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ABSTRACT

Knowledge of droplet spectra generated by spray nozzle tips is important to ensure the
quality of applications of plant protection products. However, there are different methods
for this evaluation, which can cause difficulty in interpreting the results. This study aimed
to evaluate the droplet spectra produced by the flat fan spray tip AD 11002 operated under
different pressures and using different techniques and equipment. The volume median
diameter (VMD), percentage of spray volume in droplets smaller than 100 um diameter
and relative spam (RS), considering pressures of 200, 300, and 400 kPa were determined
using two direct measurement equipment (Spraytec and Shadow Sizer), based on laser
diffraction and image analysis, respectively, and a measure based on indirect analysis,
through the digitization of water-sensitive paper. Thus, the use of different analysis
techniques led to variations of the analyzed parameters. Among the direct measurement
equipment, a difference of up to 58% was observed in VMD. The use of water-sensitive
paper to characterize droplet spectra must be carried out with great discretion because
there is an underestimation of fine droplets. Pressure variations of 200 to 400 kPa did not
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influence VMD and RS.

INTRODUCTION

Application technology of plant protection products
is determinant for the success of crops. Phytosanitary
control, based on plant protection products, depends not
only on product effectiveness but also on the correct mode
of application (Sasaki et al., 2016; Cunha et al., 2017).

Within application technology, the determination of
droplet spectra of a spray has a great influence on the result
of an application, being able to estimate the drift, loss to the
soil, deposition and target coverage and, consequently, the
effectiveness in controlling weeds, pests, and diseases
(Guler et al., 2007; Carvalho et al., 2018).

Although some companies that manufacture spray
tips disclose in the technical specifications the droplet size
ranges as a function of the operating pressures, they are not
fixed and can be changed according to the physical
characteristics of the spray solution, building machine
parameters (air flow), among others (Yan et al., 2017;
Carvalho et al., 2017; Carvalho et al., 2018).

In addition to the average droplet size, another
important aspect coupled to droplet spectra of a spray tip is
the drift risk potential for applications (Matthews, 2004).
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Besides representing a loss to the growers, it can cause
impacts on human health, food security, and environmental
contamination (Franga et al., 2017; Palardy & Centner,
2017). Drift can still be cumulative, increasing the selectivity
of resistance to commercial molecules, directly affecting the
sustainability of applications (Carvalho et al., 2018).

Thus, droplet spectra of spraying are expected to be
as uniform as possible to reach the desired target with the
droplet density and coverage characteristics, avoiding very
coarse or very fine droplets, which can cause runoff or
losses by drift, respectively (Cunha et al., 2010). Overall,
droplets smaller than 200 um are more likely to drift, and
droplets larger than 400 um may lead to runoff, but other
factors such as application rate, leaf area index, and
meteorological conditions also influence these loss
processes (Baesso et al., 2014).

Currently, different particle analysis equipment,
with specific operating principles, are adopted for the direct
evaluation of droplet spectra of spraying. However, given
the high investment necessary to acquire this sophisticated
equipment, the use of indirect methods, such as water-
sensitive papers, is also widely diffused in the field and
science. Water-sensitive papers change their coloration
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when hit by droplets, thus enabling the visual analysis or
using specialized computer programs (Halley et al., 2008).

In general, differences can be found between values
measured by different equipment (Fritz et al., 2014),
although it has not been well characterized in what
magnitude. In this sense, droplet size classes, measured
from reference spray tips, were created as a way to minimize
this problem (Asabe, 2009). It has been a very practical and
effective solution for use in the field. However, these classes
do not always meet the objectives in scientific research
because they allow no differentiation between treatments
within the same class. For instance, Hoffmann & Kirk
(2005) observed that two sprayings, classified with medium
droplet spectra, generated different drift results. Also, it is
sometimes difficult to use the droplet size class scheme
when the tip generates curves that cross the boundaries
established by reference spray tips.

Therefore, it is often necessary to use numerical
values that characterize droplet spectra, such as the volume
median diameter (VMD), and, for this, knowing the data
generating equipment is essential. In this sense, it is
important to verify whether different equipment and
techniques for the determination of droplet spectra by direct
and indirect methods are similar to each other, as well as the
magnitude of the differences in the determined parameters.
Thus, this study aimed to evaluate the droplet spectra
produced by a flat fan hydraulic spray tip operated
under different pressures and using different techniques
and equipment.

MATERIAL AND METHODS

The experiment was initially conducted in a
completely randomized design for each of the three
techniques for determining the droplet spectra, with three
treatments (three operating pressures) and six replications.
A flat fan hydraulic spray tip model AD 11002
manufactured by the company MagnoJet®, with a ceramic
core, was used in all evaluations. The manufacturer
recommends for the tip a pressure range between 200 and
410 kPa, and this study was carried out at pressures of 200,
300, and 400 kPa.

Two techniques of direct measurement of droplet
spectra and one of measurement based on the indirect
analysis using water-sensitive paper were used. The
parameters volume median diameter (VMD, pm),
percentage of spray volume in droplets smaller than 100 pm
diameter (V < 100, %), and relative spam (RS,
dimensionless) were determined in all analyses, and RS was
obtained using [eq. (1)].

RS = Dyo.9—Dyo.1 )

Dyos
Where,

Dyo.1 is the droplet diameter such that 10% of the
sprayed solution volume consists of droplets smaller
than that value (um),

Dyos is the droplet diameter such that 50% of the
sprayed solution volume consists of droplets smaller
than that value (VMD) (um), and

Dy is the droplet diameter such that 90% of the
sprayed solution volume consists of droplets smaller
than that value (um).
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The determinations in the direct measurement
equipment were carried out using the routine methodology
used in the laboratory, always with the tip placed at
0.5 m height from the reading point and so that the
measurement counted the droplets crosswise to the
produced jet (Guler et al., 2007).

The evaluations of droplet spectra were carried out
at the Laboratory of Pesticide Application (LADA),
belonging to the Department of Agricultural Engineering of
the Federal University of Vicosa, Vigosa, MG, Brazil, using
a Spraytec real-time spray particle analyzer (Malvern
Instruments Co., Worcestershire, UK), with a focal lens of
750 mm and set up to account for droplets from 0.10 to 2500
um, with an acquisition rate of 2.5 kHz and a reading time
of 1.5 sec, as in Maciel et al. (2016). The equipment uses
the laser diffraction technique to measure the droplets. The
tip was mounted on a mobile structure that allowed
the entire jet to crosswise traverse the laser beam during
the reading.

The droplet spectra were also obtained at the
Laboratory of Prototypes of Agricultural Machinery of the
Campus of Exact and Technological Sciences of the State
University of Goias, Anapolis, GO, Brazil, using a Shadow
Sizer particle image analyzer (Dantec Dynamics Inc.,
Skovlunde, Denmark). The characterization was performed
in real time by the software Dynamic Studio version 2016,
pre-calibrated with a known scale. The system analyzed the
droplet spectra from the shadow projected by the particles
captured by a camera positioned opposite the light source
(LED). The diameter and volume of droplets were identified
from the processing of images captured by the camera, a
technique called Particle/Droplet Image Analysis (PDIA).
Each reading was obtained from the average of 20 images.
The digital camera was a FlowSense EO (4 megapixels),
2352 x 1768 pixels and a frequency of 41 frames per second,
with Zeiss Rokinon 100 mm f/2.8 Macro Lens. The smaller
diameter reading was 70 um in the used configuration.

The analysis using water-sensitive paper (76 x 26
mm) (Syngenta, Basel, Switzerland) was carried out at the
Laboratory of Agricultural Mechanization (LAMEC),
linked to the Institute of Agricultural Sciences of the Federal
University of Uberlandia (ICTAG-UFU), similarly to
Cunha et al. (2017). For this, six papers were placed on a
flat, dry surface aligned at the center of the sprayed jet.
Applications were carried out at 0.5 m height using a
knapsack sprayer at constant pressure (CO;) with a single
spray tip, at a speed of 4.0 km h™' determined by the
applicator walking. Water-sensitive papers were then
scanned (spatial resolution of 1200 non-interpolated dpi
with 24-bit color) and analyzed using the computer program
StainMaster® (v.1.2.8), specific for this purpose, using the
spreading factor routine for this type of paper.

The liquid sprayed in all situations was the water
from the supply network, placed in cylindrical reservoirs
pressurized with CO, to maintain a constant pressure. The
environmental conditions were monitored during the
conduction of the experiment at the three sites, with an air
temperature of 25 = 3 °C, relative humidity of 55 + 5%, and
absence of wind and external luminosity.
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For statistical analysis purposes, it was carried out
three analysis of variance and then a joint-analysis, involving
all the experiments (Pimentel-Gomes, 2000), after observing
the magnitudes of the residual mean square of each
experiment. The joint-analysis was performed when the ratio
between the highest and lowest residual mean squares did not
exceed seven (Banzatto & Kronka, 1992). The experimental
design was a completely randomized design in a 3 x 3
factorial scheme, with three working pressures and three
measurement techniques, with six replications. The data were
compared by the Tukey’s test at 0.05 significance using the
statistical program SISVAR 5.6 (Ferreira, 2014). There was
no need to transform the data as a function of the
homogeneity of variances and normality of residuals.

RESULTS AND DISCUSSION

Table 1 shows the VMD evaluated from each
measurement technique at different pressures. The
interaction between the measurement technique and the
pressure was not significant, indicating the independence
between factors. In addition, the effect of pressure was not
significant. Shadow Sizer equipment generated the lowest
VMD, while the measurement using the water-sensitive
paper provided the highest VMD. The VMD determined
with water-sensitive paper was approximately 2.9 and 1.8
times higher than that determined with Shadow Sizer and
Spraytec, respectively. The difference between direct
reading equipment was approximately 1.6 times.

TABLE 1. Volume median diameter (VMD, pum) of the flat fan spray tip AD 11002, determined with different measurement

techniques at pressures of 200, 300, and 400 kPa.

VMD (pum)
Measurement technique Pressure (kPa) Mean between pressures
200 300 400
Shadow Sizer 169.4 147.6 150.3 155.8a
Spraytec 235.9 263.0 239.1 246.0b
Water-sensitive paper 460.0 451.7 455.0 455.6¢
Mean between techniques 288.4A 287.4A 281.5A

CV:11.476  Fieen: 436.543%*  Fppess: 0.432%

Flech X press: 0.958"

Means followed by the same uppercase letters in the row and lowercase letters in the column do not differ from each other by the Tukey’s test
at 5% probability. CV: coefficient of variation; Fiech: F-value for measurement technique; Fpress: F-value for pressure; Fiech x press: F-value for the
interaction technique x pressure; **significant at 1% probability; ™not significant.

Using the classification proposed by Asabe S572.1
(Asabe, 2009) and considering the different pressures, the
measurement technique based on Shadow Sizer resulted in
the fine droplet class, while the Spraytec and water-
sensitive paper provided medium and very coarse droplet
classes, respectively, which also demonstrates the
difference between the results.

The Shadow Sizer equipment presents as a principle
the measurement based on the processing of images
captured by a camera. Spraytec, on the other hand, uses a
method based on laser diffraction. This methodological
difference may explain the difference found between both
direct measurement equipment. Another factor that may
have led to the differences found is the sampled region. In
the Spraytec equipment, the entire jet crosses the laser beam
transversely during the reading. In image-based equipment,
if there is no tip or equipment movement structure, there is
a focus region that limits the analyzed area (Fritz &
Hoffmann, 2016). Thus, in spray tips with a variation of
droplet size along the sprayed jet, such as flat fan spray tips,
there may be a greater discrepancy between the analyzed
spectra. So it is important to standardize the methodologies.

Tuck et al. (1997) compared the droplet spectra
obtained by a Doppler particle analyzer and another by
image analysis and concluded that both are important tools
for droplet evaluation, but the obtained spectra were
different. According to these authors, each equipment has
limitations. The equipment based on image analysis is
suitable for any liquid and allows calculation of droplet
speed. On the other hand, the system based on the Doppler
effect is more adequate for spraying at higher flow rates and
smaller droplets. Thus, the different measurement

techniques can be considered complementary, each one
being more suitable for a given situation.

The measurement based on the water-sensitive paper
has limitations, such as the difficulty of measuring droplets
of smaller size, which may have interfered with the obtained
results. Hoffmann & Hewitt (2005) reported technical
limitations for droplet measurements on water-sensitive
papers when they are smaller than 50 um because there is
not enough liquid to visibly mark the paper. Nascimento et
al. (2013) mentioned other factors that may lead to an
inadequacy of the measurements on sensitive paper: droplet
coalescence, and droplet spreading factor.

According to Nascimento et al. (2013), water-
sensitive paper can be an essential tool in the field in the
comparison of variables (percentage of coverage and
droplet per cm?) generated by droplets from spray tips.
However, according to Baio et al. (2015), this technique
does not faithfully represent VMD, RS, and V<100 in most
situations, which is in accordance with the data presented in
this study.

Regarding the effect of working pressure, VMD
variation was not enough for the statistical differentiation.
Overall, the magnitude of the droplet size variation with
increasing pressure depends on the tip model, which may be
higher or lower (Cunha et al., 2004).

Another parameter evaluated was percentage of
spray volume in droplets smaller than 100 pm diameter
(Table 2). This parameter allows for estimating the drift risk
potential (DRP) of an application. Because these droplets
have a tiny mass, they can easily be carried by the wind
away from the target area of treatment (Franca et al., 2017).
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TABLE 2. Percentage of spray volume in droplets smaller than 100 pm diameter (V<100, %) of the flat fan spray tip AD 11002,
determined with different measurement techniques at pressures of 200, 300, and 400 kPa.

V<100 (%)
Measurement technique Pressure (kPa) Mean between pressures
200 300 400
Shadow Sizer 16.7 20.7 22.5 20.0c
Spraytec 6.5 8.1 10.9 8.5b
Water-sensitive paper 0.2 0.2 0.3 0.2a
Mean between techniques 7.8A 9.7AB 11.2B

CV:34.132  Fiecn: 82.234%*  Fpress: 4.128%*%  Fiech x press: 0.844™

Means followed by the same uppercase letters in the row and lowercase letters in the column do not differ from each other by the Tukey’s test
at 5% probability. CV: coefficient of variation; Fiech: F-value for measurement technique; Fpress: F-value for pressure; Fiech x press: F-value for the

interaction technique x pressure; **significant at 1% probability; "not significant.

The interaction between the measurement technique
and the pressure was not significant, but the effect of the
factors measurement technique and pressure was
significant. The indirect determination, carried out with
water-sensitive paper, in which the highest VMD values
were obtained, presented the lowest V<100 values. This
result is in accordance with those found by Cunha et al.
(2004), who obtained similar results when analyzing flat
fan spray tips, in which the variation of V<100
values followed VMD variations inversely. Franca et al.
(2017) also observed a correlation between V<100
and VMD, demonstrating that these values strongly
change inversely, in which the addition of one results in a
decrease of the other.

Regarding the direct measurement equipment, both
presented statistically different results. V<100 is greatly
influenced by the equipment capacity to read finer droplets,

which are the most difficult to quantify and measure. The
equipment manufacturer specification demonstrates that
each of them has a distinct value for the lowest read droplet.
Similarly, RS values (Table 3) differed between
droplet spectrum analysis techniques. The Shadow Sizer
analyzer, which generated the lowest VMD, resulted in a
higher RS, indicating lower uniformity of droplet size.
Lower RS values are related to higher homogeneity of the
droplet population (Maciel et al., 2016). According to
Hewitt (1997), these differences between equipment are due
to the region of sampling, equipment resolution, and type of
sampling, whether temporal (Shadow Sizer) or spatial
(Spraytec). In the temporal technique, the sampling and
counting of droplets are carried out individually as they pass
through the equipment focus region, while the spatial
technique presents the sampling of a large number of
droplets instantly in a given volume (Fritz et al., 2014).

TABLE 3. Relative spam (RS) of droplet spectra of the flat fan spray tip AD 11002, determined with different measurement
techniques at pressures of 200, 300, and 400 kPa.

RS
Measurement technique Pressure (kPa) Mean between pressures
200 300 400
Shadow Sizer 2.3 2.3 2.2 2.3¢
Spraytec 1.9 1.7 1.7 1.8b
Water-sensitive paper 1.2 1.2 1.3 1.2a
Mean between techniques 1.8A 1.7A 1.7A

CV: 1031  Freen: 133.830%*  Fpresst 1.933™  Fiechx press: 1.548™

Means followed by the same uppercase letters in the row and lowercase letters in the column do not differ from each other by the Tukey’s test
at 5% probability. CV: coefficient of variation; Fiech: F-value for measurement technique; Fpress: F-value for pressure; Fiech x press: F-value for the

interaction technique x pressure; **significant at 1% probability; ™not significant.

The water-sensitive paper resulted in the lowest
values for RS and V<100. These results could be positively
related to application quality since they would indicate
more homogeneous spraying and with lower drift risks.
However, when comparing it with the other techniques,
the methodology showed to be inconsistent for
safe determinations of droplet spectra, mainly regarding
fine droplets.

The pressure effect influenced V<100, but did not
change RS (Tables 2 and 3). V<100 values varied from
7.8% (200 kPa) to 11.2% (400 kPa), being in agreement
with data presented by Gandolfo et al. (2014), who showed
that an increase in pressure causes an increased drift risk.

As discussed in this study, the different measurement
techniques provided different results. In addition to the
different measurement principles, droplet sampling also
contributed to this result and, in this sense, the
standardization of sampling, especially in the case of direct
measurements, could minimize this effect.

Hewitt (1997) has shown that different techniques
can be considered complementary. Specific advantages of
each method allow greater flexibility in measurements
under different situations. Techniques based on laser
diffraction allow fast measurements of a high number of
droplets and high-flow systems, in addition to being able to
measure droplets of a wide range of sizes. Systems based on
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image analysis add the measurement of droplet speed and
are best suited to measurements under field conditions and
very coarse droplets. On the other hand, water-sensitive
papers present great applicability in daily evaluations
carried out in the field, working as a simple and low-cost
tool for the evaluation of application quality. The water-
sensitive paper use can help the growers to improve their
pesticide application.

CONCLUSIONS

The use of different techniques to analyze droplet
spectra of the spray tip AD 11002 resulted in variations of
the analyzed parameters, making it difficult the repeatability
of the generated data. Among the direct measurement
equipment, a difference of up to 58% was observed in
VMD, so it is important to standardize the methodologies to
minimize this difference.

The use of water-sensitive paper to characterize
droplet spectra is an important tool to improve the pesticide
application, but must be carried out with great discretion
because there is an underestimation of fine and very
fine droplets.

Pressure variations of 200 to 400 kPa for the spray
tip AD 11002 did not influence VMD and RS, regardless of
the measurement technique.
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