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Abstract. Based on the analysis of fertilizer consumption rates for potato cultivation, a new design of a
dosing coil-type device has been proposed for conditionally discrete application of granular mineral fertilizers
into potato nests. The structural and kinematic parameters of this device have been substantiated. Using the
developed theoretical models, the limiting values of the rotation frequency were determined based on the condition
of groove filling with fertilizers. The law of particle motion in the fertilizer tube was established, which made it
possible to determine the time it takes for a particle to fall to the bottom of the furrow. This, in turn, allowed for
determining the lead angle of the fertilizer discharge phase relative to the phase of potato tuber release by the
planting mechanism. The obtained parameter values made it possible to synchronize these two devices and
increase the efficiency of the potato planting technological process.
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1. INTRODUCTION

Achieving high yields of agricultural crops largely depends on the proper observance of
cultivation technology, which represents one of the key factors in crop production. Among the
most critical technological operations in potato cultivation is planting combined with the
simultaneous application of mineral fertilizers. The amount of fertilizer applied and its spatial
distribution have a significant impact on plant development. Therefore, the design of dosing
mechanisms and their synchronization with the main units of potato planters is an important
task for agricultural machinery engineers.

It often occurs that fertilizers are applied in accordance with the recommended rate per
hectare, yet high yields are not achieved under otherwise equal conditions. The cause may lie
in the improper localization of fertilizers within the planting row. For instance, most fertilizer
dosing devices provide uniform distribution along the row; however, greater efficiency could
be obtained if fertilizers were localized near each potato nest. This approach ensures a more
uniform nutrient supply to each plant.

To implement the concept of conditionally discrete application of solid mineral fertilizers, it
is necessary to develop a dosing device and integrate it into the design of the potato planting machine.

2. REVIEW OF RECENT RESEARCH AND PUBLICATIONS

Industrial manufacturers produce a variety of dosing devices for solid granular mineral
fertilizers. In potato planters, the devices most commonly employed are fluted-roller, peg (pin-type),
or fluted-roller-peg hybrid mechanisms [13, 14, 16, 17, 20, 24]. These mechanisms are intended to
meter fertilizers and ensure their uniform distribution along the row during potato planting.
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Conversely, numerous studies have focused on maintaining the planting pitch (in-row
spacing) of seed tubers [2, 4, 5, 6, 7, 8, 10, 15, 18, 19, 21, 22] and on determining the required
fertilizer rates and nutrient forms to maximize yield [1, 9, 11, 12]. However, the issues of
localized placement of granular fertilizers within the nutrient zone of the seed-tuber site, as well
as the specific mechanisms and the dosing and application process itself, have not yet been
sufficiently addressed. This gap is particularly evident for potato planters designed for
smallholder and farm-scale operations, where compact, synchronized, and precisely localized
fertilizer delivery systems are critically needed.

Therefore, the development or improvement of fertilizer metering mechanisms and the
fertilizer conveying process, which together ensure quasi-discrete at-planting fertilization of
potatoes — aimed at increasing the crop yield — is a relevant issue for agro-industrial production
and agricultural machinery engineering.

To analyze recommended application rates of granular mineral fertilizers for potato
cultivation and, on this basis, to design a fluted-roller dosing device and investigate its operation
with the capability to synchronize with the planting pitch and to discretely place fertilizer into
the target nutrient zone of the seed tuber.

3. PRESENTATION OF THE MAIN MATERIAL

Before designing any unit or mechanism, it is essential to correctly define the initial
design parameters and to clearly understand the nature of the working process [3]. In a two-row
potato planter, according to the technical specification, the design includes the capability for
fertilizer application during planting. Consequently, the first question that arises concerns the
performance of the dosing device, that is, the rate of fertilizer application it must ensure. The
answer to this lies in the crop cultivation technology, while from a technical point of view, it
depends on the structural and kinematic parameters of the device.

Let us consider the typical potato cultivation technologies used in household and small farm
plots, for which this potato planting machine has been developed. According to the literature [23],
the recommended fertilizer application rate per 100 m? for «poor» soils and in cases of insufficient
organic fertilization should have the following distribution ( Figs. 1 and 2).
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Figure 1. Fertilizer application rates for potato cultivation by type of fertilizer
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However, in practical applications, granulated complex mixed fertilizers are
most commonly used, such as nitroammophoska, ammonium phosphate (N:P), and
nitrophos (N:P) (Fig. 2).
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Figure 2. Application rates of complex mixed fertilizers

On the histograms (Figs. 1 and 2), the maximum fertilizer application rates are presented.
These values are used in the design process to ensure that the dosing mechanism provides sufficient
capacity for the highest required throughput. Next, the fertilizer rate specified per 100 m? of potato
bed must be converted to the rate corresponding to a single planting row, for which the row spacing
plays a crucial role: a wider spacing implies a higher rate per row, whereas a narrower spacing
requires a lower rate. A second important criterion is the need to apply fertilizer in a quasi-discrete
manner directly into the root feeding zone of the plant and to synchronize this process with the
potato planting step. This can be achieved by aligning the number of planting cups (cells) in the
potato planting mechanism with the number of cavities (grooves) in the fertilizer dosing device.

In the study [2], the operational principle of the potato planting mechanism of the
developed machine is described, where the number of planting cups equals 14. This allows us
to adopt the same or a multiple number of grooves in the fertilizer dosing rotor. Based on the
preliminary analysis of literature sources and practical planter designs, the fluted-roller (coil-
type) dosing mechanism is the most rational and structurally simple solution. Consequently, it
1s necessary to calculate the volume of a single groove, assuming a constant transmission ratio
between the potato planting unit and the fertilizer dosing rotor.

To determine this groove volume, the following dependence can be used

L ok o maxt
Vl — QS mmax” p max , (1)
Sppmin

where O, — fertilizer application rate for the specified area, kg/ha;
[, . —maximum row spacing, m;
[, max — Maximum planting pitch, m;
. . 2.
S, — designated planting area, m~;
p.... — bulk density of the granular mineral fertilizer, kg/m?;

i e transmission ratio of the drive mechanism.
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The required groove volume of the fluted roller is determined by the groove profile and its
axial length. In addition, the roller must incorporate 14 grooves (or a multiple thereof) to synchronize
with the planting unit. The overall dimensions of the roller are also a constraining factor.

Based on preliminary calculations, the following design assumptions are adopted: roller
diameter 130 mm, number of grooves 7, and effective (working) length 80 mm. Considering a single
groove pitch on the roller, the groove width ratio across the cylindrical surface is taken as 0.4 : 0.6.

The dosing device is kinematically linked to the planting mechanism; its rotational frequency
is twice that of the planter’s metering unit. Using the Mathcad 14 application, the rotational speed of
the fertilizer dosing roller can be expressed as a function of the planting pitch and the forward speed
of the machine, illustrating how the dosing frequency varies with operating parameters.

Coil rotation frequency, rpm

Figure 3. Variation of the fluted roller rotation frequency depending on the planting pitch
and the forward speed of the unit

To analyze the behavior of a fertilizer granule inside the groove of the fluted roller, the
maximum rotational speed of the roller under the specified operating conditions is considered.
The force interaction diagram for an individual fertilizer granule located within the groove is
presented in Fig. 4.

Figure 4. Diagram of forces acting on a fertilizer granule during groove filling
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From the equilibrium condition and by projecting all acting forces onto the line of action
of the centrifugal force (neglecting the groove’s inclination angle), we obtain

~F,~G,sing,+P, =0, @)

where F, — friction force, N;

G, — weight of the fertilizer granule, N;

@, —rotation angle of the fluted roller, rad;
P — centrifugal force, N,

expanding expression (2), we can write

~ Nf, ~m,gsing, +m,wr, =0, 3)

where N —normal reaction force, N =G, -cosg, .
From expression (3), we can determine the allowable angular velocity of the roller:

o, = \/g(cosgovft +sin (ov) ’ (4)

7

v

We perform an analysis of the obtained dependence (4) with respect to the rotation angle
of the fluted roller in order to determine its position that prevents granules from entering the
groove. The graphical dependence is presented in relation to the rotation frequency of the roller
within the range of groove positions from 30° to 120°, Fig. 5.
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Figure 5. Limiting values of the fluted roller rotation frequency

According to the analysis of the graphical dependence (Fig. 5), it is evident that the obtained
values of the permissible angular velocity of the fluted roller, determined within the range of
rotation angles corresponding to the groove-filling phase, significantly exceed (by 2.1 times) the
operating frequency values (7, . =39.3rpm) required to ensure the specified maximum

fertilizer application rate. This indicates that during the operation of the fluted-roller dosing
mechanism, its grooves will be properly filled with granules and will effectively transport them
to the discharge port leading into the fertilizer tube.
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Furthermore, this factor allows us to adopt the operating frequency of the fluted
roller determined from the fertilizer application rate calculation — as the basis for
determining the initial velocity of granule ejection into the fertilizer tube. To determine
the initial velocity of the granule as it enters the fertilizer tube, we also use the
equilibrium condition of a particle located in the roller groove at the discharge port, where
the fertilizer tube is attached. The computational model assumes that the granule is
pressed against the groove wall by a force equal to its own weight. This assumption
represents the most critical case of interaction between the fertilizer granules and
the groove surface (the case of physical jamming of granules is not considered,
as it is atypical). Therefore, during the rotation of the roller, the fertilizer granule
is subjected to the same forces as in the previous case: friction, gravity, and centrifugal
force.

The condition for the granule to fall out of the groove can be expressed as

P+G,>F,. (5)

Projecting the acting forces onto the vertical coordinate axis, we obtain the following
expression describing the equilibrium condition, where the angle

Fsing,+G, =F, (6)

where ¢, — is the angle defining the position of the granule at the moment it leaves the groove;

it is measured from the horizontal coordinate axis counterclockwise.

A simple analysis shows that the particle will fall out of the groove when it is in the
lower vertical position, even without the influence of centrifugal force, that is, under the
action of its own weight only. This indicates that no special conditions are required for
granules to fall into the fertilizer tube; therefore, the operating rotational frequencies of the
fluted roller will only enhance this effect. Consequently, for calculating the initial ejection
velocity of the granule from the roller groove of the dosing device, it is reasonable to use
the operating frequencies of the roller corresponding to the specified potato planting steps.
Accordingly, the calculation should be based on the value of the centrifugal force arising
under normal operating conditions of the roller rotation. The frictional force of the granule
against the groove wall is fully compensated by the gravitational force acting on the granule
itself.

Then, the initial velocity of the particle ejected from the groove of the fluted roller
is determined based on Newton’s second law. In this case, the following relationship is
obtained:

2
B, =mya, or mo1, =m,a,, (7)

where a, — acceleration of the granule in the radial direction, m/s?.
Hence, this acceleration can be expressed as

a = b ®)

Now it is necessary to determine the radial velocity of the particle from the obtained
acceleration. If the fertilizer granule starts its motion from a point with the radial coordinate 7,

and reaches the point 7, , which corresponds to the edge of the groove, then its radial velocity
can be found from the following relation
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8 -9 =2[a,dr. 9

o

However, in most cases, the initial radial velocity of the particle in the groove is very
small or v, ~0, then

(10)

Since the unit moves across the field at a constant translational speed, and the dosing
device is kinematically linked to the planting mechanism, the angular velocity of the fluted
roller is constant. Then we have

—r . (11)

The total velocity of the particle at the moment it leaves the groove is the geometric sum
of the circumferential 9 and radial velocities

lgno«u = V 19;3 + lgtz = a)k V 2rv2 _r02 : (12)

Next, it is important to determine the time required for the particle to travel along
the fertilizer tube. This parameter is necessary to achieve synchronized transport of both
fertilizers and potatoes to the bottom of the furrow. From a technological standpoint, we
will ensure that the fertilizers are discharged beneath the potato nest over a width
approximately in the ratio of 0.4:0.6 relative to the planting pitch and about 20 mm below
the bottom of the potato bed. This will constitute quasi-discrete application into the target
zone rather than continuous fertilizer application along the row.

To determine the time of the particle’s fall through the fertilizer tube, we compose the
following equation

d$§ C,A
—=gsin¢9—,utgc0s:9—p”—d
dt 2m,

9, (13)

where g — acceleration due to gravity, m/s?,
6 — angle of the fertilizer tube relative to the horizontal, rad;
u, — coefficient characterizing dry friction against the inner wall of the fertilizer tube;
C, — coefficient of air resistance acting on the moving granule;
p, — air density, kg/m?;

md’
A — area of the granule (m?) exposed to the airflow (midship cross-section), 4 = RE

here d — diameter of the idealized granule, assumed spherical, m;
d3
m, —mass of the granule, m, = p, .. % , kg.
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Omitting the intermediate derivations, we obtain the solution for the velocity of the
particle moving in the fertilizer tube

(1) = \/%tanh(\/%z+§o), (14)

. . p,C,A
where the following symbols are used: @ = g(sin & — 1, cos8); b= ;—,
m,

b
where & = artanh{&'0 \/: j .

a

The relationship with the distance traveled is expressed as
1
()= [in cosh(vab £ + £ )~ n cosh(&, ). (15)

Then, the time required for the fertilizer granule to pass through the fertilizer tube is
determined by the expression

1
ab

t= [ar cosh(ebL coshéo)—éo], (16)

where L — height of installation of the seed drill, m.
When modeling a real numerical experiment, the following initial data were used.
For the fertilizer dosing device: L=1 m; r =0.065m; o, =3.087 rad/s;

Puin =1200 kg/m?*; p, =12 kg/m’; u,=0.0015; C,=0.47; d=0.006 m; 6=80". Then,

according to dependence (16), the time required for the fertilizer granule to pass through the
fertilizer tube is 7 = 0.452 s.

For the potato planting mechanism, a similar theoretical approach is applied to
determine the time required for a potato tuber to pass through the seed tube. The calculation is
carried out using the following input data: L, =09 m; r, =0.226 m; o,, =1.547 rad/s;

Pains = 1150 kg/m*; p =12 kg/m’; p,=0.0015; C, =0.47; d, =0.06 m; 6, =80". Then,

according to dependence (16), the time required for the potato tuber to pass through the seed
tube is ¢, =0.424 s.

According to the results of the calculations, it is evident that the travel time of the
fertilizer granules and the potato tubers through their respective tubes differs. This means that,
at a constant forward speed of the machine, their deposition at the bottom of the furrow will
also occur at different times. Therefore, this factor must be taken into account to ensure
synchronous operation of the planting and dosing mechanisms.

Recall that the task was formulated so that the mineral fertilizers are distributed
beneath the potato nest approximately in the ratio 0.4:0.6 relative to the planting pitch. For
example, if the planting pitch is 0.291 m and considering the design of the dosing roller, the
fertilizer placement length should be 0.117 m. To synchronize the operation of the fluted-
roller dosing unit and the planting mechanism, fertilizers must begin to be placed 0.059 m
before the center of the nest. In addition, the delay in fertilizer transport relative to the
transport of the potato tuber must be considered. For a travel speed of 1 m/s, this distance
corresponds to 0.028 m.
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It is also necessary to account for the structural distance between the fertilizer delivery
tube and the seed tube, which equals 0.1 m. Taking into consideration the machine’s speed, the
rotation frequency of the dosing roller, and the mentioned distances, to achieve synchronization
between the dosing and planting mechanisms, the phase of fertilizer discharge by the roller
must be advanced by 33° relative to the phase of potato discharge by the planting device.

4. CONCLUSIONS

Based on the derived dependence (1), the design parameters of the dosing fluted roller
were determined: number of grooves — 7; effective groove area — 290-107 m?; working length
of the roller — 0.08 m.

A theoretical model was developed to establish the limiting angular velocities of the
roller that ensure proper groove filling with fertilizer. A comparative analysis was conducted
between these limiting values and the operating angular velocities corresponding to the required
fertilizer application rate. It was found that the maximum operating angular velocity is 2.1 times
lower than the minimum permissible value, which confirms the reliable filling of grooves with
fertilizer granules.

According to the developed model, the travel time of fertilizer particles in the fertilizer
tube and the travel time of seed potatoes in the seed tube were determined. Based on these
results, a synchronization rationale was proposed for the coordinated operation of the fluted-
roller dosing mechanism and the potato planting unit to achieve quasi-discrete fertilizer
application beneath the potato nest.

When the phase of fertilizer discharge by the roller is advanced by 33° relative to the phase
of tuber discharge by the planting device, both processes become synchronized. This ensures
symmetrical placement of fertilizers relative to the center of the potato nest, with a distribution
length equal to 0.4 of the planting pitch. This approach will increase the concentration of fertilizers
in the potato nest, improve the nutritional efficiency of cultivated plants, and lead to a 10% increase
in potato yields without increasing the amount of fertilizer applied to a given area.
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OBIPYHTYBAHHS TIAPAMETPIB J103YIOUOI'O ATIAPATA 1JIA
IMPUITOCAAKOBOI'O BHECEHHSA 'PAHYJIBOBAHUX TOBPUB

Amnpapiit ba6iii; bornan biamak; Boiaogumup Bansinek;
IBan bpowmak; Hazap MaueBuu

TepHoninbcokuul HaAYioHAIbHUL MEeXHIYHULU YHigepcumem imeHi leana [lynios,
Tepuonins, Ykpaina

Peztome. Haseoeno pesynrvmamu meopemudnux 00CAioNceHb npoyecy 003y8amHs 015 NPUNocaoko8o2o
BHECEHHsL 2PAHYIbOBAHUX MIHEPATbHUX 000pus nio kapmonisane 2Hizdo. Ha ocnosi ananizy nopm cnosicuganms
000pus npu GUPOWYSAHHI KAPMONLL PO3POOIEHO KOMYUIKOGULL O03VIOHUIL anapam, wjo 3a6e3neuye YMOGHO
ouckpemme HecenHsi 000pus y 301y dcugients pociuny. OmpumaHo aHATIMUYHY 3a1eHCHICMb 015l BUSHAYEHHS
00°eMy HCONOOKA KOMYUIKU 3ANIEHCHO 6I0 HOPMU GHECEHHs. 000PUS, WIUPUHU MIdNCPsiOb, KPOKY NOCAOKU mowjo. 3a
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Substantiation of the parameters of a dosing mechanism for granular fertilizer application during potato planting

pe3yibmamamit MOOe08aHHs OMpUMAHO Maxi napamempu komywxu. diamemp — 130 mm, KinbKicmo 2#con00Ki6 — 7,
epexmuena niowa xconobra —2,9-10" m> poboua Odosncuna — 0,08 m, nepedamoune uucio npueoda — 2.
Tlokaszano, wo epaHuyHi 3HaYeHHs KYMooi weuoKocmi KOmyuKu, OMpUMAani 3 yMoeu 3an08HeHHs H#OA00Ki8
epanynamu 00opus, nepesuwyroms poooui y 2,1 pasa, 368i0ku unIugae, wjo npoyec 3anosHeHHs 8i00y8acmvcs
Haoilino. Po3pobneno mamemamuuni mooleni pyxy wacmuHku 000puea y mMyKoOnpogooi ma Kapmonai y
HACIHENPOB0Oi, 36I0KU BUSHAYEHO HAC NPOXOONCEHHA HUMU GiOcmaHell Nnpu MpAHCNOPMYSAHHI iX yumu
MEeXHONI02TYHUMU MPYOONPO8odamu 00 8KIAOAHHS HA OHO 6OPO3HU. 3a pi3HUYer0 Yacy MPaHCROPMYBAHHSA SPAHYL
000pu8 ma Kapmonaus, a MaKo;c i3 ypaxy8anHsam NOJONACEHHS NOYAMKY 6UCUNAHHSL MYKI@ IOHOCHO 00 YeHmpPY
2HI30a KApMOnai, KOHCMPYKMUBHO20 DPO3MIWEHHsI MYKONPOBoOdy Md HACIHENpO8OOy 6CHAHOBIEHO, W0 Ol
CUHXPOHI3aYil 003YI04020 anapamy 000pue ma Kapmonienocaoko8020 anapamy HeoOxXioHo, wob ¢aza euKUOanHs

Oobpus sunepedacana (azy suxuoanna kapmonaun na 33°. Ha ocnosi yvbozo docsizacmvces eghexkm yMo6HO
OUCKDEMHO20 8HeceHHs 000pus nio KapmonisiHe eHi300 po3paxyHKkosor npomsaxicuicmio 0,4 6i0 Kpoky nocaoku
Ma CUMEmpUYHO POIMIUEHO20 GIOHOCHO YeHmpy eHizoa. Take KOHCmMpYyKmueHe po3poOIeHHs MamMuMe 3HAYHULL
MexHoNoIUHUIL ehekm npu UPOWYBAHHI KAPMONTI, OCKITbKU 00360asmume 3a0e3nedumu OnmumMaibHi YMosu
HCUBLEHHS KOJHCHO20 KYWd POCIUHU, d Ye CHpUusimume RiOGUUEHHIO YPOICAUHOCIE KYIbIMYPU.

Knrouosi cnosa: epanynvosani 006puea, HACIHHA, Kapmonjis, KPOK NOCAOKU, KAPMONIECAONCANKA,
Hacinenposio, azpezam, KiHeMamuyHi napamempu, WeUoOKicmy, npoyec, Mpancnopmyants, eKcnepumeHm.
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