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Abstract. The output capacity of the machine for top spreading the soil with solid mineral
fertilisers can be raised by means of increasing its working width. The authors have carried out
field trials and field experiment investigations with the MVU-8 granulated mineral fertilizer
spreading machine equipped with two prototype units of the centrifugal fertiliser spreading tool,
in which the axis can be tilted at different angles to the vertical line. In accordance with the results
of the completed investigations, it has been established that setting the axial tilt angle of the
centrifugal operating device in the fertiliser spreading tool within the range of 25-30° provides
for achieving a productivity of the combined tractor-implement unit for applying mineral
fertilisers at a level of 3540 ha per working shift hour. The best performance in the fertiliser
application with regard to both the working width and the fertiliser placing distribution uniformity
is ensured at angles of inclination of the disc in the fertiliser spreading tool with respect to the
horizontal plane within the range of 25-30°. At these angles, the uneven distribution of the
fertiliser over the working width is equal to 19.2%, the uneven distribution of the fertiliser along
the unit’s line of travel is equal to 8.9%, while the deviation in the dosage of the applied fertilisers
from the set value is equal to 7.5%.

Key words: distribution uniformity, inclination angle, fertiliser, spreading disc, uneven
distribution.

INTRODUCTION

As is known, the output capacity of the machine for top spreading the soil with
mineral fertilisers and chemical soil improvers equipped with centrifugal fertiliser
spreading tools depends on its working width, the tractor-implement unit’s operating rate
of travel and the shift time utilisation rate (Adamchuk, 2002). In view of the fact that the
resource for improving the productivity by increasing the unit’s operating travel rate as
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well as the shift time utilisation rate has been used up, the only reserve for its
improvement is the increase of the working width. That said, the working width of the
mineral fertiliser top dressing machine, in its turn, depends on the absolute velocity of
the departure of mineral fertiliser particles from the fertiliser spreading tool and the angle
between its vector and the horizontal plane as well as the height above the field surface
level, at which the fertiliser spreading tool is installed (Villette et al., 2005; 2007).

At the same time, the following circumstances have to be taken into account, when
analysing the possible ways to design new fertiliser spreading tools for the purpose of
increasing the mineral fertiliser spreading range and, accordingly, the working width of
the machine:

— physical and mechanical properties of the mineral fertilisers supplied by the
chemical industry currently to both the Ukrainian market and the international one, have
for the last decades remained unchanged. Therefore, it can be forecasted that in the
decade to come the physical and mechanical properties of mineral fertilisers, such as the
dimensions and strength of the granules, the coefficient of friction for fertiliser particles
on the vane surfaces, which have an effect on the spreading distance, will not change
(Grift et al., 2006; Van Liedekerke et al., 2009; Biocca et al., 2013);

— spreading disc vanes manufactured with the use of polymer parts or state-of-the-
art composite materials, on the surfaces of which the mineral fertilisers particles slide,
have relatively small coefficients of friction, which results in the increased absolute
velocity of the fertiliser particle departure from the fertiliser spreading tool. However,
that has already been widely implemented in the engineering of new agricultural
machinery and, therefore, hardly can be of great importance specifically with regard to
the mineral fertiliser top dressing (Yildirim, 2006; 2008);

— raising the absolute velocity of the fertiliser particle departure from the fertiliser
spreading tool by means of increasing the outer diameter of its spreading disc is in
practice impossible, since this way, the same as in the preceding item, has been used up
and the further augmentation of the disc diameter in the tool under consideration is
restricted by the design layouts of mineral fertiliser top dressing machines (Adamchuk,
2006; Villette et al., 2008; 2010);

— raising the absolute velocity of the fertiliser particle departure from the fertiliser
spreading tool by means of increasing its spreading disc rotation frequency is, again, not
possible for practical purposes. The research carried out in the recent years has shown
that the vanes of fertiliser spreading tools, which entrain the mineral fertiliser particles,
apply to them impact force, which results in the disintegration of the granules and
production of powder fractions (Adamchuk, 2006). It is to be taken into account that at
higher rotation frequencies in the fertiliser spreading tool a considerable mass of dust
and fine fraction is produced, which has a significantly reduced “tossing” property when
spread in the air. That results in spreading the fertiliser within a much shorter range, than
in case of spreading intact granules;

— way of increasing the angle between the vector of the absolute velocity, with
which mineral fertiliser particles depart from the fertiliser spreading tool, and the
horizontal plane, by means of increasing the vane setting angle in the horizontal plane,
has also been used up by now in the existing tools with vertical rotation axes;

— as regards the height above the field surface, at which the fertiliser spreading
tool is positioned, it is not much appropriate for two reasons. Firstly, it has no significant
effect on the increase of the working width in mineral fertiliser top dressing machines.
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Secondly, the height, at which such fertiliser spreading tools can be installed, is limited
by the elevation of the process bin’s bottom, which cannot be positioned much higher.

On the assumption of the above-mentioned limiting factors and after the analysis
of the above-said, it can be stated that increasing the working width is a topical problem
in the design of new models of solid mineral fertiliser top dressing machines, which can
be equipped with centrifugal disc-type fertiliser spreading tools. This problem has to be
solved by way of carrying out the necessary scientific research.

The topical issues of raising the efficiency in the application of mineral fertilisers
and the work processes of their placing in the soil have until now been subjects of study
for many scientists. For example, in the studies by Scheufle & Bolwin (1991), Frode &
Lorenzo (2001), Rainer (2001), Yasenetsky & Sheychenko (2002), Lawrence et al.
(2007, White et al. (2007), Sima et al. (2013), Bulgakov et al. (2017), Marinello et al.
(2017), Virro et al. (2020), it has been established that the efficiency of using mineral
fertilisers depends not only on the fertilisers themselves, but also on the methods of their
placing in the soil. The principal factor that limits the efficiency in the spreading
application of mineral fertilisers is the uniformity in their distribution over the area of
the field. This factor has a material effect on the ripening of the plants, the variation of
the yield within the limits of one field and, overall, its decline.

Such scientists as Adjetey et al. (1999), Yasenetsky & Sheychenko (2002), White
et al. (2007), Ma et al. (2009) have proved that the applied mineral fertilisers must be
the direct source of nutrients for the plants, therefore, during their application they have
to be placed in the soil in such a way that they become readily available for the active
parts of the plants’ root systems. Placing mineral fertilisers close to the roots of
agricultural plants creates the increased nutrient concentration zone for the roots. That
facilitates the absorption of the fertilisers and improves their application efficiency.
Fertilisers need be placed as in the top layers of the soil, so in the deeper ones, their
concentration being in proportion to the development of the plants’ root systems.

The research carried out by various scientists has also greatly contributed to the
elaboration of the fundamental principles for modelling the mineral fertiliser spreading
by centrifugal tools. In particular, Yasenetsky & Sheychenko (2002), Aphale et al.,
(2003), Dintwa et al. (2004), Villette et al. (2007), Jones et al. (2008), Olt & Heinloo
(2009), Hijazi et al. (2010), Antille et al. (2015), Lii et al. (2016), Kobets et al. (2017),
Liu et al. (2018), Bulgakov et al. (2020) have carried out in-depth studies on the
development of the fundamental principles for modelling both the process of top
dressing with mineral fertilisers and the equipment for its implementation. However, the
models generated in these studies are based on certain assumptions, which makes their
practical application problematic. Those deficiencies have been eliminated by Adamchuk
(2006) in the simulation model that he developed for the mineral fertiliser spreading
process stipulating that its implementation requires carrying out separate experimental
investigations. However, his approach did not cover such issues as the schematic model of
the centrifugal spreading tool, in which the working axis is set with tilt with respect to
the vertical line.

Meanwhile, in accordance with the working hypothesis developed by the authors,
that is exactly the feature that will provide for increasing the mineral fertiliser particle
spreading range and, accordingly, expanding the working width and improving the
output capacity of the machines for top dressing with mineral fertilisers.
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The aim of the paper was to improve the output capacity of the machines for top
dressing with solid mineral fertilisers by means of increasing their working widths
through the implementation of new fertiliser spreading tools with tilted axes.

MATERIALS AND METHODS

For the purpose of carrying out field tests and field experiment investigations, the
authors used the MVU-8 machine for the application of granulated mineral fertilisers
and chemical soil improvers, which was equipped with two new prototype centrifugal
fertiliser spreading tools developed by the authors (Bulgakov et al., 2021), the axes of
which could be set at different angles of tilt with respect to the vertical line (Fig. 1).

Figure 1. General appearance of improved-design machine for top dressing with mineral
fertilisers, lime and gypsum equipped with two fertiliser spreading tools with tilted axes during
its field testing and field experiment investigation: a — side view; b — rear view.

During the field testing of the above-mentioned machine for top dressing with
mineral fertilisers, it was equipped with fertiliser spreading tools, the axes of which were
tilted at an angle of 30° with respect to
the vertical line (Fig. 2).

Both the fertiliser spreading tools
with tilted axes were kinematically
linked with the power take-off shaft of
the carrying tractor, while the fertiliser
feeder - with the transport wheel of the
machine. The powering on and off of
the fertiliser feeder drive was controlled
by the tractor operator remotely with
the use of the tractor’s hydraulic system.

Figure 2. General appearance of prototype

'Thz Opiraﬁonf Ofl. the macgime fertiliser spreading tools with tilted axes
equipped with the fertiliser spreading installed in improved-design machine for top

tools with tilted axes proceeded as dressing with mineral fertilisers.

follows. As the tractor-implement unit

under consideration travelled forward, the rolling wheels of the machine’s running gear
drove the closed loop of the fertiliser feeder, the top run of which entrained fertilisers
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and brought them out from the body through the outlet slot in the form of a layer of a
certain height. From the feeder the mineral fertilisers arrived to the fertilizer guides,
which divided them into two equal flows and also forwarded them into the feed zones of
the fertiliser spreading tools with tilted axes. When the fertilisers departed from the
fertilizer guides, they were entrained by the vanes of the discs in the fertiliser spreading
tools with tilted axes that performed rotary motion. Under the action of the centrifugal
force the fertiliser granules accelerated moving along the vanes in the direction from the
centre of the fertiliser spreading tool to the peripheral ends of the vanes. After reaching
the vane ends, the fertilisers departed from the fertiliser spreading tools and flew in the
set directions. The presence of two fertiliser spreading tools with tilted axes provided for
the generation of two mineral fertiliser particle seeding fans, each in the form of a sector
with an angle at centre of 90°. On account of the received reserve of kinetic energy and
under the action of the gravity force, the fertiliser granules moved in the air in the
direction from the fertiliser spreading tools to the field surface. The machine propelled
by the carrying tractor travelled linearly
forward, therefore, the mineral fertiliser
granules falling on the soil surface
formed its continuous sheet cover. £
The distribution uniformity in the ©
spreading with fertiliser across the
machine’s working width and along the
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line of the unit’s travel was determined as E H
the coefficient of variation of the =
fertiliser mass distribution over the TTT T
standard trays (GOST 28714-2007) that ~_ Working Width

were placed in a horizontal area of the field
in accordance with the layout presented
in Fig. 3. During the experiment, the
wind velocity did not exceed 2 m s7!, its VAN
value was determined with the use of the il
MS-13 cup anemometer.

The machine equipped with the
fertiliser spreading tools with tilted axes
developed by the authors and carried by
the tractor was tested with its use for the
operations of the basic application of granulated superphosphate and nitroammophoska.

During the experimental investigations, the following application dosages were
assumed for the above-mentioned mineral fertilisers: in case of granulated superphosphate,
the application rate was equal to 400 kg ha!, in case of nitroammophoska - 300 kg ha™'.

Prior to carrying out field experiment investigations, the authors performed the
assessment of the properties of the process material, i.e. the above-mentioned mineral
fertilisers. During the application, they had the following grain-size compositions:

— granulated superphosphate:

<1 mm - 5.0%;

>1-<2mm-20.3%;
>2 - <3 mm-40.7%;
>3 -<4mm-23.4%;

Figure 3. Layout of placing trays in single
replication for determining values of
distribution uniformity in spreading with
mineral fertilisers.
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>4 mm — 10.6%;

— nitroammophoska:
<1 mm - 2.1%;
> 1-<2 mm - 32.3%;
>2— <3 mm - 59.1%;
>3 mm - 6.5%.

The investigation of the performance figures of the mineral fertiliser top dressing
machine with the new fertiliser spreading tools with tilted axes was carried out in field
conditions in the fields of the Olenevskoye Experimental Farm under the National
Research Centre of Institute of Agricultural Engineering and Electrification, where the
machine performed the operation of top dressing the soil with mineral fertilisers before
its cultivation.

The mineral fertiliser application machine travelled at a process speed of 12.5 km h'.

RESULTS AND DISCUSSION

Fig. 4a represents the results obtained when determining how granulated
superphosphate distributed over the trays placed in accordance with the layout shown in
Fig. 3. In the course of the field experiment investigations, the total range of the effective
seeding of granulated superphosphate, that is, the spreading width provided by the
machine equipped with two fertiliser spreading tools with tilted axes was equal to 58 m.
At the same time, within the spreading width of 58 m, the uneven application of
granulated superphosphate was equal to + 65.4%, which did not meet the agricultural
engineering requirements to the top dressing of the soil with mineral fertilisers. In view
of that fact, in order to find out the working width of the machine, it was necessary to
determine first the size of the overlap between the adjacent runs of the unit, which had
to be selected so as to ensure that the uneven application of granulated superphosphate
over the working width did not exceed + 20%. As is seen in Fig. 4b, the above-mentioned
condition was met at a working width of 39 m. In that case, the uneven application of
granulated superphosphate over the working width was equal to + 18.5%.

Apart from that, a large series of experiments has been carried out in order to
investigate the effect of the angle of inclination of the disc in the fertiliser spreading tool
with a tilted axis with respect to the horizontal plane on the working width of the
machine.

In accordance with the design of the multifactorial experiment, the authors have
carried out such an amount of tests, when each separate test (with one dosage and one
type of mineral fertiliser) is repeated in three replicates. The triple replication of each
test is in compliance with the requirements to the accuracy and validity of experimental
investigations established in this branch of agricultural engineering.

As a result of the completed research, it has been established (Fig. 5) that increasing
the angle of the discs’ inclination to the horizontal plane results in the expansion of the
machine’s working width. However, the above-mentioned relation follows a special
pattern, that is, increasing the said angle of inclination by the same amounts, but at different
values of the angle produces different increments in the working width.

The analysis of the diagram presented in Fig. 5 indicates that the most intensive
growth of the machine’s working width (84.8%) takes place, when the disc’s angle of
inclination to the horizontal plane increases from O to 10°. In that interval, the working
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width of the machine increases from 16.5 m to 30.5 m, that is, by a factor of 1.85. The
further augmentation of the disc setting angle with respect to the horizontal plane from
10° to 20° results in the increase of the machine’s working width by 14%, i.e. from
30.5 m to 35.0 m, that is, by a factor of 1.15. Again, further increasing the disc setting
angle from 20° to 30° brings about a rise in the working width of the machine by a factor
of 1.11 (or by 11.4%). Finally, when the disc setting angle with respect to the horizontal
plane is increased from 30° to 40°, that produces no increment in the working width of
the machine subject to maintaining the uneven application of fertiliser within the range
of £20%.
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Figure 4. Mass distribution of granulated superphosphate: a—over spreading width (My);
b — over working width (M,).

On the basis of the above results of field experiment investigations, the following
conclusion can be made: the rational values of the angle, at which the disc in the fertiliser
spreading tool is inclined to the
horizontal plane, are found within
the range of 25-30°. Despite the
fact that at such a setup the disc in
the fertiliser spreading tool is i/
inclined, unlike the disc in the /
machine of the standard design, the
experimental investigations carried /
out by the authors have given
evidence that this new design
feature has virtually no effect on
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the consumption Qf energy, as Figure 5. Relation between machine’s working
compared to the basic machine for width and discs’ angle of inclination to horizontal
application of fertilisers, in which the plane in application of granulated superphosphate.
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the spreading disc is set up horizontally. The analysis that has been done by the authors
has revealed that the improvements ensuring greater mineral fertiliser spreading
distances are achieved in case of the new setup solely on account of the changes in the
trajectory of the tossing and the further flight of mineral fertiliser particles. Meanwhile,
the absolute velocities of the mineral fertiliser particles departing from the horizontally
positioned disc (commercial machine) and the disc set up at an angle of tilt (machine of
the authors’ improved design) are equal. And that implies also the equal consumption of
energy and fuel. The power consumption tests carried out by the authors have resulted
in establishing that every spreading disc consumes about 0.5 kW of power irrespective
of its angle of tilt.

Moreover, it is necessary to note that in the course of the field experiment
investigations, the uneven application of mineral fertilisers across the working width did
not exceed * 20%, along the line of travel - + 10%, which is in compliance with the
requirements set for the quality of performing the process of mineral fertiliser application.

The relation between the working width of the machine and the disc’s angle of
inclination to the horizontal plane a is best approximated by the quadratic polynomial
equation of the following form:

B =-0.02040%*+ 1.34930 + 17.229. (1)

Taking into account the above expression (1), the output capacity of the tractor-
implement unit per hour of shift time can be determined with the use of the following
expression:

W=0.1(-0.02040°+ 1.34930 + 17.229)-V,-1, 2)

where V, — operating speed of the unit (km h!); 7 — the working time usage factor.

The working time usage factor 7 depends on the following two parameters:

1. Mineral fertiliser application dosage

2. Operation pattern of the solid mineral fertiliser application unit.

The unit can operate on either the single-pass pattern or the reload pattern. The
single-pass pattern implies loading the process bin directly at the mineral fertiliser barn,
where the unit drives after each pass to load its bin. With this pattern, there is direct
dependence on the bin capacity and the distance between the place of fertiliser
application and the barn. In this case, the value of the coefficient under consideration is
7 = 0.40-0.75. When the reload pattern is used (bin is charged in the field), the value of
the coefficient is 7 = 0.80-0.95. The authors used the single-pass pattern, when carrying
out the experimental investigations and comparison tests. The value of the coefficient is
assumed to be 7 = 0.7 (distance to the barn was 1.0—1.5 km on the average, bin capacity
was 400 kg).

The analysis of the expression (2) has proved that, when the centrifugal tool axis is
set at an angle of tilt within the range of 25-30°, the output capacity of the tractor-
implement unit for mineral fertiliser application is at a level of 35-40 ha h™".

The performance data of the machine recorded in the course of its field testing are
presented in Table 1.

The analysis of the field testing results has proved the consistency and efficiency
in the performance of the work process of granulated mineral fertiliser application by
the machine equipped with the improved-design fertiliser spreading tool with a tilted
axis developed by the authors.
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Table 1. Results of field testing of MV U-8 machine for application of mineral fertilisers, lime
and gypsum equipped with fertiliser spreading tools with tilted axes

Fertilizer Improved-
Indicator spreader design

MVU-8 machine
Operating speed (km h™") 12.0 12.0
Working width (m) 20.0 39.0
Uneven distribution of fertiliser across working width (%) 18.3-194 18.4-19.2
Uneven distribution of fertiliser along unit’s line of travel (%) 9.2-9.8 8.9-9.6
Deviation from pre-set fertiliser application dosage (%) 8.3-8.5 7.2-8.9

In accordance with (GOST 28714-2007), the authors have determined the
coefficient of variation v, which specifies the distribution uniformity of mineral
fertilisers. According to the results of the statistical estimation, it has the following
values:

— uneven distribution of mineral fertilisers with regard to the spreading distance is
equal to 10%;

— uneven distribution of mineral fertilisers over the effective seeding width does
not exceed 20%.

The above figures give evidence of the high quality achieved in the performance of
the work process under consideration.

CONCLUSIONS

1. The most intensive rise in the working width of the machine for top dressing
with mineral fertilisers (84.8%) takes place, when the angle of inclination of the disc in
the fertiliser spreading tool with a tilted axis with respect to the horizontal plane is
increased up to 10°. Within that range, the machine’s working width expands from
16.5 m to 30.5 m, that is, by a factor of 1.85. Further increasing the disc setting angle
with respect to the horizontal plane up to 30° provides for adding another 11.4—-14.0%
to the working width of the machine, i.e. increasing it by a factor of 1.11-1.15. Raising
the disc setting angle with respect to the horizontal plane from 30° to 40° subject to
maintaining the uneven application of fertiliser within the range of + 20% results in
virtually zero growth of the machine’s working width.

2. The best performance in the application of fertilisers with regard to both the
working width and the distribution uniformity in fertiliser spreading is ensured at the
angles of inclination of the disc in the fertiliser spreading tool with a tilted axis with
respect to the horizontal plane within the range of 25-30°. Within that range, the
following is observed:

— uneven application of fertilisers across the working width is equal to 19.2%;

— uneven application of fertilisers along the unit’s line of travel is equal to 8.9%;

— deviation in the dosage of the placed fertilisers from the set value is equal to 7.5%.

The obtained data on the quality of the application of mineral fertilisers by the
machine equipped with the new fertiliser spreading tool with a tilted axis developed by
the authors meet the standard requirements to the quality of performing the work process
under consideration.
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