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Abstract: Intensive and extensive crop cultivation technologies are leading to the depletion of
agricultural land fertility, causing a gradual decline in grain productivity. Soil fertility can be
increased using mineral fertilizer, however it is necessary to consider the diversity in terms of space
and depth as well as environmental aspects. Therefore, this study aimed to develop new design
solutions by manufacturing machines for the intra-soil tiered application of fertilizer. The necessity
in the development of such agricultural machinery was justified as the main mass of the wheat root
system usually forms gradually at different depths (6 to 24 cm depth) and by the insufficient
migration ability of phosphorus available for plant nutrition. Consequently, a distributor for the
deep-loosener fertilizer unit had been designed, and important parameters were theoretically
justified. During the analysis, the distributor flap installation angle = 25-27°, the pipe installation
angle a1 = 47°, and pellet drop height /; = 53 cm. The proposed chisel-type working body with the
distributor provided placement of differentiated doses of one/two types of fertilizer simultaneously
at 3 different depths, at 8-10 cm (34 pipe), 16-18 cm (2nd), and 23-25 cm (1st). In this process, 1st as
well as 2nd pipes were in pairs, and 3 pipe was separately regulated irrespective of the total
cultivation depth, which allowed its application for any soil-climatic zones with different humus
horizons. Field experiments have shown that the fertilizer distribution unevenness through the pipes
1 as well as 2 varies between 9 and 13%.
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1. Introduction

Climate is affecting plant growth rate, and any change in climatic parameters brings new
opportunities or poses risks to agricultural land use (Ryan and Bristow, 2023; Abella et al., 2021).
Soil degradation has become an increasing problem worldwide in recent decades. As a result,
improving and maintaining the quality of degraded soil essentially depends on increasing the
physical, chemical, as well as biological properties of the land (Rust et al., 2022; Liu et al., 2018;
Ahmad et al., 2013). An estimation was conducted that nearly 2 billion hectares (ha) of soil resources
in the world have been degraded, namely approximately 22% of the total cropland, pasture, forest,
and woodland (Jie et al., 2002). Soil erosion is a crucial environmental problem, and assessment of
its potential rate is useful in designing soil conservation strategies (Gunawan et al., 2013).

Most grain-growing territories in central and northern Kazakhstan covering 25.3 million ha are
located in high risk farming regions, characterized by significant moisture deficit. The widespread
ploughing of virgin and fallow lands has led to soil erosion and worsening water shortage. As a
result, humus content declined by 40% from its original level, with hydrolysable nitrogen losses
reaching 45-48%, and up to 57% under irrigation. Currently, agricultural land in Kazakhstan lose
an estimated 0.5-1.4 tonnes/ha of humus annually (Mazhitova et al., 2023; Tanbayev et al., 2023;
Saparov, 2013).

The main factors affecting soil fertility are violation of the agrotechnical requirements,
scientifically based crop rotations, and the exclusion of fertilizer application in some cases (Sugirbay
etal., 2023). There are certain disadvantages associated with the application of mineral and organic
fertilizer in modern intensive technologies, including zero as well as minimum tillage (Fagodiya et
al., 2024; Wardak et al., 2024; Nukeshev et al., 2023a; Mujiyo et al., 2022). In the technologies,
fertilizer is spread on the soil surface without proper placement to the required depth, which does
not contribute to the improvement and maintenance of soil fertility. This leads to greater as well as
unstable consumption of fertilizer, reduces production efficiency, and harms both agricultural areas
as well as the ecosystem.

The most effective method is the intra-soil application of fertilizer and ameliorants, where
fertilizer is placed into the roots developing and moisture-rich layer of soil. This method decreases
the fertilizer consumption, reduces the removal from sewage, and is easy to dose. Intra-soil
application is also an environmentally friendly method of fertilization (Lishchuk et al., 2023;
Saprykina, 2023; Tanbayev et al., 2022).

Soil nitrogen can be presented alone or as mineral and organic compounds. The use of organic
fertilizer is limited by the treatment area sizes and insufficiency of the physical volume (Tang et al.,
2024; Bai et al., 2023). Therefore, the main method of increasing the soil fertility of agricultural land
is replenishment of soil nutrient reserves through the application of mineral fertilizer. Soils of grain-
growing regions have a reserve in providing optimal nitrogen regime for plant nutrition due to the
higher humus content in comparison with low humus soils and fallow fields. Consequently, the
nitrogen regime of soils can be regulated by known technological methods (Zavalin et al., 2024;
Zilio et al., 2023).

Phosphorus is an element limiting crop yields in its deficit (Wu et al., 2024; Wei et al., 2024; Qin
et al., 2023). The replenishment of this element reserves and increasing the productivity of grain
crops is possible only through the use of phosphorus mineral fertilizer (Li et al., 2023; Johnston et
al., 2015). As a result, studies have established that the diversity of soil fertility indicators is
observed in terms of area and diverse depth occurrence (Azevedo et al., 2018; Nukeshev et al., 2016).
Proven low mobility of phosphorus compounds in the soil allowed the analysis to conclude that
during the vegetative period, the spatial migration of the element does not exceed 1.0 cm. Despite
75 years of regular phosphorus fertilizer application at a certain site, there was no increase in its
concentration in the deeper, illuvial soil layers (Sheujen et al., 2016). The outcome shows that
phosphorus fertilizer remains at the depth at which it has been applied for a long time and may be
inaccessible to plant root systems in case of non-compliance with the appropriate application depth
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(Meyer et al., 2022). For the same reason, surface spreading of phosphate fertilizer is completely
ineffective. Therefore, searching for technologies that ensure an effective and low-cost application
of mineral fertilizer is necessary.

According to mechanical design features and root system peculiarities, the process can be
supported by subsoiling or depth tillage treatments (Hobson et al., 2022; Houshyar and Esmailpour,
2018). Subsoiling is the most widely used and the quickest way to disturb hardpans as well as
remove soil compaction (Khole et al., 2016). This process can improve soil structure, properties,
promote the growth of plant roots, as well as the ability of crops to absorb nutrients and water from
the soil (Akbarnia et al., 2018). Although there are several studies about the effectiveness of different
types of soil tillers (chisel or subsoilers), the investigations are mostly not designed for fertilizer
application (Song et al., 2022; Wang et al., 2022; Salar et al., 2021; Shmulevich et al., 2007). Existing
implements are often used to apply fertiliser at the same level.

Based on the discussion, this study aims to substantiate the distributor parameters of the deep-
loosener-fertilizer unit for deep tillage and tiered differentiated application of mineral fertilizer for
grain crops. The design and technological scheme concerning the investigated distributor provides
regulation of tiered depths in fertilizer application irrespective of the total depth of cultivation. The
scheme also allows applying two types of fertilizer for any soil type and climatic zone with different
humus horizons.

2. Materials and methods

2.1. Machine and implement design

Considering the absence of spatial migration of phosphorus available for plant nutrition and
peculiarities of root system development of steppe varieties of wheat, there was a hypothesis that
phosphorus fertilizer has to be applied intra-soil and at different depths (two or three layers). In
this technology (Figure 1a), the first layer should be located at a depth of 8-10 cm, the second at 16—
18 cm, and the third at 23-25 cm (Nukeshev, 2022; 2021). When the primary root system germinates
due to the nutrient reserves of the seed, further development of roots is provided by first layer
mineral fertilizers, thereby stimulating the formation of nodal roots and the friendly emergence of
seedlings. Germinal roots, having received nutrition from the fertilizer on the first layer, sprout
deep into the soil layer. During the process, fertilizer applied at a depth of 16-22 cm provided the
formed root system with nutritional elements, allowing it to use the moisture reserves located in
the lower soil horizons.

The deep loosener-fertilizer developed for the technology consisted of a frame, hitch, supporting,
drive, and transport wheels (not shown in the figure as commonly known devices), two hoppers
with sowing units, and 12 working bodies (Figure S1). The hopper was divided into two unequal
rooms, one for nitrogen (or potash) and the other for phosphate fertilizer. Following the process,
each room was equipped with a seeding unit with a fluted-roller spool, which was connected to the
distributors (working bodies) by elastic pipes (Figure 1b).

The seeding units were driven from the drive wheels by chain gears and an infinitely variable
gearbox (Amazone). This allowed the speed of the fertilizer seeding unit shafts to be varied, and
the fertilizer was dosed from 0 to 400 kg per hectare depending on the position of the linear actuator.
During the process, the linear actuator was connected to the fertilizer dose differential control and
management system. The process allowed the fertilizer doses to be automatically changed
according to the electronic prescription map in the adopted positioning system of the precision
farming system.

After the process mentioned earlier, the metered fertilizer flowed to the crank unit, where the
flow direction was turned by a certain angle before entering the distributor unit (a, b) as shown in
Figure 2. The distributor unit was mounted flush on the rear edge of the inclined part of the working
body, as shown in Figure 1. Additionally, the distributor unit in Figure 2 consisted of three metal
pipes (1, 2, 3) with rectangular cross-sections attached one after another.
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Figure 1 Technological scheme of tiered application of mineral fertilizer into the soil (a), 3D model
of the working body with the distributor and hopper (b)

The first pipe (1) was designed to place phosphate fertilizer to a depth of 23-25 cm. Pipe (2) was
also for phosphate fertilizer and placed at a shallower depth of 16-18 cm. Additionally, the third
pipe (3) placed nitrogen (or potassium) fertilizer at a shallow depth of 6-8 cm.

The flow behavior of the fertilizer particles inside the distributor was theoretically studied using
methods of classical and applied mechanics, as well as special sections of higher mathematics.
During the analysis, the number of sown fertilizer granules between the pipes 1 and 2 was
determined by experimental studies.
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Figure 2 The distributor of the deep loosener-fertilizer 1, 2 — pipes for phosphate, 3 — pipe for
nitrogen (or potassium), 4 — receiving pipe, 5 — fertilizer tube, 6 — flap, 7 — flap axis, 8 — indicating
arrow, and 9 — dial
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The sections were fixed rigidly to each other and could be adjusted relative to the stand using
holes on it. The third pipe placed nitrogen, phosphate, or potassium fertilizer at a shallow depth of
6-8 cm and was connected to the sowing unit from the small compartment of the hopper by a
separate pipeline.

The phosphate fertilizer flowed as a single stream up to metal pipes 1 and 2. The main task was
to divide the current single flow into two preset doses, which were placed at different depths
through the metal pipes 1 and 2. To divide the fertilizer flow at the upper border of the tubes, a flap
was mounted on the axle, which was set at different angles f from the vertical axis of symmetry,
ranging from 0° to /2 to the left or right (Figure 2).

2.2. Experimental setup

For implementation of the proposed technology, an experimental installation was constructed,
consisting of a mock-up sample of a hopper (1), a conveyor belt (2), and a working body (3) with
the distributor (4) (Figure 4). Moreover, the outer known as the observable side of the pipes (5, 6),
was made of organic glass for visual observation of the process of fertilizer flow division through
pipes 1 (6) and 2 (5), as well as setting conditions of the flap (7).

Hopper (1) was filled with fertilizer, and the sowing fluted-roller spool driver was activated for
the experiment. After the sowing mode was reached, special containers (9) were placed under pipes
1 as well as 2 and dosing continued for one minute. During the process, the dosed portions were
weighed on a MW-II scale (8) with an accuracy of 0.01 g (Figure 3a), as repetition of each experiment
was three times. Following this discussion, processing of the results consisted of determining the
sowing amount through each pipe and establishing the dependence of the spreading quantity on
distributor flap installation angle.

Figure 3 The experimental setup with the mockup sample of the working body and distributor, 1 -
hopper, 2 — conveyor belt, 3 - working body, 4 — distributor (inside of yellow), 5 — pipe 2, 6 — pipe
1,7 - flap, 8 — scale MW-II, 9 — container
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Field experiments in this study were conducted in Tselinograd district of Akmola region,
Kazakhstan. The soil type in the experimental area was dark chestnut, and the granulometric
composition of the soil was medium loamy. In addition, the relief was flat without a slope, no
stones, and had plant remains. Microrelief was associated with a homogeneous soil type, and the
ridge was 4.2 cm. In the experimental plots, the soil layer (up to 35 cm) was moderately moist, and
in the average horizon (5...15 cm), its humidity did not exceed 28.15%. The hardness of the soil was
1.1 MPa, and it was more compacted to 2.1 MPa in the stubble background. During the analysis,
field tests of deep loosener-fertilizer were conducted in 2024 by aggregating with tractor Buhler
versatile 2375 on autumn tillage (Figure S1) with simultaneous in-soil tiered application of mineral
fertilizer following GOST 28714-2007 (standard). At the same time, the flap setting angle was
adjusted for uniform distribution on pipes 1 and 2 in field conditions. To determine the unevenness
of distribution between these pipes, the outermost working body was freed from fixing and set,
allowing it to be above the soil during operation. Moreover, special bags for collecting the applied
fertilizer were connected to the distributor outlets.

3. Results and Discussion
3.1. Theoretical studies

3.1.1. Determination of the fertilizer mass flowing through the cross-section of the fertilizer-pipe
The fertilizer flow on the way to the distribution unit met the cylindrical crank unit, where the
bending axis of the pipe formed an angle-a (Figure 4). In this case, the lower part of the pipe was
positioned vertically, while the upper part was angled at « relative to the vertical section. The
behavior of bulk material passing through such a bending part was often of practical interest. Initial
theoretical studies were based on the following hypothesis, namely, a quasi-homogeneous
multiphase medium consisting of several components at a certain concentration and mutual
penetration was obtained as a continuous medium.

/1,9,

Figure 4 Flow of mineral fertilizer granules through cranked fertilizer pipe

a and b were pipe section boundaries, a - inclination angle of the cylindrical steam pipe, P — the
main vector of surface forces, Q — the main vector of volumetric forces. M,,9,, and M,,9, —
instantaneous quantities of particles motion in the corresponding bend.

The considered part of the bending pipe was between lines a as well as b, and the material in this
part was in an equilibrium state as shown in Figure 4. This was favored by surface and volume
forces, as well as the instantaneous quantity of motion of the material flowing through the
considered part. Surface forces included the pipe wall reaction forces on the flow materials, and
volumetric forces comprised the forces acting on all material particles, known as gravity.

According to Euler's theorem related to continuum mechanics, the principal vectors summation
of surface and volume forces, as well as the instantaneous quantity of motion concerning the
material vectors flowing through the material pipeline adjacent sections, is equal to zero. In Figure
4, the principal vector of surface forces Pwas directed to the right, along the x-axis, and the principal
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vector of volume forces Qwas directed along the y-axis. The instantaneous quantities of motion My,
Y,and M, -9, were directed inward, through the corresponding sections a and b. In this case,
Euler's theorem used during the process was written as follows.

ZX = Wox + Whx — Mgy = 0;
Yy = VVoy + MmﬁbyWny — Mmﬁay = 0. (1)

In the Eq. (1), M;,, — instantaneous mass of material passing through the fertilizer pipe cross-
section. Wy, = QW= 0; Wax= P, Wpy= 0. In this case, Eq. (1) took the form:
Whx = MypUgyx = P;
_Wny + Mmﬁby - Mmﬁby =Q (2)

At a small distance between lines a and b, the velocities of particles in lines were assumed
scalarly equal (9p, = ¥4, = 9). Following the process from Eq. (2), this study obtained:
Wax = M V0gy = P
Wy = Q. (3)

In Eq. (3), the instantaneous mass of the material M was equal to:

1
My = 2yS9, @

where:  g—acceleration of free fall,
y — specific weight of fertilizer,
S—cross-sectional area of the conduit,
¥ — velocity of particles in the pipe,
W, — volumetric forces,
W, — surface forces.
Considering Eq. (4), the first equality in Eq. (3) was rewritten as:
1

Wy = 5y5192 cos(90° — a). (5)

InEq.5) % = p — the volumetric weight (density) of the flow material. Therefore, the last formula
q-©)y g y

was rewritten as:
Wy, = pSN? cos(90° — a). (6)

Figure 5 showed that the main vector of forces of the granules added pressure on the fertilizer
pipe wall was equal to the horizontal component concerning the surface forces and was directed
opposite to it.

Considering the adopted assumptions and the second equality in Eq. (3), the second equality in
Eq. (2) was written in this form.

MV — MV, = 2Q. 7)

In Eq. (7) ¥4y = 9 - cosa, and 9,,, = ¥, taking the following form:

M,,9(cosa — 1) = 2Q. (8)

Eq. (8) showed that it was possible to determine the weight of the fertilizer passing through the
corresponding bend of the fertilizer pipe:

Q= %Mmﬁ(cos o« —1). )
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In Eq. (9), it was more convenient to rewrite the instantaneous mass considering the volumetric
weight:
M, = pS9, (10)

Then Eq. (9) took the following form:
Q =5 pS92(cosar — 1). (11)

During the process, the numerical values of the terms of equation Eq. (11) were obtained:
p=10 Ci—3 — volumetric weight of the fertilizer.

2
S= % = 7.06cm? — area of the fertilizer pipe cross-section.
d = 3.0 cm — diameter of the fertilizer pipe cross-section.
¥ =15 % — the speed of the fertilizer flow through the fertilizer pipe.

a = 30° — the angle between the inclined and vertical parts of the fertilizer pipeline.
By substituting the numerical values in Eq. (11), the flowing mass through the fertilizer pipe
cross-section was obtained:

1 2 cm
Q= 51.0 - 7.06-15°-0.14 = 222.39gs—2

The weight of the material used in the analysis was equal to 22.67 g. The calculation showed that
a flow of material through the pipe between lines a and b (Figure 4) was stable, and it must be
delivered into the fertilizer pipe at least 22.67 grams per second. At the same time, the following
effort was applied to the crank part of the pipe wall: P = W,,, = 1- 7006 - 225 - 0.5 = 794.25 g.

3.1.2. Fertilizer flow rate in pipes 1 and 2

The phosphate fertilizer flowed as a single stream up to the distributor and then was divided
into two specified doses, which were placed at different depths, passing through the pipes 1 and 2.
To obtain the required dosing rate, the following design was proposed. At the end, the pipe 5 for
phosphate fertilizer supply was connected to the rectangular receiving pipe 4, into which
distribution pipes 1 and 2 were mounted. As earlier mentioned, a flap 6 is mounted on the axis 7
inside of the receiving pipe 4, which was set at different angles f§ from the vertical axis of symmetry,
ranging from 0° to n/2 and to the left or right (Figure 2, view B, pipes 1, 2). The flap axis on the
outside of the tubes was rigidly connected with arrow 8, showing the angle value on dial 9 as the
required angle of the flap was set. When f = 0°, the fertilizer flow rate of both pipes 1 and 2 was the
same. Moreover, when f = /2 to the left, the flow through the pipe 2 stopped. When f = /2 to the
right, the flow of fertilizer into pipe 1 stopped.

Determining the dependence of the fertilizer flow through the pipes 1 and 2 on the flap
installation angle  was important. The weight of fertilizer passing through the intake receiving
pipe 6 was equal to:

Q=eh-2b-y. (12)

where, e—intake pipe length, cm,
2b — intake pipe width, cm,
h - intake pipe depth, cm,
y — volumetric weight of fertilizer in the receiving pipe, cm.

The current volume weight of the fertilizer in the intake receiving pipe was variable. However,
the process was considered quasi-homogeneous in a limited volume for calculation purposes. In
the influence of the flap 6, the single flow of current material was divided into two unequal flows,
which were directed to the pipes 1 and 2. In this case, Eq. (12) had the following form:

Q=0Q;+Qy (13)
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where, Qi —weight of fertilizer flowing into pipe 1,
Q. — weight of fertilizer flowing into pipe 2.
However:
Q=Viy;
Q=Vy (14)
where, V1 and V2 - volumes of the intake chamber of the 1st as well as 2nd pipes.
The following process showed that at < =0, V1 = 5, where Q; = Q,.
Here:
Vi =V, = beh;
Q1 = Q2 = behy. (15)
The case 0 < f < /2 was considered when the flap was turned to the left. Figure 3, view B, showed
that the volume of the right pipe 1 increased by 4V, and the left pipe 2 decreased via the same
amount, leading to the following.

1

Vi = beh+ AV = beh + EehAb;
1

V, = beh — AV = beh — EehAb;

1
Vi = 5 eh(2b + Ab);

V, =5eh(2b + Ab). (16)

The outcome showed that 2ehb = Vin Eq. (12) was the total volume of the receiving chamber.
When the above calculations were correct, then V; + V2in Eq. (16) equaled V. The equation was
checked using the following formula, as the statements were confirmed.

1 1
5 eh(2b + Ab) +  eh(2b — Ab) = 2ehV.

In Eq. (16), two variables depended on angle g, including A and Ab:
h = rcosp;
Ab = rsinp. (17)
Where r- flap width (radius).
Considering Eq. (17), Eq. (16) was rewritten during the process as follows:

1
V= Eercosﬂ - (2b + rsinp);
Vv, = %ercosﬂ - (2b — rsinf). (18)

V; =V, = AV showed the measure of increase or decrease of fertilizer flow through the 1st as
well as 2nd pipes:

1 1
V=V, =AV = Eercosﬂ *(2b + rsinf) — Eercosﬁ - (2b — rsinf);

1
AV = Eercosﬂerinﬁ;

AV = %erzsinﬁcosﬁ. (19)
In the case of f = 0, the single flow Qwas divided into two equal flows:
B=01=0: (20)

When the flap was turned to the left or right, Q; and Q changed in a larger or smaller direction.
Moreover, this change was proportional to the difference in volume AV, since:

AQ = AVy = %erzy - sin2p. (21)
From Eq. (20), there was a clear observation that:
Q =20Q;, = 2Q;

Q =0, + 0. (22)
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Considering Eq. (21):
Q = (01 +40Q) + (Q2 — AQ);
Q =(Q1—A4Q) + (02 +AQ). (23)
when AQ = 0;
Q=0 +Q, =22 (24)
In this case:

Q: = %ery[cosﬁ *(2b + rsinB) — r - sin2B]
(25)
Q; = %ery[cosﬁ *(2b + rsinf) + r - sin2f]

In Eq. (23) Q; and Q, were set values, which depended on the additional flow AQ, and also
directly relied on the flap setting angle f. To establish these dependences, the formula had the
numerical values of design and technological parameters as already set factors:

e =30 mm - pipe length,

r = b = 30 mm — pipe width, flap radius,

y=10 CT‘% — volume weight of granulated mineral fertilizer.

Figure 5 showed the numerical values and graphical representation concerning the dependence
of the surplus flow of mineral fertilizer, with minus for the branch pipe, where the flap was turned
in. The dependence also had the branch pipe where the flap was turned away on the angle of its
installation, counted from the vertical axis. Dependences were calculated for different pipe length
e =25; 3.0; 3.5; 4.0 (Figure 2, view A—A), according to Eq. (21). Figure 5 showed that with the
increase of the flap angle f the value of flow in branch pipe 2 (where the flap was turned) decreased,
as the addition flow with minus increased. At the same time, the flow in pipe 1 increased by the
same amount. This process continued until complete cessation of the flow in branch pipe 2, when
f = n/2 —branch pipe was completely closed. However, the curve 4Q = f () rose to § = 45° then
monotonically descended to the abscissa, to zero. This phenomenon was explained that the outflow
Qalso depended on /- the depth of the intake pipe, Eq. (12), relying on the installation angle S, Eq.
(17). Using the graphs in Figure 5, it was possible to mark dial 9 (Figure 2, view B), for the
distribution of mineral fertilizer through the pipes 1 and 2 (such as %, 12, etc.), depending on the
required application rate.
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210 / 25 \
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0 s%/ + \-3
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Flap setting angle (/)
Figure 5 Dependence of fertilizer surplus flow rate on the flap setting angle

In the earlier discussion, the capacity of individual pipes was not considered. When necessary,
the obtained dependences were multiplied by the velocity of material flow through the pipes, and
the per-second output was obtained. In this part of the study, the material was divided into two
flows in relation. For example:
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Q1 = 0,50; Q1 =0,750Q;
Q2 =050; Q2 = 0,250;
Ql + QZ = Q; 0'7501 + 0'2502 = Q:

where Q was the total sowing (output) of pipes 1 and 2.

Although these ratios were estimated in the form of surplus or surplus flow from the nominally
set working body value on each of the two pipes, as Figure 6 showed the flow. For comparison with
the experimental result, the value of the nominal flow was added to the surplus flow.

3.2. The flow rate dependence of mineral fertilizer granules through the pipe on pipe installation
height and angle
The phosphate mineral fertilizer that was divided into two streams flowed by gravity down the
inclined pipes and then spread to the subsoil bed. The particle velocities through the pipes were
determined to ensure that the fertilizer was delivered following the specified application rate.
During the process, the behavior of a mineral fertilizer granule (M) resting inside the pipe was
considered. The granule rested under the action of the following forces, as shown in Figure 6.

Figure 6 Granule movement in the pipe

P — weight of the granule M,
N-normal pressure of the pipe inner surface on the granule,
F— friction force between the granule and the pipe surface,
S-force equivalent to the normal pressure,
L — granule moving force,
The granule was in an equilibrium state when:
L=F,L=Psinay; F = fN; (26)

where, N = § = Pcosa, and P = mg.
Substituting the values of the quantities included in Eq. (26) as the process obtained:
mgsina; = fmqcosa,,
where f — friction coefficient between granule and pipe surface,
g — acceleration of free fall.
From the last expression, the process led to the following;:
tga; = tge;
a = ¢ (27)
where ¢ - friction angle between the granule and the material. Inequality Eq. (27) showed that a
stable flow of fertilizer granules through the inclined pipe, the pipe inclination angle to the soil
surface was greater than the fertilizer friction angle against the metal.
From classical mechanics, it was known that the force moving the granule was equal to:
L = ma. (28)
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where a is the acceleration of the granule motion expressed through the initial and final velocities
of the granule was expressed as follows:

a=2% (29)
where 9y — initial velocity of the granule,
Ui — final velocity of the granule,
At—travel time of the granule through the fertilizer pipe.

Here:

At =, (30)
where, /- fertilizer pipe length,

Y4, — average velocity of granules along the fertilizer pipe, and it was equal to:

_ 19k+190

Ogp = (31)
2
In a steady-state process, the initial velocity of the granules was equated to the linear velocity of
the sowing spool surface which was expressed as follows:

9o = wry = :—Zrl, (32)
where, n — metering unit (spool) rotation speed,
w — spool angular velocity,
r; —spool radius.

From Eq. (31) and (30), the following equation was obtained:

21

At = 5= (33)
In Eq. (33) and (29), the following equation was achieved:
a =220 (9 +0,);
a= 5‘2’;“ - (92 - 92). (34)

From Eq. (28), 26), and (34), the following equation was obtained:

. m-ssina
mgsinay = —— (9% —93);
1

92 = 93 + 2qhy;

O = /9§ + 2qhy, (35)
where, h; - granule drop height.

During the process, formulas Eq. (32) and (34) allowed determining the average velocity of the
granule according to Eq. (31) that it possible to establish the mineral fertilizer dosing rate. To assess
the adequacy of the obtained results, the set problem was important by considering the work of the
friction force.

In Eq. (26), the value of Nwas expressed as follows:

N = mqcosa; = mq4/1 — sin®a,. (36)

However,

sina, =
At that:
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N ="212—h3, (37)

In this case, the friction force was equal to:

F = fmq2—hZ. (38)

The friction force work along the path of the movement of the granule down the fertilizer pipe
was determined according to the formula, R = Fl.
Considering Eq. (38), the equation was:

R = fmq/1% — h2. (39)

Laws of mechanics showed that at the end path of the granule down the sloping pipe, the work
of the friction force, as well as kinetic energy, added up and equated to potential energy:

371 = 3k + R, (40)
where,
5 mo?
k=T

When the values of the quantities included in Eq. (40) were substituted, the equation was as

follows:
md?
mqh, = 5 + fmq |12 — h2.

Reducing all components by m and transforming, the following equation was obtained:

ﬁ:Jth1(1— L), (41)

tqa,

Eq. (41) allowed determining the velocity of the granule at the path end /along the fertilizer pipe.

In addition, the 9., was determined, which allowed setting the fertilizer application dosage. For
numerical representation of the obtained dependences, the values included in Eq. (35) and (41) were
obtained:

g =981.0 cm/s? — acceleration of free fall,

h; =50 cm - granule transport height,

£= 0.6 — coefficient of friction between granules and metal,

n = 30 rpm — number of revolutions of the metering unit per minute,

r7=2.0 cm — radius of the metering spool,

a, = 60° — fertilizer pipe installation angle.

According to Eq. (35) and (41), this study obtained the following;:

) 2
1. 0 =[98 +2qhy = |(*5-) +2-981-50 = 313 m/s.

_ __f\_ ) co— 26
2. 19—\[2qh1(1 tgal)_\[z 98150 — = = 2.52 m/s.

The result according to Eq. (35) exceeded the outcome according to Eq. (41) by 24%. This was
explained that in the first variant, the friction on the fertilizer pipe was not considered, and the
assumption was acceptable in simplified calculations. As a result, the second variant was more
acceptable for practical application. The final choice was made after comparing the outcomes with
the results of the experimental study.

When Eq. (41) was analyzed, the velocity of the granule in the pipe was influenced by three
variable factors, namely the height of the pipe A;, the friction coefficient between granule and metal
1, as well as the angle of installation a;. Following the discussion, the friction coefficient was
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independent of the design parameters. Therefore, the influence of the pipe installation angle and its
(pipe) height on the granule flow rate was investigated.

Figure 7 showed the dependence of mineral fertilizer granules flow rate through the pipe on the
pipe installation angle (a;) and the drop height (/4;). The outcome showed that as the installation
angle increased, the flow velocity improved. Therefore, at the granule drop height A; = 50 cm,
doubling the installation angle a; from 30° to 60° led to an increase in the velocity, from 1.29 m/s to
2.54 m/s. This trend was maintained in all considered drop heights during the process. Increasing
the drop height twice from A; = 30 cm to A; = 60 cm, at a constant angle of installation a7 = 60°,
multiplied the outlet velocity by 41%, from 1.97 to 2.78 m/s.

Figure 7 showed the graphical dependence of the granule flow velocity on the drop height
(dashed line). The variables were used to define the values of the optimal variables, providing the
given velocity of granule flow. Consequently, the intersection of the curves, ;=50 cm and a; = 47°
was pointed to at a; = 47° and h; = 53 cm. At the specified mode of operation of the fertilizer pipe,
the granule flow velocity of 2.72 m/s was provided. These values were allowed to determine the
hopper installation height during the process.

3.5

Granule outflow velocity, () m/s

30 40 47 50 60 70
Pipe installation angle (CL )

70 60 53 50 40 30
Granule drop height,(#,)cm

Figure 7 Dependence of the granule flow rate on the drop height and pipe installation angle

3.3. Results of experimental studies
3.3.1. Flap-setting angle

Figure 8 showed that by varying the flap position, the dependence of the changes in the seed
quantity for each distribution pipes on the flap-setting angle was obtained. Laboratory experiments
signified that uniform distribution through pipes 1 and 2 (the outlets for placing depths of 16-18
and 22-25 cm) was obtained at the flap installation angle f = 25°-27°. In this position of the flap,
almost the same amount of sowing of fertilizer granules from each pipe was obtained. Moreover,
the graph showed that when the amount of fertilizer in one pipe decreased, the amount in the other
pipe increased equally.

The adequacy of the theoretical dependence (21) by the experimental data was shown in the
following analysis. At the flap installation angle of 22.5°, the incremental flow was equal to 16.8
units. Additionally, at the installation angle of 45°, the incremental flow was equal to 24 units. The
excess was also equal to 42.8% as shown in Figure 5. The excess outflow at the same angles during
the experimental studies varied from 100 to 143 grams, with 43%, and the coincidence was adequate
and applicable.
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Depending on the soil condition, different fertilizer doses were set at all three fertilizer
application levels irrespective of the total cultivation depth. This was a distinctiveness of the
proposed technology and technical solutions.

[ )
- pipe 1 W - pipe 2

3%}
=
S
(o)

n
S

i
(==}

Amount of sown seed, g
S
S

> 1

60°  50° 40° 30° 20° 10° 0 10° 20° 30° 40° 50° 60°
Flap setting angle, (/)

Figure 8 Dependence of the seed quantity on the flap-setting angle

(=]

3.3.2. Field experiments
Field experiments were conducted according to technical assignment and agrotechnical
requirements for the Northern as well as Central Kazakhstan conditions, as the results of
experiments were shown in Table 1. Experiments showed that the unevenness of fertilizer
distribution from the pipes 1 and 2 of the distributor varied between 9-13 %. Moreover, the field
surface after the deep loosener-fertilizer pass was characterized by a slight increase in ridging on
the trail of working bodies.

Table 1 Quality indicators of the tiered application technological process of mineral fertilizer

Name of indicators Indicator values according to Indicator values
technical assignment; according to test
agrotechnical requirements” data
Operating mode:
- machine speed, m/s 2.44 2.44
- set working depth, cm 22-25 27
(20-22)
Field surface ridging, cm no more than 5 4-6
Fertiliser dosage, kg/ha:
Maximum 400 400
(100-400)
Minimum 50 50
Seeding unevenness between machines, % 15* 11,3
Uneven distribution between pipes 1 and 2, no more than 50 9..13
%
Depth of embedding, cm 6-25 6-27
- first layer 8-10 6-10
- second layer 16-18 15,5-18,6
- third layer 23-25 22-27

Comparative analyses of the peculiarity of the proposed working body with existing machines
showed that there are many similar implements and are often used to apply fertilizer at one level
(Nukeshev et al., 2023b; Salar et al., 2021; Patuk et al., 2020; Qi et al., 2020; Mandal and Thakur,
2010). The results of the review study indicated that the existing commercial equipment for in-soil
application of fertilizer, such as Agro-Masz, Volmer, Pottinger, Bednar, Agrisem, and Claidon,
could apply fertilizer only on first or second layers, depending on the depth of cultivation. Many
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versions of the subsoiler were implemented with a straight chisel (Salar et al., 2021; Patuk et al,,
2020; Qi et al., 2020; Akbarnia et al., 2018), but the bent chisel version used in this study contributed
to excellent soil loosening.

Previous studies used the three-tier intra-soil differentiated fertilizer application method.
However, the working body was designed for one type of fertilizer, as the depth of application was
not variable (Nukeshev, 2023b; 2022; 2021).

The proposed method was suitable for both autumn and deep fallow tillage with simultaneous
differentiated application of basic doses of one/two types of mineral fertilizer (up to 400 kg/ha)
obliquely in three tiers in the soil. At the same time, the model allowed changing the placement
depths independently of the tillage depth, decompacting the soil up to 40 cm. Additionally, the
placement depth and distance between the layers were adjustable, which made it possible to plan
the fertilizer application depending on the type of plant and root system.

4. Conclusions

In conclusion, the technological scheme of tiered application of two types of mineral fertilizer
was justified concerning plant needs and physiology of the root system development, as well as the
plant growth. The given theoretical calculations allowed this study to justify the design and
technological parameters of the proposed device depending on the established application rate of
mineral fertilizer. During the analysis, laboratory experiments show that uniform distribution
through pipes 1 and 2, having the outlets for placing depths of 16-18 cm as well as 22-25 cm, can
be obtained at the flap installation angle of § = 25°-27°. The obtained nomogram of changing the
sowing quantity through the distributor pipes according to the flap-setting angle shows that when
the amount of fertilizer in one pipe decreases, the amount in the other pipe increases symmetrically.
Assuming the condition of ensuring the required fertilizer granule flow velocity, the pipe
installation angle (a; = 47°) and pellet drop height (A; = 53 cm) have been determined that define
the installation height of the elastic pipes (and hopper) of the developed deep loosener-fertilizer.
Moreover, field tests show that the unevenness of fertilizer distribution from pipes 1 and 2 of the
distributor varies between 9-13 %. The developed fertilizer unit provides regulation of fertilizer
application depths of 8-10 cm, 16-18 in pairs, and 23-25 cm depths separately, irrespective of the
total depth of cultivation up to 40 cm. This allows farmers to use the product in any soil-climatic
zones with different humus horizons for application of differentiated fertilizer doses at all three
levels.
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