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Abstract: Spray droplet diameters play a key role in the field of liquid plant protection product (PPP)
application technology. However, the availability of various measurement techniques, each with its
unique operating principles for evaluating droplet size spectra, can lead to different interpretations
of spray characteristics. Therefore, in this study, four measurement techniques—Liquid Immersion
(LI), Laser Diffraction (LD), Phase Doppler Particle Analysis (PDPA), and Shadowgraphy (SG)—were
utilized to evaluate the droplet size distribution of agricultural spray nozzles. Additionally, PDPA
and SG were used to assess the average velocity of spray droplets. Experiments were conducted
in three different laboratories with the main aim of comparing results obtained with various types
of equipment utilized under ordinary practical conditions. Spraying tests were carried out using
three flat fan nozzles and an air-induction flat fan nozzle. As a general trend, the lowest values for
droplet diameters were measured using the Laser Diffraction technique, followed by Shadowgraphy.
The PDPA technique provided the highest values for mean diameters (D1g, Dyp, and D3p) and the
numeric median diameter (Dng 5), whereas the Liquid Immersion method yielded the highest values
for the Sauter mean diameter (D3;) and volumetric diameters (Dvy 1, Dvg 5, and Dvgg). Importantly,
all measurement techniques were able to discriminate the four nozzles based on their Dvj 5 diameter.
Average droplet velocities showed a similar pattern across the four nozzles with the PDPA and the SG
measurement techniques. The differences in diameter values observed with the four measurement
techniques underline the necessity of always including reference nozzles in spray quality assessments
to base classifications on relative rather than absolute values.

Keywords: spray characterization systems; digital image analysis; laser principle; droplet size
distribution; droplet velocity

1. Introduction

With the increasing demand for food production driven by significant population
growth over the past decades, the application of plant protection products (PPPs) in
agriculture has become essential to enhance productivity and meet the needs of the global
population [1]. While PPP application remains the most common tool for crop protection,
in recent years, the European Directive 2009/128/EC [2] has served as a reference point for
farmers and bystanders, promoting alternative approaches to PPP use. These approaches
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include the organic farm and the adoption of Integrated Pest Management (IPM) to sustain
crop productivity and profitability [3].

Liquid PPP application is a complex task that requires consideration of various factors,
including the diversity of sprayers and their operating parameters, different spraying
methods, types of nozzles and their maintenance status, environmental conditions (such as
temperature, relative humidity, and wind speed), and the operator’s expertise. All these
variables need to be taken into account during phytosanitary treatments as they determine
how effectively the canopy crop is covered by the liquid mixture [4].

The droplet size spectrum in spray applications holds significant importance as it
directly impacts the effectiveness of applications in terms of target coverage, environmental
pollution through evaporation, drift and run-off, and operator safety, encompassing risks of
ingestion, inhalation, and dermal exposure [5-9]. Consequently, in the field of agricultural
spray applications, measuring droplet size distribution has long been recognized as a
primary concern. Firstly, droplet size plays a crucial role in enhancing the biological efficacy
of a treatment by ensuring optimal spray deposition on the target surface, whether it be
a leaf, a fruit, etc. Secondly, droplet size contributes to reducing off-target losses, such as
evaporation, drift, and run-off, while also minimizing negative repercussions on operator
safety [10].

Recognizing the pivotal role of droplet size spectra in treatment performance, the
American Society of Agricultural and Biological Engineers (ASABE) developed the specific
standard S572 [11]. This standard categorizes spray droplets into eight classes, ranging from
extremely fine to ultra-coarse. The boundary between two adjacent classes is determined
based on a set of reference nozzle—pressure combinations, following the guidelines outlined
in the ISO 25358 standard [12]. This approach offers a practical and effective solution for
the relative comparison of nozzles operating under identical laboratory conditions but
utilizing different measurement techniques and setups [13].

This classification is also valuable for farmers in selecting the correct nozzle and
working pressure for specific treatments. Thus, PPP applications can be executed carefully,
minimizing the risk of productivity loss while mitigating unwanted effects on human health
and the environment. Each nozzle, with its unique features, such as type, orifice size, and
atomization capabilities, produces droplets within a specific size range. Thus, selecting the
optimal nozzle-pressure combination is crucial to achieving the highest treatment efficiency
in terms of deposition on crop surfaces. Notably, nozzles that produce finer droplets are
essential for achieving uniform coverage across the target plant surface, as these fine
droplets can easily penetrate the inner parts of the canopy. Conversely, nozzles that
generate coarser droplets are typically employed for anti-drift purposes [14-16]. Therefore,
agricultural nozzles can be regarded as the cornerstone of a spraying system.

The literature encompasses numerous techniques and procedures for measuring the
droplet size of sprays as extensively explored by researchers. Leveraging the principles
of measurement technology, droplet size can be assessed through either non-intrusive or
intrusive methods, both of which significantly influence the results, particularly depending
on the type of measurement technique and its settings.

Non-intrusive systems such as Phase Doppler Particle Analysis (PDPA) [17], Laser
Diffraction (LD) [18], and Shadowgraphy (5G) [19-22], while they are known for provid-
ing quick droplet size information, are often expensive, complex to operate, and require
specialized equipment. On the other hand, intrusive techniques, such as water-sensitive
papers (WSPs) [23] and the Liquid Immersion (LI) method [24-27], offer the advantages
of simplicity and cost-effectiveness, but they must face challenges such as difficulties in
achieving representative samples of droplets.

Over the years, numerous studies have investigated droplet size distribution, aiming to
assess its impact using prevalent measurement techniques. Sijs et al. (2021) [28] conducted
research comparing three methods for measuring droplet size: image analysis (using both
the commercial VisiSizer and an in-house-developed stroboscopic imaging system), the
PDPA technique, and Laser Diffraction (using the Malvern Spraytec). They utilized multiple
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nozzles and a surfactant-based adjuvant to vary droplet sizes between 10 pm and 2000 pum.
The study revealed a direct correlation between droplet size and the degree of variation in
results produced by the different methods, with larger droplets exhibiting greater variations
in results. The authors concluded by emphasizing how the limitations of each method
can influence droplet size measurements and underscored the importance of selecting the
appropriate measurement method to match the expected range of droplet parameters.

da Cunha et al. (2019) [29] conducted research to evaluate the droplet spectra produced
by a flat fan nozzle under different pressures. They employed two direct methods: a
Spraytec real-time analyzer and a Shadow Sizer particle image tool, as well as one indirect
method based on water-sensitive papers. The use of different measurement techniques
resulted in variations in the analyzed spray parameters. Particularly, the direct methods
exhibited average differences of approximately 58% in volume median diameters (VMDs),
with the Spraytec device yielding the highest value. The authors also emphasized the need
for caution when using WSPs for droplet size calculation due to difficulties in measuring
fine droplets, which could potentially interfere with the obtained results.

Given the differences among these methods and measuring protocols, the primary
objective of the present study was to compare four droplet size measurement techniques as
applied in three research laboratories under ordinary working conditions. Specifically, the
aim was to evaluate two techniques based on laser principles (Laser Diffraction and Phase
Doppler Particle Analysis) and two techniques based on image analysis processing (Liquid
Immersion and Shadowgraphy). The focus was on examining how these four measurement
techniques quantified the droplet size distribution produced by four agricultural nozzles
under identical operating conditions. Many of the studies on this topic often report only
the average values of volumetric diameters (D1, Dyo5, and Dypg) as measured with
different methods. In this research, a comprehensive statistical analysis of volumetric,
mean, Sauter, and numeric median diameters, as well as relative span factors (RSFs), is
reported to highlight any differences between the measurement techniques. In addition,
by presenting results obtained from various laboratories under practical conditions, the
study recognizes the potential challenges in interpreting these results and acknowledges
the discrepancies that may arise between measurements obtained using different types
of equipment.

2. Materials and Methods
2.1. Experimental Setup

Four common droplet size measurement techniques were compared in measuring
the droplet size distribution of four nozzle—pressure combinations: Liquid Immersion (LI),
Laser Diffraction (LD), Phase Doppler Particle Analysis (PDPA), and Shadowgraphy (SG).
Depending on their working principles, these techniques can be essentially categorized as
laser-based (LD and PDPA) or image processing (LI and SG) methods.

The measurements were conducted in three different laboratories: the LI method was
employed in the Section of Mechanics and Mechanization of the Department of Agriculture,
Food and Environment (Di3A) at the University of Catania (Catania, Italy); the LD system
was implemented in the Department of Agricultural Engineering of the Federal University
of Vicosa (Vicosa, Minas Gerais State, Brazil); and the PDPA and SG techniques were used
in ILVO'’s Spray Tech Lab of the Flanders Research Institute for Agriculture, Fisheries and
Food (Merelbeke, Belgium). A general view of the four experimental setups is shown in
Figure 1.

2.1.1. Liquid Immersion Method

The LI method was implemented using a custom-made test bench (Figure 1A) designed
and constructed in the Section of Mechanics and Mechanization of the University of Catania
according to the guidelines provided by the ISO 5682-1 standard [30]. This test bench
replicates a spraying system similar to those found in commercial sprayers with hydraulic
pulverization systems. During the experiment, the nozzle under test moved at 1.5 m/s
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while spraying 0.5 m above the target plane. A comprehensive description of the test bench
can be found in Longo et al. (2020) [31].

Figure 1. Experimental setup of the test bench for the Liquid Immersion method (A). Laser Diffraction
equipment (Spraytec Malvern) (Malvern Instruments Ltd, Spraytec, Worcestershire, UK) (B). Phase
Doppler Particle Analyzer (TSI Incorporated, Shoreview, MN, USA) (C). Oxford Lasers VisiSize P15
(Shadowgraphy) (Oxford Lasers Ltd., Oxfordshire, UK) (D).

For droplet size measurement, droplets sprayed by the nozzle were captured within
three Petri dishes (55 mm in diameter with centers spaced 195 mm apart) containing silicone
oil (AR200, Sigma-Aldrich, Milano, Italy). These dishes were placed on a wooden table
mechanically insulated from the rest of the equipment to avoid any vibrations. Subse-
quently, the droplets were photographed in situ using a high-resolution camera with a
resolution of 6000 pixels x 4000 pixels, and the photos were saved as high-quality color
JPEG images. Additionally, a calibration factor was calculated by photographing, under
the same conditions, a glass disc with a 10 mm x 10 mm grid pattern with 1 mm steps
placed at the three positions of the Petri dishes. This process enabled the measurement, in
pixels, of a known distance (10 mm) along two orthogonal directions. Thus, by relating
the real length to the pixel length, the calibration factor was derived (4.9 um/pixel) and
applied to determine the real-world droplet size.

The spray droplet images were processed using Image] analysis software [32]. Initially,
the original-color JPEG images were converted to 8-bit gray-level images. Subsequently,
the images were segmented using the Otsu algorithm [33]. Finally, the segmented images
underwent processing with the “fill hole” filter to fill any empty spaces within particles
and then the “watershed” filter to separate some touching particles.

For each segmented particle, several shape descriptors were extracted, including area
(in square pixels), aspect ratio (the ratio between the maximum and minimum axes of
the best-fitting ellipse), and Feret’s diameter ratio (the ratio between the maximum and
minimum caliper lengths). Very small particles (up to 4 contiguous pixels) were excluded,
as they were considered digital noise. Therefore, considering the calibration factor of
4.9 um/pixel, the minimum diameter of detectable particles was 12 um. In addition,
particles with an aspect ratio or a Feret’s ratio greater than 1.50 were also excluded because
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they strongly deviated from circularity. Spray parameter calculations were based on a
sample of approximately 2200-17,200 droplets per replication, depending on nozzle type.

2.1.2. Laser Diffraction System

For the LD technique, the Malvern laser particle size analysis instrument (Malvern
Instruments Ltd., Spraytec, Worcestershire, UK) was utilized, as illustrated in Figure 1B.
A 632.8 nm He-Ne laser with a diameter of 10 mm passed through the sampling zone
where the droplets were sprayed. Subsequently, a series of 33 photodiodes, integrated into
the lens, detected the resulting light diffracted by the droplets. The collecting lens, attached
to the receiver, had a focal length of 750 mm and was capable of counting particles in the
range between 2 pm and 2000 pm. The distance between the emitter and the receiver was
set to 420 mm.

The system was managed by the Spraytec software. Based on Lorentz-Mie theory,
the refractive indices for the material and the medium were provided before starting the
spray measurements. Water, with a refractive index of 1.33, was selected as the material of
the sprayed droplets, and air, with a refractive index of 1.00, was chosen as the dispersant
medium. Additionally, a patented multiple scattering algorithm was enabled to correct for
re-scattered light when measuring high-concentration droplet samples.

The spraying system comprised a 150 L plastic tank and a piston pump (Kawashima,
model S40L, YungChi Y.C. Industrial Co. Ltd., Changhua Hsien, Taiwan) driven by a
2.2 kW induction motor. Pressure during measurement was monitored by a pressure gauge
(Comam Ltd., Belo Horizonte, MG, Brazil). Additionally, adjustment of the required spray
pressure was facilitated by a manual pressure-regulating valve. The spraying system also
featured a spray boom with the nozzle holder. The spray boom was capable of continuous
revolution to ensure the analysis of the entire spray jet. This movement was enabled by an
electric motor (Bosch, model CEP, 12 V, Bosh GmbH, Gerlingen-Schillererh6he, Germany)
installed at the right end of the boom and powered by an external 450 W power supply unit.

During the measurements, the nozzle was applied on the spray boom at a distance
of 0.5 m from the laser beam: its rotation of 180° on the plane between the two functional
modules of the instrument defined the sampling zone as an arc-shaped path intersecting
the spray jet. This ensured that all the cross section of the whole spray width was used
during the measurement.

2.1.3. Phase Doppler Particle Analysis

The Phase Doppler Particle Analyzer is considered one of the most specialized pieces
of equipment for measuring the droplet size and velocity of a spray. The measuring
equipment utilized in this study comprised four main components: a climate room, a spray
unit, a 3D positioning system, and a PDPA laser system (Figure 1C). A comprehensive
description of the measuring setup can be found in Nuyttens et al. (2006) [17].

The PDPA laser equipment utilized in this study was the PowerSight one-dimensional
system (TSI Incorporated, Shoreview, MN, USA). This system emitted green laser light with
a wavelength of 532 nm and comprised an optical transmitter, a receiver unit, an electronic
signal processor, and the FlowSizer software for data collection and analysis.

The transmitter and receiver had a focal length of 500 mm. In addition, the optical
receiver included three separate photomultiplier tubes (PMTs) to convert the refracted
light into electrical signals to be processed by a Real-Time Signal Analyzer (RSA). The
light scattering angle of the receiving PMTs was set at 30 degrees (1st-order refraction)
with respect to the incident beam. To optimize data quality in spray measurements, two
process control parameters were considered. The PMT voltage was set to 580 V—large
enough to ensure the detection of signals from smaller droplets within the flow—while the
signal-to-noise ratio (SNR) was set to “medium”. The collecting lens ensured a measurable
droplet size range between 0.5 pm and 2153 pm.
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The settings of the PDPA equipment were selected to ensure that a minimum of
20,000 droplets were captured during the scanning process, thereby providing reliable
information on the droplet size and velocity distribution.

Spray measurements were taken at a fixed point by positioning the nozzle at the center
between the two units of the instrument and at a distance of 0.5 m from the laser beam. The
distance between the measuring volume and the ground was fixed at 0.8 m.

2.1.4. Shadowgraphy

The Shadowgraphy principle was exploited by using the Oxford VisiSize P15 particle
analyzer (Oxford Lasers Ltd., Oxfordshire, UK) (Figure 1D). Its camera can capture up
to 15,000 droplets per second within a field of view (FOV) of 9157 um x 6906 um. Mea-
surements were conducted over a run-time of 100 s to ensure a sample of approximately
13,000-16,000 droplets per repetition. During the test, the instrument was positioned
centrally on the ground under the nozzle at an axial distance of 0.5 m and maintaining a
fixed-point position. Any bounce of droplets from the ground was neglected. This measure-
ment point ensured that the sprayed drops passed transversely through the light source.
The VisiSize P15 settings were configured to exclude all droplets with a sphericity below
0.7. Additionally, out-of-focus particles were rejected using a parameter that indicates the
degree of focus based on the gray-level intensity at the edge of the droplet. Furthermore,
droplets touching the edge of the image were automatically rejected to mitigate the border
effect and maintain high measurement accuracy.

2.2. The Experimental Trials

In this comparative study, four commercial nozzles from two different manufacturers
were selected to evaluate droplet spray characteristics: three stainless-steel flat fan nozzles
manufactured by TeeJet Technologies (Spraying Systems Co., Wheaton, IL, USA) and one
air-induction flat fan nozzle manufactured by Albuz (Evreux, France). The TeeJet nozzles
were the TP 11001-SS, the TP 11003-SS, and the TP 11006-SS, while the Albuz nozzle was
the AVI 11003. The TP nozzles were pre-screened by Tee]et to be used as reference nozzles
for spray quality classification. When used at the pressures reported in the ISO/FDIS
25358 standard [12], they define the following boundary regions: very fine/fine (VF/F),
fine/medium (F/M), and medium/coarse (M/C) (Table 1).

Table 1. Nozzles and test conditions used in the experiments.

Nominal Nominal Flow
Nozzle Type Manufacturer Boundary Pressure (MPa) Rate (L/min)
TP 11001-SS TeeJet VE/F 0.45 0.490
TP 11003-SS TeeJet F/M 0.30 1.175
TP 11006-SS TeeJet M/C 0.20 1.940
AVI 11003 Albuz 0.30 1.200

To ensure consistency and reliability across all measurement techniques, identical
nozzles were used in all experimental tests conducted across the three laboratories. Three
repetitions were carried out for each nozzle-pressure combination. Spraying stability data
during the tests were available for the LI method only. In fact, the test bench management
software allowed saving a log file with the main information on the experiment, including
pressure, nozzle flow rate, nozzle speed, and position while spraying. During the tests, the
average coefficient of variation values were 0.75% and 1.69% for spraying pressure and
flow rate, respectively. With the other measurement methods, the spraying pressure was
adjusted before starting the measuring session and then was kept constant for the three
repetitions. During the experiments, all nozzles were positioned at a height of 0.5 m (axial
distance along the z-axis; Figure 2) from the sampling area.
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z z z z
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Figure 2. Sampling areas (red zones) of the four measurement techniques: Liquid Immersion (LI),
Laser Diffraction (LD), Phase Doppler Particle Analysis (PDPA), and Shadowgraphy (SG).

With the LI method, the sampling area was a 6000-pixel x 4000-pixel rectangle
placed on the x-y plane, centered with respect to the z-axis. Considering the scale fac-
tor 4.9 um/pixel, the corresponding sampling surface was 29.4 mm x 19.6 mm. During
the tests, the nozzle moved at 1.5 m/s along the y-axis while spraying. Sampling was re-
peated three times in correspondence to the three Petri dishes on the test bench (Figure 1A).
Droplets in the three Petri dishes were merged for each repetition before calculating the
spray parameters.

With the Malvern equipment (LD), the sampling area was a fixed point on the z-axis at
a distance of 0.5 m from the nozzle. The laser beam was directed along the y-axis. During
the tests, the nozzle revolved around the y-axis at 1.1 rad/s. Specifically, the measurement
started with the nozzle in a horizontal position (rotated counterclockwise 90 degrees with
respect to Figure 2). It then revolved clockwise 180 degrees before returning to the initial
position by rotating counterclockwise another 180 degrees. In this way, all the spray jet
was inspected by the laser beam during the measurement process. The measurement time
lasted from 6 s to 7 s.

With the PDPA system, the sampling area was a fixed point located on the z-axis, 0.5 m
distant from the nozzle. The laser beam was directed along the y-axis.

With the VisiSize P15 instrument (SG), the sampling area was a 9.16 mm x 6.91 mm
rectangle placed on the y-z plane. The camera was aligned with the y-axis.

Differences in sampling areas and their effects on droplet size measurement were not
considered in this study. The main objective of the study was to compare the results as they
were obtained under practical conditions in different laboratories.

Simple water was used as the spraying liquid for all measurements, except for the
Liquid Immersion method. For this method, a food dye (Red Ponceau; Novema Srl, Turin,
Italy) was added at a concentration of 2 g/L. Its red color facilitated the recognition of
droplets in the acquired images and their subsequent analysis.

2.3. Measurements of Spray Droplet Characteristics

For the droplet spectrum analysis of the four nozzles, the following droplet size
characteristics were considered:

e Volumetric diameters (Dyg.1, Dyo5, and Dyp9): Dyo1 and Dy g represent the diameters
at which 10% and 90% of the total volume, respectively, is composed of droplets
smaller than or equal to these values. D5, also known as the volume median
diameter (VMD), is the diameter at which 50% of the total volume is composed of
droplets with diameters smaller than or equal to this value.

e  Relative span factor (RSF): a dimensionless parameter that indicates the degree
of uniformity of the droplet size distribution within a spray. It is defined by the
following equation:

Dyo.9 — Dyo1

RSF =
Dyos

M
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A lower RSF value indicates a more homogeneous droplet size distribution for a spray,
with values closer to 0 representing greater uniformity. Conversely, the higher the RSF
value, the less uniform the distribution.

e  The arithmetic mean diameter (D) represents the average diameter of all the droplets
within a given sample:
Zil\i1 D;
N
e  The surface mean diameter (Dyg) refers to the diameter of a droplet whose surface

area, when multiplied by the total number of droplets, equals the overall surface area
of the droplet sample:

Dy = )

Doy = || =5 ©)

e  The volume mean diameter (D3) refers to the diameter of a droplet whose volume,
when multiplied by the total number of droplets, equals the total volume of the
droplet sample:

3
D3y = —— 4)

In these definitions of Do, Dyg, and D3y, D; denotes the diameter of the i-th droplet,
while N denotes the total number of droplets.

e  The Sauter mean diameter (D3) or SMD refers to the diameter of a droplet that has
the same volume-to-surface area ratio as the total volume of all droplets to the total
surface area of all droplets.

3
D32 — <D3O) (5)

(Dao)?

e  The numeric median diameter (D9 5) or NMD represents a diameter at which 50% of
the total number of droplets is lower than this value.

All these characteristics were calculated using the methodologies currently employed
in each laboratory: starting from the single droplet diameters and employing custom
R functions [34] for the LI method (University of Catania, Italy), extracting from VisiSize
analysis reports for SG, utilizing appropriate Excel spreadsheet functions operating on
single droplet diameters for the PDPA method (ILVO’s Spray Tech Lab, Belgium), and
relying on the values computed by Spraytec software for the LD method (Federal University
of Vicosa, Brazil).

In this comparative study, droplet velocities were also examined using the PDPA
system and the VisiSize P15 image analysis tool. Only average droplet velocity values
were considered.

2.4. Statistical Data Analysis

Experimental data were analyzed according to the primary objective of the study,
which was to elucidate any differences between the measurement techniques. Thus, as a
first approach, a two-way analysis of variance (ANOVA) was applied, considering for each
nozzle the sum (DS) of all measured diameters (i.e., DS = D91 + Dyo5 + Dyog + D1 +
Dyy + D3y + D33 + Dy 5) as the dependent variable and the measurement technique and
nozzle type as independent variables [35].

Subsequently, for a more in-depth analysis, multivariate analysis of variance (MANOVA)
was applied, considering all diameters as dependent variables and the measurement tech-
nique and nozzle type as independent variables. Univariate ANOVAs were conducted when
statistically significant differences were detected. Mean separation was obtained by applying
Tukey’s honestly significant difference (HSD) test for multiple comparisons at a confidence
level of 95% (p-value < 0.05).
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Data on average velocity were analyzed using univariate ANOVA, with the measure-
ment technique (only SG and PDPA) and nozzle type as independent variables.

All statistical analyses and data plotting were performed using R version 4.3.0 [34]
and the “tydiverse” package version 2.0.0 [36].

3. Results
3.1. Owverall Comparison

The univariate ANOVA applied to the sum (DS) of all measured diameters indicated
significant differences between both measurement techniques and nozzles (Table 2).

Table 2. Results based on the sum (um) of all measured diameters (mean separation between
measurement techniques for each nozzle and between nozzles according to Tukey’s HSD test at a
p-level = 0.05). Means sharing the same uppercase letters in rows and lowercase letters in columns do
not differ statistically.

Measurement .., 1,04, TP 11003 TP 11006 AVI 11003 Mean
Technique
LD 679 ¢ 1044 4 1407 © 25252 1414 ¢
LI 732¢ 1482 b 19812 2685 2 17202
PDPA 9542 15652 1889 a 2259 b 1667 2
SG 819b 1174 ¢ 1606 P 2496 ab 1524 b
Mean 796 D 1316 € 1720 B 2491 A 1581

Differences between nozzles were expected: TP 11001 exhibited the finest spray,
followed by TP 11003, TP 11006, and finally AVI 11003. Across the various nozzles, the
closest similarity was found between LI and PDPA, which provided the highest values for
the sum of droplet diameters, followed by SG and LD. With the same nozzle, differences
among the measurement techniques were most distinctive for the finest spray and decreased
towards the coarsest nozzle (AVI 11003).

To gain insight into the droplet size distribution, cumulative volumetric curves for
each nozzle and measurement technique were calculated (Figure 3). These curves were
derived by averaging the results of the three repetitions.

Consistent with the results of the univariate ANOVA, the cumulative curves displayed
distinct behaviors among the four measurement techniques when applied to the same
nozzle. For instance, LD and LI yielded very similar results for the TP 11001 nozzle.
Conversely, LI and PDPA showed similar performance for the TP 11003 nozzle, as did
LD and Shadowgraphy. Additionally, LD and SG exhibited similar performances with
the TP 11006 nozzle. A lower degree of similarity was observed among the measurement
techniques in characterizing the AVI 11003 nozzle.

For a more comprehensive analysis, MANOVA was applied to all considered diame-
ters, and the results are presented in Table 3. The analysis revealed that, in most cases, the
droplet size distribution parameters produced by the four considered nozzles exhibited
significant differences when measured across various measurement techniques. This un-
derscores that, despite identical testing conditions, the outcomes can vary. Consequently, a
more specific analysis was conducted, focusing on volumetric and mean diameters.

Table 3. Results of MANOVA applied to all the considered diameters.

Source df Pillai Approx F Num df Den df p-Level
MT 3 2.6023 22.0834 24 81 <0.001
Nozzle 3 2.2492 10.1108 24 81 <0.001
MT: Nozzle 9 4.9235 5.6902 72 256 <0.001
Residuals 32

MT: measurement technique; df: degree of freedom; Num: numerator; Den: denominator.
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Figure 3. Cumulative volumetric droplet size distribution curves for the four measurement techniques
and the four nozzle—pressure combinations.

3.2. Volumetric Diameters

Figure 4 illustrates the effects of the measurement techniques on the volumetric
diameters (Dyg.1, Dyo 5, and Dy g) for the four nozzles considered.
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Figure 4. Comparison of the four measurement techniques used for measuring volumetric diameters
(mean separation with each volumetric diameter and for each nozzle by Tukey’s HSD test at a
p-level = 0.05; error bars represent standard deviations). Means sharing the same letters for each
volumetric diameter across the four nozzles do not differ statistically.
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All the measurement techniques correctly separated the four nozzles, classifying TP
11001 as the finest and AVI 11003 as the coarsest, regardless of the volumetric diameters
considered. However, when specific diameters were examined, the four measurement
techniques provided statistically different values.

Overall, with the finest spray (TP 11001 nozzle), the PDPA technique provided the
highest values of volumetric diameters. For coarser sprays (all other nozzles), the LI method
produced the highest values for volumetric diameters, though in most cases they were
not statistically different from those generated via the PDPA method. In almost all cases,
Shadowgraphy provided the lowest values.

Assuming the average from the four measurement techniques as the reference value
(%), relative deviations (RD;s) were calculated for each nozzle and volumetric diameter
according to the following equation:

= (6)

where x; is the volumetric diameter obtained with the i-th measurement technique. The
mean of the absolute values for RD; was around 13%, and mean values decreased as
volumetric diameters increased, i.e., from Dyg1 (16%) to Dy9 (8%). This result implies that
the relative differences in volumetric diameters were more pronounced with finer droplets
than with coarser ones.

The reproducibility of the results, expressed in terms of the average coefficient of
variation (CV) values of the volumetric diameters across the four nozzles, was highest with
PDPA (with the lowest average CV of 1.25%), followed by Shadowgraphy (CV = 2.00%).
Laser Diffraction exhibited the lowest reproducibility with the highest CV (4.23%).

3.3. Relative Span Factors

The homogeneity of droplet size distributions, as indicated by RSFs, was examined to
understand the variation in the uniformity of droplet size measured during the spraying
process. The mean RSF values are shown in Table 4.

Table 4. Means of relative span factors as determined by the four measurement techniques (mean
separation with each nozzle by Tukey’s HSD test at a p-level = 0.05). Means sharing the same
uppercase letters in rows and lowercase letters in columns do not differ statistically.

Measurement

. TP 11001 TP 11003 TP 11006 AVI 11003 Mean
Technique
Laser Diffraction 1.162 1492 1.792 1902 1582
Liquid Immersion 1.232 1.14°¢ 1.15¢ 1.12¢€ 1.16°¢
PDPA 093P 1.11°¢ 1.05¢ 1.26 be 1.09d
Shadowgraphy 0.89° 1.27b 1.46° 1.37b 1.25b
Mean 1.05€ 1258 1364 1414 1.27

Considering the average values across all the spray nozzles, the analysis of variance
showed that the four measurement techniques produced statistically different results.
More specifically, the PDPA system revealed the most uniform measured droplet size
distribution with an RSF value of 1.09, which was significantly lower compared to the
other measurement techniques. Conversely, LD showed the most uneven droplet size
distribution (RSF = 1.58), with values oscillating between 1.16 for the TP 11001 nozzle and
1.90 for the AVI 11003 nozzle. These results were consistent for each nozzle.

Comparison of the nozzles while keeping the measurement technique unchanged
showed a general trend of increasing RSF values from finer (TP 11001) to coarser sprays
(AVI11003).
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3.4.

Characteristic Mean Diameters

The analysis of variance, applied to the characteristic mean diameters (D1g, D29, D3,
and D3;) and the NMD, showed that the measurement techniques produced statistically
different results. Comparisons between the measurement techniques with the same nozzle
are reported in Figure 5.
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Figure 5. Comparison of the four measurement techniques when used for measuring mean charac-
teristic diameters (mean separation with each diameter and for each nozzle by Tukey’s HSD test at

a p-level = 0.05; error bars represent standard deviations). Means sharing the same letters for each
characteristic mean diameter across the four nozzles do not differ statistically.

As a common trend, the LD method yielded lower values for all diameters compared
to those determined by the other methods when testing the four nozzles. This result
confirms the higher sensitivity of the LD technique to smaller droplets compared to the
other techniques.

More specifically, with the TP 11001 nozzle, higher values of diameters were measured
with the PDPA technique, which, in most cases, were not statistically different from those
obtained via Shadowgraphy. Lower values were measured with Laser Diffraction, which,
in some cases (Dyy and D3g), were not statistically different from those obtained via Liquid
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Immersion. With the TP 11003 and TP 11006 nozzles, all measuring techniques provided
results that were statistically different. In all cases, except for the D3, diameter, the highest
values were provided by the PDPA technique. The differences among the measurement
techniques were smaller with only the air-induction nozzle (AVI 11003), which produces
extremely coarse sprays at 0.3 MPa, in accordance with the Albuz catalog. For this nozzle,
a slight predominance of the LI method was noted for the Dy, D39, and D3, diameters,
which were higher compared to those obtained by other measurement techniques.

Nozzle separation based on the mean characteristic diameters was less effective com-
pared to the volumetric diameters. Specifically, as a result of the ANOVA, only the Shadowg-
raphy technique yielded statistically different values for the four nozzles for all diameters
analyzed. In contrast, Laser Diffraction did not distinguish among the reference nozzles
for Dyg, Dyg, and NMD diameters. Intermediate results were provided by the LI and
PDPA techniques.

The greatest deviations from the average values of the four measurement techniques
were found in the NMD diameters of the reference nozzles, ranging from —60% (TP 11001)
to +51% (TP 11006). Conversely, NMD values were more uniform for the AVI 11003 nozzle,
with an average absolute deviation of less than 5%.

Lastly, when analyzing the reproducibility of the results, measured as the average
coefficient of variation values of the mean characteristic diameters across the four nozzles,
the best performance was achieved with the PDPA and SG techniques (with CVs of 1.33%
and 1.51%, respectively). Conversely, the worst results were obtained with the LD technique
(CV =7.95%), while intermediate results were observed with the LI method (CV = 3.89%).

3.5. Droplet Velocity

Figure 6 shows a comparison between the measured average droplet velocities using
the PDPA and SG measurement techniques.

measuring technique

[ Pora

. Shadowgrapy

droplet velocity, m/s

0_

TP 11001 TP 11003 TP 11006 AVI 11003
nozzles

Figure 6. Comparison between PDPA and SG when used for measuring average droplet velocity
(mean separation with each nozzle by Tukey’s HSD test at a p-level = 0.05; error bars represent
standard deviations). Means sharing the same letters for each nozzle do not differ statistically.

From the analysis of variance, it emerged that the two measurement systems produced
average droplet velocities statistically indistinguishable across all nozzles (p-level = 0.231):
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3.48 m/s with the PDPA system and 3.53 m/s with the VisiSize P15 tool. Considering
individual nozzles, the two measurement systems produced statistically different results
for TP 11001 and TP 11006 only, albeit with opposite trends. Specifically, Shadowgraphy
measured higher velocity values for the TP 11001 nozzle, whereas the PDPA technique
measured higher values for the TP 11006 nozzle. For the other two nozzles, the two
measurement techniques provided similar results: around 4.48 m/s for TP 11003 and
around 2.69 m/s for AVI 11003.

Furthermore, the comparison between the nozzles revealed that the reference nozzles ex-
hibited increasing average droplet velocity values from the finest spray (TP 11001: 2.31 m/s)
to the coarsest one (TP 11006: 4.54 m/s). In contrast, the air-induction AVI 11003 nozzle,
despite producing droplets with a larger diameter, showed an average droplet velocity of
2.69 m/s. This reduction in velocity compared to TP 11006 and TP 11003 is likely attributable
to the presence of air inclusions within the droplets which decreased their volumetric mass.
Consequently, the combined effect of drag force and gravitational force resulted in a reduction
in velocity.

4. Discussion

The ranges of values of median volumetric diameters (VMDs) found in this study,
considering all the measuring techniques, were well differentiated across the tested nozzles.
For the two laser-based techniques, VMDs ranged from 118 pm (TP 11001) to 404 pm
(AVI 11003) for LD and from 143 um (TP 11001) to 407 um (AVI 11003) for PDPA. Concern-
ing the image processing techniques, the VMD values ranged from 121 um (TP 11001) to
506 um (AVI 11003) for LI and from 110 pm (TP 11001) to 489 um (AVI 11003) for SG.

Over the years, various researchers have tackled the topic of comparing different
droplet size measurement methods, and some of their results align with our comparative
study. For instance, many of our findings are consistent with the research conducted
by De Cock et al. (2016) [37], who investigated the droplet size distribution of six spray
quality boundaries defined by the ISO 25358 standard [12]. They proposed a high-speed
imaging device as a versatile and accurate tool for droplet size and velocity measurements,
comparing results with the PDPA system. In addition, measurements were taken at a
distance of 0.5 m from the nozzle for both techniques, as in our study. The authors obtained
results closely aligned with ours, in particular, that the imaging technique yielded lower
values for Dyg1, Dyo 5, and Dy 9 compared to PDPA measurements for the VF/F (TP 11001),
F/M (TP 11003), and M/C (TP 11006) sprays.

However, it is important to note that the volumetric diameters obtained with the PDPA
system and the high-speed device were, in most cases, higher than those reported in our
present work. For example, the authors found VMD values of 155 um (TP 11001), 240 um
(TP 11003), and 304 pm (TP 11006) when using the high-speed imaging system and 172 pm,
273 pm, and 366 pm when using the PDPA system. Their results indicated that, although
the imaging technique provided lower VMD values compared to PDPA, the differences
were generally small (17 pm for the TP 11001 and 33 pum for TP 11003), except for the M/C
spray class, where the difference was more pronounced (62 pm).

Similarly, the authors demonstrated that, consistent with our findings, the high-speed
imaging technique exhibited a wider range of relative span factors (RSFs), with values
ranging from 0.94 (TP 11001) to 1.31 (TP 11006). In contrast, the PDPA method yielded
nearly constant RSF values, hovering around 1.00 (ranging from 0.94 for TP 11001 to 1.00
for TP 11006). Moreover, De Cock et al. (2016) [37] found good agreement in droplet
velocity measurements between both techniques, except for one specific nozzle—pressure
combination (TP 11006).

The results of our study were also consistent with those reported by Miller et al.
(2008) [38], who conducted a comparative study of a new design for a double imaging
instrument (Oxford Lasers VisiSizer) and a Phase Doppler Analyzer (PDA) to test reference
flat fan nozzles positioned 0.35 m above the sampling area. The measurements from their
investigation were reasonably aligned and showed a satisfactory correlation with those
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obtained in our research. The VMDs produced by the TP 11001 and TP 11006 nozzles, when
measured with the imaging instrument, were found to be lower than those obtained via
the PDA. Specifically, the reported values obtained with the two measurement techniques
were 152.9 um and 172.9 um for TP 11001 and 340.6 um and 349.8 um for TP 11006. The
only exception was TP 11003, which indicated a value approximately 22 um greater with
VisiSizer imaging (279.9 um) compared to PDA (257.3 um).

Additionally, as a general comparative observation, it was revealed that the VMD
values obtained in our study were consistently lower than those reported in the Miller
et al. (2008) [38] research across all nozzles. This discrepancy was likely attributable to the
change in spray height. However, the TP 11003 nozzle was an exception, as the variation
was found to be insignificant when assessed with the Phase Doppler instrument. In fact,
the VMD obtained in our study with PDPA was 258 um and that observed by Miller et al.
(2008) [38] was 257.3 um.

Another noteworthy aspect concerns the common occurrence of measuring smaller
droplet size diameters with the Malvern Spraytec instrument, which was validated in a
specific comparison conducted by Dodge et al. (1987) [39]. In this study, an Aerometrics
Phase Doppler Particle Analyzer and a Malvern Laser Diffraction instrument were used for
this purpose. The authors stated that the mean droplet sizes, as measured with the PDPA
system at various points in the sample, were generally larger.

In light of the aforementioned results, the differences among the measuring techniques
may be primarily explained by the differences in the methodological procedures. Each
method comes with drawbacks, limitations, and sources of errors, and the results are
affected by various parameters [40].

PDPA systems are point sampling devices and flux-sensitive instruments. This implies
that the instruments focus on a portion of the total spray pattern and have to target
several test points within the spray in order to obtain a composite sample of the spray
flux distribution. Moreover, results are affected by droplet velocity in each class size [41].
PDPA systems are complex, requiring precise alignment of lasers and optics, which can be
difficult to set up and maintain, but it is crucial for accurate measurements and avoiding
the introduction of significant errors. Moreover, in dense sprays, multiple scattering events
can occur, complicating the interpretation of the scattered light and leading to potential
measurement errors. In cases of high droplet concentration, overlapping droplets can
cause signal interference, making it difficult to accurately measure individual droplet sizes.
Finally, as reported in Sijs et al. (2021) [28], non-spherical droplets may be interpreted as
slightly smaller droplets, resulting in a finer droplet size spectrum. The same applies to
inhomogeneous droplets due to the presence of air bubbles, as in air-induction nozzles.

Laser Diffraction analyzers are spatial sampling devices. Despite being widely used
for measuring droplet sizes in various applications, they have several drawbacks and
inaccuracies, as reported in Kelly and Etzler (2006) [42]. In LD instruments, a curve-fitting
program is used to convert the light intensity distribution into any one of several empirical
drop-size distribution functions, such as the Rosin-Rammler or the log-normal distribu-
tions. Based on Lorenz-Mie theory, LD assumes that all particles are spherical. In reality,
droplets can be irregularly shaped, which can lead to inaccurate size measurements. The
most serious limitation of this technique is the multiple scattering, which occurs in dense
sprays when the light, before reaching the detector, is scattered by multiple drops. This can
complicate the interpretation of diffraction patterns and result in errors. The results of the
LD technique can be influenced by overestimation of the number of small droplets due to
their low velocity and thus higher concentration in sample volumes [28]. The accuracy of
LD measurements depends on correct knowledge of the refractive indices of droplets. Vari-
ations in refractive indices, due to differences in temperature, composition, or phase, can
affect results. Moreover, droplets at the edges of the laser beam or inhomogeneities present
in the optical system can cause distortions in diffraction patterns, leading to errors in size
determination. Finally, regular calibration and precise alignment of the optical components
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are required to ensure accurate measurements. Misalignment or poor calibration can lead
to significant errors.

Among the drawbacks of the Shadowgraphy technique, Erinin et al. (2023) [43]
reported limitations in resolution due to the optical setup, including the camera resolution
and the quality of the lenses used. Small droplets (less than 50 um in radius) might
not be accurately resolved. Moreover, real-world sizes are obtained using a calibration
target (reticle): any errors in calibration can directly affect the accuracy of droplet size
measurements [44]. Erinin et al. (2023) [43] found that holography can measure droplet
radii more accurately than Shadowgraphy. Accurate detection of droplet edges is crucial
for size measurement. Variations in lighting, droplet transparency, and background noise
can complicate edge detection, leading to measurement errors. Factors such as vibration,
air currents, and temperature changes can affect the stability of the optical setup and the
quality of the images, leading to measurement errors. Shadowgraphy is highly sensitive to
the quality and uniformity of illumination. Inconsistent lighting can cause shadows and
reflections that distort droplet images. The technique has a limited depth of field, meaning
that only droplets within a certain distance range from the camera are in sharp focus. Out-
of-focus droplets can be inaccurately sized or missed entirely. Finally, the technique requires
advanced image processing algorithms to accurately identify and measure droplets. In
dense sprays, droplets can overlap in images, making it difficult to distinguish individual
droplets and accurately measure their sizes. This can be computationally intensive and
may introduce errors if the algorithms are not robust.

The Liquid Immersion method, in contrast to the other three, is intrusive. In fact, it
measures droplets immersed in another liquid rather than “flying” droplets. This repre-
sents an important drawback due to droplet evaporation and coalescence. The evaporation
effects are very significant in the measurement of fine droplets because, being too small to
break the surface tension of the immersion liquid (silicone oil), they evaporate. Moreover,
coarse droplets may fragment when they hit the immersion liquid surface. Coalescence
phenomena may occur during or after terminal resting inside the emulsion. All these
aspects—evaporation, fragmentation, and coalescence—may result in droplet size mea-
surement error [24]. However, considering the operating conditions of this study (room
temperature, very low time of measurement, and water surface tension higher than silicone
oil surface tension), errors due to evaporation, coalescence after resting, and droplet frag-
mentation can be neglected. Another limitation regards the fraction of the liquid surface
area that should be covered by droplets. If too many droplets are collected, the probability
of error due to overlap is high, and, consequently, droplet counting is difficult. Moreover,
overlap between droplets, despite the use of the “watershed” filter, may explain the greater
volumetric and Sauter mean diameters measured with LI respect to the other techniques.
Alternatively, if too few droplets are collected, the sample may not be representative of
the spray. A further limitation is the sample preparation, which can be complex and
time-consuming. It often requires careful handling to ensure that droplets are adequately
suspended in the immersion liquid without coalescing or breaking apart. Like other meth-
ods, LI presupposes spherical droplets: this may not always be the case, especially for larger
droplets or those containing small air bubbles. Distortions and deformations may also
occur due to the properties of the immersion liquid, such as its refractive index, viscosity,
and surface tension. Like other image-based measurement techniques (Shadowgraphy),
LI requires precise calibration for accurate measurements. Errors in calibration factors
(4.9 um/pixel for LI and 4.7 um/pixel for Shadowgraphy in this study) proportionally
affect all measured diameters [44]. A further error source is the thresholding algorithm
used to segment droplets with respect to the background. Variations in threshold values
affect droplet diameter calculation [45].

A critical factor that has great influence on the results of nozzle spray droplet mea-
surement is the size and position of the sampling area. In the present study, the sampling
area was substantially different in the four measurement techniques: a single point on
the nozzle axis with PDPA, an arc-shaped path with LD, a horizontal rectangular surface
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with LI, and a vertical rectangular surface with SG. Only the axial distance of 0.5 m from
the nozzle was kept constant in the four experiments. Since only the droplets within the
working area are analyzed, this can lead to variations in results. However, according to
the main aims of this study, comparisons were aimed at analyzing the differences that may
emerge between the various measuring techniques as applied in the various laboratories
when utilizing different equipment. Although real-world agricultural sprays produce
polydisperse droplets, a better comparison could be achieved by applying monodisperse
sprays, which have a uniform size and could provide a more detailed way of coping with
the performance of different measurement techniques.

In the context of agricultural spray analysis, the question of which measurement
system to use is a constant consideration. Among the techniques available in the literature,
the Liquid Immersion method can be considered reliable and a viable alternative for
droplet size measurement purposes. Despite its cost-effectiveness and simplicity, it is
not widely used for this purpose, and it is often overlooked. This could be attributed to
the perception that more technologically advanced and expensive techniques inherently
provide more accurate and reliable data. However, findings from this study challenge this
perception, showing that the Liquid Immersion method can yield data with a high degree
of reproducibility in spray analysis comparable to those obtained with more sophisticated
techniques, such as Laser Diffraction or Phase Doppler Particle Analysis technologies. It is
also adopted to confirm the adequacy of data obtained by optical methods, such as PDPA
systems [24]. This highlights that even the simplest methods for droplet sizing deserve
more recognition and wider adoption in agricultural spray analysis.

One of the key advantages of the Liquid Immersion method is that it does not require
specialized training for its implementation, making it accessible to a wide range of users.
This is particularly beneficial in resource-limited contexts where the high cost of advanced
systems can be prohibitive. In contrast, Laser Diffraction, Phase Doppler Particle Anal-
ysis, and Shadowgraphy, while offering accurate and real-time data, require significant
investment in equipment that is not always affordable for users.

The ISO 25358 (2018) [12] standard recognizes differences in spray droplet diameters
resulting from various measuring principles and recommends classifying sprays based on
a comparison of the spray droplet size spectrum produced by a nozzle or atomizer under
specific operating conditions with reference spectra. Both the reference-class spectra and
the test droplet size spectra to be classified should be measured using the same device
and setup for similar droplet sizes. In our study, the statistical analysis of volume median
diameters correctly distinguished the three reference nozzles, irrespective of the measure-
ment technique adopted. Considering the cumulative volume curves, all measurement
techniques classified the AVI 11003 in the coarse region. Therefore, the cumulative curves
obtained in this study with each measurement technique and for the reference nozzles
should be considered reference spectra for classification purposes.

5. Conclusions

The droplet size distributions of three reference spray nozzles and one air-induction
nozzle were measured in three different laboratories applying four different measurement
techniques under identical operating conditions. The techniques used were the Liquid
Immersion method, the Laser Diffraction system, Phase Doppler Particle Analysis (PDPA),
and the Shadowgraphy principle. This comprehensive study provided essential data
for comparing the results of each measurement technique in relation to droplet spray
parameters. The results of the study allowed the following main conclusions to be drawn:

e  The various techniques employed in different laboratories under ordinary working
conditions for measuring droplet size yielded disparate results. These differences
can be attributed to various causes, including the limitations and advantages of each
type of measuring equipment, operational procedures, measuring protocols, and
experimental errors. Probably the most important source of variation in the results
was the choice of the sampling region. In this study, it was chosen according to the
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usual practices in each laboratory, but the axial distance of 0.5 m from the nozzle
was kept constant. This diversity in results highlights the complexity of accurately
determining droplet size and emphasizes the need for careful consideration when
selecting an appropriate measurement technique.

e  Asageneral trend, the Laser Diffraction technique provided the lowest droplet diam-
eter values, followed by Shadowgraphy. The PDPA technique provided the highest
values for mean and numeric median diameters, whereas the Liquid Immersion
method yielded the highest values for Sauter and volumetric diameters.

e Despite differences in absolute VMD values, each measurement technique correctly
separated the three reference nozzles and classified the AVI 11003 nozzle in the coarse
region. On this basis, the use of reference nozzles is essential for comparing droplet size
distributions obtained via different measurement techniques. These nozzles produce
droplets that serve as a common benchmark, and, therefore, they should always
be included when performing droplet size measurements to enable comparisons
between techniques. The absence of such a reliable reference may lead to incomparable
measurements due to differences in operating principles. Ultimately, the use of this set
of certified reference nozzles should be regarded as the primary means to validate data
obtained via multiple measurement systems. It will help users to choose the proper
nozzle for a specific application.

All things considered, the aforementioned aspects should be carefully taken into
account when measuring droplet size distributions using different types of equipment
and procedures, as they may modify nozzle spray quality classification and impact final
results. Additionally, further research should be conducted to explore the potential sources
of variability in greater depth and optimize the selection of measurement techniques for
specific applications.
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