, there are a variety of optical techniques
available such as the forward scattering spectrometer probe (FSSP) [22,23], the digital
holography [84] or the phase doppler particle analyzer (PDPA) [24, 25] which allows
simultaneous measurements of drop size and velocity. Also, recently a new extinction-
based for drop sizing in optically dense diesel sprays for smaller droplet was proposed
[26]. However, either the measurable diameter range, the sampling volume, or both, is
too small. Nevertheless, there is also another non-invasive technigue for droplets size
measurement: the interferometric laser imaging for droplet sizing technique, hereafter

referred as ILIDS technique.

The ILIDS technique, also known as interferometric particle imaging (IPl) or Mie
scattering imaging (MSI) in the literature, is a non-invasive optical technique able to
provide instantaneous measurements of sizes and spatial distributions of transparent
spherical particles such as water droplets or bubbles within a certain field of view. Having
its origins in the late 1980’s [26—30], the ILIDS technique is based on the interferences
between the scattered light from a coherently illuminated spherical and transparent

particle. At certain scattering angles, depending on the polarization of the incident wave
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relative to the observation plane, the reflected and refracted light are dominant over the
rest of the scattered orders and two glare points appear in the focus plane [31]. Although
in theory the droplet sizing is possible by simply measuring the distance between said
points [32], the resolution requirements to do so with enough accuracy are high.
However, if the glare points are observed in an out-of-focus plane, a fringe pattern arises
due to the interferences between the reflected and refracted light. In the far-field, the
number of fringes is directly proportional to the droplet diameter, and following the
geometrical optics approach an expression can be derived [33,34]. Enough degree of
defocus is needed in order to capture the whole fringe pattern and avoid measurement
errors [33]. The validity of the geometrical analysis has been extensively studied [34,35],

provided that the necessary conditions are met.

Although there are many advantages associated with the ILIDS method, one of the main
disadvantages has always been the droplet concentration limitation due to the
interferogram overlapping in dense sprays [36-38]. Since the work of Glover et al [30],
who implemented for the first time the use of a laser sheet to capture multiple out-of-
focus particle images, numerous studies followed in the subsequent years to further
improve and refine the technique, especially regarding the overlapping problem. One of
the most popular solutions in order to increase the maximum allowable droplet
concentration is the so-called optical compression technique, which consists of the
implementation of a cylindric lens in the optical system, thus simultaneously achieving
the defocus of one dimension while keeping the focus of the other one [39,40]. Therefore,
guasi-linear fringe patterns are captured, alleviating considerably the overlapping
problem but at the expense of the loss of information. Furthermore, this method requires
almost perfectly vertical fringes in order to accurately measure droplet sizes and is thus
very sensitive to laser misalignments. Another possible solution, the global phase
Doppler technique (GPD), was presented by Damaschke et al [41] by means of a second

laser sheet intersecting the first one with a small inclination angle. Finally, another



important breakthrough in recent years has been the development of the so-called
airborne laser interferometric drop sizer (ALIDS) to characterize cloud droplets during
flight [42,43], combined with the capabilities of the ILIDS technique of measuring mixed
flows (liquid and ice) along with irregular particles [44-46] and the development of real-
time processing software [47,48].

Important advancements regarding the simulation of interferograms based on the
Huygens-Fresnel principle have also taken place [49,50], which allows the direct
comparison between simulated and experimental interferograms. In the most recent
days, the efforts of the ILIDS technique development with regards to the overlapping
problem, however, have been put to the image processing software [38,51,52], and is
this approach the one which has inspired the present work. To do so, two algorithms are
key to the developed image processing software: the Hough transform [53], which is a
very robust algorithm capable of adequately detecting circles even with incomplete circle
edges evidence [54]; and the Watershed transform [55], which is a powerful
segmentation algorithm that can be used to effectively distinguish different objects even

in very complex and problematic images [56-59].

In this context, the aim of this paper is the assessment of a future implementation of the
technique inside a wind tunnel and the corresponding limitations in terms of object
distance or camera resolution, with the ultimate goal of effectively characterizing the
spatial size distribution of simulated SLDs inside a wind tunnel. The potential for
simultaneously measuring both droplet size and velocity by means of both ILIDS and PIV
techniques has already been presented with promising results [39,60-62]. In fact, the
recent work of Kosch et al [63] was dedicated to correcting the center discrepancies
between ILIDS and PIV techniques. Furthermore, according to the cloud observations
reported [10,15,16], the formation of SLDs is associated with very low particle

concentrations and, therefore, a typical ILIDS setup has been used in the present work.



First, an introduction to the theoretical background of the ILIDS technique will be made,
followed by the design of the experiments. Then, the developed image processing
software will be explained including several methods. Both the obtained experimental
images and the processing results will then be presented and discussed. Finally,

conclusions are given showing promising results.

2. Theoretical Background

The ILIDS technique is based on the regular oscillatory properties of the rays of light
scattered by a spherical and transparent particle, such as a water droplet or a bubble,
when illuminated by a coherent light source, and the subsequent interferences between
them. Each incident light ray is scattered by the particle into a series of different beam
paths propagating in multiple directions, both in the forward and backward-scatter
regions, as can be seen in Fig. 1. The scattering order p is defined based on the number

of interactions between each ray path and the particle.
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Fig. 1 Ray paths of the first 4 scattering orders in a coherently illuminated water droplet according to

geometrical optics.

The regular oscillatory properties of the scattered light can be rigorously described by
the Lorenz-Mie theory (LMT) [64,65]. For a given droplet size, the scattering intensity,
and thus the contribution of each component, will depend on the scattering angle and
the polarization of the laser source relative to the observation plane (Fig. 2). For a
perpendicularly polarized incident wave and a scattering angle of around 6 =67°, the

intensities of the reflected and refracted light are equal and clearly dominant over the



other scattered rays. The same condition is satisfied under parallel polarization for a
scattering angle of approximately 6 = 82°, although the corresponding scattered intensity
is at least one or two orders lower. A fringe pattern or interferogram emerges from the
interferences between the refracted and reflected light in the out of focus images at the
aforementioned off-axis angles, from which the droplet size could be determined. The

problem is then reduced to the interference between two single rays of light, as in Fig. 2.
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Fig. 2 Optical ray paths of the first 2 scattering orders (reflected and refracted light) for a given scattering

angle according to geometrical optics.

The quality of the resulting interferogram and thus the fringe visibility depends on the
intensity of said scattered rays, which is also a function of the droplet size, increasing
with the diameter. Such a dependence can be seen in Fig. 3, in which the first two
scattering orders for 3 different droplet sizes — 100 ym, 400 um and 800 um — are
represented for both a perpendicular and parallel polarization of the laser sheet. This fact
hinders the simultaneous study of large and small droplets, and the problem is further
aggravated in the case of parallel polarization since the optimal off-axis angle is also
affected by the drop diameter. An evaluation of fringe visibility as a function of the
scattering angle and droplet size was conducted in Ref. [69]. Under perpendicular
polarization, there is a reasonably wide range of scattering angles (near 67°) in which
fringe visibility remains high and the dependence of drop size is low, and no third glare

point effect appears [70].
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Fig. 3 Evolution of the intensity of the first 2 scattering orders with the scattering angle for 3 different

droplet sizes with a) perpendicular polarization and b) parallel polarization of the incident laser sheet.

For both the reflected and refracted light, a propagation cone is formed towards the
camera lens with a collecting or aperture angle a. After the light passes through the
camera lens, both propagation cones converge towards the image plane. As the defocus
length /; increases, the interference between them arises in the overlapping region, thus
producing the fringe pattern. In Fig. 4 the typical ILIDS arrangement is shown, along with
the propagation cones from the reflected and refracted light, the most relevant
parameters of the optical system and the fringe pattern formed in the overlapping region.
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Fig. 4 Typical ILIDS optical imaging arrangement producing two glare points in a focus plane and its

corresponding fringe pattern in an out-of-focus plane.

In the defocused plane, the reflected and refracted rays’ propagation cones will be
captured as two circles overlapping each other with fringes emerging in between them.
The image size d; will not depend on the actual droplet size but on the optical imaging
arrangement. For a given optical arrangement, as the defocus length /; or the effective

aperture of the camera lens d, increases, so does the image size d;, as can be visually



seen in Fig. 4. Fig. 5 also shows the effects of varying the defocus on the degree of
overlap between the propagation cones. At a certain defocus distance, the propagation
cones will be virtually merged, which while allowing an easiest data analysis of the out-
of-focus images come at the expense of an increased image size. Furthermore, the
larger the droplet, the higher the required defocus, since the two glare points will be
farther away from each other. Therefore, when capturing droplets of very diverse sizes,
a full overlap of the propagation cones will not be simultaneously achieved for all of them
[41]. An approach based on the partial defocus of the droplets would reduce image size
and potentially allow for simultaneous measurements of different droplet sizes.

Camera lens Focus plane

IIII!IIII,“.‘;‘
3

Fig. 5 Evolution of the particle image size and circles overlapping with the defocus distance.

The droplet diameter is directly related to the angular inter-fringe spacing, that is, to the
number of fringes of the interferogram. That relationship can be determined via a
geometrical optics analysis by obtaining the phase difference between the reflected and
refracted ray paths and is given by the following expression, put forth by Hesselbacher

et al [28] and Roth et al [29]:

. (8
d=% cos<g>+\/ el (E) 1)

a
n2+1-2n cos (g)

where d is the particle diameter, N is the number of fringes, A is the wavelength of the
laser sheet, ais the collecting angle of the optical arrangement, 6 is the scattering or off-
axis angle and n is the relative refractive index corresponding to a water droplet in air.
The fringe frequency-count to particle size relationship could also have been obtained

with exact light scattering theories with a higher accuracy [86], however the geometrical
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theory provides the enough accuracy required in this case. The fringe frequency is
defined as f;, = N/a. Note that in the previous expression the droplet diameter does not
depend on the scattered light intensity. The previous equation is valid whenever the size
parameter satisfies the condition md,/A> 10-20, which would be the minimum
measurable droplet size, and the particle and medium refractive index differ enough from
each other, as stated by H. C. van de Hulst [71]. The maximum measurable droplet size
will be constrained by the Nyquist criterion, which establishes that each fringe within the
interferogram needs to be covered by at least two pixels, and therefore n,;, = 2N, where
Nyix is the width of each fringe pattern, measured in pixels. The larger the droplet, the

higher the necessary image width.

In an optical arrangement such as the one presented in Fig.4, the collecting angle a can
be determined by the expression a = 2asin(d,/2/,). However, no isolated lens, but
rather an assembly of lenses within the camera objective, has been used. Therefore, a
simplified expression of the effective aperture angle a as a function of the numerical
aperture NA and the linear magnification ratio M was derived based on the work of
Mounaim-Rousselle et al [72]. Given that the effective lens aperture can be taken as
d, = fINA, where f is the camera focal length and NA the chosen numerical aperture,

and by assuming a single thin lens simplification with which the focal length f, the object

~+1, the following
2

distance /, and the imaging distance /; can be related by %= p

expression is derived:

M 1
— (T 2
q—2asm( 13 ) (2)

in which the linear magnification has been taken as the ratio between image and object

distance, M = I/l,.

3. Requirements regarding Object Distance.
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Both the experiments and the analysis were carried out with a view to undertake them
inside the wind tunnel number 1 of INTA, which is a closed return low-speed wind tunnel
capable of reaching an airspeed up to 60 m/s with a freestream turbulence intensity lower
than 0.5 % and a 3x2 m? open elliptical test section, with the major axis of the ellipse
matching the width of the tunnel. Depending on the off-axis angle and the orientation of
the laser sheet relative to the airflow, the minimum object distance requirement might
vary, as represented in Fig. 6, ranging from a minimum of 1.5 m to a maximum of almost
4 m. Since the horizontal axis of the wind tunnel is 3 m long, this requirement would imply
a minimum distance of 1.5 m between the camera and a droplet located at the center of
the tunnel, provided the laser sheet were to be parallel to the flow and the off-axis angle
equal to 90°. For a scattering angle of 8 =67° the minimum required object distance
would be approximately /, = 1.6 m. However, the transversal spatial droplet size
distribution is also needed, in which only the latter could be of use since the former would
interfere with both the flow and any scale model inside the test section. Therefore, the

minimum object distance would significantly increase up to about 3.8 m.
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Fig. 6 Representation of possible ILIDS configuration inside a wind tunnel and its necessary minimum

object distances with the laser sheet a) perpendicular and b) parallel to the wind tunnel airflow.

Such a requirement is an enormous limitation to the ILIDS technique. As the object
distance increases, the resulting field of view, and thus the camera resolution

requirement, substantially raises as well, hence considerably restricting the maximum
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measurable droplet size. Nevertheless, several alternative configurations could be used
in order to reduce the object distance, particularly when considering a transversal laser
sheet. Instead of aligning the field of view with the wind tunnel axis, it could be slightly
moved towards the test section border. If a reasonable margin of 1 m between the field
of view center and the test section border is considered, the minimum object distance
would now be of only 2.6 m (see Fig. 6). The same distance could be obtained by
implementing a vertical optical arrangement, since the wind tunnel height is only 2 m
long. In any case, the necessary object distance is still very high, and therefore an
assessment of this limitation needs to be made in order to evaluate the viability of

undertaking wind tunnel experiments.

4. Description of the experiments

The experiments have been conducted at Instituto Nacional de Técnica Aeroespacial
(INTA) by means of the ILIDS technique. The experimental setup follows a typical ILIDS
arrangement as shown schematically in Fig. 7. Three different monodispersed streams
of droplets were generated by using a Rayleigh-based monodisperse droplet generator,
which exploits the inherent instability of a round liquid jet when excited at a certain
wavelength [73]. The water jet of the droplet generator is supplied by a pressurized water
tank which is connected to an air compressor. The experiments have been carried out in
a laboratory under controlled conditions of calm atmosphere. A vertical laser sheet with
a typical thickness of 0.5 mm and a wavelength of 532 nm generated by a neodymium-
doped yttrium aluminium garnet (Nd:YAG) laser beam passing through a combination of
three semi-cylindrical lenses and a spherical one, with focal lengths of -200 mm, -100
mm, -50 mm and 1000 mm, respectively, illuminated the stream of droplets. The laser
used was a Surelite Model SL-10, with a frequency of 10Hz and a power of 150 mJ per
pulse. The scattered light from the droplets was collected by a NIKKON D800E, which is
a high-resolution camera with a total of 36.3 effective megapixels and a 35.9x24.0 mm

CMOS image sensor, equipped with an AF-S NIKKOR 300mm /2.8G ED VR Il camera
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lens. The area of 1 pixel in the CMOS sensor, called S, has a value of 23.72 pm?. An
effective lens aperture of f/4 was chosen in order to collect enough scattered light from
the droplets. The laser sheet was perpendicularly polarized to achieve maximum fringe
visibility as discussed in the theoretical background. The experimental setup is presented

in Fig. 7, in which every relevant component is shown.
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Fig. 7 Scheme of the ILIDS experimental setup as seen a) from the side; b) from above and c) actual

ILIDS experimental setup

Two different configurations have been tested. The chosen object distances were 1.6 m
and 2.29 m for configuration 1 and 2, respectively, whereas the off-axis angle was 71°
and 67°, respectively. The pixel resolution was 16.1 um/pix and 32.2 um/pix in each

2 and

configuration, and thus the resulting field of view was FOV;=11.9x7.9 cm
FOV, = 23.7x15.8 cm?. Given that both the field of view and the CMOS sensor size are
known, the linear magnification ratio M of each optical configuration can be calculated,
being M, = 0.302 and M, = 0.152, respectively. The magnification ratio in configuration
2 is half the magnification in configuration 1, which implies that an increase in object
distance of about 45% results in effectively doubling both dimensions of the

corresponding field of view. Consequently, in order to achieve the same image quality,

the camera resolution would need to be 4 times higher.

A total of three different droplet sizes have been studied. The sizes of the droplets have
been chosen to cover the typical size of droplets encountered in the SLD clouds that

need to be simulated in the wind tunnel. The stream of largest droplets was studied in
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configuration 1, whereas the other two smaller droplet sizes were studied in configuration
2. The size of the three studied streams of droplets was characterized in advance by
means of the shadowgraph imaging technique. For that purpose, each stream of droplets
was illuminated from the back with a LED light source (backlighting technique) and
captured with the abovementioned camera setup. The data processing of the
shadowgraph images was comprised of three main stages: 1) image binarization using
a locally adaptive threshold based on the local mean intensity in each pixel and its
neighborhood [74] to locate all the droplets; 2) isolation of each detected separate droplet
and 3) measurement of each droplet size using Otsu’s method [75] to binarize the
isolated droplet image. The holes corresponding to the bright point in the middle of the
droplets were filled. The detailed process of measuring each droplet size can be
observed in Fig. 8 for a stream of droplets. An example of the isolated droplet images for
the three droplets sizes and the equivalent diameter measured for each droplet is shown
in Fig. 9.

Original Image Gray Scale Image Binarization Holes Filling Equivalent Diameter

Fig. 8 Image processing of a monodispersed stream of droplets captured with the shadowgraph imaging
technique
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Fig. 9 Extracted fragments from the shadowgraph images of the droplet streams with the detected
equivalent diameters underlined for three droplet sizes (smaller to larger from the left to the right).

The droplet diameter is calculated counting the number of pixels occupied by the area of

the droplet image after binarization, N,,, knowing the magnification, M, and assuming that

the droplet is spherical, as follows:

1 |4
d = |=NySp = F(M,Ny, S)

The droplet size uncertainty, U;, can be calculated as follows:

UZ_(OF )2+ JoF 2+ JoF 2
a=\oM™) T \an, "N as, "

Where uy,, Uy, and us, are the uncertainties in the measurement of: the magnification,

the number of pixels and the pixel area respectively. The most important contribution
was due to the measurement of the number of pixels occupied by the droplet image,
which consisted of the systematic error term and the random error term, being the

systematic error negligible compared to the random error:

OF \° (2 S\ 2
mul\’p N (EMZd) (uNp syst) + (uNp

Where overbar indicates averaged quantities, Uy,

)2
random

was 0.5 pix and uy, has

random

syst

been calculated as follows:

O'Np

uy =th-1,095——
Plrandom ’ \/ﬁ

Being t,_1 .95 the t-student function, N, the standard deviation of the measurements

and n the number of measurements, which ranged between 15 and 60 measurements.

Due to the considered field of view being so large, a homogeneous illumination within
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the whole captured background was not possible, since the LED source was circular and
its light intensity varied with the radius, as shown in the Fig. 10a. The influence of the
background illumination in the characterization can be assessed by representing the
measured diameter as a function of the vertical position of the droplets within each
shadowgraph image, as presented in Fig. 10. The maximum experimental variance was
on the order of 15% of droplet diameter. The uncertainties are 6 um for the small droplets,
10 pum for the medium-sized droplets and 8 um for the large droplets, which are
considered acceptable for the purpose of this investigation. The reason for the larger
uncertainty for medium droplets relies on a larger dispersion of the droplets’ diameter in

the generation of the stream of droplets, which increases the random error in the

{

measurement.
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Fig. 10 A sketch of the illumination source on the left. Evolution of the measured droplet diameter with the

vertical position of each droplet within the shadowgraph image on the right.

Finally, the test matrix of the experiments can be observed in Table 1. An overview of
the main parameters involved in the experiments and the measured droplet size of each
stream of droplets via shadowgraph imaging technique are summarized in Table 1.
Collecting angles in each configuration were obtained as stated in Eq. (2) with the
aperture number being NA =4 and the magnification ratios being M; = 0.302 and

M, = 0.152, respectively.
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Table 1 Test matrix

Droplet _ , Pixel Off-axis Collecting  Obiject
_ Field of View _ ]
Diameter Resolution Angle Angle Distance
363+ 6pm 23.7x15.8cm?  32.2 um/pix 67° 1.89° 229 m
658 + 10 ym 23.7x15.8cm?  32.2 ym/pix 67° 1.89° 229 m
841 +8pum  11.9x7.9cm? 16.1 pym/pix 71° 3.22° 1.6m

5. Image Processing Proposed Method

A novel approach regarding the ILIDS technique is proposed in the present work based

on the droplets not being fully defocused, from which a main particularity is derived: the

presence of two circular disks corresponding to the scattered light propagation cones,

as stated in Section 2. While somewhat hampering the image processing, this approach

reduces the size of the interferograms and thus alleviates the overlapping problem. In

order to address this particularity, a dedicated image processing software has been

developed in MATLAB and is presented as an alternative way of analyzing ILIDS images.

For real sprays, the atomization is a random process so a humber of images needs to

be recorded and processed. However, this investigation is limited for mono-dispersed

drops and therefore, only a limited number of images have been analyzed. The flowchart

of the whole proposed image processing software is shown in Fig. 11.
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Image binarization using a global threshold (Otsu’s method).
Image dilation, hole filling and image erosion.
Filtering of small undesired objects.

Location of all the
interferograms

’ Distant transform of overlapped objects (group of interferograms). )

Identification of Extraction of distant transform kernels.
separate particles Watershed transform of overlapped objects.
Removal of overlapped regions. )
' Location of overlapping circles by means of the Hough transform.\
Isolation of fringe » Method 1: Hough transform of grayscale stretched images.

it » Method 2: Hough transform after edge detection algorithm.
[PELEIE » Method 3: Hough transform after image segmentation.

' Extraction of overlapped region. )
Bidimensional Fast Fourier Transform of each fringe pattern. )

Gaussian filtering of Fourier transforms.

Extraction of the highest intensity peaks.

Fringe frequency determination with sub-pixel resolution

(weighted centroids) )

Processing of
fringe patterns

Fig. 11 Flowchart of the presented image processing software.

5.1 Location and identification of separate interferograms

The first step of the image processing software is the location and identification of each
separate particle, with the first stage being the binarization of the interferograms. A
representative fragment extracted from an experimental image comprising five different
interferograms with several degrees of overlapping (an isolated interferogram, two mildly
and two more severely overlapped interferograms) is shown in Fig. 12a to better illustrate
the process, although only the grayscale image (see Fig. 12b) will be used in the
analysis. Since the background is homogeneous, global binarization may be used. A
threshold well below the one obtained by Otsu’s method [75] is selected to ensure that
the whole interferogram is contained (see Fig. 12c). To further improve the results, a
postprocessing of the binarized image consisting of morphological such as image
dilation, erosion or hole filling [76] is also carried out, as shown in Fig. 12d, and small
spurious objects that may appear are filtered. The object used for the image dilation was

a cross of size 3 pix, and the object used for the image erosion was a disk of size 1 pix.
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Fig. 12 First stage of the image processing: a) Extracted fragment from ILIDS images; b) converted

grayscale image; c) globally binarized image and d) binarized image after postprocessing

Since overlapping interferograms will appear as one large merged object, the second
stage is the separation of these interferograms. Fig. 13 shows the main steps involved
in this second stage. During step 1, the distance transform of the previously binarized
picture is obtained (see Fig. 13b). Then, in step 2, the extended-minima transform [77]
of the complement of the distance transform is computed and its kernels are extracted
(see Fig. 13c). The extracted kernels are connected groups of pixels whose intensity is
constant within a specified range, with all the external pixels having higher values. The
smaller the range, the smaller the extracted kernels. Shallow minima from the distance
transform is thus removed. In step 3, the watershed transform [55] is then computed with
the extracted kernels from the distance transform as input, thus effectively separating
the merged objects when combined with the original binarized image (see Fig. 13d). The
watershed transform searches for the ridgelines of an image by considering the bright
and dark pixels as high-elevation and low-elevation regions, respectively. The use of the
extracted kernels instead of the distance transform itself prevents the watershed
transform from oversegmenting the image. In step 4, the centroid of each separate object
is determined (see Fig. 13e). It should be noted, however, that the objective is not yet to
accurately locate the center of each interferogram. A mere approximation will suffice at

this point. In step 5, based on the centroid and the information from each object before
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and after the Watershed transform, an equivalent diameter is derived and represented
in order to remove overlapping regions (see Fig. 13f). Finally, in step 6, the overlapping

regions of each interferogram are removed (see Fig. 139).

Fig. 13 Second stage of the image processing: a) Binarized image; b) distance transform; c) distance
transform kernels; d) Watershed transform; e) grayscale image with centroids and particles boundaries

underlined; f) the equivalent diameter chosen and g) particle images after removal of overlapped regions.

The presented method proves to be very robust and is able to identify distinct particles

even with severely overlapped interferograms, as showed in Fig. 14.

Fig. 14 Implementation of the first and second stages to severely overlapped interferograms.

5.2 Isolation of fringe patterns

Having located and identified every drop image, the next step is the isolation and
subsequent extraction of each fringe pattern in order to determine fringe frequency and
undertake droplet sizing. Three methods based on the Hough transform [53] are

proposed in order to locate the two circles producing the fringe pattern

5.2.1 Method 1

20



This first method is based on the direct application of the Hough transform. Each
interferogram is first subjected to a linear contrast stretch together with a Gaussian blur
and an unsharp filter (see Fig. 15b). The Gaussian blur is meant to erase as much fringe
evidence as possible, while the unsharp filter and the contrast stretch is intended to
significantly increase edge evidence of the circles. The chosen parameters in each
image filter will have a great influence on the results, but unfortunately, there is not a
unique combination that provides good generalized results for all the cases at the same
time. A careful design of the filters is therefore needed, since while a certain unsharp
filter might adequately sharpen the circle edges, it could also favor the creation of
undesirable noise within the fringe pattern. On the other hand, while a high standard
deviation Gaussian filter will effectively erase most of the fringe evidence, it could also

compromise the edge visibility.

After the preprocessing, the Hough transform is applied. The effectiveness of this method
is very dependent on several parameters of the Hough transform algorithms such as the
sensitivity, the edge threshold or the radii range in which the transform searches for
circles. Among them, the radii range is the main point of concern: small changes in the
radii range may result in relatively large changes in the located circles radii. In order to
avoid such an inconvenience, the algorithms have been developed in a staged manner,
with the radii range narrowing after each stage. First, a relatively wide initial range is
considered according to the interferograms’ width and height. The candidate circles of
the Hough transform are sorted in the MATLAB in-built algorithm according to an
accumulator array. The higher this magnitude, the higher the probability of being an
adequate circle. Therefore, the strongest circle radio will act as new reference as the
range narrows around it, the Hough transform is used again, and so on. When the
strongest circle radio matches the reference’s, the loop stops, and the two strongest
circles are selected. A series of acceptance criteria have also been implemented in order

to filter spurious circles that may have been erroneously detected by the algorithm. For
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example, taking the strongest circle as reference, all the detected circles that are quasi-
concentric or whose center is almost directly above or below the reference are filtered.
A minimum and a maximum horizontal and vertical separation between the two strongest
circles is also selected. These criteria have proven to be quite important when filtering
spurious results, particularly considering that the image processing software has been

developed to be automated. The results of this approach are shown in Fig. 15c.

Droplet 1 Droplet 2 Droplet 4

7

Droplet 3 Droplet 5
5

Fig. 15 Location of circles in interferograms using the first proposed approach: a) isolated interferograms;

b) linear contrast stretch of the images and c) circle detection using Hough transform.

5.2.2 Method 2

The second method is almost directly based on the work of Glover et al [30], which was
the first application of the ILIDS technique in a bidimensional manner. As in Method 1
above, a linear contrast stretch, a Gaussian filter and an unsharp filter are implemented
(see Fig. 16b), although an additional step is added: an edge detection by means of the
Canny algorithm [78] (see Fig. 16c). The strongest edges are easily detected; however,
the algorithm struggles to find fainter edges. Fig. 16c also shows the differences in the
algorithm’s behavior for a given set of parameters — namely the sensitivity and the edge
threshold — between different interferograms. While only the circle edges are present in
the leftmost picture (droplet 1), a considerable amount of noise appears in the rightmost
picture (droplet 5). On the other hand, several concentric edges arise in some cases due

to the width and intensity of the interferogram rings, thus creating a potential source of
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error and uncertainty. Finally, the Hough transform is applied. Depending on which

concentric circle is detected, the extracted fringe pattern width will vary (see Fig. 16d).

Droplet 5

Droplet 1 Droplet 2 Droplet 3

Droplet 4

Fig. 16 Location of circles in interferograms using the second proposed approach: a) isolated
interferograms; b) Gauss and unsharp filter of the images; c) edge detection using Canny algorithm and d)

circle detection using Hough transform

5.2.3 Method 3

The third method is a novel approach meant to extract edge information from both the
outer and the inner boundaries of the interferogram, thus easing the location of the circles
by the Hough transform. This method is based on a prior image segmentation of the
interferograms by means of a multilevel Otsu’s threshold, as shown in Fig. 17b. As in the
global binarization conducted in the first stage of the image analysis, the lower Otsu’s
threshold needs to be adjusted so as to correctly segment the whole interferogram. Since
the effectiveness of the Hough transform algorithms significantly increases when the
desired circles are either much brighter or much darker than the background, the second
level of the image segmentation — gray area in Fig. 17b — is subjected to a postprocessing
consisting of morphological operations and a first order Savitzky-Golay filter [79], and its
external boundary is then extracted and added to the first level of the segmented image

— white area in Fig. 17b — as presented in Fig. 17c. Although it could improve the results
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in certain cases, no postprocessing of the first level is conducted in order to avoid
significant differences in the algorithm’s behavior when implemented in interferograms
with different characteristics. The Hough transform is then used to detect the
corresponding circles in the segmented image. The results are shown in Fig. 17d.

Droplet 3

Droplet 2 Droplet 5

Droplet 4

Droplet 1

Fig. 17 Location of circles in interferograms using the third proposed approach: a) isolated interferograms;
b) segmented interferograms with three levels; ¢) segmented interferograms after postprocessing and d)

circle detection using Hough transform

5.3 Extraction and processing of the fringe pattern

Once the two circles from each interferogram have been adequately isolated, the
removal of the non-overlapping regions is conducted to isolate the fringe pattern. One of
the most important advantages of the ILIDS method is the ability of the Fast Fourier
Transform (FFT) to extrapolate fringe frequency even with incomplete fringe patterns,
provided its width and height are known. Therefore, a zero padding of the extracted
images has been carried out in Fig. 18c, in which what should be the entire pattern as
detected by the Hough transform has been underlined. This allows the measurement of
both vertically and horizontally overlapped interferograms. The definition of the degree
of overlapping of each isolated fringe pattern region is the ratio between the overlapped

and total fringe pattern area as follows:
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__ Overlapped fringe pattern area _ 2 Aovertap

3)

Vo = Total fringe pattern area Atotal

A visual explanation of this parameter is shown in Fig. 18d. In the case of multiple
overlapping, this means that the sum of all the overlapped regions divided by the total

fringe pattern area will give the degree of overlapping.

Droplet 5

Droplet 1 Droplet 2 Droplet 3 Droplet 4

Fig. 18 Extraction and zero padding of the fringe patterns: a) isolated interferograms; b) removal of non-

overlapped zones and c) zero padding of the detected fringe pattern region

Fringe frequency information will be extracted by means of a bidimensional FFT. The
fifth droplet’s fringe pattern shown in Fig. 18c and its corresponding FFT will be used to
show the most relevant steps in Fig. 18. Due to the inherent nature of both the considered
interferograms and the Fourier transform, in the frequency domain there will be a central
high-intensity and low-frequency peak broadening the zero that will be dominant over a
series of peaks with varying intensities symmetrically placed two-by-two with respect to
the zero-frequency. These pair of peaks represent a measure of the calculated fringe
frequencies and its corresponding power spectrum, whereas the low-frequency peak is
a measure of background variation (additive disturbances), which is usually lower when

compared to fringe variation (multiplicative disturbances) [80].

Depending on interferogram properties such as the signal to noise ratio (SNR), the FFT
will usually be rather chaotic and the information extraction quite a cumbersome process,
due to the presence of numerous secondary peaks and noise (see Fig 19a). A Gaussian

filter is thus implemented in order to smooth the FFT (see Fig 19b) and ease the
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determination of the fringe frequency. However, since a lot of different frequencies are
still present on account of the secondary scattering and image quality, an additional step
is then added to filter all undesired frequencies below a certain intensity threshold, which

is automatically calculated so as to keep only the three highest intensity peaks.

-

c)

Fig. 19 Tridimensional (upper line) and bidimensional (down line) representation of a) a 2D FFT of a fringe

pattern; b) after a Gaussian filter and c) after thresholding the three highest peaks.

By locating and measuring the half-distance between the remaining pair of peaks, the
number of fringes contained within the interferogram, and thus the fringe frequency, can
be determined. The orientation of the fringe pattern can also be obtained from the
direction of the line connecting both peaks. Although said location could be conducted
by simply searching for local maxima, the considered peaks are usually quite broad
depending on the SNR and image quality, and no clear and distinct peak is present.
Therefore, the location is conducted by means of weighted centroids of the power
spectrum above the threshold, thus achieving sub-pixel resolution. This approach has
been inspired by Natan [81]. Since the Fourier transform determines the relative
frequency, i.e. extrapolates the measured fringe frequency to the whole height and width
of the considered image, the potential for measuring incomplete fringe patterns should
be noted, whether they are vertically or horizontally overlapped. This approach also

allows the processing of the typical circular ILIDS interferograms when overlapped.
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6. Results and discussion

Out-of-focus images were obtained for each one of the three streams of droplets studied.
Three representative fragments of the captured images have been extracted and are
presented in Fig. 20. In each picture, two circles corresponding to the reflected and
refracted light’s propagation cone are discernible, with the fringe pattern appearing inside
the overlapping region, as discussed in the theoretical background. In Fig. 20a, no
overlapping between separate particle interferograms is observed due to the separation
between droplets and the reduced droplet size considered, which was around 360 um.
In Fig. 20b, however, vertical overlapping appears. Although the degree of defocus
remained the same, droplet size was increased up to about 660 um. Consequently, the
two circles are not as merged as in Fig. 20a on account of the corresponding glare points
are farther away from each other. Overlapping also occurs, to a certain degree, when

studying droplets of about 850 um (see Fig. 20c), even though the camera was closer.

Fig. 20 Experimental results of the tested droplet streams of diameters a) 360um; b) 660 um; ¢) 850 um.

In order to better assess the image quality of the captured interferograms from each
stream of droplets and the differences between them, an isolated fringe pattern has been

extracted from each picture and is presented in Fig. 21. The number of pixels covering
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each overlapping circle and the resulting fringe pattern is also included as a reference of
the particle image size and the degree of overlapping produced between the propagation
cones. Since both Fig. 21a and Fig. 21b were captured under the same optical
configuration — object distance, field of view, magnification and degree of defocus — the
projection of each propagation cone covers the same number of pixels. As stated before,
however, the degree of overlapping between them differs, being about a 25% lower in
the medium-sized droplet. Finally, the enormous increase in image size of the large
droplet (see Fig. 21c) due to the lower object distance and the higher degree of defocus

that was needed on account of its incremented diameter should also be noted.

Fig. 21 Isolated interferograms and its corresponding image size and fringe pattern width extracted from

the stream of a) small; b) medium-sized and c) large droplets.

Recalling the Nyquist criterion, the number of pixels covered by the fringe pattern must
be at least twice the theoretical number of fringes for a given droplet size ny,;, = 2N. While
both the small and large droplets seem to meet this criterion, the same does not hold
true for the medium-sized droplet. The resolution of the CMOS sensor is hot enough to
adequately sample and capture all the fringes contained within the overlapped
propagation cones, and hence the aliasing becomes apparent. For a droplet diameter of
360 um and a collecting angle of a = 1.89°, the theoretical expected number of fringes
is approximately N =20. Since the fringe pattern width is np;, = 53 pix, the Nyquist
criterion is met. Provided the fringe pattern width remained equal to 53 pix, the maximum
measurable size would thus be of about 450 - 460 um. For the larger droplet, the number

of fringes expected was N = 80, therefore the number of pixel n,;, = 220 pix met also
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the Nyquist criteria. For a droplet diameter of 660 pm, however, the number of expected
fringes increases up to around N = 37 for the same collecting angle, whereas the fringe
pattern width not only is not increased but rather reduced down to only n,;, = 43 pix.
Therefore, due to the inability of the sensor to capture all the fringes and the subsequent
Moiré effect, the fringe pattern shifts. Another pattern with reversed orientation and a
different characteristic frequency emerges, as can be better seen in Fig. 22b below. Fig.
22 also shows the main steps taken during the analysis of each separate interferogram.
In the following subsections the results of the analysis of each case of study will be

presented and discussed accordingly.

Fig. 22 Image processing procedure of isolated interferograms from the stream of a) small; b) medium-

sized and c) large droplets.

6.1 Small Droplets

The first case of study considered is the stream of small droplets, whose mean size was
of about 360 ym. A visual comparison between the three proposed image processing
methods is presented in Fig. 23 for five extracted isolated interferograms. Promising
results are shown concerning the circles detection. Although the Method 2 results (see
Fig. 23c) are somewhat less precise and seem to slightly overestimate the fringe pattern

region, both Methods 1 and 3 (see Fig. 23b and Fig. 23d) show great accuracy. As in
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Section 5, Method 2 struggles to find the adequate circles due to the appearance of
concentric circular edges around high intensity rings. Low intensity rings also hinder an
adequate detection with this method. Particularly good are the results from Method 1,
since the detected circles almost perfectly match both high and low intensity rings, even

in Droplet 1, in which a quasi-indistinguishable ring is still adequately spotted.

Droplet 1 Droplet 2 Droplet 3 Droplet 4 Droplet 5

e

Droplet 5

/

Droplet 5

Droplet 1

o

Fig. 23 Visual comparison between the three proposed methods when applied to the stream of small

droplets. a) Grayscale ILIDS images; b) method 1; c) method 2 and d) method 3.

A comparison between the experimental results of each method after the implementation
of the FFT and the shadowgraph results is presented in Fig. 24a, in which the mean
measured diameters along with its uncertainties are shown. The uncertainties are

calculated as follows:

o
U= ty-1,9545% —
N

As expected after the visual comparison, both Methods 1 and 3 come closer to the
shadowgraph results than Method 2. Fig. 24b shows the error of the measured droplet

diameter with its relative vertical position for each method. Unlike the shadowgraph
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imaging, nho dependence on vertical position is observed in the measurement. The error

is defined as follows:

error(%) = ddrefl 100.
ref
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Fig. 24 Comparison between the experimental results of small droplets on the left and the error in the

measured diameter vs the relative vertical position of the interferograms on the right.

Although the Method 1 provides the best results in terms of precision as compared to
Method 3, there is one singular aspect, however, that favors the Method 3 over the
Method 1. The Method 3 algorithm behavior seems to be more robust since only a minor
non-essential adjustment in the lower Otsu’s threshold was implemented, while the
standard deviation in Method 1 of the Gaussian filter had to be tailored and readjusted
to the characteristics of these specific interferograms. While a standard deviation of
o0 =4 was needed in the large droplets’ interferograms, standard deviations higher than
o = 1 considerably worsened the circle detection results when implemented in the small
droplets’ interferograms. Both the acceptance criteria and the radii range parameters
had to be adapted for either method. A higher degree of generality could be achieved for
the Method 1 by removing the implementation of both filter prior to the Hough transform,
although the accuracy and precision of the approach could consequently be jeopardized,
especially whenever the interferogram overlapping is a factor. Nevertheless, method 1

provides less error than the other two methods.
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6.3 Large Droplets

A visualization of the circle detection’s results provided by each method for the large
droplets’ interferograms is shown in Fig. 25. Both Methods 1 and 3 provide quite similar
results, with no noticeable differences, while some of the Method 2 results underestimate
the fringe pattern region. This underestimation, as well as the overestimation in previous
subsection, is a consequence of the appearance of concentric borders and the struggle
of the algorithm to cope with them. The results of this method will thus have a higher

uncertainty and could be somewhat unpredictable.

Droplet 1 Droplet 2 Droplet 3 Droplet 5

Droplet 2 Droplet 4
- S

Droplet 2
=

Droplet 2

Fig. 25 Visual comparison between the three proposed image processing methods when applied to the

stream of large droplets. a) Grayscale ILIDS images; b) method 1; c) method 2 and d) method 3 results.

Fig. 26a shows a comparison of the experimental ILIDS results to those of the
shadowgraph imaging technique. Methods 1 seems again to provide excellent results
when compared to the shadowgraph imaging, being almost fully contained within its
uncertainties. On the other hand, the results provided by Method 2 present a lower
accuracy and precision. In the same figure on the right, the error defined as before is
presented against the vertical position. It can be observed that Method 3 seems to have

less error than Method 2, though the uncertainties are larger.
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Finally, Fig. 27 shows the evolution of the measured diameters with the degree of
overlapping for some measurements. Although there seems to be a slightly increase in

the deviation at higher degrees of overlapping, no significant deviations are perceived.
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Fig. 27 Evolution of the measured diameter with the degree of overlapping for the stream of large droplets

with the three proposed image processing methods.

6.4 Reconstruction of the field of droplets

One of the main advantages of the ILIDS technique is the possibility of providing the
bidimensional spatial droplet size distribution. In order to do so, the accurate location of
the particle interferograms centroid is needed. However, the presence of mildly to
severely overlapped interferograms significantly hinders this task. Nevertheless, the
presented approach allows this location even with highly overlapped fringe patterns by
means of the two-circle detection and its subsequent fringe pattern zero padding.

Although it heavily relies on a successful circle detection, a more adequate particle
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center can be calculated with great accuracy by taking centroid of the detected fringe
pattern region. Fig. 28 shows five isolated fringe patterns extracted from each case of

study with its boundaries and centroids underlined.

Droplet 1

e,

Droplet 2 Droplet 3 Droplet 4 Droplet 5

.

Fig. 28 Isolated interferograms with the detected fringe pattern and its centroid underlined for the stream

of a) small; b) medium-sized and c) large droplets.

Having located the local centroid of each fringe pattern, the particle’s center can be
extrapolated to the original ILIDS image, thus allowing the reconstruction of the spatial
droplet field and providing its size distribution. Fig. 29 shows such a reconstruction for
each case of study considered. Note that even with severe overlapping and low intensity
rings, the algorithm successfully locates with good accuracy the center of the particles.

The Method 1 results have been used to illustrate Fig. 29.

34



385

4
00 850

380

380 845

360 -1 840

w
o]
=}

Droplet diameter [um]

835

Droplet diameter [um]

Droplet diameter [um]

320

355

825
300

350

820

345 280

Fig. 29 Reconstruction of the spatial droplet field from the stream of a) small; b) medium-sized and c) large

droplets.

7. Conclusions

An assessment of the limitations resulting from the implementation of the ILIDS

technique inside a wind tunnel with a 3x2 m?

open elliptical test section has been
conducted. The main challenge seems to be the minimum object distance needed and
the degree of overlapping between droplets’ interferograms. As a consequence of the
first limitation, a very high resolution is needed so as to comply with the Nyquist criterion
and successfully obtain droplet size measurements. On the other hand, on account of
the second limitation, a novel approach has been presented based on the droplets not
being fully defocused, thus reducing its image size and alleviating the overlap problem.
As a result, instead of the usual ILIDS circular interferogram, two whole overlapping
circles appear with the fringe pattern emerging withing the overlap region. A novel image

processing software has therefore been developed based on the two-circle detection by

means of the Hough transform in order to isolate the fringe pattern. To do so, three
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different methods have been proposed: two new methods and one based on the

literature.

An experimental study at the laboratory on three droplet streams of different sizes has
been conducted in order to evaluate the proposed methods and assess the limitations
resulting from the long range ILIDS configuration. Two different optical configurations
with object distances within the values that would be needed in an actual wind tunnel
experiment have been considered. Specifically, an object distance of 1.6 m was used for
the large droplets, whereas the medium-sized and small droplets were studied from an
object distance of 2.29 m, resulting in field of views of 11.9 x 7.9 cm? and 23.7x15.8 cm?,
respectively. An off-axis angle near 67° under perpendicular polarization of the incident
laser sheet has been chosen for the study. All the streams were previously characterized
by means of the shadowgraph imaging technique, with the mean diameters and its
uncertainties being 363 + 6 um, 658 + 10 ym and 844 + 7 um for the small, medium-
sized, and large droplets, respectively. Uncertainties were primarily due to the resolution
capabilities of the camera, the uneven background illumination, and the inherent
uncertainties of the implemented droplet sizing algorithm and the monodispersed stream

of droplets.

Both the new proposed methods provide excellent results when compared to the
shadowgraph imaging, even with a combination of high and low intensity rings, whereas
the method based on the literature struggles to accurately detect said rings. Although
only a limited number of droplets have been studied, the resulting uncertainties of the
ILIDS results, which can arise on account of the image processing software or the
inherent uncertainties within the monodispersed stream of droplets, are presented. For
the considered camera resolution of 36.3 megapixels, droplets up to 850 um and 360
um were adequately measured at an object distance of 1.6 m and 2.29 m, respectively.
Droplets of 650 um could not be measured at 2.29 m, however, due to the lack of

resolution and the non-compliance of the Nyquist criterion. Based on said criterion, it was
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calculated that the maximum measurable droplet would have been of about 450 um,

provided the conditions remained the same.

This work provides the basis of future works that should be focused on the limitations
that may arise with this approach from horizontal and multiple overlapping, the non-
compliance of the Scheimpflug principle regarding the change in image size when
studying droplets across the whole field of view and the increase in the maximum

measurable droplet size at high object distances.
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