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Abstract. Current agricultural spraying faces issues such as excessive application,
pesticide waste, and environmental pollution. This paper analyzes the hydraulic
performance of several atomizing micro-sprayers (hollow cone, solid cone, and fan-
shaped) used in large-scale irrigation machines, providing a theoretical basis for
selecting spraying nozzles. Three types of micro-sprayers were tested at pressures of
0.2MPa, 0.3MPa, and 0.5MPa, and ground heights of 0.5m, 0.8m, 1.2m, and 1.5m. Each
test was repeated three times. The results show that: (1) The hollow cone sprayer has a
bimodal water distribution, the solid cone is unimodal, and the fan-shaped sprayer is
long-strip shaped. As pressure increases, water distribution increases, while height
increases reduce water distribution. (2) The droplet size distribution follows a normal
distribution. Higher pressure increases the number of larger droplets, while lower
pressure increases smaller droplets. Larger aperture sprayers generate more droplets,
with the fan-shaped sprayer producing the most. (3) The particle size of the hollow cone
sprayer ranges from 0.312mm to 1.187mm, with speeds below 1.4m/s; the solid cone
sprayer ranges from 0.312mm to 6.5mm, with speeds below 2.4m/s; and the fan-shaped
sprayer ranges from 0.312mm to 2.75mm, with speeds below 2.5m/s. The experimental
results provide a theoretical basis for selecting and using atomizing micro-sprayers in
large-scale irrigation, offering guidance for reducing pesticide use and improving
agricultural efficiency.
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1. INTRODUCTION

Under the backdrop of global climate change, the situation of pests and diseases is
becoming increasingly severe [1-4]. There is an urgent need to establish a technical system
for rapidly and effectively eliminating pests and diseases over large areas [5-6], to
accelerate the fundamental transformation of pest and disease control models, and to
achieve intelligent plant protection and green ecology. The growth of crops is inseparable
from efficient and safe plant protection machinery and pesticide application techniques [7-
9]. Currently, pesticides can be applied through four methods: manual spraying, ground
mechanical spraying, unmanned aerial vehicle (UAV) spraying, or through irrigation
systems. Manual spraying makes it difficult to grasp the timing and precision of pesticide
application, which not only leads to environmental pollution but also poses a significant
risk to the health of farmers due to the close contact with pesticides [10-12]. Ground
mechanical spraying is costly and has a low effective utilization rate of pesticides, and the
movement of machinery can cause mechanical damage to crops and soil compaction near
the wheels [13]. UAV spraying is a viable alternative, but compared with ground
mechanical spraying, the phenomenon of droplet drift during UAV application is more
severe [14-17], which can cause environmental pollution due to pesticide drift [18-20]. In
actual UAV operations, if the wind field is too strong, crops on both sides of the flight path
may lodge, and the plant damage caused by lodging essentially provides favorable
conditions for the spread of diseases [21]. Large sprinkler machines (including linear and
center-pivot sprinkler machines) equipped with atomizing micro-sprinklers can be used for
chemical irrigation, effectively avoiding mechanical crushing of crops during pesticide
application, and reducing the drift loss of chemicals [22-25].

To reduce the drift loss of pesticide droplets, scholars worldwide have conducted
numerous studies and experiments on droplet drift. Sushilendra et al. [26]investigated the
impact of different nozzle types, forward speeds, and spray heights on droplet size of UAV
sprayers, and the results showed that nozzle type had a significant effect on droplet size,
while forward speed and spray height had a smaller impact. Fattahi et al. [27] developed
various artificial neural network methods to study the factors affecting the drift of pesticide
sprays. Sensitivity analysis of the neural network model indicated that the impacts of
independent variables, including wind speed, spraying pressure, boom height, and nozzle
type, were 42%, 27%, 16%, and 15%, respectively. Singh et al. [28] explored the impact
of Pulse Width Modulation (PWM) systems at different frequencies on spray coverage and
droplet size uniformity. Park et al. [29] utilized computational fluid dynamics (CFD)
simulations to explore the effects of droplet size and wind speed on collection performance.

Large sprinkler machines equipped with atomizing micro-sprinklers for pesticide
application offer the advantage of more precise control over pesticide use, reducing
pesticide waste and environmental pollution, while enhancing crop protection effectiveness.
However, current research primarily focuses on traditional spraying technologies, and
further investigation is needed on the spray distribution, droplet size, and movement
characteristics of this new type of equipment. Therefore, this paper aims to simulate and
analyze the spray distribution and droplet size of large sprinkler machines equipped with
atomizing micro-sprinklers, filling the research gap and providing new theoretical
foundations and practical directions for water resource conservation and pesticide
reduction in agriculture.
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2. EXPERIMENTAL DESIGN AND METHODS

The experiment selected three types of micro-sprinklers, namely solid cone, hollow
cone, and fan-shaped. The solid cone nozzle models are: M4 and M8, totaling two models.
The hollow cone nozzle models are;: LNN3W and LNN4W, also totaling two models. One
model of the fan-shaped nozzle was chosen for the experiment. The experiment selected
three pressures: 0.2 MPa, 0.3 MPa, and 0.5 MPa, and the micro-sprinkler heights above the
ground were chosen as 0.5 m, 0.8 m, 1.2 m, and 1.5 m. A rain gauge was used to measure
the water distribution of each sprinkler over a period of 1 hour. The size of droplets and
the uniformity of droplet deposition have a significant impact on the efficacy of pesticides.
A Parsivel2 laser raindrop spectrometer was used to measure the droplet size, particle
velocity, and deposition distribution of the atomization micro-sprinklers. The structure and
dimensions of the LNN series and M series atomization micro-sprinklers, as well as the
fan-shaped atomization micro-sprinkler, are shown in Fig. 1.
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a) Schematic diagram of the LNN series atomization micro-sprinkler structure: 1 - insert, 2 - swirl
core, 3 - prinkler body, 4- swirl core seat, 5 - filter frame, 6 - L-shaped filter mesh, 7 - base
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b) Schematic diagram of the M series atomization | c¢) Dimensional diagram of the fan-shaped
spray head structure: 1 - swirl core seat, 2 - swirl atomization spray head
core, 3 - insert standard angle, 4 - main body

Fig. 1 Schematic and dimensional diagrams of different types of atomization spray heads
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The basic parameters of the spray nozzles are given in Table 1.

Table 1 Basic parameters of spray nozzles

Micro-sprinkler Type of micro- Rated Orifice Total Length Base (Hexagonal)
number sprinkler Diameter (mm) (mm) (mm)
1 LNN3W 0.99 475 20.6
2 LNN4W 15 475 20.6
3 M4 1.1 215 14.2
4 M8 15 215 14.2
5 Fan-shaped 0.91 23 14
nozzle
Micro-sprinkler Sprinkler Flow Rate Spraying Angle
number (Hexagonal) Pressure (MPa) (L/h) (degrees)
1 17.4 0.2 9.7 157
2 17.4 0.2 16.1 155
3 - 0.2 12.9 72
4 - 0.2 26 85
5 - 0.2 30 110

The experiment was conducted in the Quality Inspection and Testing Hall of the
Institute of Farmland Irrigation, Chinese Academy of Agricultural Sciences, China. The

experimental setup is shown in Fig. 2.

N

Fig. 2 Nozzle spray test setup diagram: 1 - Reservoir; 2 - Water pump; 3 - Control valve;
4 - Plastic PE hose; 5 - Pressure gauge; 6 - Rain gauge; 7 - Atomization micro-sprinkler;

8 - Water pipe; 9 - Height adjustment stand
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The Parsivel2 laser raindrop spectrometer uses laser remote sensing technology to
derive droplet size distribution, precipitation Kinetic energy, particle concentration, and
radar reflectivity from the diameter and velocity of precipitation. The measurement area is
54 m?. The size range is 0.062 to 54.5 mm, and the velocity range is 0.05 to 20.8 m/s, both
with a resolution of 32 levels, and the measurement accuracy is £ 1 level. In this
experiment, the Parsivel2 laser raindrop spectrometer is used to measure the droplet size
and particle velocity of various types and pressure conditions of atomization micro-
sprinklers. During the measurement, the distance between each atomization micro-
sprinkler and the Parsivel2 laser raindrop spectrometer is 0.5 m. The Parsivel2 laser
raindrop spectrometer measures the range of droplet sizes and the range of particle
velocities as shown in the following Table 2.

Table 2 Correspondence table of particle groups with size and velocity relationships

Group number  Average Diameter (mm)  Average Velocity (m/s)

1 0.062 0.05
2 0.187 0.15
3 0.312 0.25
4 0.437 0.35
5 0.562 0.45
6 0.687 0.55
7 0.812 0.65
8 0.937 0.75
9 1.062 0.85
10 1.187 0.95
11 1.375 11
12 1.625 13
13 1.875 15
14 2.125 1.7
15 2.375 1.9
16 2.750 2.2
17 3.250 2.6
18 3.750 3

19 4.250 3.4
20 4.750 3.8
21 5.500 44
22 6.500 5.2
23 7.500 6

24 8.500 6.8
25 9.500 7.6
26 11.000 8.8
27 13.000 104
28 15.000 12
29 17.000 13.6
30 19.000 15.2
31 21.500 17.6

32 24.500 20.8
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3. EXPERIMENTAL RESULTS AND ANALYSIS

3.1 Comparative Analysis of Water Distribution Isolines for Atomization
Microsprinklers

The water distribution of No. 1 atomization micro-sprinkler under different pressures
and heights above the ground is plotted as an isoline map, the X-axis represents the lateral
spraying range, and the Y-axis represents the longitudinal spraying range, as shown in Fig.
3. For the No. 1 atomization micro-sprinkler, the experiment selected three pressures and
four heights above the ground, adopting a complete test design, resulting in a total of 12
test groups. It can be seen from the figure that the water distribution of the No. 1
atomization micro-sprinkler tends to increase with the increase of pressure, indicating that
agricultural spraying can increase the amount of pesticide applied by increasing the
pressure of the spraying nozzle, thereby improving the spraying effect. As the height of the
No. 1 atomization micro-sprinkler above the ground increases, the water distribution
generally tends to decrease, indicating that the height of the spraying nozzle from the crop
pest position is a key factor affecting the effectiveness of the medication. With the increase
of the height of the atomization micro-sprinkler from the ground, the water distribution
tends to decrease, indicating that to improve the effectiveness of the medication, the
spraying nozzle needs to be as close as possible to the crop foliage.
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Fig. 3 Isolines of water distribution under different test conditions for No. 1 atomization
micro-sprinkler

The water distribution of No. 2 atomization micro-sprinkler under different pressures
and heights above the ground is plotted as an isoline map, as shown in Fig. 4. It can be seen
from the figure that under the same conditions, the spraying water volume of No. 2
atomization micro-sprinkler tends to increase with the increase of pressure, and the water
distribution shows a bimodal pattern. The reason is that No. 2 nozzle is a hollow cone
atomization micro-sprinkler, hence there is a smaller water spraying volume at the center
and a larger water spraying volume around the periphery. When the nozzle height above
the ground is 0.5 m, 0.8 m, and 1.2 m, the bimodal pattern is more pronounced, and when
the nozzle height above the ground is 1.5 m, the spraying water volume basically shows a
unimodal pattern. The reason is that when the distance from the ground is higher, the water
spraying volume is more affected by gravity and air resistance in the air, and the water
spraying state of the hollow cone atomization nozzle approaches that of the solid cone
atomization nozzle.
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Fig. 4 Isolines of water distribution under different test conditions for No. 2 atomization
micro-sprinkler

The isolines of water distribution for the No. 3 atomization micro-sprinkler under
different test conditions are shown in the following Fig. 5. It can be observed from the
figure that as the pressure increases, the water volume of the atomization micro-sprinkler
tends to increase; as the height above the ground increases, the water distribution of the
atomization micro-sprinkler tends to decrease. Since the No. 3 atomization micro-sprinkler
is a solid cone atomization micro-sprinkler, it can be seen from the figure that the water
distribution at each point shows a unimodal pattern, that is, the center point is the largest,
and the surrounding areas are smaller.
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Fig. 5 Isolines of water distribution under different test conditions for No. 3 atomization micro-
sprinkler

It can be seen from Fig. 6 that as the pressure increases, the No. 4 atomization micro-
sprinkler shows an increasing trend in water spraying volume, and as the height above the

ground increases, the water spraying volume shows a decreasing trend.
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It can be observed from Fig. 7 that the No. 5 fan-shaped atomization micro-sprinkler
exhibits an increasing trend in water spraying volume with the increase of pressure, and a
decreasing trend in water spraying volume with the increase of height above the ground.
The spraying pattern of the No. 5 fan-shaped atomization micro-sprinkler is approximately
elongated, with higher water volume at the center and lower water volume around the

periphery.

5-0.2 MPa-0.5m

1200
1000
800
600
400
200

2 -200
-0.25

0.5 -0.4 0.3 -0.2 -0.1 0
X/m

01 0.2 03 0405

5-0.2 MPa-1.2m

1200
1000
800
- 600
400
200
0
-200

0.4 0.2 0

X/m

5-0.3 MPa-0.5m

Y/m

-0.5-0.4 0.3 -0.2-0.1

0 0.1 02 03 04 05
X/m

5-0.3 MPa-1.2m

800
| 600
| 400
200
0
2200

1200
I 1000

X/m

5-0.2 MPa-0.8m

1000
800
600
400

I 1200

0.2 0.2

0
X/m

5-0.2 MPa-1.5m 1200
I 1000
800
600
400
| 200
0
=200

Y/m
=

-0.5

'1-0.5-0.4 0.3 -02 -0.1 0 0.1 0.2 03 04 05
X/m

5-0.3 MPa-0.8m

1200
1000

Y/m

0.6  -04  -0.2

X/m

5-0.3 MPa-1.5m
1 1200

1000
800
600
400
200

-0.5 0

-200

=KL
£
-

&

-0.5-04 -03 -0.2 -0.1 0 0.1 0.2

X/m

0.3 0.4 05



Simulation and Analysis of Spray Distribution and Droplet Size of Large Sprinkler Machines... 13

5-0.5 MPa-0.5m Hii 5-0.5 MPa-0.8m

; 1000

) " 800

g 0.0 o L 600
- ‘ 3 400

200

0
200

1200
1000
800
| 600
| 400
200

=200

-1 -8 -0.6 04 -02 0 02 04 0.6

X/m X/m

5-0.5 MPa-1.2m i { 5-0.5 MPa-1.5m 35
O"ii 1000 i I 1000
01 so0 05 800

g 005 600 600
=0 400 EO 400
"_’(‘,ﬂf 200 ~ | 200

20.15 0 0.5 0
-0.2 -200 2200

02577708 06 04-02 0 0204 0.6 08 I 10504 -03-02-0.1 0 0.1 02 03 0.4 0.5
X/m X/m

Fig. 7 Isolines of water distribution under different test conditions for No. 5 atomization micro-
sprinkler

3.2 Droplet Size Distribution under Different Test Conditions for Different
Types of Atomization Microsprinklers

The degree of pesticide atomization refers to the size dispersion of the droplet group
produced during the spraying process, that is, the number of droplets formed after a certain
volume of liquid is dispersed through a certain atomization method. The more droplets that
can be formed from the same volume of liquid, the finer the droplets are indicated to be,
and vice versa, they are coarser. The finer the droplets, the greater the surface area of the
target object that can be deposited and covered, which means that the control effect will be
improved, and the amount of pesticide used will be reduced. However, fine spraying is not
necessary in every situation. For example, in the use of herbicides, fine spraying is more
likely to cause droplet drift, which can cause damage to neighboring crops or
environmental pollution. The experiment adopts three different pressure conditions of 0.2
MPa, 0.3 MPa, and 0.5 MPa, and uses the Parsivel2 laser raindrop spectrometer to test the
number of droplets under different spraying droplet size conditions at different pressures,
and draw a curve chart as shown in Fig. 8.

For the LNN series atomizing nozzles (Nozzle No. 1 and Nozzle No. 2), Fig. 8(a)
indicates that the number of particle sizes is roughly normally distributed with respect to
droplet sizes. As the pressure increases, the peak value of the droplet size quantity shifts to
larger droplet sizes, meaning that higher pressure results in more droplets with larger sizes,
while lower pressure results in more droplets with smaller sizes. Under the same pressure
conditions, Nozzle No. 2 (LNN4W) produces more droplets than Nozzle No. 1 (LNN3W),
and the nozzle diameter of Nozzle No. 2 is 34% larger than that of Nozzle No. 1. This
suggests that under the same experimental conditions, an atomizing micro-sprinkler nozzle
with a larger orifice can generate a greater number of droplets.
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For the M series atomizing micro-sprinklers (Nozzle No. 3 and Nozzle No. 4), Fig. 8(b)
shows that at higher pressures, there are more droplets distributed in the larger size ranges.
Taking Nozzle No. 4 (M8) as an example, when the pressures are 0.2 MPa, 0.3 MPa, and
0.5 MPa, the proportion of droplets with sizes greater than 1.375 mm in the total number
of droplets for Nozzle No. 4 are 0.58%, 8.58%, and 12.64%, respectively, with a ratio of
1:14.74:21.72. When the pressures are 0.2 MPa, 0.3 MPa, and 0.5 MPa, the proportion of
droplets with sizes less than 1.375 mm in the total number of droplets for Nozzle No. 4 are
99.42%, 91.42%, and 87.36%, respectively, with a ratio of 1.14:1.05:1.

For the fan-shaped series of atomizing micro-sprinklers (Nozzle No. 5), Fig. 8(c)
indicates that the particle size range of the fan-shaped atomizing micro-sprinkler is
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primarily distributed between 0.473 mm and 1.062 mm, accounting for more than 90% of
the total proportion. When the pressures are 0.2 MPa, 0.3 MPa, and 0.5 MPa, the proportion
of droplets with sizes distributed between 0.473 mm and 1.062 mm to the total number of
droplets for the fan-shaped atomizing micro-sprinkler are 99.75%, 98.73%, and 97.89%,
respectively. Compared to the conical atomizing micro-sprinklers of the LNN series and
M series, the fan-shaped atomizing micro-sprinkler has the highest total number of droplets
for several reasons: on one hand, the nozzles of fan-shaped spray heads are typically
designed to cover a larger area, so they may have a larger orifice area, which allows more
water flow to pass through in a unit of time. On the other hand, the water flow distribution
pattern produced by the fan-shaped spray head is within a fan-shaped area, rather than
being distributed within a conical space like the conical spray heads. This design enables
the fan-shaped spray head to produce more droplets over a broader area. At the same
working pressure, the fan-shaped spray head may convert pressure into kinetic energy more
effectively due to its internal structure design, resulting in the production of more droplets.
The spraying angle of the fan-shaped spray head is usually larger, which means it can
distribute droplets over a wider fan-shaped area.

3.3 Distribution Charts of Droplet Size vs. Operating Speed for Atomization
Micro-sprinklers

The radar charts in Fig. 9 below illustrate the relationship between particle size and
velocity under different pressure conditions for different models of atomizing micro-
sprinklers. From Fig. 9(a), it can be seen that for the hollow cone atomizing micro-
sprinklers of the LNN series, the particle size range is mainly distributed between
0.312mm and 1.187 mm, and the velocity range is primarily within 1.4 m/s. The
characteristic is that the range of droplet sizes is relatively small, all distributed in the range
of smaller sizes, and the droplet travel speed is also low.

From Fig. 9(b), it can be observed that for the solid cone atomizing micro-sprinklers
of the M series, the particle size range is primarily distributed between 0.312 mm and
6.5 mm, and the velocity range is mainly within 2.4 m/s. The characteristic is that the
droplet size range is relatively large, predominantly distributed in the larger size range, and
the operating speed is also comparatively higher.

From Fig. 9(c), it can be seen that for the fan-shaped atomizing micro-sprinklers, the
particle size range is mainly distributed between 0.312 mm and 2.75 mm, and the velocity
range is primarily within 2.5 m/s. The characteristic is that the particle size range is also
relatively large, mainly distributed in the medium size range, and the operating speed is
relatively high.

The distribution of droplet size and velocity under different pressure conditions for
different series of atomization micro-sprinklers is shown in the following Fig. 10. It can be
observed from Fig. 10 that under the same pressure conditions, the LNN series has a
narrower droplet size distribution range, all of which are distributed within a smaller range,
while the M series has a larger droplet size distribution range, and the droplet sizes are
larger than those of the LNN series. For micro-sprinklers of the same series, the larger the
nozzle orifice, the more the sprayed droplet size distribution tends towards the larger
droplet size range. For instance, compared to the No. 3 atomization micro-sprinkler, the
No. 4 atomization micro-sprinkler produces larger droplet sizes.
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For the same type of atomization micro-sprinkler, under the same pressure conditions,
the larger the orifice diameter, the larger the sprayed droplet size, but the droplet velocity
decreases. For the same atomization micro-sprinkler, the greater the pressure, the larger the
size of the sprayed droplets, but the droplet velocity is lower.

0.312 0.312
.-”’ 1187 3l 0437

- 0.562 Y

——o02mpa 0.937 Tl 0,687 == 0.2MPa

——0.3MPa 0.812 ——0.3MPa
——0.5MPa Nozzle 2 ——(.5MPa
a)

275 9312 0437

20

2.375 .

Ao, 0,562
7_0.687 4-25 A~

2125 7

e 3.75 » —0.937
1875 70812 325 — <. 7 71.062
s o 2757 X187

: A SR

3 R ———02MPa 2375 /.| v 1.378  ——0.2MPa
1375 1187 1.062 | e 2.1251.8751.625 ——0.3MPa
Nozzle 3 ——0.5MPa Nozzle 4 ——(0.5MPa

b)

275 9312 o043

1.625 /N 70937
4 | e ——0.2MPa
1375 1.187 1.062  _._g3mpa
Nozzle 5 ——0.5MPa

c)

Fig. 9 Radar chart of droplet size vs. velocity of atomizing micro-sprinklers from
different series under various pressure conditions a) LNN series, b) M series, ¢) fan-
shaped micro-sprinkler
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Fig. 10 Size-velocity distribution under different pressure conditions for different series
of atomization micro-sprinklers: a) at 0.2 MPa, b) at 0.3 MPa, ¢) at 0.5 MPa

4. CONCLUSION

This study experimentally investigated the water distribution, droplet size
characteristics, and spraying effects of different types of atomizing micro-sprinklers under
varying pressure and height conditions. The results indicate that the spraying performance
of atomizing micro-sprinklers is significantly affected by pressure, sprinkler type, and
spraying height.

The main findings are as follows:

» Water Distribution: The water distribution of atomizing micro-sprinklers increases

with increasing pressure, while the water distribution generally decreases as the height

of the sprinkler above the ground increases.
» Hollow Cone Sprinkler Water Distribution: The water distribution of the
hollow cone atomizing sprinkler exhibits a bimodal pattern, with smaller water
volume at the center and larger water volume around the edges. As the height from
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the ground increases, the water distribution is more influenced by gravity and air
resistance, and it approaches the behavior of a solid cone atomizing sprinkler.
» Solid Cone Sprinkler Water Distribution: The water distribution of the solid
cone atomizing sprinkler follows a unimodal pattern, with the highest water
volume at the center and smaller volumes around the edges.
» Fan-Shaped Sprinkler Water Distribution: The water distribution of the fan-
shaped atomizing sprinkler is elongated in shape, making it suitable for spraying
over a larger area.
» Droplet Size Distribution and Pressure Relationship: The droplet size distribution
of LNN and M series atomizing micro-sprinklers follows a normal distribution. As
pressure increases, the number of larger droplets increases. Conversely, when pressure
decreases, the number of smaller droplets increases.
* Nozzle Aperture and Droplet Size Relationship: Under the same experimental
conditions, nozzles with larger apertures generate more droplets. Additionally, as the
nozzle aperture increases, the droplet size also increases, but the droplet's velocity
decreases.
+ Droplet Size Characteristics of Different Sprinklers: The LNN series hollow cone
atomizing micro-sprinkler has a smaller droplet size range and lower droplet velocity.
The M series solid cone atomizing micro-sprinkler has a larger droplet size range and
higher droplet velocity. The fan-shaped atomizing sprinkler has a relatively large
droplet size range and also higher droplet velocity.
« Effect of Pressure on Droplet Size and Velocity: For the same type of atomizing
micro-sprinkler, as the pressure increases, the sprayed droplet size increases, but the
droplet velocity decreases.

Acknowledgment. This paper was supported by Central-level Basic Scientific Research Business
Fee Special Project for Research Institutes (IFI2024-07; 1F12023-07; FIRI2022-20), Henan
Province Science and Technology Key Project (242102110339), and National Key Research and
Development Plan Project (2023YFD1900701).

REFERENCES

1. Hayat, U., Abbas, A., Shi, J., 2024, Public attitudes towards forest pest damage cost and future control
extent: A case study from two cities of Pakistan, Forests, 15(3), 544.

2. Salva, J., Bradley, B., 2023, High-impact invasive plants expanding into Mid-Atlantic states - Identifying
priority range-shifting species for monitoring in light of climate change identifying priority invaders,
Invasive Plant Science and Management, 16(4), pp. 1-29.

3. Angon, P. B,, Mondal, S., Jahan, I., Datta, M., Biswas, U. A., Ayshi, F., Islam, M., 2023, Integrated Pest
Management (IPM) in Agriculture and Its Role in Maintaining Ecological Balance and Biodiversity,
Advances in Agriculture, 23(1), 1-19.

4. Skendzi¢, S., Zovko, M., Paja¢ Zivkovi¢, 1., Lesic, V., Lemic, D., 2021, Effect of climate change on
introduced and native agricultural invasive insect pests in Europe, Insects, 12(11), 985.

5. Leybourne, D. J., Pahl, A. M. C., Melloh, P., Martin, E. A., 2024, Sharing the burden: Cabbage stem flea
beetle pest pressure and crop damage are lower in rapeseed fields surrounded by other rapeseed crops,
Agriculture Ecosystems & Environment, 366, 108965.

6. Zheng, J., Xu, Y., 2023, A review: Development of plant protection methods and advances in pesticide
application technology in agro-forestry production, Agriculture, 13(11), 2165.

7. Fathi, R., Ghasemi-Nejad-Raeinil, M., Abdanan Mehdizadeh, S., Taki, M., Mardani Najafabadi, M., 2025,
Energy-environmental evaluation of conventional and variable rate technology sprayer; application of
Life Cycle Assessment, PloS One, 20(2), 0314911.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Simulation and Analysis of Spray Distribution and Droplet Size of Large Sprinkler Machines... 19

Nahiyoon, S. A., Ren, Z., Wei, P., Li, X,, Li, X. S., Xu, J., Yan, X.J., Yuan, H. Z., 2024, Recent development
trends in plant protection UAVs: A journey from conventional practices to cutting-edge technologies—a
comprehensive review, Drones, 8(9), 457.

Albert, M., Galey, L., Judon, N., Charbonneau, A., Garrigou, A., 2024, Design and regulation as a chain
of determinants in the emergence of pesticide exposure situations during the use of sprayers, Ergonomics,
12, pp. 1-16.

Rostan, V., Wilson, P. C., Wilson, S. B., van Santen, E, 2024, Influence of pesticide application method,
timing, and rate on contamination of nectar with systemic and nonsystemic pesticides, Environmental
Toxicology and Chemistry, 43(12), 2616-2627.

El Afandi, G., Irfan M., 2024, Pesticides risk assessment review: status, modeling approaches, and future
perspectives, Agronomy, 14(10), 2299.

Centanni, M., Ricci, G. F., De Girolamo, A. M., Romano, G., Gentile, F., 2022, A review of modeling
pesticides in freshwaters: Current status, progress achieved and desirable improvements, Environmental
Pollution, 316, 120553.

Weber, L. L., Cavalieri Polizeli, K., Zimmermann, G., Guedes Filho, O., Tormena, C., Keller, T., Jasper,
S., 2021, Impact of self-propelled sprayer traffic on ferralsol physical properties in Southern Brazil,
Journal of Soil Science and Plant Nutrition, 21(14), pp. 2957-2966.

Cunha, J. P., Lopes, L., Alves, C., Alvarenga, C., 2024, Spray deposition and losses to soil from a remotely
piloted aircraft and airblast sprayer on coffee, AgriEngineering, 6(3), pp. 2385-2394.

Baek, J. W., Eun, H. R., Kim, S. H., Lee, Y. H., Jeong, M. J., Han, X. Z., Min, Y. G., Noh, H., Shin, Y.,
2024, Reduction of pesticide dosage and off -target drift with enhanced control efficacy in unmanned
aerial vehicle - based application using lecithin adjuvants, Pest Management Science,
https://doi.org/10.1002/ps.8551

Queiroz Alves, R. F., Silva, J. E., Costa Barboza, T. O., Araujo Junqueira Ferraz, M., Pereira da Costa, O.,
Batista da Silva, W. H., Daniel, F., Luan, P. D., Diniz, C. A., dos Santos, A. F., 2025, Comparison of
volumetric distribution in drone spraying considering height, application volume, and nozzle type,
AgriEngineering, 7(4), 123.

Rajesh, P., Mohankumar, A.P., Kavitha, R., Suthakar, B., Ganesan, K., 2024, optimizing the impact of
spray characteristics of hybrid drone on spray deposition in cotton crops the effectiveness of a hybrid
unmanned aerial vehicle (UAV) for optimizing crop booster application on cot- ton crops (variety Co-14)
at Tamil Nadu Agricultural, Current Science, 127(3), pp. 297-306.

Koo, D., Gongalves, C. G., Askew, S. D., 2024, Agricultural spray drone deposition, Part 2: Operational
height and nozzle influence pattern uniformity, drift, and weed control, Weed Science, 72(6), pp. 824-832.
Martin, D. E., Perine, J. W., Grant, S., Abi-Akar, F., Henry, J. L., Latheef, M. A., 2025, Spray deposition
and drift as influenced by wind speed and spray nozzles from a remotely piloted aerial application system,
Drones, 9(1), 66.

Reimer, A. P., Prokopy, L. S., 2012, Environmental attitudes and drift reduction behavior among
commercial pesticide applicators in a US agricultural landscape, Journal of environmental management,
113, pp. 361-369.

Jomantas, T., Lekaviiené, K., Steponavicius, D., Andriusis, A., Zaleckas, E., Zinkevi¢ius, R., Popescu,
Catalin., Salceanu, C., Ignatavicius, J., Kemziraité, A., 2023, The influence of newly developed spray drift
reduction agents on drift mitigation by means of wind tunnel and field evaluation methods, Agriculture,
13(2), 349.

King, B., Wall, R.W., Taberna, J. P., 2009, Spatially distributed control network for flow proportional
chemical injection with center pivot sprinkler irrigation, Applied Engineering in Agriculture, 25(5), pp.
677-683.

Lo, T. H., Rudnick, D. R., Shaver, T. M., 2019, Variable-rate chemigation via center pivots, Journal of
Irrigation and Drainage Engineering, 145(7), 04019012.

Geary, B., Hamm, P. B., Johnson, D. A., 2004, Deposition and redistribution of fungicides applied by air
and chemigation for control of late blight in commercial potato fields, American Journal of Potato Research,
81(5), pp. 305-315.

Sumner, H., Dowler, C., Garvey, P., 2000, Application of agrichemicals by chemigation, pivot-attached
sprayer systems, and conventional sprayers, Applied Engineering in Agriculture, 16(2), pp. 103-107.
Sushilendra, S., Shirwal, S., Palled, V. K., Sreenivas, A., Nagaraja, A., Kavya, T., 2024, Influence of spray
parameters of a UAV sprayer on droplet size in paddy spraying 2024, Journal of Scientific Research and
Reports, 14 (1), pp. 74-81.



20 H. CAO, Y. FAN, Z. CHEN, H. SUN, P. LI, C. MA, P. LI, W. ZHAN, Y. CAO, F. DUAN

27. Fattahi, S. H., Abdollah Pour, S., 2024, Sensitivity analysis of variables affecting spray drift from pesticides
for their environmental risk assessments on agricultural lands, Environment Development and
Sustainability, https://doi.org/10.1007/s10668-023-04452-x

28. Singh, R., Fabula, J., Shende, K., Sharda, A., 2025, Spray coverage and droplet size uniformity of pulse
width modulation (PWM) systems at different duty cycles and frequencies, Applied Engineering in
Agriculture, 41(2), pp. 119-124.

29. Park, J., Lee, S. Y., Choi, L. Y., Hong, S. W., Noh, H., Yu, S. H., 2022, Airborne-spray-drift collection
efficiency of nylon screens: Measurement and CFD analysis, Agronomy, 12(11), 2865.


https://doi.org/10.1007/s10668-023-04452-x

