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ABSTRACT
In this study, the trajectory g

a sprinkler irrigation system was studied using
as carried out on the basis of 1920x1080 pixel, 60

on the OpenCV and Python platforms to determine the
ain focus of the study was to determine the dynamics of the
a diameter of 0.002 meters after exiting a sprinkler head

orest model was used to assess the influence of factors. The results showed
have the greatest impact on the water spray trajectory are wind (31.2%) and
.6%). This means that small changes in wind speed and slope significantly
ter spray radius and cause uneven water distribution. The Convolutional Neural
CNN) model was used to spatially analyze and classify areas, achieving 93% accuracy
flgh terrain and 74—79% accuracy in windy and uneven areas. This result indicates that the
moecled system works with high reliability even in real field conditions. At the end of the study,
the sprinkler exit angle and installation spacing were optimized, and the drift zones of water due
to wind were reduced from 21.8% to 7.1%. This change has increased the stability of water
distribution and allowed for a significant reduction in water consumption in crop production.
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INTRODUCTION

In the conditions of Uzbekistan and Central Asia, agriculture is highly dependent on
irrigation systems. Increasing efficiency is an urgent task due to water scarcity and climate
change. When wind speeds exceed 4—5 m/s, the sprinkler radius can decrease by 20—40%, and
when the slope exceeds 6%, water flows away and accumulates in lowlands. This reduces
productivity by 25-35%. Therefore, the scientific challenge is to develop a numerical approach
that takes into account, predicts and controls the complex effects of wind and teggin. The
efficiency of sprinkler systems in the irrigation sector is great importance in terms € economy
water resources, reducing crop yields, and reducing labor costs. Over the pagisii ades,
approaches such as physical modeling, aerodynamic analysis, optical o i

computer simulation have combined to provide a deep understanding ofgsegie esses.
First, Playan et al. analyze the initial velocity, angle, and dispersion of sp plef® under
wind conditions [1] - mathematical formulas are developed based ongomgi 8g ical models.
Liu et al. [2] emphasize the scientific control of sprinkler trajec 8 athematical

modeling using MATLAB. Wdowinski et al. [3] described a
and uniformity using an optical spectral pluviometer,

gsicaland quantum approaches.
ady conditions, providing high
that by determining water
ic criteria have been developed to
. [8] measured the droplet size and

Wrachien and Lorenzini [5] compared balloon models witF
Zhu et al. [6] analyzed the droplet size and trajg@fOTgi
accuracy based on the DM model. Car an
distribution patterns in pressurized irrigation

clearly determined the effect of wi
droplet) was explained by Frank J

of'wind drift (the effect of wind on a side
| through a detailed mathematical analysis -
unge—Kutta integration. In [10], Lin Hua et al.

developed 3D models for ational sprinklers; accurate graphs of the relationships
between angular velocit d discharge rate were provided. Faci and Buesa [11]
analyzed the efficie ance of permanently installed sprinkler systems and
proposed practical in owgprove water use efficiency. Technological innovations: In
recent years, vidg and®computer vision technologies have been a strong driver in this
field. Meth pphcal flow and Camshift, which are described in the OpenCV
documenta wscddfor object tracking [12] and are being used in agronomy to detect

droplet 10y, trajc@tories. Schlegel and Yazar [13] analyzed the wind-induced water loss and

eva i iy different sprinkler configurations and showed their significant impact on
1rrigd¥y cy. Vories and Evett [14] developed precise irrigation strategies based on
T and models, and justified the importance of technological approaches in water
dist igh management. Gongalves and Pereira [ 15] highlighted the possibilities of evaluating

system ctriciency and predicting water distribution under different conditions by modeling
water distribution in sprinkler systems. Bali KM, Grismer ME [16] presented a real-time
droplet detection method based on deep learning models and demonstrated high accuracy (97%
precision, 96.8% recall). Computer models and simulation: In computer modeling,
visualization, interactive graphics, and compatibility testing are being performed using 3D
trajectory models in Matlab, ASABE, and now the Python pandas package (SciPy, Matplotlib),
Blender [17]. Istanbulluoglu [18] mathematically modeled the water losses due to wind and
evaporation in sprinkler irrigation and proposed calculation methods for efficient water
distribution. Goémez and Giraldez [19] evaluated the spatial variability in sprinkler system
performance under windy conditions and found that the problem of uneven water distribution



was a significant factor in the results. Samiev et al. [20] developed methods for estimating crop
coefficients and evapotranspiration Evapotranspiration (ET) using lysimeters, and presented a
methodology to improve the accuracy of irrigation rates. Theoretical works published in MDPI
in the field of agronomy in 2024 expanded this approach on a larger scale. Global context and
SDGs: This research is relevant to the UN Sustainable Development Goals, and in particular
contributes to achieving SDG 6 ("Clean Water and Sanitation") and SDG 2 ("Zero Hunger").
Sprinkler models based on digital technologies and deep analysis are aimed at rational use of
resources - which is useful in solving environmental and social problems at a global level [21].
Although many studies have focused on droplet size, velocity or dispersion models, the use of
real trajectory detected by video/optical methods and synthesized with a mathematical model
in design has not been sufficiently studied so far. In particular, the issues of ug

trajectory data obtained using a camera with a ballistic model and turning it into a'§gsiga tool
remain open. In this paper, the droplet trajectory is determined in real time (usj as) by
optical video surveillance. The models are built based on classical ballistic equ! yind
resistance coefficient. For formal visualization, OpenCV, Python ballistigfadMagN nd 3D
visualization based on Blender/Matplotlib are used. Optimal formulas eF height,
pressure, and wind conditions are developed and graphs are presen ographics.

METHODS AND MATERIALS.

This section analyzes previously used methods, identi
in detail the proposed model based on a predetermi
graphs and tables. Previously used methods ang {
and laser methods. Montero et al. measure
spectropluviometer. Although this metho
experimental environment with specia dul
Dwomoh et al. analyzed the spread dic sprinkler using a high-speed camera
and a laser pluviometer. Althoug oww accuracy in wind conditions, laser methods
are expensive, complex, and quirg f equipmentmdpi.com. Simple application of
nd Lorenzini built classical models based on the
Newtoman approach and oG cd Bgllgfic and quantum approaches. Although their model is

ir sBgrtcomings, and describes
% also presented in user-friendly
: Optical spectropluviometer
spread of sprinkler drops using a
limited by the preparation of the

trajectory with videoresearchgate.net. Deep Learning-based
al. [23] developed a method for real-time drop detection with

tracking met
DeepSORT]

pplicgt1oft of this method to sprinkler systems is still limited; hundreds of droplet
nd wind effects are not included in the visualization. The proposed
in that it combines the advantages of these methods, creating a real optical

The trajectory of the water drop was modeled based on Newton's second law, taking into
account the drag force. The basic equations are as follows:
m\frac{d®*}{dt*} = —C4\rho A vy|vy| m \frac{d®Hdt?*} = —mg — C4\rho Av,|v,|
m\frac{d"2y}{dt"2} = —mg — \frac{1H{2}C_d\rho Av_y\, |vy| (1)
Here:
m — droplet mass [kg]

Cq — drag coefficient (= 0.47 for sphere)
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p — air density [kg/m?]
A — droplet cross — sectional area [m?]
vy, \; vy — velocity components [m/s]
g — gravitational acceleration (9.81 m/s?)
F,, — additional wind force [N]
Field experiments were conducted by determining water distribution using the Catch Can

method. Wind speed and direction were recorded with an anemometer at a fre cy of 1
minute. Sprinkler inlet pressure (kPa) was measured using a pressure manomet plet

diameter (mm) and trajectory distance (m) were observed using a high-spefG . The
following parameters were included in the measurements: wind speed (13 a),
water accumulation (1/m?), trajectory distance (m). These data were used ration

and validation.
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Table 1 Model distribution

Step
1. Video acquisition

Method description

Advantages
A simple camera (120+ fps) records a video of th&d ots ing  Cheap, widely used, tracks
out of the sprinkler with a black background an@Sid®&lWainafjion. The real trajectory.
same distance, height and angle of the camg Rtaificd in each
experiment.

2. Image pre-processing

Using Python + OpenCV, grayscd yblur, Canny edge  Open source, widely used,
detection are applied to each frame. THg e digp center is determined fast analysis.

3. Video measurement data acquisition

using findContours extraction
docs.opencv.orgstackoverflo
Using a marker, th of the camera is determined  Allows you to get the

ning coordinates in meters.  trajectory of movement in a
precise metric form.

4. Object tracking

YLOV8 + DeepSORT, the accuracy is ~ Works with many objects,
high even in droplets, noisy background and occlusion. optimized for real time.

5. Parameter fit and verification

ameters is reduce with curve fit, evaluate it ~ Scientific statistical method,
2. The ballistic + drag model is shown to be analyzes.

6. Visualization

@ phics (x—t, y—t), density heatmaps with Matplotlib. 3D  Convenient view for design
C ghation with Blender. with 2D & 3D visualization.

7. Practical recommendations

%\ Wraphics (x—t, y—t), density heatmaps with Matplotlib. 3D  Convenient view for design

dibry animation with Blender. with 2D & 3D visualization
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Video Acquisition

OpenCV Preprocessing
(grayscale, blur, edge)

}' ¥
Centroid Detection
(video tracking)

A

Metric Coordinates
(triangle method)

A

Model: Ballistic + Drag + Wind

k ¥
Parameter Fit + Statistics
(NRMSE, R?)

A

Visualization (2D/3D)

Al
g

Final Formula + Infographic

between model and obser

of the droplet over ti
height. Subgraph C

fall most. This s
Sprinkler height

Advantages of our approach: Real trajectory + model
synthesis. While previous models were often based on
simulation or physics theory, the droplet was track through real
video and then compare it with the physical model. This brings
our module to a high level of scientific confidence. Metric
coordinates via camera. Using marker calibration and focal-
length measurement, the trajectory is obtained in metric form.
This methodology allows for accurate results when comparing
with the ballistic model. Multi-drop and real-world environment

occlusion. This possibility is limited or absg
systems. Real integration of drag and wind: The
is adjusted to the Reynolds number [24],
as a 2D vector component. In
mechanisms were often theoretical
analyzed based on real pg
(Verification). Through NR
model is found with paraggg

3D animations prepared with
Iting infographic formulas,

example: } = 2.3\,m at a height of 2m
without wg ind speed, this value is 1.9m. Figure
1 sho al and model trajectory x-y. Subgraph
B: x(§ and Subgraph C: Density of droplet points

. Suljgraph A — Real and Model Trajectory (x—y). The
feefOrics are compared. This shows the difference
B —x(t) and y(t). The horizontal and vertical change
1s necessary to estimate the speed of movement and
ap (Heatmap). A density map showing where the drops
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Figure 2 Study area

This Figure 2 shows the results of a comprehensive GIS analysis that combines spatial
parameters and spatial influence factors used to evaluate sprinkler system performance. The
data presented in map form includes four main components: coverage zone, wind influence,
NDVI, and relief. Each component is developed as a separate layer, and then their interaction
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is combined into an integrated indicator that determines the effectiveness of the sprinkler
system.

During the marker calibration process, the focal length is determined by the triangle
similarity method; each frame is analyzed using OpenCV and trajectories are fitted based on
the centroid and YOLOVS8 algorithm. During the model fitting and statistical evaluation stage,
parameters are determined using the SciPy library and the least squares method. In the
visualization and infographics section, 2D/3D graphs, formula tables, and illustrative materials
representing the results are prepared. At the same time, in the final stage of the methods and
materials section, all algorithms, software tools, and experimental conditions used are
documented in detail; calibration results, trajectory observations, and intermediate and final
data obtained during the modeling process are presented in a consistent manner. Thiggpproach
provides the necessary scientific basis for the reconstruction, comparison, and impegengation
of similar studies in the future.

RESULTS AND DISCUSSIONS.

Trajectory tracking and model fit: The trajectory of the droplé rinkler was
optically tracked using a camera and determined using Open@Wag . The movement
points were marked by central coordinates and the theor¢ t trajectory was
calculated using a ballistic model.

Trajectory Tracking and Model Validatio he roqlting trajectory graph Figure
allowed us to identify the differences between the real data. It seems that

although the real trajectory is close to the mo Adeviation of 1.5-3%, especially at
the impact point. This difference is d i ce, wind vibration and droplet
fragmentation. &
-_
1.1r
1.0
c 0.9}
£
(@)
v 0.8r
<
©
=
t 0.7¢
\ =
0.6 Mean absolute error = 0.04 m
) Maximum error = 0.08 m A
R?'=0.987
17
0.5F (,’ = = Model trajectory
- —— Real trajectory (with error bars +a)
0.0 0.5 1.0 1.5 2.0

Horizontal distance, m
Figure 3 Real and model trajectory

The graph shows the relationship between the height (y) and horizontal distance (x)
coordinates of the drop along each trajectory. This analysis serves to model the flight path of
water in a sprinkler system based on physical laws and compare it with real data obtained



through optical observation. Figure 3 reflects the most important stage of the modeling process
— determining the correspondence between the ballistic trajectory model and experimental
data. In the study, the theoretical trajectory was calculated using equations based on the
parameters of the initial velocity of the drop movement, the exit angle (0), and air resistance
(drag). At the same time, the results of real observations obtained in the field — that is, the
drop paths recorded by optical observation using a camera — were digitized using the OpenCV
program. The graph places both data sets in the same coordinate system and evaluates their
mutual proximity.

The results show that there is a high level of correlation between the model and the real
trajectory. According to calculations, the fit is R? = 0.987, which proves that tls model
accurately reflects the real process. The mean absolute error (MAE) is 0.04
maximum error is 0.08 m. These values indicate the high accuracy of the mgghely d the
suitability of the equations used for the sprinkler system. Figure 3 also demo
wind has a minimal effect on the droplet trajectory at low speeds (<2
between the model line (red) and the real observation points (blue) in the'g

of the trajectory (maximum height) was recorded at 0.27 sec
falling to the ground was 0.53 seconds — these values wergsg
purpose of including this figure in the article is to math@@
reliability of the created model. With its help, the ﬂlght ra rops, the loss of kinetic
energy at altitude, and the effect of drag force werg estimated. The mean absolute
error was 0.04m, and the maximum error was ding to the fit statistics, the values
R?=0.987 were recorded, which proves the hi acy gl the model Table 2.

tatistically prove the

Table 2 Comp®ti d model values

del result NRMSE R2
2.28 0.02 0.987
0.51 0.03 0.975

Parameter

X_max (m)
t fall (s)

t distance of the drop. t_fall — time of the drop to fall to
root mean square error. R* — coefficient of precision, the

nd 0.27 s, and the fall time was determined to be 0.53 s.
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—— Height = 2.0 m
Height=15m
X Peak Height (0.27 s)
X FallEnd (0.53 s)

x T 250
T2.25 E
T2.00 =
1 =
1752
~150 B
T125%
>
= ~1.00
T0.75
=~ 00
i ~ 02
25 20 = T 0
Horizont,:-;lg 1.0 o5 ~ 0.6 <
ISl‘anCe (TH) . 0.0 0.8
Figure 4 Trajectory com N
This Figure 4 is included to analyze the components o ot of a water droplet from

, hofgontal distance (x), and time (t).

a sprinkler — namely, the relationship between heig
? two thain components: the vertical

In the graph, the trajectory of the trajectory is
(y) component, which represents the height
which represents the distance the droplet .
droplet velocity changes in the model a gettory is formed under the influence of
gravity and air resistance. As can be om¥igur€ 4, the droplet’s motion phase consists of
three parts: the initial rise, reaghi axithum height, and the descent (fall) phase.
According to the modeling res
and the total fall time is 0.

. e curves in the graph clearly show the change in each
ontal motion of the drop is linear, but with increasing air
n; the vertical component moves in the form of a parabola.
Mts the ballistic motion of the drop and the balance of forces acting

resistance, the
Therefore, the
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1.2
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g
@ 0.8 2z
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0.4 g
a
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oo ;.:.':: .;-':: -‘:- ."“.:.':;’;": -8 10

This Figure 5 represents the **ground drop de
through spatial analysis. The graph presents a *%

factors such as wind, height and
the majority of the droplets

bch water accumulation, and light colored zones indicate
observed. As a result of this distribution, the **water
)** was determined in the range of 86—91%. This value is
shold of 80% according to the international standard, confirming
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Effect of Nozzle Angle and Sprinkler Height on Maximum Droplet Distance
]

——— I
I Height=15m | Optimal 45°

[ Height=2.0m

2.0

E
X
215

Y
[0}
O
c
o
0
Q1.0
E
=
£
X
@ Model validation: R2 = 0.965-0.989; NRMSE = 1.8-3.2%
= Integration of drag and wind improved trajectory fit.

0.5 Wind can shift optimal angle from 45° to 40°-42°.

0.0

30° 45° 60°
Sprinkler Nozzle Angle (°)
Figure 6 Angle and height Wri or\

This Figure 6 analyzes the effect of **exit ange & and §sprinkler height (h)** on the
®m. The graph compares the model
results for angles of 30°, 45°, and 60°, as
results, an exit angle of 45° is the mos i jeghory. In this case, the droplet flew the

maximum distance and provided the n water distribution. This value is also

ge of 40—42°. This phenomenon indicates that
the drag force and wind v into account in the model. Changing the sprinkler
height also had a signifsmeg ater distribution. At a height of 2.0 meters, the water
droplets reached 2.4 S ale at a height of 1.5 meters, this value decreased to 2.0 meters.
Therefore, lowerj i Quces the radius of water dispersion, but slightly reduces the

n Droplet Trajectory. These fit statistics were compared with other
indicators were better. Samiev et al. [26] develop initial conceptual
e design of sprinkler irrigation systems and propose methodological
improve their efficiency. Ricardo A. L. et al. [27] scientifically substantiate that
iformity is a decisive factor in preventing excessive leaching of soil and serve to
establish regulatory requirements. Practical formulas and graphic infographics: Ballistic
trajectory formula (without air resistance):

x(t) = vy\cos(O)t )
y() = h + vo\sin(0)t —\frac{1}{2}gt* (3)

This formula 2 describes an ideal situation, i.e. without wind and air resistance. x(t) is the
horizontal distance. y(t) is the height (vertical motion). v0 is the initial velocity (m/s). 0 is the
exit angle (radians). h is the height of the sprinkler. g is the acceleration of gravity (9.81 m/s?)
[28]. Brito and Willardson used theoretical parabolic trajectory models to scientifically
establish the relationship between droplet flight distance and distribution uniformity [29].

Journal of Sustainable Development of Energy, Water and Environment Systems 12



Qureshi et al. used the classical parabolic trajectory formula to determine the effects of pressure
and air saturation conditions on droplet flight path and irrigation uniformity [30].Wind
deflection (horizontal displacement):

AX{yingy) = \Frac{}{2} \frac(F,}(m} - % (4)

This formula calculates the effect of wind on a droplet in the horizontal direction. Fw is the
wind force (N). m is the mass of the droplet (kg). t is the time (s) [31]. In the paper by Xue et
al., the effects of droplet angle and velocity on irrigation performance were mathematically
related using trajectory models [32]. In the study by Maroufpoor et al., the parameters (velocity,
angle, height) that lead to the trajectory formula were estimated using neural networks and
data-driven models [33]. Drag force (air resistance):

Fq =\frac{1}{2}CqpA v* )

air. Cd is the drag coefficient (~0.47 for the drop). p is the air density (~1.225
cross-sectional area of the drop (m?). v is the velocity (m/s) [34]. In the g

systems to improve irrigation efficiency [35]. In the models developgd b

point of water landing on the ground was determined based on the ti&jectog 3
integrated with the moisture distribution in the soil [36]. Ge i & tory shape (with
19t (1)

wind and height):

wind is based on the previous
e realistic trajectory of each
Iculate how many drops reach the

it angle and speed (for maximum
hon, MATLAB or GIS, linked to real

x(t) = vy\cos(0)t + Ax{\

y(t) = h + vy\sin(6)t —\fr
This formula takes into account wind and heig 0
formula. Using these formulas, the following c

coordinates. Two main formulas ha
to real observations with high ac
on a physical basis. Recommeuatio
graphics and infographics.

=
N\

fects of wind, height, angle are clearly reflected
ctical project work are provided through visual
s deeply grounded in scientific, statistical, physical and
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=®= Droplet trajectory (240 fps frames)
X Camera (fps: 240)

Frame 4

Frame 3

Fral

T 20

Frame 2
T 18

Frame 11.6

Height (m)

Figure 7 3D layout of drop trajdgto@ fra

a sprifkler in a **three-dimensional
cach trajectory frame in terms of
picted along the **X — horizontal
es. This representation realistically

distance®*, **Y — time (frame)**, and
depicts the movement of the drop fro
in velocity and angle. According to t , thg 3D trajectory clearly shows the uncertainty
deviation of the direction of movement due to
cking stages) were used in the modeling, each
gate of the drop. At a wind speed of 2 m/s, 10-12%
axis to the west, which created a slight asymmetry in
time, the model confirms the almost perfect parabolic
ondltlons It can be seen that the droplet distance is reduced

frame representing the ne
of the droplets deviatedgfigot

the water landmg z0f -@
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Ideal (no drag/wind)
= Realistic (drag + 1 m/s crosswind)

T 25
E

T20 3
5

T 15 @
. =
o

~ 10 &
g

~ 05

Crusswind 1 m/s T 0.0
12/ ] ) :1 50
10 - _ o 0 gl.D '
8 -~ < 0.0 .4\
Oﬁ?on[a/ 6 -~ ~ 0.5 \Q(\“
d/ézan 4 - a2 1.0 \'3\'3‘
Ce x 2 1.5 >
(m) 0 2.0
Figure 8 Trajectory with and withoMgwi Ntance
This Figure 8 shows the results of modeling t RLory water droplet by comparing
it with wind resistance and without wind. Th s the trajectory for both cases as a

parabola, and the difference between the cctive the drag force is during the

droplet's movement. This analysis ai
maximum flight distance, height, an i i he droplet. According to the results, in

obeys the classical parabolic 1 indfresistance of 1.5 m/s, the maximum distance is
reduced to 2.17 meters, and a y it is reduced to 1.92 meters. These results prove
that the horizontal acceler negpof the wind reduces the radius of the droplet's flight.

The trajectory curve ingthe

indicates the energy @ p rag torce and air viscosity.
e ¥ Observed data (based on real video)

Values
1.5m
~30° (visually estimated)

~2 mm (video estimated)
~10-12 m/s (average)

ind direction and speed ~2 m/s from the west
Trajectory length (visual) ~6.5-7.2 m
Maximum height (apex) ~2.5-2.8 m
Travel time (~parabola duration)  ~1.3—1.5 seconds
Drop trajectory Parabolic, bent by wind
Shape and deformation Stable (not cracked, not vaporized)
Radius reached ~6.8 m

Wind deviation Ax ~0.5-0.8 m (shift from left to right)




Parameter Values
Speed reduction Not noticeable (drop weight sufficient)
Fraction of drops reached >90% (judgment from appearance)

Figure 6. Three-Dimensional Sequential Trajectory of Droplet Motion (Frame 1-6)

Frame 1 Frame 2 Frame 3
25 T 25
T2.35 g g
~2130 ~§ 24 % T 24
2.25 T 233 23
220 % Loy # 2.2
: 2.15 g N
7 (;(5)2.%00 N o *0 9,00 < - ‘010.0
03 (. T ggieoe 06 ,, o= 0_105102@ 1004 75 5’ Sy ‘030.2@;@
R D008 ~m,,_an[a/a,s,aﬁ%{ 00 o2 ¢ ooty 0(25 000 04
F)rame 4 Jgrame 5 Jgrame 6
¥ Landing Point
] 25 T 25
£ 24 E
T 24 % £ 2.0
-~ 023 é 22 g 15
[ ] T20 % 10
22 18 S wind (2 mis) -0
< : —~ 4 .5
9 0 . s 00 > p “O 20.0
. . > - =02 H— -
1.0 = » 03 & 15 . ’ ~ 0_4 & 20 g — g 04 &
< P 0.6 <«
Horizon e Oisgy. 0.0 0_50 4 s “Ouzu,,!ug st = “ONZu,,,a/i ° 05 0.0 0.8 «
e (m) ance (o, ) MNCe ()
Figure 9 Real \ ideo frames (1-6)
This Figure 9 shows the real tgj water droplet coming out of a sprinkler using 6
consecutive frames taken from: deo eillince. In this method, each phase of the droplet’s
motion — exit, rise, reachig . ¢ht, fall and fall to the ground — is accurately

frame is extracted from the video, the coordinates

yuence of frames, the droplet coming out of the sprinkler starts
gy in the first stage. In frame 1, the exit angle is around 45°, and
b highest value. In frames 2-3, the droplet slows down due to air

I'conditions. Each motion state is clearly shown through 6 frames, proving that the
f'the drops is parabolic in shape, as well as small deviations from the wind direction.
The deviation angle determined in optical observation was 2—3°, which corresponds to a wind
speed of 2 m/s in field conditions. Also, the maximum height of the droplet was recorded as
0.85 m, and the horizontal distance was around 2.4 m. These values are consistent with the
results of the theoretical model presented in Figures 3 and 8, confirming the verification of the
model. Figure 9 fully confirms the physical foundations of the model through real video
analysis. The coordinates determined in each frame were fitted using the curve_fit function of
the SciPy library, resulting in an accuracy of R? = 0.986. This indicates a high level of
agreement of the model with optical observations. This result strengthens the reliability of the
modeling process and allows us to accurately represent the laws of motion of the drop in a real

Verlical Heinht im)

Vertical Heiaht frm



environment. In addition, this figure allows us to segment the motion by time. The distance
and velocity changes between each frame were calculated, and the losses associated with the
kinetic energy of the drop and air resistance were determined. According to the results, a drop
with an exit velocity of 5.4 m/s drops to a speed of 3.9 m/s during descent, i.e., a 27-30%
energy loss was observed. This phenomenon is associated with wind resistance, and the average
error when the drag force is taken into account in the model does not exceed +0.05 m.
Scientifically, Figure 9 is of particular importance in the entire study as an experimental proof
of the model. Using video-based frame analysis, each trajectory segment is associated with
specific physical parameters. As a result, this figure serves as the main visual source for
measuring the aerodynamic properties of the sprinkler system, calibrating the model, and
preparing for subsequent 3D modeling stages.

Effect of Sprinkler Height and Angle. The droplets are usually located iz gt close
to the sprinkler outlet, and the initial energy is sufficient to lift them up. ThlS s ant
for calibrating the model and correctly assessing the initial conditionggiig frame

(Frame 2) shows the process of the droplets rising up. At this stage, ) has a
parabolic shape, with gravity and air resistance (drag) as the main '
fits well with the real points, which indicates that the model works &
droplet height approaches 3 meters, and the optimal combin

recorded. This stage is important for determining the sp

1s stage, the
prce and angle is
ce the maximum
< he Mird frame (Frame 3)
shows the further development of the trajectory. The drop¥gi@’spred® wider in the air as they
move away from the initial point. The points recQg amera make it appear that the

does not change. In this phase, the droplets a e maximum height, and the curve
once again confirms the correspondence and real observations. The location
of the droplets along the central zone 1
fourth frame (Frame 4) represents the stage
ry. At this stage, the droplets are still moving
upwards, but air resistance ha${incr ighificantly. In this phase, the droplets are close
together and their stable . The curve is a theoretical trajectory calculated
based on the Coen model
is important in dete
The fifth frame (Frg
points recorded
The curve i
real points

t points of water and in optimizing the spraying system.

e stage before the droplets reach their maximum height. The
ow that the droplets have reached a distance of 0-2 meters.
jectory calculated based on the Coen model, which matches the
hge, the droplets gradually lose speed and are preparing to fall back
ence of air resistance and gravity. The graph allows us to analyze the
cy of the droplets in the air, which is important for further improving the
The sixth frame (Frame 6) shows the stage when the droplets have reached
height and the horizontal dispersion has increased further. The droplets are

markers are real points recorded by the camera, which coincide with the theoretical model line.
This step is important for determining the limits of water flight and the maximum height. These
results, obtained in windless conditions, allow us to evaluate the spraying efficiency, water loss
in the air, and dispersion characteristics Table 4.

Table 4 Trajectory angles

Frame Trajectory angles (o)

Frame 1 0°
Frame 2 60°
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Frame Trajectory angles (o)

Frame 3 120°
Frame 4 180°
Frame 5 240°
Frame 6 300°
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’ i Wistribution of the trajectory of water droplets from a

sprinkler. The graph
the sprinkler thrgpml

tions of 135°, 180°, and 225°, and decreased in the sectors of 0°—45°. This
sed by the deviation of the droplets as a result of the wind blowing from the
d of 2 m/s. According to the modeling results, under the influence of wind, the
ter distribution shifted by an average of 0.25-0.3 meters to the east, which reduced
the uniformity of water distribution from 91% to 85%. This figure provides an important
scientific basis for determining spatial asymmetry in water distribution. Each vector in the
graph represents the direction angle of the trajectory, and their length corresponds to the
distance traveled by a water droplet. As a result, a realistic distribution model was created
around the sprinkler system, which allows analyzing the irrigation efficiency in relation to
geographical directions. From a scientific point of view, Figure 10 was used to develop spatial
compensation of trajectory angles taking into account wind speed and direction. Using this
analysis, the angles of placement against the wind direction are determined when optimizing
the irrigation system. Therefore, the figure is included as a necessary visual evidence for
assessing the uniformity of water distribution, creating wind compensation models, and

Journal of Sustainable Development of Energy, Water and Environment Systems 18



adapting the system to real field conditions. [37]. In the work of Molari et al., the fluid
distribution of the sprinkler over a 360° angle was modeled using computational fluid dynamics,
and the efficiency of each sector angle was calculated [38]. In the study of Ding and Du,
optimized control strategies for the efficient use of resources in 360° circular irrigation were
developed using spray intervals separated by polar coordinates [39]. In the article of Rallo and
Provenzano, the 360° irrigation trajectory was expressed in polar coordinates, and the effect of
the circular distribution on the water requirement of tree crops was analyzed using a

mathematical model [28]:

¢ = (\fracZm}{N}) (8)
¢; = (\frac{2n}{N})i \quad \text{where }i = 0,1,2,...,N — 1 (9)
If N = 6: each trajectory interval = 360° / 6 = 60°
Although the degrees are not visible from the projection, they are mathemajg

a 60° difference between each line. This model is built on physical formuld§ and“§
accuracy in trajectory, deviation, wind effect and angles. It provides ) i

ORL PRC S
scientific paper, GIS assessment or real field modeling. i 1i=0,1, . e, if N
= 6, there is an angle of 60° between each spray direction, i.e.: 36087 6ag QU trajectory
interval. Each trajectory is deflected from the initial linear distance X Q 8t as follows:
ide aCircle. If the graph is

x' = x\cos(¢p) (10)
e trayectory is clearly visible.

y' = x\sin(®) (I o)
@

This shows that the 2D trajectory of each droplet is
plotted in the form of a compass (360° sectors), each angl

Ideal trajectory (no wind/drag)
= Real trajectory (drag + wind)
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Figure 11 Sprinkler droplet in real and ideal conditions

The Sprinkler droplet in real and ideal conditions image compares the trajectory of water
droplets in a sprinkler irrigation system in real and ideal conditions Figure 11. The model takes
into account the air resistance (drag) of the droplet, which reduces the speed of the droplet and
shortens its horizontal distance. The droplet also reaches its maximum height faster and its
flight angle deviates from the parabolic shape. In the ideal model, these resistances are absent
- as a result, the droplet flies a longer distance, but this result does not correspond to field
conditions. Therefore, the real model gives results closer to field observations and is considered



more reliable in assessing the effectiveness of the sprinkler system. The red line in the graph
represents the real model with air resistance taken into account, and the blue line represents the
ideal model without air influence. Their difference clearly shows the discrepancy between the
actual flight of the droplet from the sprinkler and the theoretical trajectory. According to the
modeling results, parameters such as air density (p = 1.225 kg/m?), the drag coefficient for the
drop shape (Cd = 0.47), and the drop surface area (A = mr?) have a significant effect on the
direction and distance of the droplet. For example, larger diameter drops encounter less
resistance and fly farther, but smaller drops lose speed and change direction due to the wind.
The sprinkler rotation speed, outlet pressure, and spray angle are also included as key variables
in this model. If the water pressure is high, the droplet distance increases; if the nozzle opening

combined with data-driven algorithms to predict the speed
[43].:

Here: Cd is the drag coefficient (0.47 for a
kg/m?). A is the drop surface area (A = 7 1?). @
velocity and: The horizontal distance is red

3. The real model gives results closer
- Water is sprayed continuously while
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Statistical Distribution of Droplet Distance
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Figure 12 Statistical Distribution of droplet Distance

500, and 1000 droplets, and
Mthe distance of the droplets during

presented in the graph represent the uniformity
.6% and 87.7% were obtained, respectively. These

results show that the g @¥provides the most balanced distribution at 500 drops.
Overall, this analysis'8 (Wcts the relationship between droplet number, spray radius and
water distributio firming the stability of the model and its reliability in field

conditions.

eld conditions, this symmetry can be violated due to wind speed and
or uncertain sprinkler conditions. Therefore, this model is considered a
aWysis tool for the ideal case. The model is used in the engineering design of
stems, in particular to:

N

* Determine the optimal spacing between sprinklers;

* Assess the consistency of water distribution;

* Create a map ready for zonal analysis related to NDVI or ET;

* Create energy efficiency and water consumption forecasts;

» Automated coverage area modeling based on GIS.

In addition, after this model, it is possible to move on to more advanced models, including
complex factors such as trajectory angle, wind force, and pulsating pressures. The graph
provides the initial foundation for these complex analyses and allows the user to visually
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understand the overall efficiency of the sprinkler system Table 5. A water droplet from a
sprinkler system travels through the air along a ballistic (parabolic) trajectory.

Table 5 Factors Affecting Sprinkler
Factor Effect

Sprinkler height (h) Determines how long the droplet stays in the air
Initial velocity (vo) Droplet flight speed — affects distance and height

Exit angle (0) Determines trajectory shape (low angle — long distance)
Wind speed Causes horizontal deflection of the droplet
Air resistance (drag)  Reduces droplet speed — reduces distance < ;

Observed droplets
- [itted analytical trajectory

[ 3.0
' 25
[ 2.0
[ 15

Height (m)

(y/. 2 O N - ~ h O “’(\\
S[a —2 P < 2
Nee 2 _4
m) ™ 6 6
-8 8

Fi &MI model trajectory

ure 13 shows the correspondence between the observed droplets in the sprinkler
system and the trajectory calculated by the analytical model (fitted analytical trajectory) in a
spatial 3D view. The graph shows the directions of the droplets in the X—Y plane, and their
height component in the Z axis. The red curve represents the theoretical trajectory calculated
based on the analytical model, and the blue dots represent the results of real experimental
observations. The results show that the analytical model (ballistic + drag component) was able
to reflect the real flight of water droplets with high accuracy. The observation points are located
in the form of a parabola, and their central part is very close to the model line - this indicates a
high level of fit. The calculated statistical evaluations recorded an accuracy level of R?=0.985,
which indicates that the model almost completely matches the real observation. The mean error
(MAE) was 0.04 m, and the maximum difference was 0.08 m. Figure 18 is an important



scientific result for the analysis of the spatial distribution and energy dynamics of water
droplets. According to the analytical model, a water droplet rises to a maximum height of about
3 meters with an initial velocity of 2 m/s and travels a horizontal distance of up to 8 meters.
The droplets move in a parabolic manner under the influence of air resistance (drag) and gravity,
which is consistent with the theoretical model. The 3D representation accurately shows the
spatial variability of the droplets — in particular, deviations in direction are mainly recorded
in the range of £15°. Scientifically, this figure serves as an experimental validation of the model.
Here, observations are obtained using OpenCV based on video analysis, and the coordinates of
the center of the droplets are determined as a function of time. The results are fitted using the
curve_fit() function in the SciPy library, and the parameters of the trajectory equations (initial
velocity, exit angle, drag coefficient) are optimized. Thus, Figure 18 clearly demongftates the
physical realism of the model, i.e. the actual mechanical properties of water moVemens in a
sprinkler system. This model serves as the main visual and scientific evidence m namic
optimization of the irrigation system and the refinement of water distribution. \
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This Figure 1@ depigs®he spatial motion of water droplets in three dimensions (3D) using
a color gradd Wt depdhds on radial distances. The graph shows that the droplets from the
sprinklergm@ve in JMfefnt directions from the center and fall to the ground at different
RX and Y axes represent horizontal motion (distance), and the Z axis represents
Ot the drop. The color scale (on the right) represents the radial distance of
the center: yellow represents droplets at close distances, and purple represents
g distances. The red curve represents the ballistic trajectory calculated by the
odel, which determines the average path of the droplets. At the same time, the blue
smooth lines show the droplet flight trajectories at different azimuths (angles). These lines are
constructed as an interpolation surface (surface fit) based on real observation results, which
shows the dispersion of droplets in the air in the form of a complete spatial cone. The results
show that the average drop height was 3.1 m and the average flight distance was around 7.5 m.
These values were obtained under conditions of an average wind speed of 1.3 m/s and were
analyzed in accordance with the presence of drag force in the model. The drop density is highest
up to a distance of 2-3 meters from the sprinkler center, indicating that the water spraying
efficiency is highest in this area.
In this study, the trajectory of water droplets in a sprinkler irrigation system was
comprehensively evaluated based on real field observations, mathematical modeling, and GIS




analysis. Six trajectory models were developed for a sprinkler head with a 360° spray coverage.
Each trajectory was divided into 60° sectors and analyzed using Python—OpenCV programs.
The flight path of the droplets was calculated based on ballistic motion formulas and drag (air
resistance) equations. 20 scientific figures created during the study illustrate the physical
motion of water, the accuracy of the model, and the stability of the distribution step by step.

DISCUSSION.

In this study, the trajectory of water droplets in a sprinkler irrigation system was analyzed
in depth, taking into account ballistic modeling, wind and air resistance (drag) forces. The

areas, the deviation reached up to 2 meters, which indicates that up tg
consumption can be lost. These results support the scientific gh
studies, Saha et al. show how wind speed and directio
concentrations, which confirms a similar phenomenon to

exit angle and droplet trajectory [44]. Na
resistance, water distribution is uneven
exit angle was also analyzed in the s
radius is achieved at an exit angle of@0°. Howc¥gr, even a deviation of £5° from this optimal
ich re@uces the density of water droplets falling to the
ground. Accordingly, if the spr used at the optimal angle, a large difference in
ral and peripheral zones. Zonal statistics based on
NDVI allowed us to couig ory modeling results with the vegetation condition in
the field. It was obse % alues decreased with increasing sprinkler radius - this is
due to the low phg achvity of plants in areas where water does not reach. In such

NDVI not \ Sgellability of the trajectory model, but also indicate its usefulness in
determing Saic response of the field. The study carried out spatial evaluation of

, ET (evapotranspiration), wind direction and soil type were combined to
prinkler location zones. Trajectory models were superimposed on these GIS
real distribution zones were visually displayed. This approach is rare in the
erature, but has innovative value as a multi-model integrated analysis.

It was also observed that the trajectory deviation was linear with the wind speed. For
example, at a wind speed of 2 m/s, the deviation was on average 0.6 m, while at a speed of 3
m/s it increased to 1.2 m. This indicates that the wind factor should be strictly taken into
account when calculating the optimal distance between sprinklers. A symmetrical distribution
was observed in the 3D view of the trajectory graphs, but deviation, uncertainty and density
reduction were detected in the peripheral lines under the influence of wind. This can be
especially noticeable in fields with uneven terrain or open fields. According to the study, a
complete understanding and modeling of the droplet trajectory plays an important role in the
technical design of irrigation systems.



In this study, the model is based on a multi-layered approach to improving irrigation
efficiency, as it combines trajectory modeling with NDVI zonal estimation, GIS layer
integration, and wind simulation. This model not only predicts the trajectory, but also helps to
predict the actual plant response. Although such approaches are currently rarely used, in the
future they can be the basis for creating adaptive systems that work in conjunction with Al, IoT
and Deep Learning technologies.

CONCLUSION.

1. Major findings.
In this study, the modeling of droplet trajectory was chosen as a scientific dj

diameter, wind speed, air density, and air resistance (drag force). The @ha d that
wind and air resistance have a significant effect on the trajectory shapé '
increases, the horizontal deviation (Ax) and the maximum spray ra #or example,
at a wind speed of 2 m/s, the deviation reaches 0.6 m, and at a y m/s, it reaches
1.2 m. Ignoring these differences will result in uneven water s varspray, and water
losses. Therefore, the distance between sprinklers, their
designed in accordance with the wind speed and directio

2. Practical implications

When the model is integrated with a GIS s
mechanism is created. When the trajectory
and direction layers, and evapotranspiratio
qting automated irrigation systems in
e study carried out a zonal analysis of

values corresponded to areas i ter supply. This correspondence confirmed the
reliability of the trajectory, ed it to be directed to yield forecasting systems.

In the future, it is
(AI), Internet of Jdatige
create adaptive i

the foundation for creating sustainable and scientifically based irrigation
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