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HIGHLIGHTS:
Longitudinal slope causes variations in fertilizer dosage.
Two helical measurements provide less variation in the applied dose per hectare when working on sloping terrain.
The action of gravity influences the high dosage variability, especially when using meterings with only one helicoid.

ABSTRACT: This study aimed to establish mathematical models that predict the performance of helical fertilizer
metering according to the longitudinal and transverse inclinations, angular speed, and helical pitch. Laboratory
tests were carried out with helical meterings with lateral and longitudinal discharge through overflow and with two
helicoids, working at an angular speed of 16 and 46 rpm at the following longitudinal inclination angles: -20, -15,
-10, -5, 0, +5, +10, +15, and +20° and on the transverse axis: -15, -10, -5, 0, +5, +10, and +15°. It was found that the
variation of the transverse inclination has little effect on the dosage. When using fertilizer metering with a helicoid,
the higher the longitudinal inclination, the greater the dosage in a linear manner, while the meterings with two
helicoids provided less oscillation of the dosages according to the inclinations.

Key words: fertilizer dosage, longitudinal inclination, transverse inclination, helical pitch

RESUMO: Objetivou-se neste estudo estabelecer modelos matematicos preditivos do desempenho de dosadores
helicoidais de fertilizantes em fun¢io das inclina¢des longitudinal e transversal, velocidade angular e passo dos
helicoides. Foram realizados testes em laboratério com dosadores helicoidais por transbordo lateral, longitudinal
e com dois helicoides, trabalhando na velocidade angular de 16 e 46 rpm nos seguintes angulos de inclinagido
longitudinal: -20, -15, -10, -5, 0, +5, +10, +15 e +20° e no eixo transversal: -15, -10, -5, 0, +5, +10 e +15°. Verificou-se
que a varia¢do da inclinagdo transversal pouco interfere na dosagem. Quando utilizados dosadores com um helicoide,
quanto maior a inclinagdo longitudinal maior a dosagem de forma linear, enquanto o dosador com dois helicoides
proporcionou menor oscilagio das dosagens em func¢io das inclinagdes testadas.

Palavras-chave: dosagem de fertilizante, inclinagdo longitudinal, inclinagao transversal, passo do helicoide
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INTRODUCTION

The correct dosage of fertilizers by the seed cum fertilizer
drill is an essential step in the process of implanting any crop,
contributing to its development and yield. Contextualizing
this operation, in the Brazilian market, more than 94.4% of
the seed drills are equipped with helical thread type fertilizer
metering (Francetto et al., 2015). This mechanism is found in
four models: helical by gravity, helical by lateral or longitudinal
discharge through overflow, and two longitudinal helicoids.

Helical fertilizer meterings have dosage variations that can
reach 70% (Reynaldo & Gamero, 2015; Garcia et al., 2017; Rosa
et al., 2019). Size, profile, and rotation of the helicoid (Garcia
et al., 2012; Galvao et al., 2018); the inclination of work, and
fertilizer humidity and granulometry (Franck et al., 2015;
Reynaldo & Gamero, 2015) are the main factors that influence
the dosage variation.

There is little research comparing fertilizer meterings; also,
the evaluations require a lot of work, when evaluating more
than two factors. Data modeling is being increasingly requested
for the generation of information in the field, as the technique
allows to estimate the performance of equipment, they are useful
in the planning of crop management actions, and they serve
as an aid for the creation of innovative technologies. In this
context, Franck et al. (2015) developed mathematical models
that relate the rate of fertilizer application according to the type
of metering. However, the proposed models do not predict the
behavior of meterings with different helical pitch and, as well,
meterings with two helicoids, a reality present in the market.

This study aimed to establish mathematical models
for predicting performance of helical fertilizer meterings
according to the longitudinal and transverse inclinations,
angular speed, and helical pitch.

MATERIAL AND METHODS

The tests were performed at the Center for Engineering of
the Federal University of Pelotas, on a test bench (Figure 1),
driven by an electromechanical drive system for angular speed
control, being arranged side by side, and driven together by the
same axis, three fertilizer meterings of seed cum fertilizer drill.

A randomized block design in a 7 x 9 x 2 x 2 factorial
scheme was used, in which the metering was blocked, as local
control. The tested factors were transversal inclination (7),

Figure 1. Test bench for helical fertilizer meterings (A),
type: helical by lateral discharge through overflow - D1 (B),
two helicoids - D2 (C), and helical by longitudinal discharge
through overflow - D3 (D)
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longitudinal inclination (9), angular speed (2), and helical
pitch (2), which will be detailed below.

Tests were performed with the meterings D1, D2, and D3,
whose functional principles of discharge are detailed in Figures
1B, 1C, and 1D, considering the factors under study for modeling.
As for the helical pitch, models available from manufacturers were
used; 25.4 mm (1”) and 50.8 mm (2”) in the D1 and D3 meterings,
and 15.9 (5/8”) and 25.4 mm (1”) in the D2 metering. The
inclinations were in the longitudinal and transversal directions,
-20, -15, -10, -5, 0, +5, +10, +15, and + 20° in the longitudinal
axis and -15, -10, -5, 0, +5, +10, and + 15° on the transverse axis.
Regarding the angular speed of the helicoids, two rotations (16 and
46 rpm) were used, within the angular speed range recommended
by the manufacturers of the fertilizer meterings.

In the tests, NPK 05-20-20 granulated fertilizer was used,
with a density of 1,063 kg m*, angle of rest of 33.49°, dry basis
moisture content of 1.01%, with 2.28, 78.21,99.31 and 99.97%
retained and accumulated in sieves 0of 4.0, 2.0, 1.0, and 0.5 mm,
respectively (ABNT, 2003).

The tests were carried out following the methodology
proposed by the ISO standard (1984). Each test lasted 45
seconds, and in the first 15 seconds, no fertilizer was collected,
so that the mass flow stabilized. The collection was carried out
in polypropylene trays (200 x 150 x 200 mm), and the mass
was measured with a precision scale (0.1 g).

Each plot was individualized by the exposure time (30 s) of
the metering to the collection container, totaling 756 plots and
four replications, that is, 3,024 experimental units.

An analysis was performed to verify the dosage behavior
in each metering. This analysis did not allow the data to be
adjusted to a surface, since there are more than two predictors,
which constitutes a hyperplane; however, it allows to establish
estimates of model validity. In the second analysis, the levels,
angular speed, and helical pitch, were fixed for each metering,
remaining two independent variables, longitudinal and
transverse inclination. These were considered as variables (x
and y) and the dosage value as the variable (z).

For statistical evaluation, the results were submitted
to analysis of variance and F-test (p < 0.05). Subsequently,
multiple regression was performed, with the model adjustment
analyzed with the aid of the coefficient of determination (R?).
Dosing model, longitudinal and transverse inclination, angular
speed, and helical pitch were considered as independent
variables, also called predictors. In this way, a response surface
was obtained, Eq. 1.

z=, +BIX12 "’[32)’12 +X1y; +B3X +Bays +o+Bex e (1)

where:
z - response variable;
X5 Ve Xp ¥y - predictors;
By B,s---B, - parameters; and,
€ - error.

RESULTS AND DISCUSSION

There was a significant interaction between the factors.
Thus, modeling was performed for each metering, using the
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Eqgs. 2, 3,and 4, in which it is possible to find the dosage values
(g s') when using the metering with a helicoid and lateral
discharge through overflow (D1), the metering with two
helicoids and two outlets for gravity discharge (D2), and the
metering with a helicoid and longitudinal discharge through
overflow (D3), respectively.

The statistical models of multiple regression of Egs. 2, 3, and
4 demonstrate that helical meterings with one and two helicoids
differently influence the distribution of fertilizers according
to the longitudinal inclinations (LI), angular speed (S and
helical pitch (P) used. In contrast, the variation in transverse
inclination (TI) was not significant, and it is therefore not
present in Egs. 2, 3, and 4.

As for TI, the results of Eq. 2 disagree with that reported
by Bonotto et al., (2012), while using metering with lateral
discharge through overflow (D1), observed an increase in
dosage, since this is the flow side. However, the results observed
with TT in Equation 2 corroborate with Franck et al. (2015).
They found that meterings with lateral discharge through
overflow (D1) did not influence the fertilizer distribution due
to the variation of transverse inclination. In the same study,
in meterings with longitudinal discharge through overflow
and meterings with a helicoid without overflow, the authors
verified an influence on fertilizer distribution according to the
transverse inclination variation from -11 to 11°.

Egs. 2, 3, and 4 showed positive values for the longitudinal
inclination estimator. It can be said that positive (upslope) and
negative (downslope) longitudinal inclinations cause increases
and decreases, respectively, in the fertilizer dosage, a fact that
corroborates with Ferreira et al. (2010) and Garcia et al. (2017).

A similar effect was observed by Franck et al. (2015) in
metering with longitudinal discharge through overflow and
metering without overflow, which presented positive values for
the longitudinal inclination estimator; and in metering with
lateral discharge through overflow, with a negative estimator,
the opposite effect was observed.

Positive values presented in Egs. 2, 3 and 4 concerning
the angular speed and helical pitch estimators prove that the
higher the angular speed of the dosing drive shaft and the
helical pitch, the higher the dosing rate, corroborating with
Camacho-Tamayo et al. (2009) and Galvao et al. (2018). This

fact justifies the choice of higher rotations and greater helical
pitches during the adjustment of a seed cum fertilizer drill to
increase the fertilizer dose.

Although Egs. 2, 3, and 4 describe the specific behavior
of the variables, they do not make it possible to analyze the
three-dimensional vector behavior. Thus, it was necessary
to dismember the variables to analyze the dosing behavior,
according to the variables longitudinal and transverse
inclination inserted at each level of the factors, metering,
angular speed, and helical pitch.

The dosing behavior, according to the longitudinal and
transverse inclination of the metering with lateral discharge
through overflow (D1), can be seen in Figure 2. Each figure
(Figures 2A, 2B, 2C, and 2D) presenting a perspective that
characterizes the flat surface in three-dimensional space with its
respective projection on the XY-plane. An arrow on the three-
dimensional surface represents the gradient vector. The gradient
indicates the greatest variation in the dosage rate, expressed in
g s (grams per second for each degree of inclination), that is, if
the gradient vector is null, there was no variation in the dosage.

In Figure 2A, which characterizes the metering D1 with
an angular speed of 16 rpm and helical pitch of 1” (D1S1P1),
the gradient vector was 0.07 g s, 41% lower than that found
in the higher speed (46 rpm) (Figure 2B). The plane equation
(Eq. 5) shows that there was an increase of 0.07 g s! for each
degree of longitudinal inclination and a decrease of 0.02 g s™
for each degree of transverse inclination.

Figure 2B represents the dosage of the metering D1 with
an angular speed of 46 rpm and helical pitch of 17 (D1S2P1).
The plane equation (Eq. 6) shows that there was an increase
of 0.13 g s for each degree of longitudinal inclination and a
decrease of 0.04 g s™* for each degree of transverse inclination.
Also, in the largest variation of dosage, the gradient was
0.17 g s, according to the arrow in Figure 2B.

Figures 2C and D represent the same characteristics of
the metering D1 presented in Figures 2A and B, except for
the helical pitch, in this case, is 27, working at 16 and 46 rpm,
respectively. Equations 7 and 8 indicate that there was an
increase of 0.14 and 0.24 g s for each degree of longitudinal
inclination, and a decrease of 0.03 and 0.05 g s* for each degree
of transversal inclination.

Table 1. Predictive models of fertilizer dosage (D) of the meterings in the combinations with longitudinal inclination (LI),
transverse inclination (TT), angular speed (S), and helical pitch (P)

* - All coefficients are significant (p < 0.05) by the F-test
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Figure 2. Fertilizer dosage in the helical metering by lateral discharge through overflow (D1) according to the longitudinal
and transverse inclinations: D1S1P1 - the angular speed of 16 rpm and helical pitch of 17 (A), D1S2P1 - the angular speed of
46 rpm and helical pitch of 17 (B), D1S1P2 - the angular speed of 16 rpm and helical pitch of 2” (C), and D1S2P2 - the angular

speed of 46 rpm and helical pitch of 2” (D)

When using helical meterings, the angular speed of
activation and/or the helical pitch must be increased to
increase the fertilizer dose. According to Camacho-Tamayo
et al. (2009) and Bonotto et al. (2013), there are angular
speed ranges in which the helicoid helps the fertilizer flow
more efficiently, providing better distribution, according
to the constructive characteristics of the metering. From
Figures 2B and C, it is possible to affirm that, when using the
metering D1, to increase the dose, it is preferable to increase
the angular speed of the drive shaft (Figure 2B) instead to
increasing the helical pitch (Figure 2C) since the gradient
vector was smaller.

The dosage values referring to the use of the metering with
two helicoids (D2) are shown in Figures 3A and B, which vary
according to the paraboloid surface, whose concavity is facing
downwards, indicating that the dosage values increase from the
center to the extremities. The variation rate in the extremities
is higher than the variation rate in the central region, which
evidences a higher dose gradient with a greater inclination in
absolute value, whether longitudinal or transversal.

Figures 3A and B represent the Eqs. 9 and 10, respectively,
noting that the longitudinal and transverse inclination showed
significance for the quadratic effect (LI*> and TI?), as well as

Rev. Bras. Eng. Agric. Ambiental, v.25, n.1, p.51-57, 2021.

for the interaction (LI x TT), however, their moduli have low
values, with little effect on dosage.

Egs. 11 and 12 presented values of determination coefficient
(R?) considered low due to the high oscillation between the
values, preventing their use. When using metering with two
helicoids, the angular speed of 16 rpm, and helical pitch of 27
(D2S1P2), the dosage was 15.63 g s, ranging 4 g s more or
less, regardless of the longitudinal and transversal inclination
used. When using metering with two helicoids, the angular
speed of 46 rpm, and helical pitch of 2” (D2S2P2), the dosage
was 31.85 g s, varying 5 g s™.

In Figures 3A and B, the mean gradient vector showed
values very close to zero, that is, although the functions
represent cylindrical surfaces, and have more than one
gradient, the amplitude between the extremities of each
function is small, evidencing low dosage variation, regardless
of the inclination used. The highest mean dosage gradient
was 0,12 g s'°, evidencing an increase of 1.2 g s* (Figure 3B)
when used in the inclination of 10°, resulting in an increase of
around 10% concerning the dosage at level 0°.

Higher values were found by Garcia et al. (2017), which
quantified in the same inclination of 10°, variation around
22% in the dosage. The difference is attributed to the fact
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Figure 3. Fertilizer dosage in the metering with two helicoids (D2) according to the longitudinal and transverse inclinations:
D2S1P1 - the angular speed of 16 rpm and helical pitch of 17 (A) and D2S2P1 - the angular speed of 46 rpm and helical pitch

of 17 (B)

that Garcia et al. (2017) have evaluated helical metering
without overflow but containing only one helicoid. According
to Spagnolo et al. (2018), metering with two helicoids, when
subjected to the longitudinal inclination of the land shows less
variation in dosage when compared to meterings that have
only one helicoid even if they have an overflow mechanism.

The lowest dosage values are observed when the metering
D2 is level, with an increase in dosage as the longitudinal
upslope and downslope increase (Figure 3). It was also found
that the increase of the angular speed and helical pitch increases
the fertilizer dose. However, it does not significantly change
the gradient, and it can be inferred that the metering with two
helicoids allows us to obtain uniform dosing, regardless of the
longitudinal and transversal inclination, the angular speed of
drive shaft, and helical pitch used.

Transverse inclination had a small effect on the dosage,
when using metering with a helicoid and longitudinal discharge
through overflow (D3), as shown by the values related to the
axis of the ordinates in Egs. 13, 14, 15, and 16. The variation
of longitudinal inclination (abscissa axis) provided increases
in dosage of 0.12 g s (Eq. 13), 0.15 g s (Eq. 14), 0.24 g 5™
(Eq.15),and 0.31 g s' (Eq. 16) for each degree of longitudinal
inclination. Relating these values to those found when the D1
and D2 meterings were used, it is evident that the action of
gravity influences the high dosage variability, especially when
using meterings with only one helicoid.

The variation rate of the dosage, the gradient of the
metering D3, presented values higher than the meterings D1
and D2 when the angular speed of the helicoid was 16 rpm, and
the helical pitch was 1”. There is a 71% increase in the dosage
gradient value when comparing values of 0.24 g s °! from
D1S1P1 (Figure 2A), with values of 0.07 g s °! from D3S1P1
(Figure 4A), and 66% when compared to D2S1P1, which had
a higher gradient of 0.08 g s °! (Figure 3A).

A 19% increase in the gradient value was found when
comparing D1S1P2 (Figure 2C) and D3S1P2 (Figure 4C).
The only moment when the gradient of meterings D1 and D3
equalized, with a value of 0.15 g s °* (Figures 2D and D),
occurred when the angular speed of 46 rpm and the helical

pitch of 2” was used. With an angular speed of 46 rpm and
helical pitch of 17, the metering D1 provided a gradient of
0.17 g s ! (Figure 2B), 29% lower than the gradient presented
by the D2 and D3 meterings (0.12 g s™* °" Figures 3B and B).

When using the meterings D1 and D3, to adjust the increase
in the dosage of fertilizers, it can be inferred that it is preferable
to use a shorter pitch helicoid combined with the increase in the
rotation of the drive shaft (D1S2P1 and D3S2P1), concerning
the increase in helical pitch combined with a lower rotation of
axis (D1S1P2 and D3S1P2), as the variation rate of the dosage
(gradient) is lower, according to the longitudinal and transverse
inclination of the land.

Although the present study has not evaluated the uniformity
of the application on the row, it is important to emphasize that
the fuller the helicoid is, the higher its efficiency concerning
the effects of the “pulse”, the variation of the application that
occurs during the time required to perform a complete lap of
distribution axis (Garcia et al., 2012).

According to Verardi et al. (2019), the smaller the helical
pitch, the higher the uniformity of fertilizer application on
the row. When using meterings with two helicoids, the same
authors found variations around 36% in the deposition of
fertilizers in the application row.

In general, the metering with two helicoids (Figure 3)
showed lower gradient values compared to the meterings
equipped with one helicoid, regardless of the factors studied.
Ferreira et al. (2010) and Garcia et al. (2017) report that
meterings with longitudinal or lateral discharge through
overflow mechanisms provide greater uniformity to the
dose applied compared to meterings that act only by gravity.
However, the meterings with two helicoids (Figure 3) even
acting without overflow, only by gravity, as it has two helicoids
that rotate in opposite directions, provides a reduction in the
effect of gravity, causing less variation in the applied dose per
hectare when working on sloping terrain.

With the aid of the Equations (Table 1), as well as Figures 2,
3,and 4, it is possible to estimate the fertilizer flow rate for each
studied condition. For example, analyzing Eq. 15 and Figure
4C, it is observed that the metering with longitudinal discharge
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Figure 4. Fertilizer dosing in the helical metering by longitudinal discharge through overflow (D3) according to the longitudinal
and transverse inclinations: D3S1P1 - the angular speed of 16 rpm and helical pitch of 1”(A), D3S2P1 - the angular speed of
46 rpm and helical pitch of 17 (B), D3S1P2 - the angular speed of 16 rpm and helical pitch of 2”(C), and D3S2P2 - the angular

speed of 46 rpm and helical pitch of 2” (D)

through overflow, equipped with a 2” helicoid, working at 16 rpm
is applying 14.48 g s when leveled at 0°, both longitudinal and
transversal. With the constant spacing between rows of 0.45 m
and the application speed of 5 km h*, it is possible to estimate
the dose of approximately 104 kg ha.

When using metering with longitudinal discharge through
overflow, under the same conditions (D3S1P1 - Figure
4C), taking as reference the dosage value obtained in the
0° inclination (104 kg ha), variations of -36.7, -27.5, -18.3,
-9.2, 9.2, 18.3, 27.5, and 36.7% were found, on longitudinal
inclinations of -20°, -15°, -10°, -5°, 5°, 10°, 15°, and 20°,
respectively.

While using metering with lateral discharge through
overflow, under the same conditions (D1S1P1 - Figure
2A), when leveled it was possible to estimate the dose of
approximately 72 kg ha™', with variations of -31.0, -23.3, -15.5,
-7.8, 7.8, 15.5, 23.3, and 31% on longitudinal inclinations of
-20°, -15°, -10°, -5°, 5°, 10°, 15°, and 20°, respectively.

When leveled, the metering D2 (D2S1P1 - Figure 3A)
presented a dose of approximately 105 kg ha™'. When subjected
to the same longitudinal inclinations of -20°, -15°, -10°, -5°,
5°,10°, 15°, and 20°, it showed a variation of 11.6, 4.1, -0.3,
-1.7,4.7,12.5, 23.3, and 37.2%, respectively. This is due to the
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constructive characteristic of the metering, since it has an
arrangement of helicoids parallel to each other, rotating in
the opposite direction, with mass flow exit on opposite sides
(Spagnolo et al., 2018).

The values prove that the angles of longitudinal inclination
between -20 °and 10 © have less influence on the fertilizer flow
when using metering with two helicoids. Inclination greater
than 10° promotes variations in the dosage of more than 20%
in all meterings.

Taking as a reference the dosage value obtained in the 0°
inclination, Garcia et al. (2017) quantified variations of -9.0,
-3.6,5.9,and 9.7% using metering with longitudinal discharge
through overflow, and values of -4.4, -1.0, 3.7, 6, and 5% using
metering with lateral discharge through the overflow, on
inclinations of -10°, -5°, 5°, and 10°, respectively.

Although the 10% variation is considered acceptable,
variations in the fertilizer dose in the field exceed 40% (Weirich
Neto et al., 2015; Rosa et al., 2019). The lack of fertilizer can
reduce the yield (Weirich Neto et al., 2013), while overdose
increases the risks of environmental degradation (Serrano et
al., 2014).

Among the influencers of this variation is the irregularity
of the terrain, the vibration of the seed drill (fertilizer deposit,
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metering, conductor pipe, furrower), and slippage of the seeder
driving wheel (Rosa et al., 2019).

According to Reynaldo & Gamero (2015), the best working
condition is in the level situation, which reduces the variation
in dosage during the sowing process. If this is not possible,
it is reccommended to use meterings that have less influence
of gravity, so as not to compromise yield with underdoses
and minimize the risks of environmental degradation with
overdoses.

CONCLUSIONS

1. The adjusted models were eflicient in predicting the
dosage of helical meterings.

2. When using helical meterings with lateral and
longitudinal discharge through overflow, the dosage increases
with the variation of the longitudinal inclination, with higher
variations in the metering with lateral discharge through the
overflow.

3. The metering with two helicoids has less variation in
the fertilizer discharge through overflow, regardless of the
inclination, angular speed, and helical pitch used.
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