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Featured Application: A low-cost test bench to evaluate spray quality of agricultural nozzles was
designed and built. The system allows for testing nozzles under effective work conditions at
different pressure and flow rate values.

Abstract: Droplet size distribution is probably the most important feature of a spray as it affects all
aspects of a phytosanitary treatment, i.e., biological, environmental, and safety aspects. This study
describes a low-cost laboratory test bench able to analyze agricultural spray nozzles under realistic
conditions. The design of the equipment was mainly based on the ISO 5682-1 standard. It has a couple
of 3 m long rails, along which the nozzle under test moves while spraying, controlled by a closed-loop
position and speed controller. The drops were captured with three Petri dishes containing silicone oil,
photographed by means of a digital single-lens reflex (DSLR) camera, and then analyzed with the
ImageJ software in order to measure the usual spray parameters: the volumetric diameters, the Sauter
mean diameter, and the number mean diameter. Spray trials and tuning of the system parameters
were managed by means of a purposely designed user interface running on a Windows 10 PC. Some
tests were carried out by using an Albuz ATR80 orange hollow cone nozzle at the working pressures
of 0.3, 0.5, 1.0, and 1.5 MPa. The results about spray quality agree with the factory information, and
the whole system, even if some aspects still need improvements, has proven reliable.

Keywords: nozzle testing apparatus; pesticide; drop pulverization; drop size distribution;
image analysis

1. Introduction

Spraying plant protection products (PPPs) is recognized as one of the agricultural activities most
impacting on human health and the environment, also at the regulatory level [1]. Effects of PPPs on
human health involve operators, farm workers and bystanders, consumers, professionals, and the
general population, whereas those on the environment involve water, soil and atmosphere quality, and
nontarget organisms such as vertebrates, useful arthropods, and other invertebrates. Therefore, on one
hand researchers and manufacturers operate to get PPP application more sustainable according to the
precision agriculture principles and on the other to promote nonchemical approaches.

Precision agriculture requires treating huge amount of data coming from several sources
and sensors [2–7], from which to obtain prescription maps to be used with innovative spraying
systems [8–16]. In addition, approaches for a more reasonable and sustainable use of PPPs include
integrated pest management and organic farm [1,17–23], which allow for a reduction in the amount of
chemical pesticides used.
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Worker’s exposure and environmental effects of pesticides are affected by various variables,
among which include active substances, adjuvants, formulation, type of equipment used and its status,
task being performed, target features, canopy structure, amount of pesticide handled, packaging,
environmental conditions, duration of activity, personal protective equipment used, and others. A key
factor is the spray spectrum, evaluated in terms of droplet size distribution [24–29], because an optimal
droplet spectrum ensures the transfer of the required dose to the target, minimizes the off-target losses
due to evaporation, drift, and run-off, and reduces dermal and inhalation worker exposure [30–37].

According to Schick [38], drops can be sampled for measurement purposes via spatial or
flux techniques, and both methods affect the results. Spatial technique presupposes sampling
instantaneously a number of drops occupying a given volume, whereas flux technique presupposes
the examination of individual drops passing during an interval of time through the cross-section of a
sampling region. The first method is sensitive to the number of particles in each class size and per unit
volume, whereas the second to the particle flux.

Drop size analyzers available on the market that implement the spatial sampling technique
include the optical imaging (OI) and the laser diffraction (LD) analyzers. Both systems are nonintrusive
and do not influence the spray behavior during the measurement. The flux sampling technique is
implemented by optical array probes (OAPs) and phase doppler particle analyzers (PDPAs). Both
systems are nonintrusive also, are single particle counters, and allow for measuring drop size and
velocity contemporarily.

Other methods, both intrusive and nonintrusive, are based on digital image analysis (DIA).
Nonintrusive methods include the acquisition and analysis of the spray jet image [39], high-speed
imaging [40], and shadowgraphy [41]. Among intrusive methods based on DIA, the use of water
sensitive papers (WSPs) is probably the most diffused [42–49]. WSPs are artificial targets with a yellow
surface layer that turns blue when in contact with water. This property allows for registering the
droplet stains in spray tests. Assuming as known the spread factor (ratio between stain diameter and
drop diameter) and negligible the overlap between stains, stain image analysis allows for determining
the droplet size distribution.

A different approach, intrusive too, is to trap the droplets inside a layer of silicone oil of suitable
density and viscosity and then analyze their image. The method is adopted by ISO 5682-1 [50], and it is
exploited in this study to design and construct a low-cost test bench useful for evaluating agricultural
spray nozzles.

The main aim of the paper is to provide a comprehensive description of the test bench (a
preliminary study was presented in [51]), namely its design, construction, advantages, and limitations
during its functioning. In addition, to test the functionality of the whole system, the results of some
trials with an ATR80 orange hollow cone nozzle are reported.

2. Materials and Methods

2.1. Test Bench Design Guidelines

The test bench, applied on a movable trolley, was designed and built at the Section of Mechanics
and Mechanization of the Di3A (University of Catania, Catania, Italy) based on the ISO 5682-1 standard,
dealing with Equipment for crop protection–Spraying equipment–Test methods for sprayer nozzles.
In addition, two main aspects were taken into consideration: the low cost of the whole equipment
and test conditions similar to those present in standard commercial sprayers. With respect to the first
aspect, the cost of mechanical structure and hardware components was less than 5000 €, whereas the
cost of the image acquisition system (a camera with a macro lens that can also be used independently
for other applications) was about 1200 €. Globally, the cost of the whole equipment was much lower
than that of PDPA systems, though these systems allow for measuring drop velocity also. With regard
to the second aspect, the test bench allows for testing agricultural spray nozzles under ordinary work
conditions in a 1:1 scale for water flux, pressure, nozzle speed, and distance from the target.
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According to the ISO 5682-1 reference, the nozzle under test should move above a row of Petri
dishes with equal surface areas, spraying a test liquid (clean water with the addition of a soluble
coloring agent, free from solids in suspension). Each Petri dish receives some of the droplets from the
jet. All the droplets in each Petri dish should be measured and classified by size so that the cumulative
volumetric curves and all the usual distribution parameters can be calculated. The accuracy of the
equipment in measuring the drop diameter should be within 10 µm.

The selected nozzle speed should allow for a sufficient number of droplets to be collected (at least
2000 droplets should be collected to make a representative sample), while avoiding the merging of
the droplets. The maximum speed fixed by the ISO 5682-1 standard is 3 m/s. The distance between
the nozzle and Petri dishes should correspond to the normal distance between the nozzles and the
crop. Finally, the test has to be carried out by letting the spraying nozzle pass once over the row of
Petri dishes.

Other solutions, such as those described by Ali et al. [52], were discarded because they are based
on the use of water sensitive papers. Calculation of spray spectrum parameters by using water sensitive
papers (WSPs) requires knowledge of the spread factor as well as the overlap between stains to be
made negligible. The spread factor is reported in WSP data sheets, but it is calculated at well-defined
conditions (water temperature 20 ◦C, relative humidity 40%, droplets reaching the WSP at sedimentary
velocity), which are different from real conditions and thus greater errors are expected.

2.2. Hydraulic Component Design

According to the aims of the research, the design of the hydraulic circuit was carried out in a way
that is very similar to the standard spraying system installed on commercial sprayers. For this reason,
a 70-liter plastic tank and a diaphragm pump (AR 30, Annovi Reverberi, Reggio Emilia, Italy, able to
ensure pressure values up to at least 3 MPa) were chosen. The pump is driven by a single phase 230 V
AC, 2.2 kW induction motor with a gearbox. As the pump capacity is much higher than the flow rate
of the nozzle under test, the surplus was recirculated to the main tank by means of a pressure regulator
as it is in the sprayers to ensure continuous mixing of the liquid.

In addition, to take into account the different working pressure ranges of the nozzles under
test, the circuit was designed with two pressure lines (Figure 1): a low (up to 0.6 MPa) and a high
pressure line (up to 3 MPa). According to the needs, the required working pressure was established by
manually selecting the proper line by acting on the appropriate ball valves and then by acting on the
corresponding pressure regulator.
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Figure 1. Scheme of the hydraulic circuit (blue: low pressure line; red: high pressure line; S: electro
valve; FS: flux sensor; PT: pressure transmitter).

Due to the effect of the spray pressure and nozzle flow rate on the drop pulverization, the design
of the hydraulic circuit also provided the sensors to measure in real time both quantities. Fluid pressure
at the nozzle was measured by means of a piezoresistive pressure transmitter (Series 22 S model from
Keller Italy Srl, Milano, Italy) and flow rate by means of a turbine flow sensor (SF800-6 model from
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Swissflow BV-Fazantlaan 4 6026 SN Maarheeze, The Netherlands). The pressure transmitter (3.0 MPa
full-scale) has a standard 4–20 mA analog output, while the flow sensor has a digital pulse output
with a nominal coefficient of 6000 pulse/L, a flow rate limit between 0.5 and 20 L/min, and a maximum
operating pressure of 25 MPa.

2.3. Mechanical Component Design

The design of the mechanical components of the test bench took into consideration the following
main aspects:

• possibility to control speed and position of the nozzle under test while spraying;
• mechanical insulation of the Petri dishes containing the drops from the pump and motors to avoid

the transmission of vibration;
• general safety aspects due to the movement of the nozzle.

The movement of the nozzle under test was achieved by anchoring it to a mobile platform
supported by four wheels and translating it along two rails mounted on the trolley by means of four
steel supports (Figure 2). The mobile platform carries one triple nozzle holder, and the nozzle under
test was manually selected. The platform was pulled by two parallel toothed belts (one at each side
of the platform) of SynchroBeltTM type, by means of a 250 W, 24 V DC permanent magnets (PMDC)
brushed motor with a 6.75:1 gearbox. The rails, 3 m long, were spaced 0.6 m apart from each other, and
were placed above and parallel to the trolley plane, at a distance of 0.6 m.
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Figure 2. Partial section of the test bench showing its main components.

The motion of the mobile platform is closed-loop controlled by means of a motor control unit
(MDC1460 model, Roboteq Inc., Scottsdale, AZ, USA). The acceleration, speed, and position are
controlled by means of a 300 ppr (pulse per revolution) rotary quadrature optical encoder (ME22
model, INTECNO srl), directly applied to the main shaft of the PMDC motor. A simple symmetric
trapezoidal speed shape was chosen, with the platform moving at constant speed while spraying above
the Petri dishes. To obtain this speed profile vs. time, the initial and final acceleration/deceleration
values were calculated with respect to the maximum desired speed in the flat part of the profile. The
length of this central part was calculated to guarantee that the target will be sprayed at the desired
speed. Calculations were carried out according to Equation (1):

ta =
2La
vr

tr =
Lr
vr

a =
v2

r
2La

(1)
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where ta (s) is the acceleration/deceleration time (transient time), La (m) is the trails section covered by
the nozzle at constant acceleration/deceleration, Lr (m) is the trails section covered by the nozzle at
constant speed, vr (m/s) is the desired constant nozzle speed, tr is the time while the nozzle moves at
constant speed (steady state time), and a (m/s2) is the acceleration/deceleration value during transients.

The control unit implements, using a dedicated microcontroller, a speed and position profile
control, by means of a proportional–integral–derivative (PID) control loop with an internal sampling
rate of 1 kHz, using the encoder signal as feedback. The PID parameters were experimentally tuned
by using the Ziegler–Nichols tuning method [53,54], in order to have a stable control system also at
maximum speed and acceleration. The maximum speed of the platform, which can be kept constant
while spraying over the target, is 1.5 m/s. Higher speeds would require acceleration and deceleration
values not allowed for mechanical/electrical safety reasons; moreover, the length of the Lr section will
shrink to very short and useless values. The motor control unit uses two limit switches at both ends of
the rails in order to detect the correct home position and the end of the rails.

Due to the constraints imposed by the available space, only three Petri dishes were used to capture
the drops, aligned parallel to the direction of travel of the nozzle while spraying. To avoid transmission
of vibration that could affect drop size measurement, the Petri dishes were placed on a wood table,
independent of the trolley and mechanically insulated from vibration sources (motors, pump). Drop
image acquisition was carried out by means of a high-resolution camera. For this purpose, at the end
of each experiment, the camera was applied to a suitable frame and manually hanged to the rails in
fixed positions with respect to the Petri dishes.

2.4. Control Subsystem Design

A dedicated electrical cabinet was developed in order to accommodate all the necessary devices.
In Figure 3, a block diagram is reported.
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The PMDC motor for the mobile platform was controlled by a Roboteq MDC1460 controller. This
controller is able to read any quadrature magnetic/optical encoder and handle two limit switches used
to bound motor run between two ends. The controller is able to implement a PID closed-loop control
over position/speed in an internal loop running at 1 kHz and is able to implement regenerative braking.
This allows for better controller performance, but the power supply subsystem must be carefully
designed in order to avoid over-voltage on the power supply rails. In battery-powered systems, the
excess energy coming from the regenerative braking is used to recharge the batteries, but in systems
powered from mains, this is not possible. To overcome this aspect, a low-cost, high-power, bidirectional
TVS (transient voltage suppression) diode from Littelfuse (1.5KE30ca) was used to dissipate the braking
back energy. The diode is able to safely dissipate 1500 W for about 1 ms and can handle about 200 A
current flow for about 8 ms, with a response time of about 1 ps. These specifications are in excess to the
estimated back energy coming from the programmed motor deceleration and also for the back energy
coming from an emergency (immediate) motor stop. The motor controller is powered by a 480 W 230



Appl. Sci. 2020, 10, 5221 6 of 16

V AC to 24 V DC AC/DC power supply unit (PSU). The power subsystem is completed by different
fuses (with a high-power recirculating diode in parallel to the fuse to avoid system damages in case of
a fuse blown) and a relay to allow the system to be selectively powered up (control subsystem and
motor power subsystem). An emergency mushroom push-button with a mechanical key is provided
for safety reasons. With this stop button, the system can be immediately powered down.

The control section, the sensors, and acquisition system, are powered up by a separate AC/DC
PSU that is a 60 W 230 V AC to 12 V DC.

Figure 3 also describes the data acquisition and valve control subsystem. To acquire the two
sensor signals (flow and pressure), two Advantech Ethernet modules with a maximum sample rate
of 10 Hz were used: one ADAM6024 was used to read the output of the pressure transmitter (4–20
mA output) and one ADAM6060 to control a two-way electromagnetic valve, used to send the water
flow to the nozzle. The valve has a 12 V DC 12 W coil and is actuated by means of a power relay. The
same ADAM6060 module is able to read the output of the flow sensor that is typically a square wave
signal with a frequency proportional to the flow rate. The ADAM6060 can read a maximum frequency
of 3 kHz while the maximum expected frequency with a flow rate of about 1 L/min is about 100 Hz.
The ADAM6060 can also be configured to count output pulses from the flowmeter, allowing us to
measure the total water volume passed through the sensor. The ADAM modules have a standard
10/100 Base-TX Ethernet interface. They use different communication protocols based on Transmission
Control Protocol/Internet Protocol (TCP/IP) and user datagram protocol (UDP). In this application, an
ASCII UDP based protocol was selected.

The Roboteq controller has, among others, an RS232 interface able to send/receive configuration
parameters as well as receive commands for the motor. In order to connect this serial interface with the
other part of the system, an NPort 5100 (Moxa Inc., New Taipei City, Taiwan, R.O.C.) was used. This is
a 1-port RS-232/422/485 serial device server able to act as a managed or transparent bridge between the
RS232 bus and the Ethernet network. It has to be configured using its web interface and initialized
using Telnet access; after that phase, it is possible to send and receive RS232 data/command to the
Roboteq controller, using an UDP connection to the NPort 5100.

All the Ethernet devices are configured in a local network flat structure using the local IP address
family 10.0.0.x/24. In order to allow the Windows 10 PC to have a direct connection to the system, a
WiFi access point was used. In addition, the PC was configured on the same local network.

2.5. Software User Interface Design

The software user interface, running on a Windows 10 PC operating system, was designed to
allow for managing the spray trials (i.e., starting and stopping spraying, nozzle speed, flow rate
and pressure monitoring, positioning of the platform in a given location along the rails, stopping
the experiment in case of safety problems) (Figure 4). It was built with Delphi Community Edition
Integrated Development Environment (IDE) (Embarcadero Technologies Inc., Austin, TX, USA) using
object-oriented Pascal language and the FireMonkey cross-platform graphic user interface (GUI)
framework, developed also by Embarcadero Technologies Inc. All the commands were sent to the
hardware layer through a user datagram protocol Ethernet packet at the different IP addresses assigned
to each device, using a specific UDP port.
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The application is composed by three main tabs. The “Connection” tab allows users to check the
communication with each system device. Usually, just after the application start, a system check is
performed automatically. In the tab there is a log box, in which all messages from/to the application and
hardware devices are printed. In this way, it is possible to identify any system fault. In the “Experiment
Setup” tab, it is possible to set up every aspect of the desired experiment, mainly the moving platform
speed, some start delay for the platform motor and hydraulic electro valve, the system sampling time,
to move the platform to the home position, and so on. Some options can be useful for testing purposes.

After setting up all the experiment parameters, using the “Experiment” tab it is possible to start the
test; in this tab, it is possible to monitor different run-time graphs about the sensor data and the mobile
platform speed profile. A log box in this tab is used to show the experiment progress until the end.
The application also implements a data logger function that can save all the data and the experiment
parameters in a text file using the standard comma separated value (CSV) format with time-stamp.

2.6. First Experimental Spraying Tests

These trials were carried out to test the functionality of the whole system and its sensitivity
to pressure changes. No proper experimental design was defined, and results were considered as
qualitative only. Future experiments and trials will be carried out and presented in other scientific
papers, comparing several types of nozzles and testing under the same conditions the reference nozzles
used to define the boundary regions of spray quality as recommended by the ISO/FDIS 25358:2018
standard [55]. Spraying tests were carried out with an ATR80 orange hollow cone nozzle (Albuz, France)
at the working pressures of 0.3, 0.5, 1.0, and 1.5 MPa, and spraying as test liquid clean water with the
addition of red Ponceau (Novema Srl, Torino, Italy) as a soluble coloring agent at the concentration of
2 g/L. In these first trials, surface tension of test liquid was not measured. Temperature and relative
humidity of the ambient air were measured by using a thermohygrometer (HD 8901 model from Delta
Ohm, Padova, Italy).

The three Petri dishes that were used to sample the drops had a diameter of 55 mm, and the
distance between their centers was 195 mm (Figure 5). Nozzle speed during the tests was set to 1.5 m/s.
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Five milliliters of silicone oil (AR200 from Sigma-Aldrich, Milano, Italy) were deposited in each
Petri dish by using a pipette (Mettler-Toledo, Milano, Italy), taking care to avoid bubble formation.
Dynamic viscosity and volumetric mass of the silicone oil were 200 mPa s and 1050 kg/m3, respectively.

After sprays, Petri dishes were photographed in situ by using a Nikon D5500 DSLR (digital
single-lens reflex) camera equipped with a macro lens (Nikon Micro Nikkor AF-S 60 mm f/2.8 G ED) and
an electronic flash (Neewer 48 Macro LED Ring Flash). To avoid involuntary movements, the camera
was remotely controlled via the qDslrDashboard Version 3.5.3 application (http://dslrdashboard.info)
running on an Android tablet. Spraying tests were repeated three times, so nine photos were taken for
each working pressure. The images were saved as high-quality JPEG files with a resolution of 6000 ×
4000 pixels. The red color of the test liquid allowed for an easy recognition of the droplets during the
subsequent image analysis (Figure 6).
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Figure 6. Droplets trapped into the silicone oil.

Images were calibrated by taking photos of a 10 × 10 mm grid pattern engraved on a glass disc,
placed in correspondence of the three Petri dish positions, as far from the camera focal plane as the
drops. The resulting scale factor ranged from 188.0 to 189.0 pixel/mm for the three Petri dish positions.

All images were analyzed with the ImageJ software, release 1.52a [56]. The use of this software
for the spray droplet image analysis is well documented in the literature [44,45]. After conversion in
8-bit grey scale, images were segmented. The selected threshold value was obtained, on the basis of
a careful inspection of the images, by increasing the “default” threshold value prompted by ImageJ
by 20% on average. A threshold value directly linked to the grey level of the image as described in
Sánchez-Hermosilla and Medina [57] was not exploited in this case because it was specifically studied
to analyze water sensitive paper images, which are different from actual images, mainly due to the
lighting conditions. In future trials, when other types of nozzles will be tested, a specific study will
be dedicated to the segmentation process, and it will be checked whether the criterion adopted in
this study for the ATR80 hollow cone nozzle is still valid. The ultimate goal will be to attempt to
implement a segmentation procedure based on the correlation between some features of the images
and the optimal threshold value, similar to that discussed in [57], in order to make the segmentation
process as less subjective as possible.

After segmentation, images were processed with the watershed binary filter to separate some
touching drops. The area (pixel) of the drops detected by ImageJ in each image was exported in text
files for the subsequent analyses. Assuming that the measured area was circular, the droplet diameter
was computed according to Equation (2):

Di =

√
4Ai
π

(2)

http://dslrdashboard.info
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where Ai (pixel) is the area of drop i. Particles with an area lower than 5 pixels were ignored. Droplet
diameters expressed in pixels provided by Equation (2) were converted into real values by applying the
proper scale factor, and then all the drop size distribution parameters were computed. The following
quantities were calculated:

• D10, as the arithmetic mean diameter;
• D20, as the surface mean diameter;
• D30, as the volume mean diameter;
• D32, as the Sauter mean diameter (SMD), i.e., diameter of a drop having the same volume to

surface area ratio as the total volume of all the drops to the total surface area of all the drops;
• Dv0.1, Dv0.5, and Dv0.9, as volumetric diameters, below which smaller droplets constitute,

respectively, 10%, 50%, and 90% of the total volume;
• relative span factor (RSF), a dimensionless parameter indicative of the uniformity of the drop size

distribution, defined as:

RSF =
Dv0.9 −Dv0.1

Dv0.5
(3)

• number mean diameter (NMD), which is the droplet diameter below which the droplet diameter
for 50% of the number of drops are smaller;

• V100 and V200, as percentages of total volume of droplets smaller than, respectively, 100 and 200
µm in diameter.

All computations were carried out by means of custom functions written in R [58].

3. Results and Discussion

3.1. The Whole System Test

Figure 7 shows the main components of the entire system: the water tank with the electric
motor pump and the manual pressure regulators; the mobile platform with the nozzle holder and the
sensor pressure moving along the two rails; the cabinet with the electric/electronic components; the
DSLR camera for drop image acquisition; and the wood table supporting the Petri dishes, which is
mechanically insulated from the other parts of the frame.

At the beginning of the experiment, the electric motor driving the pump is switched on, and
all the flow is recirculated to the tank (the electro valve of the hydraulic circuit is closed, Figure 1).
After the working pressure is chosen and the manual pressure regulator is adjusted accordingly, the
whole experiment is managed by the software. The user sets the desired platform speed (acceleration
and deceleration are internally computed in the motor drive, according to Equation (1)), the initial
delay necessary to reach steady-stay conditions, and the CSV file name to log the pressure, flow rate,
velocity and position data. Then, the experiment starts: the mobile platform is carried at the home
position (at one end of the rails), the electro valve is switched on, the nozzle starts spraying, and after
the delay has elapsed, the platform moves and the test liquid is sprayed over the three Petri dishes
containing silicone oil. After one pass, the platform stops at the opposite end of the rails. The distance
between the spraying nozzle and Petri dishes is 0.5 m. The images of the drops trapped into the oil are
immediately acquired in situ by using the camera.

3.2. Mechanical Tests

Figures 8 and 9 show the capabilities of the system to control speed and position. In particular,
Figure 8 reports the position profiles vs. time recorded during the tests, while Figure 9 shows the speed
profiles vs. position, directly obtained from the optical encoder. The profiles are almost superimposable
for all the tests: The presence of the small quantities of noise is mainly due to limitations of the
Windows operating system to accurately measure time intervals less than 100 ms. No malfunctioning
was observed during all the experimental activities. In addition, the graphs show the platform reaching
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the reference speed (1.5 m/s) before approaching the first Petri dish, keeping it constant until going
over the last one. The whole trajectory was completed in about 2.3 s.
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regulators; (c) the mobile platform with the nozzle holder and the sensor pressure; (d) the cabinet 
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Figure 7. Main components of the test bench: (a) the whole system with the digital single-lens reflex
(DSLR) camera and the wood table; (b) the main tank with the electric motor pump and the pressure
regulators; (c) the mobile platform with the nozzle holder and the sensor pressure; (d) the cabinet with
the electric components.
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3.3. Spraying Test Results

Air temperature and relative humidity during the experiments were 26 ◦C and 43%, respectively.
The number of droplets detected in each of the analyzed images ranged from about 1700 to about
38,300. Taking into account all the images, the total number of sampled drops ranged from about 37,800
(0.3 MPa) to about 286,500 (1.5 MPa), much higher than the ISO 5682-1 requirements (representative
samples composed by at least 2000 droplets).

Table 1 reports flow rate data for the nozzle under test, and Table 2 summarizes all the measured
spray drop parameters in function of working pressures; mean values were computed assuming each
Petri dish as an independent sample.

Table 1. Measured and reference flow rate values for the nozzle under test.

Measured Values From Nozzle Data Sheets

Pressure, MPa Flow Rate, L/min Pressure, MPa Flow Rate, L/min

0.308 0.88
0.517 0.98 0.5 0.99
1.036 1.37 1.0 1.39
1.492 1.63 1.5 1.69

Table 2. Spray drop parameters in function of working pressures.

0.3 MPa 0.5 MPa 1.0 MPa 1.5 MPa

Parameter Mean Std Dev Mean Std Dev Mean Std Dev Mean Std Dev

D10 (µm) 81.7 7.1 69.7 2.4 56.6 4.9 54.6 4.4
D20 (µm) 98.0 6.7 83.1 2.6 69.1 4.7 66.6 4.5
D30 (µm) 113.1 6.4 95.8 3.5 82.0 4.1 79.0 4.6
D32 (µm) 150.6 7.4 127.5 7.6 115.4 3.2 111.1 4.7

Dv0.1 (µm) 97.1 10.9 79.6 4.0 69.9 3.4 66.2 4.1
Dv0.5 (µm) 173.4 7.3 148.5 9.9 138.4 5.1 135.6 3.9
Dv0.9 (µm) 264.4 11.0 236.5 9.0 227.3 4.4 219.0 6.2

RSF 0.97 0.08 1.06 0.06 1.14 0.04 1.13 0.03
NMD (µm) 68.3 10.2 61.4 5.2 45.3 6.1 44.2 5.7

V100 (%) 11.6 3.3 22.0 4.4 25.8 2.6 28.7 2.9
V200 (%) 65.8 3.3 77.7 4.0 81.3 1.4 84.0 1.8

As expected, all diameters were affected by pressure: An increase in pressure determined a
decrease in diameters, meaning a higher degree of drop pulverization. The measurement system was
then able to correctly detect the influence of pressure changes. According to the Albuz catalogue,
the spray quality of the ATR80 orange hollow cone nozzles at 0.5 MPa and over is classified as “very
fine”, based upon volumetric median diameter (VMD) Dv0.5 values lower than 159 µm, measured with
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phase Doppler anemometry (PDA) systems. Therefore, results obtained with the present test bench
qualitatively agree with Albuz’s information.

In addition, this measuring system was quite reliable and accurate: In fact, the coefficients of
variation (CV) of all diameters (except Dv0.1 at 0.3 MPa and NMD) ranged between 1.9% and 8.6%. In
the excluded cases, CVs ranged between 8.5% and 15.0%. As a general result, variability was higher
when diameters were lower.

4. Conclusions

The design, development, and construction of a low-cost laboratory test bench suitable to analyze
agricultural spray nozzles according to the ISO 5682-1 procedure were discussed in the paper. The
preliminary tests show its usefulness under several aspects:

• The software interface to control the test bench and to set the test conditions is simple, and its
organization in tabs (the first to set the test parameters; the second one to see graphically the
evolution of the test variables) makes it easy to use the test bench.

• The hydraulic circuit allows for testing nozzles under work conditions similar to those present in
commercial sprayers, using a standard diaphragm pump and standard manual pressure regulators.

• The electromechanic components allow for a fine and precise control of speed and position of the
nozzle under test.

• The image acquisition system, based on a digital single-lens reflex camera, may be easily updated
if higher resolutions are required. The actual system, with a scale factor of 188.0–189.0 pixel/mm,
allows for detecting the drops whose diameter is greater than 10 µm, which can be considered
suitable for similar applications.

• In measuring the single drop diameters, it is possible to devise the size diameter probability
distribution function and all the usual spray drop parameters. The preliminary tests with the
Albuz ATR80 orange hollow cone nozzles produced results in accordance with factory data sheets.

• Further tests that are aimed at comparing several nozzle types (hollow cone, fan, air induction) with
the reference nozzles recommended by ISO/FDIS 25358:2018 [55] to define the boundaries/borders
between the size classes may better assess the capabilities of the test bench.

The system also has some limitations due to the specific hardware implementation. The most
severe limitation is imposed by the rail length, which does not allow for the maximum speed of the
mobile platform, while spraying above the Petri dishes, to be higher than 1.5 m/s. Higher speed values
to be kept constant while the nozzle sprays above the Petri dishes would require higher acceleration
values, but the maximum acceleration is limited for mechanical/electrical safety reasons. Increasing
the platform speed is a practical way to reduce overlaps between drops and then to simplify the
subsequent image analysis procedure.

A minor limitation is related to the maximum sample rate of the Advantech Ethernet modules,
used for monitoring the position and speed profile and for acquiring data from sensors. The trajectory
control loop is achieved via hardware with a 1 kHz sampling frequency, but monitoring and logging
operations are left to the Windows operating system, which cannot guarantee a constant sampling rate
and good accuracy for time intervals less than 100 ms; thus, the speed and position graphs may result
deformed. An optimization of the reading and writing routines and of data filtering may improve
these aspects.

Finally, a significant improvement may be introduced in the camera positioning system. The
camera is actually applied to a metallic frame, which in turn is manually hanged to the rails in
predetermined positions. A better solution could be to hang the camera directly to the mobile platform
after the spray passes and then to position it in correspondence of the Petri dishes by exploiting the
control position system of the motor. This could speed up the image acquisition procedure and then
reduce any effect of external factors.
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Finally, taking into account all the above considerations, it is possible to conclude that the
main objectives fixed were achieved with the test bench and that its modularity allows for further
developments to overcome the limitations highlighted, without compromising the low cost.
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Abbreviation

Symbol
a acceleration/deceleration value during transients, m/s2

La trails section covered by the nozzle at constant acceleration/deceleration, m
Lr trails section covered by the nozzle at constant speed, m
ta acceleration/deceleration time (transient time), s
tr time while the nozzle moves at constant speed (steady state time), s
vr desired constant nozzle speed, m/s
Ai area of droplet i detected by ImageJ, pixel
Di diameter of droplet i, pixel
D10 arithmetic mean diameter, µm
D20 surface mean diameter, µm
D30 volume mean diameter, µm

D32
Sauter mean diameter (SMD) or the diameter of a drop having the same volume to surface area
ratio as the total volume of all the drops to the total surface area of all the drops, µm

Dv0.1, Dv0.9
volumetric diameters below which smaller droplets constitute, respectively, 10% and 90% of the
total volume, µm

Dv0.5
volumetric median diameter (VMD), below which smaller droplets constitute 50% of the total
volume, µm

NMD
number mean diameter, the droplet diameter below which the droplet diameter for 50% of the
number of drops are smaller, µm

RSF
relative span factor, a dimensionless parameter indicative of the uniformity of the drop size
distribution

SMD Sauter mean diameter, µm
VMD volume median diameter, µm
V100, V200 proportion of total volume of droplets smaller than, respectively, 100 and 200 µm in diameter, %
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Acronym
AC Alternated current
CSV Comma separated value
CV Coefficient of variation
DC Direct current
DIA Digital image analysis
DSLR Digital single-lens reflex
GUI Graphic user interface
IDE Integrated development environment
IP Internet protocol
LD Laser diffraction
OAP Optical array probes
OI Optical imaging
PD Petri dish
PDA Phase Doppler anemometry
PDPA Phase Doppler particle analyzers
PID Proportional–integral–derivative
PMDC Permanent magnets direct current
PPP Plant protection products
PSU Power supply unit
TCP Transmission control protocol
TCP/IP Transmission control protocol/Internet protocol
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