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Abstract: Deep application of chemical fertilizer is an alternative method to improve the fertilizer utilization efficiency of
directly seeded and transplanted rice and minimize the adverse effects of fertilizer on the environment. Different fertilization
machines have been introduced for fertilizer deep placement. However, machines for this purpose have not been widely
accepted due to the problem of inconsistent performance in applications. In response to this problem, this study developed a six-
row deep fertilizer applicator with an improved discharge device. The structural design of the discharge device was optimized,
and field performance experiments were conducted on the entire machine. First, a single row operation model of the fertilizer
applicator was established based on the Discrete Element Method (DEM). Three spiral grooved wheel speeds were used to test
the uniformity and accuracy of fertilization. The optimization test results showed that the spiral grooved wheel has good
fertilizer discharge effect at a speed of 40 r/min, a groove radius of 6 mm, a grooved wheel working length of 50 mm, and a
grooved wheel spiral angle of 45°. The coefficient of variation of fertilizer application uniformity under these parameter
settings was 6.30%. Field experiments were conducted to test the machine’s performance under static and dynamic conditions.
The static test results showed that the consistency and stability variations of fertilization in each row were less than 5%. When
the expected fertilization rates were 150, 225, 300, and 375 kg/hm’, the fertilization accuracy of the six-row fertilization
machine was 95.5%, and the overall deviation from the actual fertilization rates was less than 5%. The study provides a new
tool for the advancement of rice fertilization technology and lays a research foundation for the development of efficient and

Vol. 17 No. 6

precise rice fertilization machinery.
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1 Introduction

At present, China’s population is growing, the problem of food
security is becoming increasingly serious, and increasing food
production has become a national priority. The application of
chemical fertilizer is one of the main ways to increase food
production. In the rice planting process, for example, the right
amount of fertilizer application can effectively increase rice yield!"\.
But throughout the farming process, our farmers use far more
fertilizer than necessary. Currently, China has one of the highest
rates of chemical fertilizer use, with fertilizer being applied to 67%
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of grain crops™*’..

The most common traditional practice of applying fertilizer to
rice fields in China is surface broadcasting. There are several
disadvantages to broadcasting. First, when fertilizer is broadcast in
rice fields, about 30%-35% of the fertilizer is lost through surface
runoff, evaporation, and being washed down into the soil; this leads
to wastage of fertilizer'™®. On the other hand, broadcasting fertilizer
is more expensive than deep placement, and it is commonly done 2-
3 times per season”. Also, under fertilizer broadcasting conditions,
the uniformity of fertilizer distribution in the field is very poor, so
that the absorption and utilization rate of rice seedlings differ
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greatly and ultimately affect rice growth, panicle formation, yield,
and quality®'". Therefore, how to improve fertilizer use efficiency
has become a national concern'“'?. One of the ways to improve the
efficiency of using chemical fertilizers is through the development
and promotion of improved fertilizer application devices to replace
the conventional fertilizer application methods for better uniformity
of fertilizer application. Fertilization uniformity refers to the
uniform fertilizer distribution during the operation of the fertilizer
applicator!'*". Uniformity can make the fertilizer better distributed
in the root zone and improve the utilization efficiency of nutrients.

Research reports have shown that, compared to surface
fertilization, the use of improved fertilizer discharge devices for
deep application of fertilizers between 4.5-7.0 cm of soil depth can
improve grain yield and fertilizer utilization efficiency!®'"*'".
Specifically, comparative studies were conducted between deep
fertilizer application and surface fertilization methods under the
same fertilizer rates!">*'*'"'"*l_ The results of these studies showed
that higher rice production output and greater rice production
economic benefits were achieved with deep fertilizer application
methods. Also, deep placement of fertilizer encourages line
transplanting and makes weeding easier.

Theoretical and experimental investigations on fertilizer
discharge devices have been conducted in recent years!”?". The
straight grooved wheel is the most extensively utilized among those
created in China for fertilizer discharge due to its benefits, including
its straightforward structure, ease of manufacture and processing,
and good adaptability’
number of difficult problems, including poor operation stability, a

12830 But the straight grooved wheel faces a

low discharge mass rate, poor uniformity of fertilizer discharge, and
frequent clogging of fertilizer delivery pipelines, resulting in low
accuracy of field application*”*. To find a solution to these
problems, this study proposes a spiral grooved wheel structure to
provide stable, consistent, and accurate fertilizer application rates in
the field. It has been noted that the spiral grooved wheel provides
goodresultsfortheuniformityandmassrateoffertilizerdischarge!-*3+3¢,
The spiral grooved wheel can also handle fertilizer granules of
different sizes and shapes™?'***", In these existing studies, no on-
site experimental studies were conducted to verify the performance
and accuracy of the spiral grooved wheel fertilization device. The
goal of this research was to close this gap.

The complexity of the fertilizer discharge process, which
involves particle mobility and interactions with the machine, makes
it challenging to understand fertilizer discharge features through
experiments®®. To comprehend and see the microscopic
interaction between particles and the machine, computer simulation
utilizing the discrete element method (DEM) would be a viable
option. The DEM has been used in numerous agricultural fields and
was thought to be an efficient modeling technique for dealing with
particle materials®'**?, In recent years, granular fertilizers have
been simulated using DEM. DEM was utilized by He et al.” and
Przywara et al.°” to model the discharge of outer grooved wheels.
The preliminary findings demonstrated the validity and efficacy of
the DEM simulation when the simulated results were compared to
the test results. Zhang et al.?" studied the effects of different
rotation speeds of an outer groove on a fertilizer discharge device’s
application uniformity. The results of the bench and field tests
aligned with the simulation test. These findings support the
effectiveness of DEM and provide a reference and theoretical basis
for the design of efficient fertilizer machines. Adilet et al."" (2023)
created a pin-roller fertilizer metering device with spiral grooved
wheel to apply fertilizers to the soil. The performance of the devices

was modeled using the DEM. The results showed that the DEM
model was able to simulate the spiral grooved wheel fertilizer
devices with reasonably good accuracy. Bu et al.” studied the
spreading performance of a centrifugal variable-rate fertilizer
applicator by conducting DEM simulation tests. The findings
demonstrated that the designed variable-rate spreader had a lower
coefficient of variation. Zeng et al.”” developed a fluted-roller
fertilizer applicator. The performance of the machine was tested
using DEM and experiment. It was deduced from the results that the
precision and accuracy of the amount of fertilizer application were
improved. These researchers’ findings proved that DEM is a useful
technique for simulating granular materials. To simulate the
fertilizer discharge performance of the spiral grooved wheel
designed in this paper, the DEM was employed. At the same
forward speed, three spiral grooved wheel speeds were used to test
the uniformity and consistency of fertilization. A six-row fertilizer
applicator (6RFA) was developed, adopting the spiral grooved
wheel structure. Field experiments were conducted to test the whole
machine’s performance under static and dynamic conditions. The
test results showed that the uniformity and accuracy of the
developed fertilization machine prototype meet agricultural
fertilization standards. This is important, as further research on deep
fertilization machines and tools is needed, and this will contribute to
the popularization of deep fertilization technology and tools in
paddy fields in China.

2 Materials and methods

2.1 Design of the 6RFA machine

The 6RFA machine consists of the following major parts:
fertilizer box, frame, speed control system, DC motor, fertilizer
distribution apparatus, discharge shaft, soil opener, and soil leveler.
The machine is connected to the tractor body through the
suspension frame. The prototype and overall structure of the 6RFA
machine are shown in Figures 1 and 2, respectively.

Soil cover Soil opener

Figure 1 Six-row granular fertilizer applicator prototype

. Pt "

P 27 Femllzer appllcator

Fertilizer delivery
tube

Figure 2 Overall structure of the six-row fertilizer machine
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The 6RFA machine was developed based on the spiral grooved
wheel structure with a variable rate control system. The technical
details of the 6RFA are listed in Table 1.

Table 1 Technical specification of 6RFA machine

Project Parameter
Working width 2.5m
Number of operating rows 6
Working speed Varied

Fertilizer application mode Variable rate

Type of fertilizer apparatus Spiral grooved wheel fertilizer apparatus

2.2 Structure and parameter design of the fertilizer discharge
model

The fertilizer discharge model designed consisted of a fertilizer
box, a spiral grooved wheel, a discharge box, a discharge shaft, and
a fertilizer discharge spout (Figure 3). The working diameter of
existing grooved wheels is in the range of 50-65 mm, and the
grooved wheel length generally varies from 25 to 50 mm®P**.
Based on this, the working diameter and length of the spiral
grooved wheel designed in this study were 50 and 48 mm,
respectively. In the literature, the groove radius ranges from 2-9
mm, and the number of grooves ranges from 6-10%+1. Within these
ranges, a groove radius (#) of 6 mm and a number of grooves (z) of
8 were selected. The structure of the improved spiral grooved wheel
is shown in Figure 4.

Fertilizer box

Fertilizer box
mounting plate

Shaft bearing Discharge box

Discharge outlet

Figure 3  Screenshot of fertilizer discharging device with spiral
grooved wheel
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Figure 4 Structure of the spiral grooved wheel

When the fertilizer applicator is in operation, the fertilizer is
first filled into the groove of the grooved wheel by gravity!*’l. Then
it is discharged through the rotation of the groove. The spiral
grooved wheel is driven by the fertilizer discharge shaft and
continuously rotates under the action of various forces. The mass of
fertilizer discharge when the grooved wheel rotates one revolution
can be calculated by the following equation:

SLZyp
~ 1000 M)

where, ¢ is the mass of fertilizer, g/r; S is cross-sectional area of a

single groove, mm?; L is the effective working length of the grooved
wheel, mm; Z is the number of grooves; y is the filling coefficient of
the fertilizer in the groove; p is the fertilizer density, g/cm’.

It is evident from Equation (1) that for a particular fertilizer
applicator and discharge object, the mass of fertilizer applied per
rotation of the grooved wheel is only related to the sectional area S,
and that the sectional structural parameters and the fertilizer flow
and application performance during the fertilizer transport process,
from filling to discharge, are inevitably linked®*!. Figure 5 shows
the groove sectional shape!™.
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Figure 5 Sectional shape of single groove

The cross-sectional area S of a single groove obtained from
Figure 5 is:

§=8+85,-28; (2)

where, S, is the spherical area; S, is the area of the isosceles
trapezoid; S; is the bottom corner area.
The spherical area S| is calculated as:
0

2 1 .
S] = %HR. - ERZSIHG (3)

where, 6 is the center angle, °; R is the radius of the grooved wheel,
mm.
The isosceles trapezoid area S, is given as:

1 .0
S, = Ehl (l+2Rsm5> 4)

6
where, /4, is the trapezoidal height, given as: h; =h—R (1 —cos E) ,
mm; / is the length of the trapezoidal short side, given as:
[%
= 2(R—h)tan§, mm.

The bottom corner area S; is calculated as:
S5 =2rtan2y — %nrz (5)

where, 7 is the groove corner radius, mm; ¥ is the groove corner

angle (l// =90°— g) , ().

Equations (2)-(5) make it evident that R, r, 6, and & have an
impact on S. The groove radius R and spiral angle § are some of the
main factors taken into account in this work. The value of » must be
greater than the radius of the fertilizer particles, which was
calculated to be 1.885 mm based on the size of the fertilizer
particles employed in this study. Equation (6) provides the
particular expression which relates the center angle 6 to both the
spiral angle o and the groove thickness b.

b b

0="=-
4 Rsina

(6)

After the fertilizer is filled into the groove of the grooved
wheel, the motion of the grooved wheel is produced by the
combination of axial translational motion and radial rotational

motion along the grooved wheel. The spiral groove is extended, and
the spiral line can be represented by a straight line. Figure 6 shows
the force analysis of fertilizer particles at any point M in the spiral
groove.

The fertilizer particles in the grooves are accelerated by a
normal force Fy at the point M in the spiral-normal direction.
Friction F is simultaneously produced as a result of the interaction
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1. Spiral line 2. Axis
Figure 6 Force analysis of fertilizer particles in the grooves®™

between the grooves and the fertilizer particles. Between the
resultant force F' and the normal thrust Fy, friction produces a
deflection angle that is
corresponding angle for external friction J. The following results
are obtained by dividing the resultant force F into its axial force F,
and circumferential force F, components:

about similar to the fertilizer’s

The expression of each parameter is as follows?:
F=\/F+F' = \/F?+F}
F.=Fcos(a+9) (7
F,=Fsin(a+96)

where, F is the resultant force of the spiral groove acting on the
fertilizer particles, N; F)y is the normal force of the spiral groove on
the fertilizer particles, N; F, is the axial force, N; F, is the
circumferential force, N; a is the spiral angle of the spiral groove; J
is the friction angle between the spiral groove and the fertilizer
particles.

Similarly, the fertilizer particles of the spiral grooves are
treated as the mass point m. The velocity analysis of this mass point
is shown in Equation (8). The movement towards fertilizer particles
of the spiral groove is driven by the fertilizer discharge shaft. The
implicated velocity v, is the linear velocity of the particles
perpendicular to the axis direction, and the relative velocity v, is
parallel to the spiral direction. In the ideal case without considering
friction, the absolute velocity is v,. In reality, friction will cause the
velocity due to friction v' to deviate from the ideal absolute velocity
vo. The deviation angle is B, and the actual absolute velocity after
the deviation is v. At the same time, it can also be decomposed into
circumferential velocity v, and axial velocity v,, which can be
expressed as Equation (8)*.

=2 = =
Vo=V, +V,
{ = = - 7 (8)

The circumferential velocity v, and axial velocity v,
decomposed from the actual absolute velocity v can be expressed
as:

)

v, = vsin(B + @)

{v, =vcos(B+a)

Through trigonometric transformation, it can be obtained as:

nnl Vo V,Cosa
v,=wl=—, v= =
30 cosf cosf (10)
v, = ﬂ—nl cose cos(B), v, = ﬂ—nl cosa sin(8+ @)
' 30 cosB » 730 cosB

where, v, is the implicated velocity, m/s; v, is the relative velocity,
m/s; v, is the ideal absolute velocity, m/s; V' is the velocity due to

friction, m/s; v is the actual absolute velocity, m/s; v, is the
circumferential velocity, m/s; v, is the axial velocity, m/s; n is the
rotational speed of the double helix grooved wheel, r/min; w is the
angular velocity of the double helix grooved wheel, rad/s; / is the
distance between the fertilizer particle and the axis, mm; f is the
angle at which the absolute velocity deviates from the theoretical
velocity, (°); a is the spiral angle of the grooved wheel, (°).
According to the above equations, the velocity change of
fertilizer particles in the spiral groove is related to the spiral angle
of the groove, the distance between the fertilizer particles and the
axis, and the rotation speed of the grooved wheel**.
2.3 Structural optimization of the spiral grooved wheel model
To optimize the effects of the spiral grooved wheel structural
parameters on the fertilizer discharge performance, this study
focused on four key structural and operational parameters: wheel
speed, groove radius, wheel working length, and groove spiral angle
as the test factors. By changing these key structural variables,
orthogonal simulation experiments*! were conducted to study the
impact of these structural factors on fertilization performance. The
diameter of the spiral grooved wheel was set at 48 mm, and the
number of spiral grooves was 8. The levels of selected test factors
are listed in Table 2.

Table 2 Test factor levels

Level Wheel speed Groove radius ~ Wheel working ~ Groove spiral
S/r'min’! R/mm length LZ/mm angle a/(°)
1 20 5.5 20 45
2 30 6 30 50
3 40 6.5 40 55
4 50 7 50 60

2.3.1 Simulation model setting

The simulation models of the fertilizer particles and discharge
device were established, respectively. Urea granular fertilizer with a
nitrogen content of 46% commonly used in Guangdong region was
used. The shear modulus of the urea fertilizer was 2.80x107 Pa,
Poisson’s ratio was 0.25, density was 1337 kg/m’®, and the particle
spherical rate was greater than 90%. Since the sample’s overall
evaluation suggested that the fertilizer particles have high spherical
distribution characteristics, the spherical 3D model was chosen for
the simulation****! (Figure 7). In the simulation analysis, the
default model of Hertz-Mindlin (no slip) was used for particles and
particles, particles and discharge unit, and particles and soil because
there was no binding effect between fertilizer particles. Combined
with the test measurement and literature review!***4, the related
physical and contact parameters of the fertilizer, discharge unit, and
soil required for the simulation tests are listed in Table 3.

b. Particle model

a. Fertilizer particles

Figure 7 Fertilizer and its discrete element model

2.3.2  Simulation test indicator

The coefficient of variation of fertilizer discharge uniformity
was selected as the test evaluation index in this experiment. The
simulation of the fertilizer discharge process of the spiral grooved
wheel device was run under different test factors, as listed in Table 2.
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The discharge mass rate of the device was recorded at every test
factor level. The simulation was replicated five times for each test
factor combination. Each simulation lasted for 3.5 s, and the mass
of fertilizer discharged was recorded. The coefficient of variation of
fertilizer discharge uniformity was assessed by the mean and
standard deviation of discharged masses using Equations (11)-(13).
Figure 8 shows the simulation process.

== m (11)
5= nil S m -y (12)
C, = %xlOO% (13)

where, 7/ is the average mass of fertilizer discharge, g; m; is the
mass of fertilizer discharge per unit time, g/s; n is the number of
measurements; S is the standard deviation of the total mass of the
fertilizer discharge, g; C, is the coefficient of variation of fertilizer

discharge, %.
Table 3 Simulation test parameters
Density/ Poisson’s Shear Restitution S.tat.lc Rf)ll}ng
Parameter (kgm?)  ratio modulus/ coofficient friction  friction
g Pa coefficient coefficient

Fertilizer-fertilizer 1.337 025 2.80x10"  0.30 0.63 0.123
Fertilizer-steel ~ 1.260  0.29  2.05x10"  0.318 0.285 0.168
Fertilizer-soil 1.400 0.3 1.0x10° 0.02 1.25 1.24

Figure 8 Fertilization simulation process

2.3.3 Spiral grooved wheel model verification test

The results of the aforementioned simulation test were used to
create a structural model of the spiral-grooved wheel fertilizer
discharge device. In five repeated tests, the actual fertilization effect
was verified through the coefficient of variation of fertilizer
discharge quantity. Figure 9 depicts the verification test setup.

Figure 9 Spiral grooved wheel model verification test

2.4 Simulation of fertilizer discharge accuracy of the single-
row device

The fertilizer applicator designed in this paper is composed of
six rows of fertilizer discharging units with the same specification,
and the input power comes from the same source, so that the
fertilizer discharging state of each row is consistent. To reduce the
number of simulation calculations, the six-row fertilizer applicator
was simplified into a single-row fertilizer device in the simulation
environment, as presented in Figure 10.
2.4.1 Simulation test design

A soil layer with a length of 2500 mm and a width of 500 mm
was set at a distance of 300 mm from the lower end of the fertilizer
discharge outlet to represent the ground and accurately reflect the
impact of the fertilizer discharge process on the soil. According to
the agronomic requirements of rice fertilization in the Guangzhou
area, the fertilizer application rate was set at 250 kg/hm*™, and
three different model speeds of the discharge wheel were set (30
r/min, 40 r/min, and 50 r/min, respectively). The ground speed
(v=0.5 m/s) was set for the simulation of the fertilizer discharge
process. The simulation time was 3.5 s. A screenshot of the
fertilization simulation process is shown in Figure 10.

Figure 10  Simulation process for the single-row device

2.4.2  Performance indicators of the single-row device

The uniformity and accuracy of fertilizer discharge were
selected as the performance evaluation indicators of the six-row
fertilizer applicator in the simulation platform. The coefficient of
variation of fertilizer discharge uniformity was used as an index to
evaluate the accuracy of fertilization application. After the fertilizer
discharge simulation tests, a sampling area of 1500 mm long was
selected to determine the fertilizer discharge effect of the single-row
device. The analyst function of DEM software was used to divide
the sampling area into 5 identical bin grids, each with a size of
300 mm*200 mmx100 mm, as shown in Figure 11. The total mass
of the fertilizer discharged in each sampling grid was measured, and
the coefficient of wvariation (C,) of fertilizer discharge was
calculated as follows™":

= (14)

(15)

(16)

where, 7 is the average mass of fertilizer in the sampling grid, g; i
is the sampling grid number; m; is the mass of the fertilizer in the
i-th grid, g; S is the standard deviation of fertilizer mass in all
sampling grids, g; and C, is the coefficient of variation of fertilizer
discharge.
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Figure 11  Simulation sampling area

The accuracy of fertilizer application was calculated using
Equations (17) and (18)>'*,

A=1- 191 = 40l (17)
dn
10000 WD
9" = 5% 667x6 (18)

where, A, is the application accuracy rate of fertilizer in the
simulation test, %; Q, is the required fertilizer application rate,
kg/hm?; ¢,, is the theoretical fertilizer discharged within the
sampling area, g/s; ¢,, is the simulated fertilizer discharged within
the sampling area, g/s; W is the width of the six-row applicator,
1.8 m; and D is the sampling distance of simulation, 1.5 m.
2.5 Consistency and stability tests of the 6RFA machine

The consistency and stability of fertilizer discharge in each row
are important indices for testing the working performance of
fertilization machines**'*.. The consistency of fertilizer output in
each row of the fertilizer machine refers to the degree to which the
fertilizer output in each row is consistent under the same conditions.
The smaller the difference in the quantity of fertilizer discharged
from each row, the better the consistency. The stability of fertilizer
discharge refers to the degree to which the discharge capacity of the
fertilizer machine is stable under the required conditions. The
smaller the change in the total mass of fertilizer discharge each
time, the better the stability of the fertilization machine. In this
paper, a static test method was adopted to test the machine’s
consistency and stability (Figure 12).

e ———————

V) i
[\
4 \

Figure 12 Static test of fertilization device

As shown in Figure 12, the experiment was carried out prior to
the field test, and the fertilization machine was set up to keep it in a
horizontal state. The control system drives the fertilizer discharge
shaft to rotate at the normal operating speed, and the discharged
fertilizers in each row are collected in plastic bags and weighed.
The test was repeated five times; each test time was 20 s. The
consistency and stability of fertilizer discharge were calculated
using Equations (11)-(13).
2.6 Field test of the 6RFA
2.6.1 Testsite

The field test of the 6RFA was conducted at Shapu
Experimental Farm of Zhaoqing Agricultural Research Institute in
Zhaoqing City, Guangdong Region, China (23°15'N, 112°65'E with
17 m of elevation). The soil texture was sandy loam. Generally, this

region has a sub-tropical and monsoon-type climate™*”. The tests
were carried out according to the Technical Specification for
Quality Evaluation of Fertilization Machinery in China (NY/T1003-
2006).
2.6.2 Experimental plan

The experiment was divided into five plots, each measuring
2.5 m by 25 m. The expected application rates for the applicator
were set at 150 kg/hm? 225 kg/hm?, 300 kg/hm?, and 375 kg/hm?,
respectively. These rates are within the required fertilization rates
for rice crops in Guangdong Province™*. The total mass of
fertilizer in the fertilizer box before and after the test were recorded,
and we then used Equation (19) to calculate the deviation of the
total amount of fertilizer applied in the test area. The field test setup
for fertilization accuracy is shown in Figure 13.

Figure 13  Field test of the 6RFA machine
2.6.3 Fertilization accuracy

The fertilization accuracy of the developed fertilizer applicator
was evaluated based on the expected fertilization rates of rice crops,
ranging from 150 to 400 kg/hm**>*), The deviation of fertilization
rate per row (,) was used to evaluate the accuracy of fertilization.
The deviation of the total amount of fertilizer applied by the
fertilizer applicator refers to the absolute ratio of the difference
between the actual and expected application rates, expressed as

follows"*:
10000 (W, - W,) F

S

Yy, = 7 x 100 (19)

where, W, is the mass of fertilizer added to the fertilizer box at the
beginning of the test, kg; W, is the mass of residual fertilizer in the
fertilizer box at the end of the test, kg; S is the operation area, m* F'
is the expected amount of fertilizer, kg/hm>

3 Results and discussion

3.1 Optimization model results of the spiral grooved wheel
structure

In order to test the influence of the selected factors on the
coefficient of variation of fertilizer discharge, an L16(4) orthogonal
experimental design was generated in SPSS software. Table 4 lists
the orthogonal simulation results and the influence of the selected
test factors on the coefficient of variation of fertilizer discharge
quantity.

The results of the simulation test show that the optimum
structural parameters of the spiral grooved wheel fertilizer
application device are: the grooved wheel rotation speed of 40
r/min, the groove section radius of 6 mm, the grooved wheel
working length of 50 mm, and the grooved wheel spiral angle of
45°. The coefficient of variation of fertilizer discharge uniformity
under these parameter settings was 5.58% (Table 4). Many scholars
have confirmed that operating the spiral grooved wheel fertilization
model under these structural parameters produces the smallest
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coefficient of variation in fertilization quantity*****. To further
understand the importance of these test parameters of the spiral
grooved wheel device on the discharge performance, a variance
analysis of the test results was carried out, and Table 5 presents the

results.
Table 4 Experimental design and results
e s k0« e

1 1 1 1 1 8.58
2 1 2 2 2 15.75
3 1 3 3 3 13.94
4 1 4 4 4 8.63
5 2 1 2 4 14.04
6 2 2 1 3 8.71
7 2 3 4 2 7.72
8 2 4 3 1 12.36
9 3 1 3 2 14.64
10 3 2 4 1 5.58
11 3 3 1 4 10.39
12 3 4 2 3 15.24
13 4 1 4 3 6.36
14 4 2 3 4 8.93
15 4 3 2 1 9.7
16 4 4 1 2 7.67
(o 11.725 10.905 8.838  9.055

(%) 10.708 9.743 13.683 11.445

T3 8.165 10.438 12.468 11.063

T4 11.463 10.975 7.073 10.498

Optimal parameters SiRoLyary

It can be seen from Table 5 that the working length of the spiral
grooved wheel had a very significant impact on the fertilizer
discharge performance, while the rotating speed of the grooved
wheel had a significant effect. The spiral angle and the section
radius of the grooved wheel had no significant impact on the
fertilizer discharge performance. Wang et al.'” observed similar
results, but Zhang et al.b® found that the spiral angle of the spiral
grooved wheel had a significant impact on the uniformity of
fertilizer discharged.

The variation coefficient of fertilizer discharge uniformity
assessed through the verification test was 5.95% after five
consecutive tests. The verification results had a slightly higher
coefficient of variation than that of the simulation test (5.58%). The

error between the simulation and the experimental results was
6.30%. Therefore, it can be confirmed that the simulation and the
verification test results are essentially consistent. The results further
validate the reliability of using discrete element simulation method
to study the fertilizer discharge process of the spiral grooved wheel
device designed in this paper.

Table 5 Analysis of variance

st Poienam or ST St
S 32.886 3 11.762 3.603 *

R 5.066 3 2.489 1.493

L 115.241 3 39.214 9.848 **
[ 4 3 2.133 1.415

Error 14.386 3

Note: *Significant; **Very significant at the 5% level by LSD

3.2 Fertilization accuracy results of the single-row device

According to the agronomic requirements of rice fertilization in
the Guangzhou area, the fertilizer application rate was set at
250 kg/hm’, and three different model speeds of the discharge wheel
were set (30 r/min, 40 r/min, and 50 r/min, respectively). The
accuracy of fertilizer application was calculated using Equations
(17) and (18) in this paper. The simulation test results and analysis
for the single-row discharge device in a typical field environment
are listed in Table 6.

From the results in Table 6, it can be seen that the coefficient of
variation of fertilizer discharge uniformity decreases with the
increase in rotation speed, and the accuracy of fertilizer discharge
first decreases and then increases with the increase in rotation speed
of the discharge wheel. However, this trend changed as the speed
increased to 50 r/min. When the rotation speed was 30 r/min, the
coefficient of variation of fertilizer discharge uniformity was the
largest (21.90%), and the accuracy of fertilizer discharge was the
lowest (61.8%). When the speed was 40 r/min, the accuracy of
fertilization was the highest (90.4%), and the coefficient of variation
of fertilizer discharge uniformity was the lowest (8.42%). When the
rotation speeds of the fertilizer discharge wheel were 40 r/min and
50 r/min respectively, the uniformity of fertilizer discharge was
better, and the difference in coefficient of variation was smaller. In
addition, the accuracy of fertilizer discharge was high, and the
difference in accuracy between the two rotational speeds was small.
Therefore, the simulation model had good fertilizer discharge
performance at 40 r/min. Many researchers have also found that
fertilizer discharge devices with spiral grooves operate well
between 35-50 r/mint>¢2$33641,

Table 6 Simulation results and analysis of fertilizer application device

Speed/(r-min') qn/g Amount of fertilizer in the sampling box/g Total/g Mean/g So C, A%
1 2 3 4 5
30 13.49 4.52 3.05 491 3.15 3.01 18.64 3.73 0.82 21.90 61.8
40 13.49 3.04 3.12 3.15 2.47 3.00 14.78 2.96 0.25 8.42 90.4
50 13.49 3.05 3.11 3.83 3.6 2.94 16.53 3.31 0.35 10.47 71.5

3.3 Static test results of the 6RFA

The consistency and stability test results of fertilizer discharge
in each row are listed in Table 7. Based on the experimental results,
the standard deviation and coefficient of variation for the
consistency and stability of fertilizer output in each row were
calculated using Equations (11)-(13). The consistency variation
coefficient (C,) of the fertilizer discharge amount in each row was
calculated to be 4.41%, which is within the range of 13.0% of the

qualified evaluation index of fertilizer machinery and tools in
China®>*\. Therefore, the discharge volume of each row of the deep
fertilization machine designed in this paper had good consistency.
The variation coefficient C, of fertilizer discharge stability in each
row was calculated to be 2.53%, which is within the range of 7.8%
of the qualified evaluation index of fertilizer machinery and tools.
Therefore, the total fertilizer discharged by the deep fertilization
device was stable. In addition, the C, of the amount of fertilizer in
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each row ranged from 1.13% to 5.95%, which meets the
requirement of a C, less than 13%>*". The test results and analysis
are listed in Table 7.
3.4 Field test results

Figure 14 compares the expected and measured fertilization
rates of the 6RFA. It was observed that measured fertilization rates
were slightly higher than the expected fertilization rates when the
required fertilization rates were 150 kg/hm?, 225 kg/hm?, and 300
kg/hm?, while the measured fertilization rate was lower when the
required fertilization rate was set at 375 kg/hm’. This may be
because, in order to increase the amount of fertilizer discharge while
maintaining a consistent working speed, the motor speed must be
increased. The amount of fertilizer applied by the fertilizer

180 —a— Expected rate (kg-hm?)
—e— Measured rate (kg-hm?)
& 170+
g
=
& 160 | o
§ \o/
£ 150
=
g
g 140t
£
o
=~ 130
120 1 1 1 ]
1 2 3 4 5
Test number
a. 150 kg/hm?
330 —a— Expected rate (kg-hm™?)
—e¢— Measured rate (kg-hm™)
£ 320
=
2 .
S 310 T
B
=
2 300
8
5 2001
280 . . . ,
1 2 3 4 5
Test number

¢. 300 kg/hm?

discharge device in a single turn will, however, decrease as the
motor speed increases, resulting in a decrease in fertilization rate.
Similar findings were reported by Shi et al.®?

Table 7 Fertilizer discharge in static test

Fertilizer discharge/g
Row 1 2 3 4 5 Mean S C,
298 301 293 301 300 298.6 3.36 1.13
292 292 295 285 293 291.4 3.78 1.30
321 312 310 314 312 313.8 427 1.36
309 296 302 295 305 301.4 5.94 1.97
276 270 282 279 296 280.6 9.69 3.45
6 275 275 315 294 302 292.2 17.40 5.95

Note: S = Standard deviation; C, = Coefficient of variation

wm R W N =

245 ¢ —s— Expected rate (kg-hm2)
—e— Measured rate (kg-hm2)
& 2401
g
=
52351
4 —_—
S 230}
=
.2
§ 25
=
o
=~ 220
2 1 5 1 1 1 ]
1 2 3 4 5
Test number
b. 225 kg/hm?
257 —a— Expected rate (kg-hm™?)
—e— Measured rate (kg-hm™?)
400
375

350 p————

Fertilization rate/(kg-hm™2)

3251

300 : : : '
1 2 3 4 5

Test number
d. 375 kg/hm?

Figure 14 Expected versus measured fertilization rates for target values

Table 8 shows the deviation of measured fertilization rates
from expected rates. When the expected fertilization rates were 150
kg/hm?, 225 kg/hm?, 300 kg/hm’, and 375 kg/hm? the deviation
ranges of the measured fertilization rates were 2.85%-5.11%, 3.28%-
3.75%, 0.27%-3.80%, and 6.35%-7.58%, respectively, with an
overall average of 4.5%. The machine’s application accuracy meets
the design standards, and the deviation of less than 15% meets the
fertilization requirements. Similar C,’s and deviation trends were
carlier reported in the literature® !, This proves that the uniformity

Table 8 Deviation of measured fertilization rates from
expected rates

Expected rate/ Deviation of fertilization rate per row y, /%
» Average
(kg-hm~) 1 2 3 4 5
150 4.34 2.85 5.21 4.82 5.11 4.47
225 3.55 3.42 3.15 3.28 3.75 343
300 345 0.27 3.65 3.30 3.80 2.89
375 6.73 6.39 7.58 6.35 6.65 7.23

and accuracy of the developed prototype fertilization machine were
worth verifying, with a fertilization accuracy of 95.5%.

4 Conclusions

In order to improve the efficiency and quality of rice
fertilization and reduce agricultural non-point source pollution, a six-
row deep fertilizer applicator was developed with a spiral grooved
wheel model. Through discrete element simulation and testing, the
structural parameters of the spiral grooved wheel were optimized.
The effects of the rotating speed, groove radius, grooved wheel
working length, and spiral angle of the groove on the uniformity of
fertilizer discharge were studied, and the optimum structural
parameters of the spiral grooved wheel were obtained. The use of
the spiral grooved wheel can improve the fertilizer discharge effect.

At the same time, the performance of the 6RFA machine was
investigated under static and field conditions. According to the
performance testing of the machine under static conditions, the
consistency and stability changes of each row of fertilizers were less



164  December, 2024 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 17 No. 6

than 5%.
uniformity and accuracy of fertilizer application with the 6RFA

The simulation and field test results show that the

machine are very high. Under the field test, the deviation of
fertilization amount per row was between 2.89% and 7.23% from
all the expected application rates, and the corresponding average
deviation of fertilization rates was less than 5%. The proposed deep
fertilizer applicator meets all the requirements of the Technical
Specification for Quality Assessment of Fertilization Machinery in
China (NY/T1003-2006). These results will provide a reference
basis for selecting the best fertilizer discharge device and guiding
the design of high-performance fertilizer applicators. However,
further exploration of the structural parameters of the spiral grooved
wheel is needed to investigate the influence of groove depth, groove
thickness, groove pitch, and other parameters on fertilizer discharge
effect.
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