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The article presents a thorough analysis of the current state of development in the field of machines
and mechanisms for surface application of mineral fertilizers - a technological process that remains one of
the key ones in modern agriculture, but at the same time extremely sensitive to external conditions.

Particular attention is paid to the physics of the movement of fertilizer particles in the air environment.
It was investigated how the coefficient of aerodynamic resistance (pressure coefficient Cx ), air viscosity, size,
shape, density of granules and their initial speed determine the flight trajectory. It was shown that even a small
increase in wind speed significantly changes the picture: a headwind reduces the range of the discharge, a
side wind causes a strong asymmetry of the distribution, and a tail wind can create excessive material
overturning beyond the working area. As a result, the distribution variation coefficient increases sharply,
which leads to an overexpenditure of fertilizers in some areas of the field and their deficiency in others,
reducing the overall efficiency of fertilization and increasing the risk of uneven plant development.

A separate section is devoted to a quantitative description of the impact of wind. In particular, data is
provided that at a wind speed of 46 m/s, the distance of particles can be reduced by 15-40% depending on
the direction, and at 8 m/s and more, high-quality application with classic disc spreaders becomes practically
impossible without special compensation measures.

That is why a significant part of the work is devoted to modern technical solutions that allow
minimizing or almost completely neutralizing the negative impact of the weather. Among them is the
WindControl system from Amazone , which works in conjunction with Argus sensors. Twin or independently:
a high-frequency ultrasonic wind sensor records the speed and direction in real time, after which the on-board
computer automatically adjusts the blade angle, disc rotation speed or deflector position, maintaining the
specified width and uniform distribution even in moderately strong winds (up to 8-10 m/s).

Alternative approaches are also being considered: pneumatic boom spreaders with adjustable nozzles,
multi-disc systems with lower initial ejection velocity (which reduces sensitivity to lateral wear), GPS/RTK
systems with electronic rate setting maps and automatic section shut-off, and hybrid designs combining the
centrifugal principle with controlled pneumatic conveying.

Key words: mineral fertilizers, fertilizer spreader, particle flight range, particle trajectory, wind
influence, air resistance, fertilizer distribution, spreading efficiency.

Fig. 13. Table. 1. Ref. 8.

1. Problem formulation

Modern methods spreading fertilizer on fields salt economic appointment based on the use of
automated equipment from using methods centrifugal forces. The most common is the disk spreader. The main
job requirements which is secured uniformity sowing used area land with guaranteed maximum closing
surfaces processed territories. Provision delivered requirements guaranteed smoothness spreading disc work
the kvacha, its frequency rotation, weather conditions during the period works (wind , rain), Selection and
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relationship all parameters provides stable indicators robot capabilities spreader . So mutual agreement
weekend parameters (initial velocity, angular acceleration, radius material particles) is the main problem.

2. Analysis of recent research and publications
In [1], an analysis of the performance of centrifugal spreaders mineral fertilizers by range flight without
taking into account secondary altitudes factors — wind, fraction material , friction on the surface spreader etc.
Works [2-3] reveal recommended quantities widths processed surface depending from given uniformity
coating surfaces without taking into account the velocity vector movement at each moment of analysis
trajectories. Works [4-5] describe mathematical movement particles in gutters without specification further
laws movement particles at the time of exit from zones limitation spreader.

3. The purpose of the article

The above information on the conducted research indicates the need to study the dependence of the
productivity of centrifugal fertilizer spreaders on a certain flight range.

The purpose of the work is: optimization parameters workers organs during construction spreaders
centrifugal type mineral fertilizers.

To achieve the goal, you need to decide next tasks:

- to investigate trajectory movement particles for the initial speed and taking into account forces wind;

- to determine dependence range flight particles from initial speed and taking into account forces wind;

- analyze effect of climb angle on range flight particles.

Conducting such a study gives possibility to evaluate quantitative the influence of the velocity vector
of the particle's escape from the disk, the velocity vector wind and drag coefficient on trajectory and range
flight particles.

4. Results and discussion

The productivity of centrifugal fertilizer spreaders is determined by the flight range when leaving the
disk.

The uniformity of coverage of the treated surface in the direction of movement of the unit and along the
width of the capture depends on the size of the particles, the direction of the velocity vector at each moment
of trajectory analysis, the force of environmental resistance, wind speed, and other factors.

The article considers the influence of the drag coefficient (pressure) of the environment (the direction
of the particle velocity vector , the magnitude of the wind speed) on the flight range of particles.

The work program is to determine the kinematics of a particle under various combinations of factors
that affect the flight range of particles (Table 1).

Table 1.
Work program
No. Indicators Numerical value
s/n
1 Initial speed particles , m/s 8.0 18.0 25.0 30.0
2 The angle of |ngI|nat|on of the initial vector 300 450 600 )
speed to the horizon, degrees
3 Radius material particles . m 1-.10 3 - 2:10° | 25107
4 Speed wind speed , m/s 5.0 8.0 30.0 -
5 Direction vector speed , hail 0° 180° - -

The research method is analytical. The main assumption is the dependence of the resistance/pressure of
the medium on the first-order velocity [1, 2, 3].

The research results are presented in the form of a graph of the dependence of flight range on functions.

The height of the disk above the surface being processed ish = 0.6 m.

Fig. 1 shows the trajectory of a material particle after it leaves the disk.
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Fig. 1. Trajectory of particle motion

The graph is constructed for the following conditions: wind speed Vb = 5 m/s, B= 0°; the particle
descends from the disk at an angle 00 = 30° to the horizon with an initial velocity VO = 18 m/s. The solid line
shows the trajectory of motion for k # 0 (taking into account the resistance/pressure of the environment), the
dotted line for k = 0 (absence of resistance/pressure of the environment), the dash-dotted line ( Vb = 0) —
assuming the absence of wind (but taking into account air resistance). As follows from the above patterns, the
coefficient of resistance of the particle does not significantly affect the flight trajectory, which can be explained
by a slight increase in air viscosity. When changing the direction of the wind to the opposite (other factors do
not change), the results obtained are presented in Fig. 2.
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Fig. 2. Trajectory movement particles for the initial speed V o= 18 m/s and speeds wind
V p=5m/s at its direction g=180°

The graph clearly shows a decrease in the Y coordinate from 8 to 4 and the X coordinate from 35 to
30 m.

Increasing the angle of departure of the particle from the disk to 60° at the parameters of wind speed
and particle increases the trajectory height to 12 and the range to 27 m. (Fig. 3).
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Fig. 3. Particle flight trajectory at angle a = 60°. Increasing particle descent velocity

V0 from the disk up to 30 m/s, with a wind of 5 m/s and its direction g= 180°

140



TexHika, eHepreTuka,

Ne2 (133) /2026 TpaHcnopt AIIK
/% Technology, energy,
~ ISSN: 2520-6168 Vol. 133, N2 2 /2026 agriculture transport AIC
30 / I
/| \
| T~
20 - K#0
/ ‘
> 4 \\ — - -VB=0
/ A

0 20 40 60

X
Fig. 4. Particle flight trajectory at VO = 30m/s

It leads to an increase in the height of the parabola to 20 m, the X coordinate to 90 m (Fig. 4). However,
at high particle speeds, the influence of the coefficient k is noticeable.
In fact, the case when the wind speed is quite high is unacceptable (Fig. 5).
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Fig. 5. Trajectory movement particles at V = 30m/s, V o= 30m/s, = 180° and a = 45°

When the headwind speed increases to 30 m/s, the trajectory is flattened horizontally in height. Under
these conditions, a clearly pronounced influence of the drag coefficient on the X coefficient is noted.

The flight range of mineral fertilizer particles determines the productivity of the unit. The flight range
of granules depends on the following main parameters:

— initial flight speed (departure from the disk);

—the angle of inclination of the velocity vector when the particle leaves the disk;

— velocity vector and direction of its vector ;

— particle radius;

— mediocrity of particles;

— the resistance coefficient of the medium.

Fig. 6-9 shows the dependence of the flight range of material particles on the speed of their departure
from the spreader disk.
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Fig. 6. Dependence of the flight range of a particle L on the initial velocity in the absence of
wind (Vp=0):N=1-a=0%N=2-a=30% N=3-a=45 N=4—-a=60°
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Fig. 7. Dependence of the flight range of a particle L on its initial velocity at V,=5m/s: ki=1—-a = 0°,
P=0%Ki=2—-a=0°4=180% ki =3 —a =30° B=0°% ki =4 —a = 30° B=180% ki =5 — a = 45°, 8= 0°
Ki=6—a=45°% $=180% ki =7 —a = 60° B=0° ki =8 —a = 60°, = 180°
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Fig. 8. Dependence of the flight range of a particle L on its initial velocity at V,=8m/s: ki=1—-a =
0°, B=0° ki=2—a=0° f=180° ki =3 —a =30° B=0° ki =4 —a =30° B=180% ki =5 —a = 45°, =05
Ki=6—a=45°% $=180°% ki =7 —a = 60° B=0° ki =8 —a = 60°, f=180°

Fig. 9. Dependence of the flight range of a particle L on its initial velocity at V,=30m/s: ki=1-a =
0°, B=0°% ki =2—a =0° f=180° ki =3 —a = 30°, B=0° ki =4 —a = 30° B=180° ki =5 —a = 45°, =0
Ki =6 —a=45° B=180°% ki =7 —a = 60° B=0° ki =8 —a = 60° p=180

As can be seen from the graphs above, an increase in the speed of particle departure from the disk
leads to an increase in their flight range. At the same time, a pattern of an increase in the flight range with an
increase in the angle of particle departure from the disk is visible. At an angle a = 0°, the flight range in the
studied speed range of 10...30 m/s is 5...8 m, at a = 60° reaches its maximum.
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The effect of wind directed in the direction of particle flight (§ = 0°) and against ( = 180°), in the form
of small sizes, is not clearly visible.

Fig. 10, 11 shows the influence of the initial angle of declination a ¢and the diameter of the particles
on the range of their flight.
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Fig. 10. Influence of the angle of convergence on the particle flight range L at V=8 m/s :
Ki=1-Vo=8m/s, f=0%ki=5-V,=8ml/s, f=180% ki=2-V o=18m/s, f=0° ki =6 -V o= 18 m/s,
P=180% ki=3-Vo=25mls, B=0% ki=7-V o=25m/s, f=180°% ki =4 -V o= 30 m/s,

B=0° ki=8-V=30m/s, g=180°
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Fig. 11. Influence of the angle of departure a o on the flight range of particles L at V , =30 m/s :
kKi=1-Vo=8m/s, f=0%ki=5-Vo=8m/s, f=180% ki=2-V =18 m/s, f=0°% ki=6 -V o= 18 m/s,
P=180% ki=3 -V o=25m/s, B=0°% ki =7 -V o= 25 m/s, B=180°; ki =4 -V =30 m/s, = 0°;
ki =8 -V ¢=30m/s, f=180°
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Fig. 12. Dependence of the flight range of a particle L on its radius R in the absence of wind ( V , = 0) and
ao=60N=1-Vo=8m/s;N=2-V,=18m/s; N=3-V,=25m/s; N=4-V ,=30m/s.
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Fig. 13. Dependence of the flight range of a particle L on its radius RatV,=8m/sanda =6 0°: ki=1
—Vo=8ml/s, f=0°%ki=5-Vo=8m/s, f=180°% ki=2-V =18 m/s, f=0% ki =6 -V o= 18 m/s, =
180°% ki=3-Vo=25m/s, f=0% ki=7-V o=25m/s, f=180°% ki=4-V ¢=30m/s, f=0% ki=8—-V o=
30 m/s, p=180°

From Fig. 10 and 11, the following conclusions can be drawn:

—increasing the angle of the particle's departure velocity vector from the disk increases the flight range
in the entire studied velocity range;

— the wind direction does not significantly change the particle's flight range.

Fig. 12 and 13 show the influence of particle size (0.001...0.003 m) on their flight range at initial
velocities of 8; 18; 25 m/s and the angle of the velocity vector of descent of 60°. From the above dependences
(obtained under the assumption of the dependence of the medium resistance on the velocity of the first degree
[1] it follows that in the range of real sizes of mineral fertilizer granules studied, their diameter slightly changes
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the flight range. To a greater extent, the flight range is determined by the initial velocity of the particles from
the disk.

5. Conclusion

The analytical study established the key patterns of the influence of aerodynamic factors and structural
-kinematic parameters on the trajectory and flight range of material particles (mineral fertilizer granules)
during their descent from the centrifugal disc of the spreader. The results obtained confirm that the main
determining parameters of the flight range are the initial velocity of the particle descent (Vo), the angle of the
initial velocity vector to the horizon (o), as well as the velocity vector and wind direction ( Vb, b).

In particular, it is shown that increasing the departure angle ao from 0° to 60° significantly increases
the flight range in the entire studied range of initial velocities (8-30 m/s), providing maximum values of L for
ao ~ 45-60°. At the same time, in real granule sizes (radius R = 1-2.5 mm), the effect of particle diameter on
the flight range turns out to be insignificant - the influence of Vo and a0 remains dominant.

Regarding the influence of the environment: at moderate wind speeds (up to 5-8 m/s), the drag
coefficient (head) k and air viscosity have a limited effect on the trajectory and range, especially in the same
direction. However, with a headwind or crosswind speed of 8 m/s and above, a noticeable reduction in range
(up to 20-40% depending on the angle and Vo), asymmetry of the distribution and deformation of the trajectory
are observed. Extreme values of Vb = 30 m/s lead to an almost horizontal "crushing" of the trajectory and a
sharp drop in the efficiency of classical centrifugal scattering.

Thus, the analytical calculations and the construction of graphical dependencies allow us to conclude
that it is necessary to optimize the parameters of the working elements of centrifugal spreaders taking into
account real weather conditions . In particular, the rational choice of blade angles (45-60°), ensuring high but
controlled Vo values (about 20-30 m/s) and the implementation of adaptive control systems (for example,
automatic change of disk rotations, the position of the fertilizer drop point or blade angles depending on wind
sensor data in real time) makes it possible to significantly expand the working window of fertilizer application,
maintain the distribution variation coefficient at < 10-15% even under moderately adverse weather conditions
and increase the overall efficiency of the units.

The obtained quantitative relationships can serve as a scientific basis for further improvement of disc
spreader designs, development of adaptive control algorithms based on modern sensor systems and GPS
correction, as well as refinement of agrotechnological regulations for surface application of mineral fertilizers
in regions with unstable wind activity. This, in turn, will contribute to reducing fertilizer losses, increasing
crop yields, and reducing the negative impact on the environment due to more accurate and economical
fertilization.
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AHAJITUYHI JOCITIAKEHHSA BIIVIUBY PI3BHUX ®AKTOPIB HA JAJIBHICTD MMOJbBOTY
MATEPIAJIBHUX YACTOK ITPHU 3JbOTI I3 JUCKY PO3KUIAYA MIHEPAJIBHUX JOBPUB

Y cmammi npedcmaeneno rpynmogHuti amaniz cy4acHoz20 cmauy po3poOoKk y cgepi mawun i
MEXaHi3Mi8 0I5l NOBEPXHEBO20 BHECEHHS MIHEPATIbHUX 000PUE - MEXHON02TUHO20 NPOYECY, AKULL 3ATUUAEMbCSL
OOHUM 3 KNIOHUOBUX ) CYUACHOMY 3eMNepoOCMEI, ane 600HOUAC HAO3BUYAIHO YYMAUBUM 00 306HIUUHIX YMOE.

Ocobnusy ysaey npudinero @izuyi pyxy uacmuHok 006pus y nogimpsanomy cepedoguuyi. Jlocuioxiceno,
AK Koeghiyienm aepoounamiunozo onopy (koegiyienm nanopy Cx), 8’saskicmv nosimps, posmip, ¢opmua,
WINbHICMb 2panyn ma ix noYamKo8a WeUOKICims GU3HAYAIOMs mpaekmopiio nonvomy. Iloxazano, wo nagimo
HegeuKe 3p0CMAaKHs WUEUOKOCI 8IMpYy CYMMEBO 3MIHIOE KAPMUHY. 3YCMPIYHULL 8iIMep CKOPOUYE OAIbHICMb
BUKUOY, OOKOBUL - GUKIIUKAE CULHY ACUMEMPII0 PO3NOOINY, a NONYMHUL MOJCe CMBOPIoamu HaoMipHe
nepekuoanHs mamepiany 3a mexci pobouoi 3ouu. Y pezynomami koeiyienm eapiayii po3nodiny pizko
3pocmae, wo npu3gooums 00 hepegumpam 000PUE y 0OHUX 30HAX NOJA MA iX Oediyumy 6 IHUUX, SHUNCYIOUU
3a2anbHy eghekmuHicmy RIOJNCUSLEHHA MA NIOGUWYIOUU PUSUK HEPIBHOMIPHO20 PO3GUMKY POCTIUH.

Oxpemuti po30in npucesueHo KilbKiCHOMY ONUCY 6NAUGY 6impy. 30Kpema, Hageoeno Oawi, wo npu
weuoxocmi impy 4—6 m/c 0anbHiCmb NOILOMY YACMUHOK Modice smeHuysamucs Ha 15—40 % 3anedcho 6i0
HanpsamKy, a npu 8 m/c i Ginvule aKiCHe GHeCeHHA KIACUYHUMU OUCKOBUMU PO3KUOAHAMU CMAE NPAKMUYHO
HeMOdICAUBUM De3 cneyianbHUuX 3ax00i6 KoMneHcayii.

Came momy 3Hauna yacmuna pob6omu NPUCEAYEHA CYYACHUM MEXHIYHUM PilueHHAM, AKi 003601510Mb
Minimizysamu abo matidxce nogricmio nelumpanizyeamu HezamusHuil éniug no2oou. Ceped Hux - cucmema
WindControl 6i0 xomnanii Amazone, wo npayioe 6 napi 3 damuuxamu Argus Twin abo camocmiuro:
BUCOKOUACTNOMHULL YTIbIMPA3EYKOBULL CEHCOP GIMPY 8 PeanbHoMy 4aci Qikcye weuokicms i HANPAMOK, NiCis
4020 OOPMOBUIL KOMN TOMeEP A8MOMAMUYHO KOPUYE KV HAXUTLY Jonametl, 4acmomy 0bepmants OucKie abo
NONI0JICEHHS 0ehieKmopis, NIOMPUMYIOUY 3A0AHY WUPUHY | PIBHOMIpHICMb pO3N0JiLy HABIMb 3a NOMIDHO
cunvHozo eimpy (0o 8—10 m/c).

Taxoore  po3ensioaromvcs  albMEPHAMUGHE  NIOXO0U: NHEGMAMUYHI  WMAH206I PO3KUOaui 3
pezynvoganumu opcynKamu, 6a2amooucKosi CUCEMU 3 HUICYOI0 NOYAMKOBOI WBUOKICTHIO BUKUODY (10
SMEHUYE yymaugicms 00 60x06020 3nocy), GPS/RTK-cucmemu 3 enekmpoHHumMu Kapmamu 3a80aHHsI HOPMU
6HECEeHHs. MA A8MOMAMUYHUM CEKYIUHUM GIOKTIOUEHHSIM, A MAKOJC SIOPUOHI KOHCMPYKYTT, WO NOEOHYIOMD
BIOYEHMPOBULL NPUHYUN 3 KOHMPOIbOBAHUM NHEEMATNUYHUM MPAHCHOPMYBAHHSM.

Knrouoei cnosa. minepanvni 0o0Opusa, poskuoay 000pus, OAIbHICMb NONLOMY HACHMUHOK,
MPAEKMOPIs pyxXy YACMUHOK, 6NIUE GIMPY, ONIp NOGIMPS, PO3N0JLL 000pU8, eheKMUBHICMb BHECEHHSL.

Puc. 13. Taon. 1. JIlim. 8.
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