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ABSTRACT

Atomisation in sprays exhibits a stochastic nature, yet it underpins the functionality of technologies reliant on sprays.
To accommodate this inherent randomness, it is important to assess all possible outcomes of droplet sizes and veloc-
ities at each location, which is crucial for advancing spray-based applications. Phase Doppler Anemometry (PDA) is
typically employed to measure these properties, though its use is largely restricted to the far-field, dilute region of a
spray where droplets are generally smaller and spherical compared to those in the breakup zone. A new approach in-
volving high-resolution, high-speed, microscopic imaging was developed to complement PDA measurements. Firstly,
in this method, a composite image of the spray was constructed by translating the small field of view across the entire
spray region in steps, resulting in a set of non-overlapping images. Along the boundaries, the artefacts due to compo-
sition were taken care of by utilising four grids, each offset vertically and/or horizontally by half the height and/or
width of the field of view to reconstruct data along the “stitches’. Secondly, the image processing algorithm enabled
identification of perforations in the liquid sheet, breakup region and local droplet size and velocity distributions in the
spray. In total, 1,200 composite images were produced for each grid at a frame rate of 84 kHz. Droplet sizes greater
than 10 pym could be measured, with PDA extending the measurable range down to 1-2 um. In addition, particle
image velocimetry was performed on temporally resolved composite images to derive velocities in the field. The char-
acteristics of a steady-state flat fan water spray at a flow rate of 5 kg/h were analysed using both methodologies. The
findings indicated a strong qualitative agreement between the techniques, showing consistent trends, though some
quantitative discrepancies were noted. The velocity measurements varied by up to 20% between the two methods.
These variations may stem from the exclusion of non-spherical droplets in PDA or from droplets within the depth of

field in the images, which move slowly and lead to bias during image analysis.
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1. Introduction

The motivation for the current work is to provide appropriate validation data of the dispersed
phase during atomisation for a new, computationally efficient modeling framework, referred to as
the Fully Lagrangian Approach (FLA) (Osiptsov, 2000; Li & Rybdylova, 2021). In this method the
dispersed droplet phase is treated as a continuum and the properties along the trajectories such as
size, velocity, concentration and temperature are calculated from a system of ordinary differential
equations. At each location, the FLA can reconstruct droplet size distribution as droplets evap-
orate and travel with the flow. To validate such an approach, the local droplet size and velocity
characteristics at all locations in the spray and over all time instances are required to be measured.

To date, there has been limited research on the distributions of droplet size and velocity within
sprays. Wang and Bourouiba (Wang & Bourouiba, 2018) investigated the instantaneous and time-
averaged distributions of droplet size and velocity resulting from the impact of a droplet on a sur-
face. The distribution observed was across the entire spray region where relatively large droplets,
with an average diameter of approximately 0.4 mm, were identified travelling at velocities of
around 1 m/s. There has been a lack of detailed discussion concerning local distributions in exist-
ing literature. Phase Doppler Anemometry (Bachalo, 2000) is typically employed to measure these
parameters, though its application is mainly suited for areas where the spray is more dispersed,
and the droplets are smaller and more spherical, as opposed to the dense breakup zone. The cur-
rent study aims to measure the local droplet size and velocity distributions within the breakup
region and far field region of the spray. The is achieved using a new image processing methodol-
ogy that complements measurements from PDA.

The method utilises high-speed microscopic shadowgraphy, coupled with a droplet and ligament
detection and multi-image stitching to partition the breakup region in order to extract discrete
droplet size and velocity distributions. The results of the analysis of a steady-state flat fan water
spray were compared and evaluated against point wise measurements, over all time instances,
using the classical PDA technique. The limitations and corresponding accuracy and operating
thresholds of each technique could be evaluated with a view to improving measurement accuracy
of the image processing approach.

2. Material and methods

In this study, a flat fan type, water spray was chosen to simplify both the experimental and mod-
elling investigations. The spray was considered approximately planar with minimal out of plane
motion. The injection system was designed to minimise fluctuations in the mass flow rate in or-
der to approximate to steady-state, continuous flow conditions. Figure 1 shows the experimental
setup for high-speed microscopic shadowgraphy and PDA. The resolution of the optical setup
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was 4.8 m or 100 Ipmm (based on ISO 12233 - resolution and spatial frequency responses). More
details about the injection system and optical setup can be found in (Nissar et al., 2023).

To capture the entire spray plume, the small field of view (FOV) was translated across the spray
region in order to acquire a set of 5 x 5 non-overlapping images. These images were later collated
to reconstruct composite images of the whole spray. Each sub-image in the composite image is re-
ferred to as an image cell. The droplets that are partially captured along the borders of image cells
were removed before the composition, which led to the artefacts along stitches in the composite
image. These artefacts were addressed by using four shifted grids of image cells. Each grid was
offset vertically and/or horizontally by half the height and /or width of the field of view, to recon-
struct data along the “stitches’. Overall, 1200 composite images were captured for each grid at 84
kHz. An example of a composite image is presented in Figure 2 which also shows the breakup
process in the flat fan spray at 5 kg/h flow rate. In the composite images the fundamental atomi-
sation stages are observed; namely, liquid sheet, ligament and contiguous structure region, pinch
off and discrete droplets. The PDA measurement locations as shown in Figure 2(b) correspond to
the breakup region and dispersed "far” nozzle region. The performance of image processing and
PDA techniques varies in each region due to their limitations.

The transition from breakup zone to atomised region was ascertained using analysis of liquid
fraction and Shannon’s entropy (Lounnaci et al., 2015). The droplets in the dispersed phase from
across 1200 time-resolved composite images were mapped onto a polar grid of 40x22, with the
centre at the nozzle orifice. The size of the grid elements, 0.4 mm x1°, was selected based on the
criterion that it contains more than 5000 droplets per grid element in the dispersed region. An in-
house image processing algorithm was developed to acquire statistics in each grid element from
either of the 4 neighbouring grids of images based on a nearest centre approach (Nissar et al.,
2023). Droplet statistics within a given grid element were selected from one of the four grids of
image cells, based on which has the shortest distance between the centre of the grid element and
the centre of the corresponding image cell. This was followed by determining local droplet size
distributions within the atomised zone.

Figure 3 shows a sequence of time-resolved composite images. To find local droplet velocity distri-
butions, Particle Image Velocimetry (PIV) was performed across 4800 consecutive composite image
pairs. An interrogation window size of 128x128 pixels was employed, with 50% overlap, and a
single pass was performed (Stamhuis & Thielicke, 2014). The above settings were chosen based on
the criteria that the particle density must be greater than 5 particles per interrogation area and the
displacement of the particles must not exceed half of the interrogation window. For the robustness
of the cross-correlation, ‘repeated correlation” was employed (Hart, 2000). Repeated correlation is
a non-post-interrogation method aimed at reducing spurious vectors from PIV data. Instead of
performing cross-correlation once for every resulting displacement estimate, it is performed five
times: the interrogation windows are shifted left-up, right-up, right-bottom, and left-bottom by
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25% of the interrogation window length. This is in addition to the main interrogation window.
These correlation matrices are then multiplied to create a new matrix with reduced noise and a
more distinctive peak. Every correlation value not present in each of the five correlation matrices
is eliminated from the resulting correlation matrix (Hart, 2000). The combined correlation matrix
is subsequently processed with a sub-pixel peak finder to derive the displacement. The velocity
vectors were subsequently mapped onto the polar grid described above to obtain local velocity
distributions. During this process, the out-of-plane velocity component has not been considered,
as it cannot be measured with our PIV setup. During this process, the out-of-plane velocity com-
ponent has not been considered as it cannot be measured with the PIV setup. It will be shown
in the PDA results that the contribution from the out-of-plane velocity component to the overall
velocity magnitude is negligible and hence can be overlooked while calculating the total velocity
distribution.

To complement the results from imaging analysis, a 2D classical Dantec PDA system was used to
probe droplet size, axial and radial velocity components (Zhou et al., 2024) at the measurement lo-
cations given in Figure 2(b). The PDA measurements were optimised across the spray, minimising
multiple occupancy and trajectory effects Begg et al. (2023). The system collected 12,000 samples
over 120 seconds of droplet data at each location. A tolerance of 5% was set as the threshold for the
phase validation (sphericity) factor of the droplet. This ratio can be set at a greater value, which
may affect the results particularly in the breakup zone. This aspect is reserved for further work,
where the comparison between sphericity and circularity of droplet using image analysis will be
studied. The operating parameters of the PDA setup are given in Table 1.

Table 1. PDA System Parameters

Lasers Coherent DPSS Wavelength (nm) 514.5, 488
Focal length (mm) 310 Beam spacing (mm) 14
Number of fringes 8 Fringe spacing ( m) 5.76, 5.463
Scattering angle (deg) 68 Phase validation ratio (%) 5
Relative refractive index 1.334

3. Results

The results presented in this study correspond to 5 kg/h water flow rate. The sinuous Squire
waves, characterised by their undulating motion, induce significant instability in liquid sheets,
ultimately leading to their breakup approximately 17 mm from the nozzle orifice, as shown in
Figure 2a. This wave-induced breakup is crucial in applications involving liquid sheet atomisa-
tion, such as in spray cooling and agricultural spraying. By analysing the behaviour and impact
of these waves, we gain a deeper understanding of the mechanisms driving the disintegration
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process, enabling better prediction and control to enhance the efficiency and effectiveness of these
systems. The PDA probe volume locations were selected in the atomised zone in order to set the
grid for PDA measurements as can be seen in Figure 2b. The data acquisition and sphericity val-
idation rates for PDA were found to be lowest closer to the breakup region and increased further
downstream.

A comparison of the median droplet size from images and PDA is shown in Figure 4a. In both
methods, it can be observed that the median droplet size decreases axially due to secondary and
tertiary atomisation. However, the values measured by PDA are higher. Similar trends were ob-
served in (Mohammadi et al., 2022), where cloud droplets were measured using both PDA and
microscopic imaging. It was explained that PDA is less sensitive to smaller droplets compared
to microscopic imaging, which causes a discrepancy in droplet size measurements between PDA
and image analysis. The median size is larger along the periphery due to rim tearing, which leads
to larger droplets. As droplets separate from the liquid sheet along the periphery, the centripetal
acceleration due to gravity pulls them towards the spray axis. This is evident from peaks in the
figure which are shifted towards smaller angles downstream.

The average values of the axial (spray-wise) velocity component from PIV and PDA are shown in
Figure 4b. The plot depicts a consistent trend in the axial velocity component from both techniques.
However, the values from PDA are approximately 4 m/s higher. In contrast, the radial velocity
component values from both techniques align well with each other, except in the peripheral region
of the spray where elongated ligaments and satellite droplets are formed, leading to polydisperse
droplet sizes and velocities. The radial velocity component is shown in Figure 4c. The spray was
rotated by 90 degrees about the spray axis to find the contribution from the out-of-plane velocity
component on total velocity of the droplet using PDA as illustrated in Figure 4d. It was found that
the contribution from out-of-plane velocity component is negligible.

The variation within the results from PDA and imaging may stem from the filtering of signals
in PDA due to strict tolerance band of phase validation, leading to exclusion of non-spherical
droplets. It can also be due to the exclusion of droplets which are approaching the probe volume
at an angle, leading to a bias towards droplets travelling straight through the probe location with
higher axial velocity component. In image analysis, droplets which are outside the depth of the
focal plane, traveling further away from the camera, are captured in the images. These droplets
appear to move slowly, introducing a bias towards lower velocities during cross-correlation, con-
tributing to variations between the two methods. The optical resolution of the imaging technique
limits the lower end of droplet size determination. The effect of out-of-plane droplets on distribu-
tions will be subject of future work.
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4. Conclusion

This study offers insights into two different approaches used to derive local droplet distributions
in sprays, which is crucial for the FLA. The comparative analysis between a new imaging tech-
nique and classical Phase Doppler Anemometry (PDA) for a flat fan water spray reveals substantial
discrepancies. Axial droplet size evolution shows a notable decrease downstream in both meth-
ods, but PDA consistently yields larger values. While radial velocities are close, except along the
periphery where rim tearing dominates, axial velocity values from images are smaller, offset by
about 20%. Variations within the results from the two methods may stem from the exclusion of
non-spherical droplets in PDA or out-of-plane motion of droplets in the images.
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