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Abstract 8 

The atomization characteristics of a commercial spillback hydraulic nozzle were investigated in terms of 9 
droplet sizes, velocities, trajectories and spray angles. To replicate the fuel spray of a commercial auxiliary 10 
marine boiler, an experimental setup was designed and used to atomize water-glycerol solutions with various 11 
viscosities. Droplet size, velocity, position and shape were obtained with a novel pulsating LED backlight 12 
imaging system that employs a CCD camera to capture pairs of frames with a delay as short as 1μs from one 13 
another. The overall spray characteristics of the nozzle and distributions for droplet size and velocity were 14 
examined for the operating conditions currently used in the burner and by varying three parameters: 15 
pressure drop, flow rate through the nozzle and liquid viscosity. Results include droplet size and velocity 16 
distributions in different spray regions, a description of the influence of each varying parameter on global 17 
indexes such as the SMD and a comparison with traditional correlations for pressure swirl nozzles. 18 

Keywords: atomizer, spray, shadowgraphy, burner, marine 19 
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1 Introduction  21 
Emissions reduction has been a topic of constant interest for industrial processes in the past decades and the 22 
marine sector is no exception. The majority of large ships currently use liquid fuels both in the main engine 23 
and in the auxiliary systems. To burn any liquid fuel at an effective rate, it is first necessary to convert the 24 
liquid stream into fine droplets and mix it with an oxidizer, typically air [1]. A spray nozzle  is used to atomize 25 
the fuel and the resulting spray properties are determining factors for flame stability and fuel conversion 26 
efficiency  [2]. The atomization process relation with combustion is complex and has been the subject of 27 
numerous studies [3].  The size and velocity of each droplet influence the evaporation rate and thus the 28 
position and rate of release of the fuel to the gas phase. In turn, the concentration and mixing of fuel and 29 
oxygen in the gas phase will govern the combustion process that provides the heat for the evaporation of 30 
the fuel droplets. Understanding the atomization process and spray properties is therefore a key issue in any 31 
effort to improve auxiliary marine boilers and reduce their environmental impact. The work presented in this 32 
paper is a study aimed at obtaining further insight into spray characteristics in this type of system. 33 
The interactions between atomization and combustion process can be described by Computational Fluid 34 
Dynamics models [4]. However, when applying this method to a full-scale system, the spatial discretization 35 
needed to observe the first stages of the atomization process is much smaller than the other characteristics 36 
lengths [5]. With the recent increase in computational power and developments of DNS, it is possible to 37 
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conduct such analysis, but it is still computationally very demanding  [2,6–9]. As a simplification, it is possible 1 
to inject already atomized droplets in the computational domain, thus avoiding modelling directly the 2 
atomization process [10,11]. To do so detailed knowledge of droplet sizes and velocities is needed as an input 3 
to the CFD simulation. Several experimental correlations to calculate these data exist for pressure swirl 4 
atomizers, but they are usually limited to single parameters such as the Sauter Mean Diameter (SMD), instead 5 
of describing the whole size distribution [12]. Moreover, their accuracy is limited by the geometry and 6 
operating conditions used in the underlying experiments, and employing different correlations leads to a 7 
wide range of results. While the general effects of parameters such as surface tension, viscosity and 8 
differential pressure on the spray are generally agreed on, their relative importance varies from source to 9 
source. As discussed in the result section, when using the correlations proposed by Lefebvre et al.[13] and 10 
Radcliffe et al. [14] on one of the spray characterized in this paper (80 l/h of water, with a ΔP=20 bar), the 11 
results vary between 57 and 113 µm for the Sauter Mean Diameter. 12 
Another possibility to obtain these particle size and velocity data is to characterize the spray with 13 
experimental methods, thus obtaining information pertaining to the specific nozzle geometry and operating 14 
conditions used, here for auxiliary marine boilers [10,15]. This approach also has the benefit of providing a 15 
mean of assessing the predictive capabilities of the experimental correlations for the specific nozzle. 16 
The measuring techniques currently available to measure droplet sizes and velocity are several, especially 17 
when working in the in the far-field region of a spray [5,16,17]. Few of these techniques also allow measuring 18 
both droplet size and velocity simultaneously, thus providing comprehensive information about droplet 19 
characteristics [16,18,19]. Possible candidates for such measurements include: Phase Doppler Interferometry 20 
(PDI) [17,18], high-resolution imaging [20–24], Interferometric particle imaging [25,26], holography [19,27] 21 
and glare point imaging [26]. Among these, high-resolution imaging is relatively simple to implement and, 22 
with the recent development in camera sensors and LEDs, the capabilities of this technology have increased 23 
drastically [5], making it an ideal candidate for further refinement. 24 
The aim of this paper is to characterize the spray structure produced by a back-spill atomizer in terms of 25 
droplet size, velocity and trajectory and to develop and evaluate a novel experimental setup. The spray nozzle 26 
is investigated at various supply pressures, liquid viscosities and flow rates in order to reflect possible changes 27 
in operating conditions in a full-scale marine auxiliary boiler. 28 
The measurements are made with a novel back-light imaging setup adapted from previous work on solid 29 
particle sizing [28]. A technique very similar to the one used has also been proposed for PIV studies under 30 
the name of Particle Shadow Velocimetry [29] and provides a solution that lends equally accurate results, 31 
with lower equipment costs and that requires significantly less power than traditional PIV measurements. 32 
The optical setup used for this work differs in two ways from conventional shadowgraphy methods for 33 
droplet size and velocity measurements. The first is the use of a fast-pulsed single LED as a light source, thus 34 
providing short and precise light pulses without using expensive lasers [30–34]. The second is the 35 
replacement of high speed cameras [32,35] with a standard CCV camera, decreasing substantially the costs 36 
with the only drawback of a longer sampling time. 37 

2 Material and methods 38 
In order to investigate the atomization process, an experimental setup was built at DTU. The setup is 39 
composed of two systems: one is the hydraulic and safety devices to reproduce at room temperature the 40 
spray generated in the full-scale boiler (Figure 1), the second is a shadowgraphy system to capture the 41 
spray and measure the droplet properties (Figure 2). 42 
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2.1 The setup 1 
The nozzle used in this study is a commercial spillback hydraulic nozzle, rated for a supply pressure of 20 bar 2 
and a maximum flow rate of 125 l/h. The nozzle has a straight orifice with a diameter of 1mm. This is the 3 
same nozzle mounted in the Aalborg OS-TCi auxiliary marine boiler, where it is used to atomize different 4 
types of fuels including marine diesel and Heavy Fuel Oil (HFO). By regulating the fuel flow rate through the 5 
nozzle, it is possible to satisfy a variable steam demand, but for most of the lifetime of the equipment, the 6 
atomized flow rate lies in the range between 50 to 112 l/h. Therefore, the spray characterization setup was 7 
designed to supply up to 300 l/h, since it uses a single pump that also provides the liquid that is spilled for 8 
regulation and through the spillback nozzle. To explore the full range of operation of the nozzle and obtain 9 
meaningful data for the actual application, during the experiments the flow rate was kept at 50, 80 and 112 10 
l/h. Another parameter that can be easily changed when operating the boiler is the supply pressure to the 11 
nozzle. The nozzle manufacturer gives a design value of 20 bar, but the system can support a relatively broad 12 
range of supply pressures without requiring any change. Since this parameter is of fundamental importance 13 
for atomization quality in a pressure swirl atomizer [12], the setup has been built with components able to 14 
withstand a wide range of pressures and the nozzle has been tested at supply pressures of 15, 20 and 25 bar.  15 
The setup is operated with the two backpressure valves, which are used to keep the respective upstream 16 
pressure constant, thus regulating supply and spill pressure for the nozzle. A volumetric pump with multiple 17 
pistons is used to deliver flow rate in excess of the required amount and part of it is spilled through the first 18 
backpressure valve. A membrane tank is used to further reduce any pulsation in the flow. Pressure gauges 19 
have been placed as close as possible in the system to the nozzle to monitor supply and spill pressure. The 20 
atomized liquid and all the liquid spills are collected into a cylindrical tank and recirculated into the system. 21 
To avoid droplet recirculation in the near nozzle region, a raised lid with a hole with the diameter of the boiler 22 
burner tube is used and air is sucked by a shielded ventilation connection at the bottom of the tank [36]. The 23 
influence of these precautions on the results should be negligible, considering that the spray measurements 24 
are taken few centimeters below the nozzle orifice and that the distance to the ventilation and air escape 25 
route is approximately one meter. Moreover, it can be argued that this configuration is more similar to that 26 
of the full-scale boiler than a closed tank or a completely open environment. 27 

To study the effect of changes in liquid viscosity on the spray characteristics the experiments were repeated 28 
with water and water-glycerol solutions [37,38]. This was done to reproduce the viscosities of some of the 29 
fuels used in the boiler [39], or achievable with a fuel preheating system [40]. The solutions were designed 30 
using the viscosity data found in literature [41]. Due to the higher than normal ambient temperature during 31 
the days when the measurements were taken, a slot for a hand held thermocouple has been fitted just after 32 
the backpressure valve on the spill line. This made it possible to monitor the liquid temperature throughout 33 
the experiments and calculate the actual properties of the liquid during the atomization process. A sample 34 
of the solutions has also been collected during the experiments and later analyzed with a Discovery HR2 35 
hybrid rheometer using a Peltier plate to keep liquid at 25°C during the measurement. Values from literature 36 
correlations for the viscosity were calculated and lie within the error range of the measurements. 37 
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Figure 1: Hydraulic system of the spray characterization setup. 2 

The shadowgraphy setup main components are a CCD camera and an LED pulser, synchronized by a delay 3 
generator. This type of system has been described elsewhere  [29] and the configuration used in this work 4 
has been thoroughly tested in a previous publication [28]. The main characteristic of this setup is that it relies 5 
on a fast-pulsed LED instead of a camera shutter to freeze the frames, thus making it possible to obtain 6 
consecutive or superimposed images with a delay as low as 1 µs to one another, while avoiding the use of 7 
expensive laser illumination systems. Moreover, since the LED can produce light pulses as short as few 8 
nanoseconds, the resulting images are “frozen”, thus showing the shape of the moving particles with good 9 
accuracy and negligible distortion (a particle moving at 50 m/s would move just 1.2µm during a pulse of 10 
24ns). While similar methodologies are employed in recent studies [42], the solution proposed in this paper 11 
has been especially developed to replace costly high-speed cameras with a regular CCD camera by 12 
synchronizing the shutter and LED signals. The trade-off of this solution is that only pairs of images can be 13 
obtained, instead of multiple consecutive frames. While this prevents the tracking of single droplets through 14 
more than two consecutive images, it also greatly reduces the costs and droplet size, shape, speed and 15 
velocity can still be measured with the same accuracy. 16 
The CCD sensor used is composed of 1296 × 966 pixels for a total size of 4.86 x 3.62 mm, while a telecentric 17 
lens provides a magnification of 1.5x. The depth of field of this configuration is 0.86 mm, thus resulting in an 18 
observed volume of 6.72 mm3 and a pixel size of 2.5 x 2.5µm. 19 

To observe different regions of the spray, the system is mounted on a railing system so that the axial and 20 
radial distances of the observed volume from the nozzle orifice can be adjusted independently. For this study, 21 
all measurements have been taken from 32 to 35 mm downstream of the nozzle orifice and the radial position 22 
has been changed in 2.5 mm steps, covering the whole spray cross-section. The number of droplets captured 23 
in each frame varies with the position and the spray that is being observed: on the outer fringe of the spray 24 
most images are empty, while in the central region more than 50 droplets per image are measured. For each 25 
experiment, around 400 image pairs have been recorded at each position. In the periphery of the spray, the 26 
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measurements have been stopped when less than 100 droplets were recorded in the corresponding image 1 
set. It should of course be noted that this is an arbitrary limit and that statistical significance of the findings 2 
is lower in the more dilute regions of the spray.  3 

 4 

Figure 2: Optical setup diagram. 5 

2.2 Data treatment 6 
To measure the droplet size and velocity accurately, a threshold based droplet recognition method was used 7 
together with filtering based on multiple criteria and a simple model to convert the planar measurements to 8 
represent the entire cross-section of the spray.  9 
Since fixed parameters are used during these steps, the results are accurate only if the greyscale values of 10 
background and droplets are consistent within an image set. Indeed, with shadowgraphy images the 11 
background intensity varies due to the light scattering from the out of focus liquid. Thus, images taken in or 12 
through a thicker or denser region of the spray will present a lower intensity. Post processing the image sets 13 
can help in avoiding this issue. Several image post-processing algorithms have been tested with ImageJ [43], 14 
but the one that lent the most consistent results for all image sets was a simple two-step procedure. For each 15 
set of images corresponding to a measurement position and operating condition, the average intensity is 16 
calculated for each pixel and afterwards, each pixel of each image is divided by the corresponding average 17 
value.  18 
From the images obtained, each contiguous dark region is measured if its greyscale value is below a fixed 19 
threshold and its boundary gradient above another. The thresholds have been determined based on the 20 
greyscale values observed in the images after post-processing, and depend on illumination quality during the 21 
experiments. From the areas obtained, the diameter of each droplet is then calculated based on the pixel 22 
size and magnification. The delay between the frames is set small enough that the distance each droplet 23 
moves between frames is small compared to the distance between droplets, thus each droplet in the first 24 
frame is paired with the closest one to its position in the second frame. Since we are interested in single 25 
droplets and not gas flow velocity as in classical PIV, the velocity vector of each individual droplet is estimated 26 
by measuring the distance of the centre in two consecutive snapshots and dividing it by the delay set between 27 
the two frames. Regardless of how sparse the droplets are, it is always possible that some are very close to 28 
each other, or that a droplet leaves the sampling volume, and thus different droplets are paired together. To 29 
avoid this, it is checked that there is no significant change in droplet shape, sharpness or droplet size between 30 
the paired droplets and that the resulting droplet velocity is within reasonable limits. Also, any potential 31 
droplet that cannot be matched in the second frame or that has a diameter of less than three pixels is filtered 32 
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out, since it is not possible to determine its velocity or shape respectively. This produces a floor value of 1 
7.5µm for the measured droplet diameters (visible in Figure 5b). 2 

To characterize each of the sprays, the railing system was adjusted to move the sampling volume across the 3 
spray on a diameter of the circular cross-section of the spray cone. Assuming that the spray is axisymmetric, 4 
each sampling volume is representative of all the volume laying at the same distance from the spray axis. To 5 
take into account that these volumes are increasingly large the farther away from the spray axis, the 6 
contribution of each droplet in all calculations is proportional to its distance from the spray axis. The change 7 
that this correction causes is shown in Figure 3, where the cumulative distribution function of droplet size 8 
shifts because of the larger fraction of small droplets toward the center of the spray and of bigger ones on 9 
the outer region.  10 

 11 

Figure 3: Cumulative Distribution Function of the spray with and without correction for distance from the spray axis of 12 
each droplet. Experiment at 80 l/h of water at 25 bars. 13 

2.3 Error evaluation and discussion 14 
The precision of the droplet diameter estimation is determined by several factors. The first is the error on 15 
the pixel size, which is calculated with an optical target, and it is subject to an error below 1%. Secondly, 16 
there was no adjustment for the depth of field calibration, and while using telecentric optics avoids any 17 
distortion of out of focus particles, the effective depth of field for different sized particles could lead to an 18 
overestimate of larger droplets. Lastly, there is an error due to the fact that pixels are not infinitesimally 19 
small, this leads to an uncertainty on the position of the boundary of each droplet. This error is reduced by 20 
processing the images in greyscale, thus also pixels partly obscured are taken into consideration. While it is 21 
difficult to give a precise error estimate for each of the contributions, the overall accuracy of the system has 22 
been tested in previous work [28] with calibration microspheres. These particles belonged to three different 23 
diameter intervals corresponding approximately to 5, 10 and 40 pixels. The measured mean diameter for 24 
each of the three groups were within the certified particles size range, which spanned respectively 6.2%, 25 
2.8% and 1.7% of the mean diameter. Therefore, the overall relative measurement error is smaller than these 26 
percentages, with the highest uncertainty on the smaller droplets and the lowest on the larger ones. 27 

Another concern when assessing the accuracy of particle or droplet characterization is if the sample size 28 
bears statistical significance. This kind of analysis is scarce in the spray characterization literature. A common 29 
practice to avoid this issue, is to take a very large sample, speculating that it is sufficient [31,34,44,45]. While 30 
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in some works it is possible to find estimates of population size needed for spray characterization, the basis 1 
of such claims are generally not given [46,47]. A simple way to gain some insight on this issue is to calculate 2 
a relevant parameter for increasingly larger subsets of the droplet population and observe how it converges 3 
toward a constant value. While this is a useful indicator, it is very much dependant on the order in which the 4 
droplets are considered and on the specific parameter used. To surpass these shortcomings, the procedure 5 
was implemented in MatLab code (version R2016a) and repeated for different permutations of the droplet 6 
population and for both SMD and average droplet speed (Figure 4a). For each permutation, the number of 7 
droplets needed to obtain a relative error on the each parameter smaller than a fixed threshold was found. 8 
The number of permutation was increased until a smooth curve was obtained when sorting and plotting the 9 
results (104 permutations for a population of 105 droplets).   10 

a) 

 
  

b) 

 
 11 

Figure 4: a) Error for the SMD and average velocity for increasingly larger sub-samples of droplets. b) Comparison of 12 
average sample size needed to meet different error thresholds for SMD and average velocity. Experiment at 80 l/h of 13 
water at 25 bars.  14 

The average sample size needed to meet the error threshold was calculated (Figure 4b) and the process 15 
was repeated for thresholds from 1 to 10%. The results of this analysis show that the number of droplets 16 
needed to have a reasonably accurate estimate (2 to 4% relative error) of the SMD is between 104 and 17 
4x104, while to obtain similar uncertainties on the mean droplet velocity less than a tenth of these amounts 18 
are sufficient. 19 
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3 Results 1 
The results obtained within this spray characterization study can be divided in two types: detailed 2 
information about the droplet size and velocity across the spray, and effects of changes in operating condition 3 
on the overall spray characteristics. 4 

3.1 Single droplet measurements across the spray and trends for size fractions 5 
While absolute values and gradients may vary, the same trends have been observed for all measurements 6 
for local size, velocity and direction of the droplets across the spray. Therefore, while local measurements 7 
have been taken for all experiments, for the sake of simplicity, the plots reported in Figure 5 are for operation 8 
with water at 25 bar of supply pressure and a flow rate of 80 l/h, and the average values refer to the image 9 
set taken in each position. The plots report both single droplet values, and average values for each sampling 10 
position. The average values are given both for the entire population, and droplets above 40 and 80 µm (90th 11 
and 98th quantiles respectively for the measurements shown in Figure 5) to visualize different trends 12 
dependent on particle size. While the turbulent nature of the flow and its interactions with droplets of 13 
different sizes causes the scatter seen in Figure 5, average values still show consistent trends for 14 
measurements across the spray and in different experiments. In Figure 5b, it is possible to see that the 15 
average droplet size increases farther away from the spray axis, as also reported in other studies [46]. While 16 
this was expected, it is interesting to observe that the average size remains constant across the spray when 17 
only the larger droplets are considered.  18 

Figure 5c shows that the droplet velocities are on average lower close to the spray axis. In this region, the 19 
velocities of the droplets are relatively uniform, with very few droplets moving slower than half of the 20 
average value. On the other hand, away from the axis, both the average velocity and the spread increases. 21 
By observing the average values found for different droplet size fractions it is also clear that away from the 22 
spray axis, larger droplets move faster than smaller ones. While the average velocity increases moving 23 
outward, there is also a significant number of droplets with velocities smaller than those found in the hollow 24 
core. 25 

In addition to the magnitude of a droplet velocity, to characterize its motion, it is necessary to consider the 26 
direction of said motion. When assuming that the tangential component is negligible, it is possible to 27 
represent the direction of each droplet in the spray with the angle it forms with the spray axis. The validity 28 
of this assumption is supported by the rarity of droplets that move out of focus, compared to that of droplets 29 
moving out of the pictures in the image sets. Nonetheless, it is important to remember that in this study as 30 
well as in any form of planar measurements, tangential velocities are not measured. The instantaneous 31 
direction of the droplet contains important information about their overall trajectory from the orifice to the 32 
measuring volume. In Figure 5a, the geometrical angle has been calculated as the angle between the spray 33 
axis and the line connecting the nozzle orifice to the sampling position. This quantity is a useful reference 34 
since it would be the angle of each droplet if it moved in a straight line from the nozzle orifice to the current 35 
position. When comparing these angles to the measured ones, it is evident that they match only at the fringes 36 
of the spray and in the center. Looking at the measured angles across the spray, shows that the absolute 37 
average value is consistently smaller than the geometric angle, and it presents a complex behavior around 38 
the spray axis. When only larger droplets are taken into account, the average angle match the geometric 39 
values closely, thus showing that they follow an almost straight trajectory from the nozzle orifice to the 40 
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control volume. This suggests that the deviation from the geometrical trajectory is due to the local gas flow 1 
field, since inertial and shear forces respectively affect droplets based on their volume and surfaces. 2 

The flow field generated by the entrainment of air into the spray would be consistent with both the 3 
observation done for droplet size stratification and deviation from the geometrical trajectory. The air moving 4 
toward the hollow core of the spray deviates the droplet trajectories according to their size, thus reducing 5 
the angle they form with the spray axis, and increasing the amount of smaller droplets present toward the 6 
centre of the spray. This also means that such effects will vary when using the spray nozzle in quiescent or 7 
co-flowing air and to study them further gas flow measurements should be conducted. 8 

 9 

Figure 5: Size (a), velocity (b) and angle (c) across the spray, including averages for different size fractions. The red line 10 
represents the geometrical angle formed with spray origin and axis. Experiment at 80 l/h of water at 25 bars. 11 

The vertical stripe pattern of Figure 5 divides droplets of different image sets has two causes. The first is that 12 
droplets close to the edge with a non-zero radial velocity might escape the measuring volume before the 13 
second image is taken, or might be filtered out from the results if they are partly outside the images, since 14 
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they would not comply with the imposed sphericity requirement. The second is that the side of the measuring 1 
volume is 86.7 µm smaller than the steps used to move it across the spray, thus leaving a similar gap between 2 
the measurements. 3 

3.2 Effects of varying operating conditions on overall spray characteristics 4 
Three main operating conditions of auxiliary marine boilers have a direct influence on the atomization 5 
process. The flow rate of the liquid is changed when adjusting to the load of the boiler, the supply pressure 6 
to the nozzle can be adjusted with the dedicated pump and the viscosity of the liquid can be reduced with a 7 
preheating of the fuel. The experiments with the spray setup included repetitions for different values of each 8 
of these parameters to evaluate their impact on the overall spray characteristics. To summarize these results, 9 
the SMD, average droplet velocity and spray cone angle have been used. 10 

By adjusting both the backpressure valves (Figure 1) in the spill and supply lines of the nozzle, it was possible 11 
to change the supply pressure maintaining the atomized flow constant. Another series of experiments 12 
instead was done by maintaining the supply pressure constant and adjusting the spill pressure to obtain three 13 
different liquid flow rates through the orifice. In this way, it was possible to observe the contribution of 14 
varying supply pressure and flow rate separately. Lastly, the viscosity of the atomized liquid was adjusted by 15 
using solutions with different concentrations of water and glycerol and adjusting the setup to obtain the 16 
same flow rate and pressures. Overall, the experiments have been carried out using pure water and water-17 
glycerol solutions with viscosities of 1, 3 and 7 cP. The supply pressures have been adjusted to of 15, 20 and 18 
25 bars and the flow rate from 50 to 80 and 112 l/h (Table 1). 19 

Table 1: SMD, average droplet velocity and cone angle for the experimental campaign. 20 

ΔP [bar] V [l/h] ν [cP] SMD [µm] uavg [m/s] β[°] 
20 80 1 57.4 32.1 77 
15 80 1 66.4 30.0 72 
25 80 1 52.5 33.9 77 
20 50 1 53.3 31.0 91 
20 112 1 54.1 37.9 66 
20 112 3 69.6 39.3 60 
20 112 7 77.8 37.6 55 

 21 

The effect of changing flow rate, supply pressure and viscosity on average droplet velocity and spray cone 22 
angle have been investigated. The average droplet velocity shows that an increase in either of the first two 23 
parameters results in an increased droplet speed (Table 1). While this result was expected, it was also 24 
interesting to observe that for the same relative change, an increase in flow rate produces an effect three 25 
times bigger than a change in supply pressure. Viscosity on the other hand does not seem to affect droplet 26 
speed significantly. The spray cone angle was defined as the angle between the spray axis, the nozzle orifice 27 
and the position of the set of images with the highest liquid fraction for each experiment, and it is therefore 28 
on a discrete scale. FromTable 1, it is possible to see how the spray cone angle decreases at higher viscosities 29 
and flow rates through the nozzle , while the change in supply pressure has a negligible effect on it (as 30 
reported also by [12,33,46]). 31 

Spill-return atomizers are designed to deliver a constant atomization quality with a high turndown ratio. From 32 
the results show in Table 1, it is observed that large changes in the flow rate yield almost negligible changes 33 
in the SMD (D32). 34 
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On the other hand, changes in supply pressure have a clear effect on the droplet size: as in other simplex 1 
atomizers [12], higher supply pressure does indeed produce finer droplets. To quantify this effect, the data 2 
obtained was compared with experimental correlations found in literature for pressure swirl nozzles, by 3 
calculating the proportionality exponent γ as: 4 

𝐷𝐷32 ∝ ∆𝑃𝑃(𝛾𝛾𝑃𝑃 ) (1) 5 
 6 

𝛾𝛾𝑃𝑃 = 𝑙𝑙𝑙𝑙𝑙𝑙(∆𝑃𝑃𝑎𝑎 ∆𝑃𝑃𝑏𝑏⁄ )(𝐷𝐷32,𝑎𝑎/𝐷𝐷32,𝑏𝑏) (2) 7 
  8 
The experiments have been carried out purposely with fixed nozzle geometry, flow rate through the orifice 9 
and liquid properties. In these circumstances, several classical experimental correlations for SMD in pressure 10 
swirl nozzles can be simplified and written in the same form as equation 1. Moreover, to use the same 11 
nomenclature found in literature, pressure difference can be used instead of the supply pressure, since they 12 
are equivalent when at constant environment pressure. A value for γ of -0.46 ±0.05 was obtained from the 13 
data, matching quite well the values reported in the cited literature, which report values in the range from -14 
0.4 to -0.55 [13,14,48,49]. 15 

The same procedure can be applied to the SMD found by changing viscosity of the liquid using water-glycerol 16 
solutions. This is done by replacing the pressure difference in equations 1 and 2 with the dynamic viscosity 17 
of the liquid. The values obtained for γ in this case is 0.18±0.05, while values between 0.16 and 0.25 are found 18 
in literature [13,14,48,49]. While other studies could not find a clear correlation when studying the effects of 19 
viscosity [50], the large relative error on this estimate prevents us from confirming or rejecting the literature 20 
values. However, a possible explanation for this is that a tendency to entrain air bubbles in the flow was 21 
noticed during the experiments and it is suggested that a system without recirculation of the collected liquid 22 
should be used in the future. 23 

 24 

Figure 6: Measured SMD and results for different experimental correlations for the studies operating conditions and sprayed 25 
liquids.[13,14,48,49] . 26 

The cited experimental correlations have also been applied to predict the SMD in each experiment and 27 
compared with the measured value. From the results of this comparison (Figure 6), it is quite clear that the 28 
correlation proposed by Lefebvre et al. [13] leads to the most accurate prediction. While the error found 29 
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when changing flow rate or viscosity was up to 25%, the other three correlations tested instead over 1 
predicted the SMD by a large margin. Moreover, for the range of tested differential pressures, the prediction 2 
match the measurements quite well, with an error below 3%.  3 

Conclusions 4 
The spray generated with an oil burner spill return nozzle has been studied using a LED pulsed shadowgraphy 5 
technique. A comprehensive methodology for spray characterization has been developed and presented. 6 
The novel back-light pulsed single LED setup was able to capture pairs of frames with a delay as low as 1 µs 7 
and, pixel size of 2.5 µm with an error <1% on the measured spray parameters, proving to be a reliable and 8 
economic alternative to systems using lasers and high-speed cameras. Using the presented image post-9 
processing algorithm and a threshold based droplet recognition method it was possible to obtain 10 
measurements with an error on the mean particle size ranging from 6.2% to 1.7% depending on the particle 11 
size. Overall, the presented configuration of the LED pulsed shadowgraphy technique was demonstrated to 12 
have the capability to measure droplet sizes down to 7.5 µm and velocities up to 50 m/s.  13 
Through the statistical analysis of the data thus acquired, it was possible to evaluate the relationship between 14 
the population size of the droplet sample and the error on the SMD and the average velocity, showing that a 15 
relative error of 2% could have been achieved with 3x104 droplets for the former and 103 for the latter. These 16 
results both support the validity of the present study, but can also be used as a starting point to assess the 17 
sample size needed for future experimental work with similar atomizers. 18 
Seven different operating conditions were investigated by varying the supply pressure to the nozzle (15-20-19 
25 bar), the flow rate (50-80-112 l/h) and the liquid viscosity (1-3-7cP). It was found that a common trend 20 
from all experiments was the radial stratification of droplets according to size and velocity, as also shown in 21 
other studies [46][51]. The larger droplets of the spray move in a straight line originating from the nozzle 22 
orifice and form a hollow cone; on the other hand, the smaller droplets are present also in the core of the 23 
cone and deviate significantly from the straight trajectory. 24 
The relation between SMD and changes in supply pressure and viscosity was described with a proportionality 25 
exponent γ (Eq.1) and compared to three empirical correlations found in literature [13,14,48]. The γ obtained 26 
for supply pressure was -0.46 ±0.05, confirming the literature values. The γ obtained for viscosity was 27 
0.18±0.05, and while it matches the values between 0.16 and 0.25 reported in literature, the large standard 28 
deviation suggests that other effects might be in play. The experimental correlation that best approximated 29 
our results was the one proposed by Lefebvre et al.[13] and while it could not predict the SMD for changes 30 
in flow rate or viscosity, the error for the range of tested differential pressures was less than 3%. The other 31 
correlations tested over predicted the SMD by a large margin. Lastly, it was confirmed that changes in 32 
atomized flow have little impact on the SMD in back-spill nozzles and that the spray cone angle is increases 33 
with decreasing viscosity [30] and flow rate [12].  34 
 35 
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4 List of Figures 1 
Figure 1: Hydraulic system of the spray characterization setup. 

Figure 2: Optical setup. 

Figure 3: Cumulative Distribution Function of the spray with and without correction for distance from the spray axis of each 
droplet. Experiment at 80 l/h of water at 25 bars. 

Figure 4: a) Error for the SMD and average velocity for increasingly larger sub-samples of droplets. b) Comparison of average 
sample size needed to meet different error thresholds for SMD and average velocity. Experiment at 80 l/h of water at 25 bars. 

Figure 5: Angle (a), size (b) and velocity (c) across the spray, including averages for different size fractions. The red line represents 
the geometrical angle formed with spray origin and axis. Experiment at 80 l/h of water at 25 bars. 

Table 1: SMD, average droplet velocity and cone angle for the experimental campaign. 

Figure 6: Measured SMD and results for different experimental correlations for the studies operating conditions and sprayed 
liquids. 

5 Supplementary Material 2 

5.1 Uncertainty sources in the hydraulic system 3 
The sources of errors in the hydraulics of the setup are relative to the accuracy of the measuring the devices 4 
present. The flow meters used have a sensitivity of 1.5 l/h and the pressure gauges of 0.5 bars. However, it 5 
should be noted that these errors are similar if not smaller to those in the equipment of the full-scale boiler, 6 
thus while reducing them could be useful from theoretical understanding of the spray, it would bear no real 7 
effect on the application of the results. Another source of error is that the temperature of the system is not 8 
controlled and, while the temperature of the liquid has been monitored and considered for all calculations, 9 
this account for the average temperature and not for smaller fluctuations. 10 

5.2 Assumption check on sample size analysis 11 
The results obtained in the sample size analysis are consistent with the main assumption needed to carry it 12 
out, which is that the sample size on which it is based is large enough to be significant. To further check on 13 
this assumption, a sensitivity analysis to assess the influence of the number of droplet measured has been 14 
conducted. This analysis showed that the average sample size needed to achieve a certain error is not 15 
influenced by the original sample size in the observed range (Figure 7). A more complex behaviour is observed 16 
for the SMD, but it is possible to observe that for errors above 2%, the estimate converge for a population 17 
around 8x104. This again confirms that the sample used is large enough to draw conclusions above this error 18 
threshold. 19 
 20 
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 1 

Figure 7: Comparison for different sample size of the number of droplets needed to meet different error thresholds for SMD and 2 
average velocity. Experiment at 80 l/h of water at 25 bars. 3 

 4 

 5 

Figure 8: Viscosity measurements of the water/glycerol solution used. 6 
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