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ABSTRACT

An alternative approach to the utilization of lake sapropel is its mixing with available organic sorbents, such
as chopped cereal straw. The application of such mixtures in strips into the soil ensures the formation of a
moisture-holding nutrient layer during crop cultivation. To form these strips, an experimental prototype of a
single-row machine was developed. Under laboratory conditions, the torque M required to drive the
machine and the mixture mass flow rate Q were investigated. The variable parameters included the
rotational speed of the metering beater shaft n, the blade inclination angle &, the width of the hopper outlet

opening a, and the opening position of the metering beater housing gate A. To obtain mathematical models
of the machine drive torque M(a,A,&,n) and the mixture mass flow rate Q(a,A,£,n) in the form of

regression equations, a statistical design of experiments method for a four-factor experiment based on the
Box—Behnken design was applied. Analysis of the obtained regression equations showed that, in order to
reduce the energy consumption of the machine drive, it is advisable to maintain the beater rotational speed

within the range of n=550-600 rpm, the blade inclination angle at ¢ = 45 -50°, and the maximum opening

of the metering beater housing gate A=0.06 m. A nomogram was developed for regulating the mixture
feeding rate of the machine by changing the width of the hopper gate opening a. It was also established
that, at the maximum mass flow rate of Q =3.5 kg/s, the torque required for the machine drive M ranged
from 6.9 to 7.2 N-m.

PE3IOME

AnbmepHamueHuUM criocoboM 8UKOPUCMaHHS 03epHO20 canpornesno € U020 3MillysaHHs i3 docmyrnHUMU
opaaHiYyHUMU copbeHmamu, Harnpukiad, CiYKOK CO/IOMU 371aKoBuX Kyrbmyp. BHeceHnHsi makux cymiwel
cMmyaamu y rpyHm 3abesnedye ¢hopMyeaHHsI 80/1020yMPUMYHOHO20 MOXUBHO20 Wapy rid Yyac eupoulyeaHHs
CinbCcbKo20CrnodapchbKuX Kyrnbmyp. s ¢hopmysaHHS makux cmye po3pobrieHO eKcrepuMeHmarnbsHUl 3pa3ok
00HOpsIOHOI MawuHuU. B ymosax nabopamopii docnidxysanu KpymHul momeHm M , HeobxidHuUl Ha npugio
MawuHU ma npodykmusHicme rnodadi cymiwi Q. 3miHHUMU napamempamu 6ynu yacmoma obepmaHHs
gana do3yro4oeo bimepa n, Kym Haxusy nornami &, wupuHa euxiOHo2o omeopy byHkepa a MaWwuHuU ma
r10/10XKEHHST 3acsliHKu 0o3ytoyoeo bimepa A. [Jns ompumaHHsi Mamemamu4qHux modesnel KpymHO20
mMomeHmy npugoly mawuHu M(a,A,E,n) ma npodykmueHocmi nodayi cymiwi Q(a,A,&,n) y euansadi
pigHsIHHSI peepecil byno eukopucmaHoO MameMamuyHul mMemoO rnaHyeaHHs Onsi YomupughakmopHO20
ekcriepumeHmy, sKul 6asyeascsi Ha nnaHi bokca-beHkiHa. AHanisyrodu ompumaHi pieHsIHHS pezpecil
ecmaHosusnu, ulo 0ns1 3MEeHWEHHST eHepeemuyHUX 3ampam Ha npusid MawuHU AouinbHO 3abesrnedysamu
yacmomy obepmanHsi 6imepa y Mexax n=550-600 o6/xe., Kym Haxuny nonami - ¢ =45-50° ma
MakcumarbHy 8efUYUHy eiOKpusaHHs1 3acriHku koprycy do3yrodoz2o 6imepa A=0.06 M. OmpumaHo

HoMozpamy Ornisi peayrnoeaHHs npodyKkmueHocmi nodayi Cymiwi MawUuHOK WIISIXOM 3MiHU WUPUHU
8iOKpusaHHS 3aciiHKu OyHkepa a. TakoxX ecmaHOo8reHo, wo ni®@ 4Yac OOCSieHEHHSI MakcumarbHOl

npodykmusHocmi y Q =3.5 ka/c 3HaYeHHs KPymHO20 MOMEHMm Ha npugid mMawuHu M 3Haxodumbcs y
mexax 6.9 8o 7.2 H-m.
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INTRODUCTION

A distinctive feature of lake sapropels is their complex influence on all factors determining soil fertility.
In particular, numerous studies have reported a positive effect of sapropel and sapropel-based fertilizers on
the soil water—air regime and thermal conditions. When sapropel is applied to the soil, an increase in total
and capillary water capacity, water-holding capacity, and moisture content of the upper soil horizon is
observed (Baksiene et al., 2015; Edesi et al., 2020; Shevchuk, 1996; Skrylnyk et al., 2021). It has also been
established that the extent of improvement in the water—physical properties of soil depends both on the
application rate of sapropel fertilizers and on their quality, particularly their chemical and mechanical
composition.

At the same time, the commonly known methods of using sapropel as a fertilizer involve its dewatering
from the natural moisture content of deposits, typically ranging from 92-98%, down to approximately 60%
(Booth et al., 2007; Bulgakov et al., 2017; Zarina et al., 2023). Dewatering sapropel to such a moisture level
is associated with significant energy consumption and financial costs, which in turn increases the cost of
fertilizers produced on its basis.

It is also well known that achieving high yields of agricultural crops is largely constrained by climate
change in general and, in particular, by the catastrophic depletion of soil moisture reserves. Recent studies
(Didukh et al., 2024) have demonstrated the possibility of forming a nutrient, moisture-holding layer from
sapropel and sapropel-based mixtures capable of accumulating water and, when necessary, releasing it to
the surrounding soil layers and plants.

Climate change, the energy crisis, and ongoing soil degradation processes are forcing farmers to
move away from conventional farming systems and to adopt energy- and resource-saving technologies,
such as Mini-till, No-till, Strip-till, and Verti-till (Jaskulska et al., 2020; Kargwal et al., 2022; Kosolap and
Krotinov, 2011). Among these systems, Strip-till technology has become increasingly widespread. This
approach replaces traditional row cultivation with strip cultivation, typically characterized by inter-row
spacings ranging from 30 to 75 cm.

These trends create favorable conditions for the local application of fertilizers based on sapropel of
natural moisture content for crops grown using wide-row planting systems. This solution is particularly
relevant for soils with a light mechanical composition that are located in close proximity to sapropel deposits.
Such fertilizers may consist of sapropel mixtures with readily available organic sorbents, for example,
chopped cereal straw (Didukh et al., 2024).

Existing designs and studies of equipment for the local strip application of organic fertilizers in
orchards and for row crops (Glancey and Adams, 1996; Lagué et al., 2006; Popa et al., 2025; manufacturer
data: Renmark) are generally based on conventional manure spreaders additionally equipped with
transverse belt or screw conveyors, or with horizontal spreading discs. These machines enable the
placement of organic fertilizer strips on the soil surface near tree trunks, berry bushes, vineyards, or within
the inter-rows of row crops. For the local strip application of liquid organic fertilizers into the soil, tank units
equipped with cultivators have been developed. Such systems perform soil tillage according to the Strip-till
concept and typically form from 4 to 12 fertilizer strips, with inter-row spacings varying from 45 to 75 cm
(manufacturer data: Vogelsang). For the subsurface strip application of solid organic fertilizers, machines
employing flexible screw-type distribution devices have also been developed and tested (Landry et al.,
2011). However, the aforementioned machines are not suitable for the application of sapropel-based
mixtures or for the formation of a moisture-holding nutrient layer due to specific design features that prevent
their working elements from handling materials with increased stickiness and viscosity. Taking into account
the advantages and limitations of the existing machine designs, a modernized organic fertilizer spreader was
developed to enable the formation of subsurface strips of high-moisture solid organic fertilizers for the
cultivation of wide-row crops (Didukh et al., 2024).

The primary quality parameter of machines designed for uniform surface application of organic
fertilizers is the uniformity of distribution. Consequently, numerous experimental and theoretical studies have
been devoted to determining the influence of spreading unit parameters on the uniformity of fertilizer
distribution over the field surface (Duhovnik et al., 2004, Cardei et al., 2019; Stefan (Popa) et al., 2015;
Stefan et al., 2021).

Well-known theoretical and experimental studies of organic fertilizer application machines have also
focused on evaluating the influence of hopper geometry and conveying system parameters on machine
energy consumption and on the characteristics of the outgoing fertilizer flow (Landry et al., 2005; Stefan et
al., 2017).
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For machines performing strip application of organic fertilizers, experimental investigations have
established specific energy consumption values and deviations in application rates for individual strips
(Lagué et al., 2006; Landry et al., 2011). In recent years, there has also been a widespread implementation
of advanced computer-aided design and simulation tools for the development and modeling of organic
fertilizer spreaders and their working elements (Sengottaian et al., 2019; Stefan et al., 2025).

The aim of this study is to investigate the influence of the main design and technological parameters of
the working elements of a modernized organic fertilizer spreader (Didukh et al., 2024) on the drive torque
and the mixture mass flow rate of the machine.

MATERIALS AND METHODS

To investigate the developed design of the modernized organic fertilizer spreader (Didukh et al.,
2024), an experimental prototype of a single-row machine for the local strip application (MLSA) of sapropel-
based mixtures was manufactured (Fig. 1a). The machine is based on a frame 7, on which the hitch
mechanism 2 and the fertilizer hopper 3 are mounted. An agitator 4 is installed inside the hopper (Fig. 1b),
while a metering beater 5 is located beneath the hopper within its own housing. The metering beater 5 (Fig.
1c) consists of a central shaft fitted with two flanges 6, each carrying three shafts 7. Blades 8 are pivotally
mounted on the shafts 7. Regulation of the fertilizer flow supplied from the hopper 3 to the metering beater 5
is performed using a gate 9, whereas the overall fertilizer application rate is controlled by a gate 70 of the
metering beater housing 78.

Fig. 1 - Experimental prototype of the MLSA machine for sapropel and sapropel-based mixtures
(a) general view; (b) internal part of the hopper; (c) metering beater

To form the furrow, the machine is equipped with a furrow opener 13, while furrow covering is
performed by disc closers 14. The furrow depth and the ridge height formed during furrow covering are
adjusted by the mechanisms controlling the working depth of the opener 75 and the position of the disc
closers 16, respectively. To ensure a horizontal operating position of the machine, a support wheel 17 is
provided, which simultaneously performs the function of soil compaction above the applied fertilizers.

Based on theoretical analysis and literature sources (Didukh et al., 2024; Lagué et al., 2006), it was
established that the drive torque and the mixture mass flow rate are significantly influenced by the following
design and technological parameters: the rotational speed of the metering beater shaft, the angle between
the working surface of the blade and the axis of rotation of the metering beater (hereinafter referred to as the
blade inclination angle), the width of the machine hopper outlet opening (determined by the position of the
hopper gate), and the opening angle of the metering beater housing gate (determined by the position of the
metering beater gate).

To investigate the influence of these factors on the torque required to drive the machine M and on the
mixture mass flow rate Q, laboratory tests were conducted. For this purpose, the experimental machine

prototype was additionally equipped with an asynchronous motor 2, an electronic rotational speed controller
1, and a torque sensor 7 with a monitoring unit 8 (Fig. 2). To obtain mathematical models describing the
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variation of the machine drive torque M and the mixture mass flow rate Q in the form of regression

equations, a design of experiments approach for a four-factor experiment based on a second-order,
symmetric, non-composite Box—Behnken design, originally proposed by Box and Behnken, (1960), was
applied. The factors investigated in the experiment are presented in Table 1. The ranges of variation in the
rotational speed of the metering beater shaft and the blade inclination angle were selected based on the
results reported by Didukh et al., (2024).

Fig. 2 - MLSA machine equipment used for laboratory investigations of sapropel and sapropel-based mixtures:
(a) general view; (b) installation of the Hall-effect sensor; (c) rotational speed monitor.

Table 1
Investigated factors and their variation ranges
Factors
Width of the Opening of the metering Blade Rotational speed of
hopper outlet beater housing gate, A (m) inclination the metering beater
Variation level opening, a angle, ¢ shaft, n
[m] [m] [deg.] [rpm]
X, X, X X,
Upper (+1) 0.14 0.08 50 850
Central (0) 0.10 0.06 45 700
Lower (-1) 0.06 0.04 40 550

The investigated factors were fixed at the specified levels as follows. To vary the rotational speed of
the metering beater shaft n, a frequency inverter Veichi AC01-T3-1R5G-B (1) was used to control the
rotational speed of the asynchronous drive motor (2) (Fig. 2).
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The achieved rotational speed of the metering beater shaft was monitored using a Hall-effect sensor
(3) and recorded based on the readings of the monitor (4). To vary the blade inclination angle ¢, three sets

of blades were manufactured from PLA plastic using 3D printing, with each set consisting of 21 blades (Fig.
3) and corresponding to the angle values listed in Table 1. The suitability of using plastic for blade
manufacturing was substantiated in Tsiz et al., (2026). The blade length from the mounting axis was 100
mm, while the width and thickness of the working part were 30 mm and 5 mm, respectively.

b)
Fig. 3 — Photograph of the blade manufacturing process with an inclination angle of £ =45’ by 3D printing (a)

and the manufactured blades with inclination angles of £ =40° and ¢ =50 (b).

The experiments were carried out using a mixture consisting of 87% sapropel with a moisture
content of W =92.2 %, and 11% chopped winter wheat straw with a moisture content of W =13.6 % and a
cutting length of 5-20 mm. The moisture content of the mixture was W =81.7 %. The stickiness
characteristics of this and other sapropel-based mixtures are presented in Tsiz et al., (2026).

After setting the factor values specified by the experimental design in the form of parameters of the
experimental setup, the hopper was filled with the above-described mixture, and the power supply of the
frequency inverter Veichi AC01-T3-1R5G-B (1) was switched on using the control panel (5). Subsequently,
the electric current frequency corresponding to the rotational speed of the beater shaft required by the
experimental plan was set on the inverter display, and the power supply of the electric motor (2) was
switched on. During the experiment, the mixture delivered by the metering beater was collected in a
container (6) (Fig. 2). Each experimental run involved operating the machine for 20 s, after which the drive
was switched off. During the experiment, between the 15th and 20th second of machine operation, the
torque value measured by the sensor (7) was recorded based on the readings of the monitor (8).

The mixture mass flow rate of the machine, expressed in kg/s, was determined by dividing the mass of
the mixture collected in the container (6) (Fig. 2) during one experimental run by the duration of the
experiment (20 s). All experiments aimed at determining the drive torque and the mixture mass flow rate at
the factor levels specified by the experimental design were performed in three replicates.

RESULTS

To process the experimental data obtained for the drive torque and the mixture mass flow rate, the
methodology described in Box and Behnken, (1960) and Tsiz and Homich, (2013) for a four-factor
experimental design was applied. The calculations were performed using Mathcad software. The
reproducibility of the experiment was confirmed using Cochran’s test. For the drive torque, the calculated

value of the Cochran criterion satisfied the condition G°* =0.110 < G‘a”(0.05;27;2) =0.318 and for the

mixture mass flow rate of the machine, the corresponding condition -
G** =0.213 < G**(0.05;27,;2)=0.318 was also fulfilled. The maximum standard deviation of the

experimental torque values was S =0.49 N-m, whereas the corresponding value for the mixture mass flow
rate was S =0.22 kg/s.

The significance of the regression coefficients was evaluated using confidence intervals determined
according to Student’s t-test. The tabulated value of this criterion at a 5% significance level and with the
corresponding number of degrees of freedom of the reproducibility variance f, =2 was t =4.3.

After excluding the terms with statistically insignificant coefficients, the regression equations took the
following form:
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— for the drive torque
y,=4.7+1.467-x,-0.233-x,-0.133-x, +1.017 - x, +
+0.275-x,-x, +0.188- x> —0.388 - x,* +0.187 - x,° 1)
— for the mixture mass flow rate
¥, =1.29+1.007 - x, +0.101- x, + 0.455 - x, +0.156 - X, - x, +0.436 - x,” +0.262 - x,” (2)
where: x,, x,, x;, X, - are the coded values corresponding to the following factors: the width of the hopper
outlet opening a, the opening of the metering beater housing gate 4, e blade inclination angle ¢, and the
rotational speed of the metering beater shaft n, respectively.
The adequacy of the regression equations was verified using Fisher’s test. The calculated value of this
criterion for the drive torque, with the variance of inadequacy S? =0.00502 and the variance of experimental

reproducibility Sf =0.01 was F*“* =5.02. The tabulated value of Fisher's criterion at the adopted 5%

significance level was:
Fe (0.05;f,;f)=19.43 (3)
where: f, =18 - is the number of degrees of freedom of the inadequacy variance;
f, =2 - is the number of degrees of freedom of the experimental reproducibility variance.
Since
Feale- = 5 02<F" (0.05;f,;f,)=19.43 (4)
the hypothesis of adequacy of the regression equation, for which the response function is the drive torque

required for machine operation, is confirmed.
The calculated value of Fisher’s criterion for the mixture mass flow rate, with the inadequacy variance

S2 =0.011 and the experimental reproducibility variance S; =3.612x107° was equal to F*** =3.011. The
tabulated value of Fisher’s criterion at the adopted 5% significance level was:
F(0.05;f,;f,) =19.44 (5)
where: f, =20 - is the number of degrees of freedom of the inadequacy variance;
f, =2 - is the number of degrees of freedom of the experimental reproducibility variance.

Since
Fee = 3.011<F" (0.05;f2;f1) =19.44 (6)

the hypothesis of adequacy of the regression equation, for which the response function is the mixture mass
flow rate, is confirmed.

After converting the factors to their natural values, the regression equations (7) for the drive torque
and (8) for the mixture mass flow rate of the machine were obtained. The reported precision of the
regression coefficients was required to ensure the adequacy of the developed regression equations. Based
on equation (7), response surfaces were constructed (Fig. 3a—c), whereas two-dimensional cross-sections of
the response surface were generated based on equation (8) (Fig. 3d).

M =3.14627778 —18.90833333-a+104.75- 4-0.0266 - £ —0.00943889 - n +

+0.04583333-a-n+117.5-a° —-970.0- 4* +8.31-10° - n?; (7)
Q =6.59694444 —47.525-a+5.05- 4+0.01586889 - n +
+0.026-a-n+272.5-a* +1.164-107° - n*, (8)

where: M - the drive torque required for machine operation [N-m];
Q - the mixture mass flow rate of the machine [kg/s].

The analysis of the regression equation for the drive torque required for machine operation (1) and the
corresponding response surfaces (Fig. 4a—c) indicates a significant influence of all the investigated factors
on this parameter. An increase in the drive torque is caused by an increase in the hopper outlet width a and
the rotational speed of the metering beater shaft n. For factor a, this effect is associated with an increase in
the mass of the mixture supplied by the metering beater per unit time, whereas for factor n, it is explained
by the increased aerodynamic resistance acting on the rotating rotor blades.
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In turn, an increase in the blade inclination angle ¢ leads to a reduction in the projected area of the

blade surface onto the plane perpendicular to the direction of rotation, which results in a decrease in
aerodynamic resistance. The reduction in the drive torque with increasing opening of the metering beater
housing gate A4 is evidently caused by a decrease in resistance during the discharge of the mixture from the
rotor blades through the outlet opening of the housing.

c d
Fig 4 — Response surfaces constructed using equation (7) (a—c)
and contour plots generated based on equation (8) (d).
a-¢(=40°;b-¢(=45°,¢c-¢=50°;1-a=006 m;2- a=0.10m;3- a=0.14 m; 4- A=0.04 m;5- A=0.06 m; 6- A=0.08 m

At the same time, the analysis of Equation (2) and the corresponding plots (Fig. 4d) indicates that the
blade inclination angle ¢ has no significant effect on the mixture mass flow rate. An increase in the mixture
mass flow rate is observed with increasing rotor rotational speed n and hopper outlet width a.

Based on a comparison of the plots for the drive torque M (Fig 4, a-c) and the mixture mass flow rate
Q (Fig 4, d) it was established that an increase in productivity Q is accompanied by an increase in the drive
torque required for machine operation M . In order to achieve the maximum productivity Q =3.5 kg/s the
maximum drive torque values M in the range of 6.9—7.2 N-m are required.

Visual observations of the MLSA operation demonstrated stable performance without adhesion of the
moist mixture to the working surfaces of the beater blades over the entire investigated range of factor
variation (Table 1).
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Therefore, in order to reduce energy consumption for machine operation, it is advisable to maintain
the beater rotational speed within the range of n=550-600 rpm, a blade inclination angle of ¢ =45-50°,

and the maximum opening of the metering beater housing gate 4=0.06 m.

Under these conditions, the required fertilizer application rate should be adjusted by selecting the
hopper outlet width a using the plot shown in Fig. 4d as a regulating nomogram.

To compare the experimentally obtained values of drive torque M and productivity Q with the results
obtained in studies of similar machines mentioned above, it is necessary to test the MLSA under field
conditions. Laboratory investigations confirmed the operability of the developed design and the correctness
of the adopted design solutions, which ensure self-cleaning of the blades when working with mixtures of
increased stickiness.

A further development of the conducted research is the design of a multi-row machine capable of
forming strips of a moisture-holding nutrient fertilizer layer during the cultivation of crops with different inter-
row spacings. The design of such a machine can be developed by modernizing existing organic fertilizer
spreaders using the proposals described in Didukh et al., (2024).

CONCLUSIONS

Based on previous studies and existing designs of machines for organic fertilizer application, an
experimental prototype of a single-row MLSA was developed. Equipping the MLSA with an electric drive, a
frequency controller, and a torque sensor enabled experimental investigations of its operation under
laboratory conditions.

The conducted MLSA studies, using a mathematical design of experiments approach, made it
possible to obtain regression-based mathematical models describing the dependence of the drive torque
M(a,4,£,n) and the mixture mass flow rate Q(a,4,n) on the investigated factors.

It was established that achieving the maximum productivity Q = 3.5 kg/s requires the maximum drive

torque M values in the range from 6.9 to 7.2 N-m. In order to reduce energy consumption during machine
operation, it is advisable to maintain the beater rotational speed within the range of n =550-600 rpm, the

blade inclination angle ¢ =45-50° and the maximum opening of the metering beater housing gate

A=0.06 m. Under these operating conditions, the required fertilizer application rate should be set by
selecting the hopper outlet width a, using the plot shown in Fig. 4d as a regulating nomogram.

Future research will focus on field testing of the MLSA and on the development of a multi-row machine
capable of forming strips of a moisture-retaining nutrient fertilizer layer for crops grown with different row
spacings.
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