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Abstract: Quinoa and other small-seeded crops possess relatively diminutive seed diameters, render-
ing them highly susceptible to the influence of airflow. The seeding process is impacted by the Cluster
Hole Effect, where seeds are unintentionally drawn into areas between the suction holes. This leads to
multiple seeds being picked up at once, making it difficult to meet the precise seeding requirements
for quinoa. To delve deeper into the mechanism of the cluster hole effects, this study focused on
quinoa seeds as the primary research subject. This study analyzes the migration conditions of seed
population suction and establishes an equation for seed suction considering the cluster hole effect.
CFD methods were employed to analyze the impact of various vacuum chamber negative pressures,
suction hole spacing, and suction hole quantities on the suction flow field. By combining simulation
results with evaluation criteria such as the qualification rate of seeds per hole, the qualification rate of
hole spacing, empty hole rate, and hole spacing coefficient of variation, single-factor experiments
and Box-Behnken response surface experiments were conducted to analyze the effects of different
factors and their interactions, ultimately determining an optimal parameter combination. The results
indicate that with five suction holes, spaced at D11, a vacuum pressure of 1.2 kPa, and a rotation
speed of 15 rpm, the seeding performance is optimal. The qualification rate of seeds per hole reaches
98.67%, the qualification rate of hole spacing is 96%, and the hole spacing coefficient of variation is
5.24%, meeting agricultural requirements.

Keywords: small-seeded crops; air-suction seed metering device; CFD; cluster hole effect; quinoa

1. Introduction

Quinoa, as a high-quality economic crop, not only possesses unique and rich nu-
tritional value but is also adapted to poor, saline-alkali, arid, and cold arid regions [1].
Cultivating quinoa can not only increase farmers’ income but also contribute to wind
prevention, sand fixation, water conservation, and protection of cultivated land [2]. With
the development of the quinoa industry, the demand for mechanized sowing of quinoa is
increasing [3]. Existing quinoa sowing methods mainly include line sowing, hole sowing,
and precision sowing. Among these, precision sowing has become the main research
direction in quinoa sowing due to its stable number of seeds per hole and seed-saving
advantages [4]. Existing precision seed metering devices are generally divided into me-
chanical and pneumatic types [5,6]. Mechanical precision seed metering devices, which
can damage seeds and struggle to control the number of seeds per hole, do not meet the
precision sowing needs of small-grain crops [7,8]. Air-suction seed metering devices, on
the other hand, due to their low seed damage rate and ability to precisely sow different
numbers of seeds per hole, are widely used in the sowing of small-grain crops [9,10].

Seeds can be classified into two categories based on their average grain size: large
and small [11]. For large-grain seeds, such as soybeans and corn, single-grain precision
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seed metering devices are commonly used. Research in this area primarily focuses on
various aspects, including hole structure [12], seed-clearing devices [13], working negative
pressure [14], working speed [15], and suction posture [16]. Significant achievements have
been made in both theoretical research and model development for precision seed metering
devices designed for large-grain seeds [17-19]. In contrast, small-grain seeds, which have
an average diameter of less than 3 mm, are lighter, more susceptible to airflow, and prone
to breakage. This makes seed picking and clearing more challenging with traditional
air-suction seed metering devices [20].

Consequently, many scholars have designed seed metering devices suitable for small-
grain crops, adapting the technology used for large-grain air-suction devices [21].
Li et al. [22] investigated the impact of the spoon structure on the seed count per hole
in millet. Liao et al. [23] identified key factors affecting the stability of seed picking for
small-grain seeds, such as rapeseed and cabbage, which are nearly spherical in shape.
Li et al. [24] explored how machine working speed affects the precision seed metering
devices’ qualification index for rapeseed. Li et al. [25] designed a dual-row pneumatic
precision seed metering device for small bok choy, enhancing the seeding efficiency and
precision. Xu et al. [26] used CFD-DEM coupling to analyze the microscale interactions be-
tween rapeseed and airflow. Anton et al. [27] explored the impact of different components
inside the seed metering device on the distribution of airflow in the seed box. Research
on seed metering devices for both large and small grain sizes has primarily focused on
single-grain precision in picking, clearing, and sowing. There has been less exploration
into multi-grain precision picking.

Quinoa seeds, distinct from other small-grain crops sown with single-seed precision,
are frequently sown using a multi-seed precision hole sowing method. An insufficiency
in the number of seeds per hole can adversely impact the emergence period and rate,
subsequently resulting in spatial discontinuities and irregularities in crop rows. In contrast,
an excess of seeds per hole precipitates a scenario of acute competition for essential growth
resources, such as sunlight, water, and nutrients, thereby inducing a state of overcrowding
among the seedlings [28,29]. To mitigate the variability inherent in multi-seed air-suction
precision seed metering devices and to counteract the issue of controlling the number of
seeds per hole by the cluster hole effect, this study embarks on a theoretical examination
of the underlying causes of the hole clustering effect. Leveraging CFD for numerical
simulation, this research identifies the principal factors contributing to the hole clustering
effect. Through these insights, an enhancement in the design of the seed disk is proposed,
facilitating the achievement of accurate multi-seed sowing for quinoa, thus ensuring the
air-suction quinoa precision seed metering device’s reliability and efficiency.

2. Materials and Methods
2.1. Parameter Measurement

For the experiment, “Mengli No. 1”7 quinoa seeds were selected. The three-axis
dimensions of the seeds were measured using a micrometer (Figure 1a). The thousand-
seed weight was measured using an electronic scale (Figure 1b). The seed density was
measured using a DH-300X solid-liquid dual-use density meter (Figure 1c). The static
friction coefficient of the seeds was determined using an inclinometer (Figure 1d). The
dynamic friction coefficient of the seeds was measured using a custom-built dynamic
friction coefficient testing platform (Figure 1e). The seed suspension velocity was measured
using a straight tube airflow critical speed detector (Figure 1f). The test results are shown
in Table 1.
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Figure 1. Measurement of physical parameters: 1. The quinoa seeds to be tested. 2. Solid-liquid
Densimeter DH-300X 3. Seed bonding plate. 4. Slope instrument. 5. Digital display inclinometer.
6. Micromanometer. 7. Seed suspension tube.

Table 1. Summary of physical characteristics of quinoa seeds.

Parameter Value

Length (mm) 2.289

Width (mm) 2.142

Thickness (mm) 1.274

Sphericity 0.805
Thousand-grain mass/g 3.6
Density/(kg-m~2) 1100

Suspension velocity (m-s~1) 4.46~5.67

. Seed—Seed 0.62
Static friction Seed—PLA 055
Dynamic friction Seed-Seed 0.27
Seed-PLA 0.25

2.2. Structure and Working Principle of Seed Metering Device

The overall structure of the experimental seed planter includes a seed box, seed suction
foil, stirring plate, seed metering plate body, air guide tube, and air chamber, as depicted in
Figure 2. When the planter operates, the stirring plate agitates the stationary seeds in the
seed box, enhancing their flow and moving them into the seed-suctioning area. In this area,
seeds are adsorbed onto the seed suction foil due to negative pressure and rotate with the
seed metering plate body. After rotating a specific angle, the adsorbed seeds detach from
the population and enter the seed-cleaning area. Seeds that are not stably suctioned to the
metering plate fall back into the seed box. Those stably suctioned on the plate pass through
the seed-carrying area to the seed-unloading area. Here, as the negative pressure ceases,
the seeds detach from the plate and fall into the guide tube, completing one cycle of the
seeding process.
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Seed box Stirring plate body Air guide tube

O ‘ \ Power shaft

Seed suction foil Seed metering plate body  Air chamber

Figure 2. Structure diagram of seed metering device: a. Seed-filling area. b. Seed-suctioning area c.
Seed-carrying area. d. Seed-unloading area.

2.3. Cluster Hole Effect Analysis
2.3.1. Analysis of Seed Suctioning Stability

To explore the key factors affecting stable seed adhesion and determine the critical
adhesion conditions, further analysis of the forces acting on the seeding process is required.
During the operation of the seed metering device, it is assumed that a single suction hole
only adheres to a single seed, and all external forces act on the centroid of the seed. Taking
the centroid of the seed as the origin o, the direction of rotation of the seed disc is denoted
as the o; direction, the direction from the centroid of the seed pointing towards the center
of the seed disc is denoted as the o; direction, and the direction perpendicular to the plane
of the seed disc is denoted as the oy direction, establishing a natural coordinate system, as
shown in Figure 3. According to the principle of D’Alembert, the equilibrium equation is
formulated as in Equation (1).

Figure 3. Analysis of seed suctioning stability: Fy; is the frictional force component in the o; direction
between the seed and the seed suction foil, sz is the frictional force component in the 0 direction
between the seed and the seed suction foil, F; is the frictional force between the seeds, assuming its
direction is in the negative o; direction, Fe is the centrifugal force, Fg is the adhesive force of suction
holes on seeds in the airflow field, N is the constraining force of seed suction holes on seeds, d is the
diameter of the seed suction hole, m is the mass of the seed, f1 is the friction coefficient between seeds.
f2 is the friction coefficient between seeds and the seed suction foil. w is the angular velocity of the
seeding disc, R is the rotational radius of the suction hole center in the seeding disc, ¢ is the spacing
from the seed center of mass to the seeding disc, j is the normal direction of the seed metering plate’s
rotation, i is the tangential direction of the seed metering plate’s rotation, and k is the secondary
normal direction perpendicular to the seed metering plate.
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Seed stabilization suction should satisfy Equation (2).
d
(Fs = Ni)5 2 Qe )

When Ny = 0, the seed suction critical state is satisfied; at this time, the minimum
critical suction force is shown in Equation (3).

E = % F? 4+ G? +2GF, cosa + F} +2F1\/G2 + F2 4+ 2GF, cosa cos B 3)

Ideally, the seed is also influenced by natural and external environments during the

operation of the seed planter. Considering the reliability coefficient of seed suction (Kj),

the working stability and reliability coefficient (K3), and the water content effect coefficient

of the seed (K3) [30], and taking the maximum limit conditions of cos « =1 and cos =1,
then seeds are adsorbed when the critical suction pressure is reached, as in Equation (4).

N 2CK1 K2K3

= Sd (F8+G+Fl) (4)

In the suction process, according to Bernoulli’s equation, as in Equation (5), the seed is
in the flow field with a certain flow rate; at this time, the seed is subjected to the force of
the airflow, which is related to the airflow rate.

AP = %p (02 . v%) ®)

where AP is the pressure difference across the suction holes; v is the air flow velocity at the
suction hole of the air chamber; vy is the air flow velocity of the seed box, where vy = 0; and
p is the air density.

Assuming that quinoa seeds are homogeneous spheres, Equations (4) and (5) give the
theoretical sorption flow rate as in Equation (6).

4cK1 KoK
vz\/slpd”(ﬂ—l—G+Fl) (6)

Under standard conditions, the air density p is 1.29 kg-m~3; the equivalent diameter
of quinoa @ is 1.64 mm; the thousand-seed weight of the seeds is 3.6 g; the dynamic friction
coefficient between populations is f1 = 0.26; the reliability coefficient for seed suction, the
external condition influence coefficient, and the water content effect coefficient of the seeds
are taken as Ky = 2, K» = 1.8, K3 = 1.1, respectively; the diameter of the suction hole d is
0.8 mm; the rotation speed of the seed metering plate is set at 15 rpm; and the rotation
radius R from the center of the suction hole to the seed metering plate is taken as 82.5 mm.
The theoretical calculations indicate that when the suction area is S = 7d? /4, and the airflow
velocity acting on the seeds reaches 30.22 m-s~1, it can satisfy the stable suction of the seeds.
Considering the experimental error during the measurement of seed physical properties
and the complex environment during the seed suction process, a higher negative pressure
flow rate should be adopted in practice to meet the operational requirements.
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2.3.2. Analysis of Cluster Hole Effect

In order to further analyze the key factors affecting the cluster hole effect, a single seed
between suction holes was subjected to mechanical analysis. The seeds are assumed to be
spherical rigid bodies with a constant pressure region within the gas chamber. According to
the forces acting on seed particles in fluid, the seed is typically subjected to a combination
of multiple forces. However, in practice, since the seed does not generate high acceleration
or high-speed rotation, the additional mass force, Basset force, Magnus force, and Saffman
force can be neglected [31,32]. The simplified force analysis of the seed when a single
suction hole is applied is illustrated in Figure 4.

Gceosa

Figure 4. Analysis of cluster hole effect: Fp is the perturbation resistance of the suction hole airflow to
the seed, F is the perturbation lift of the suction hole airflow to the seed, F, is the pressure gradient
force, F, is the buoyancy force, Ny is the support force, G is the gravitational force, b is the spacing
between the centers of the two suction holes, ¢ is the spacing of the seed center of mass from the
suction sheet, a is the spacing of the seed center of mass from the suction holes, § is the angle of the
line between the center of the suction holes and the center of mass of the seeds to the plane of the
suction sheet, and r is the critical region of action of the suction holes maximum radius. F;’, Fy’, Fy’,
Fj’, F\’, Fy’ are the forces on the seed along the i-axis, the j-axis, and the k-axis, 4 is the spacing of the
seed from the upper suction hole, g, is the spacing of the seed from the lower suction hole, and ¢ is
the perpendicular spacing of the seed from the suction sheet.

According to the principle, the fluid-structure interaction dynamics can be listed in
Equation (7).
Gceosa —Fpcosp—FL— K, +F =0 (7)

Calculate Equation (7) to obtain Equation (8).
1 5 1 5 .
PpgVpcosa — EpCdAsv cos B — EpCLAsv sinf — gV, —Vp,Vp =0 ®)

where Cg4 is the disturbance drag coefficient; As is the seed windward area; v is the airflow
velocity; Cy. is the lift coefficient; V}, is the seed volume; Vp is the pressure gradient force;
p is the fluid density; and pp, is the seed density.

Assuming the range of action of the airflow forms a sphere, the spherical surface,
centered at the sphere’s center and at a spacing 1, possesses a uniform airflow rate. Due to
the influence of the seed-absorbing sheet, the actual suction area is reduced to a hemisphere,
the area of which is delineated in Equation (9).

A = 2772 )
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The velocity of any equivalent surface airflow in the action sphere can then be ex-
pressed by Equation (10) [33].
k%l
pi
1-| = 10
<Pe) 1 (19

where R is the gas constant; T is the absolute temperature; k is the heat fusion ratio; pe is
the atmospheric pressure; and p; is the pressure at the suction hole.

Substituting Equation (10) into Equation (8) yields the theoretical suction radius r, as
presented in Equation (11).

d2 2k
v = 32 7k—1RT€

4| 3pd*(Cy cos B+ Cp sin B)kRT,

()]

12872 (Apg — Vp)(k — 1) )

Building upon the analysis of the single holes-absorbing effect, the cluster hole effect
was further examined, as depicted in Figure 4. Neglecting the effect of the seed’s profile
volume and assuming that the flow field forces act upon the seed’s center of mass, the
airflow velocity for varying seed positions can be derived from Equations (10) and (11), as
indicated in Equation (12). It is observed that, under the influence of the interacting airflow
field, the velocity of the airflow within the space is dependent upon the spacing between
the seeds and the suction holes, the diameter of the suction holes, the spacing between the
holes, and the magnitude of the pressure differential.

k—1
_d* | 2kRT, pi\ F
=12 k_;[l—(pz) ] b>2r

(12)

(@} +aB)kRT, | <ﬂ>k% p<ornd M< V2 —e?
32a2a3 (k—1) Pe = ay < V12 —¢2

2.4. CFD Simulation Test

This study uses ANSYS Fluent to analyze the airflow at the suction holes in different
regions of the seed metering device in a stationary state. This analysis aims to further
investigate the changes in airflow at the suction holes of the seed metering device. In
the flow field simulation analysis, emphasis is placed primarily on the internal flow field
region, necessitating the construction of an internal fluid region model [34]. By simplifying
the seed discharger model and extracting the fluid domain, the model of the fluid domain
is obtained, as illustrated in Figure 5a. Through Fluent meshing, the Poly-Hexcore volume
mesh generation method was used to divide the fluid domain into grids (Figure 5b).

A grid independence verification was performed on the model, with the monitored
region being the mid-plane between the two ends of the seed suction foil. Considering both
calculation accuracy and efficiency, Grid 3 was selected for numerical simulation (Table 2).
Auto Node Move was used to optimize the grid model to ensure convergence of the results.
Grid quality monitoring indicated a maximum skewness of 0.75 and a minimum orthogonal
quality of 0.36, meeting the computational requirements. To further ensure consistency
between the simulation results and the actual results, an HT-1890 digital manometer was
used to measure the negative pressure at a single suction hole on a macro level, which
was then used to correct the simulation parameters. The k-epsilon turbulence Standard
model was selected for this study, with air as the material property for the fluid domain.
The outlet pressure was set to different negative pressure levels, the inlet pressure was set
to 0 kPa, and the remaining boundary conditions were set as walls for the simulation.
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a Pressure Outlet (P = —P Pa) b
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| |

Pressure Inlet (P = atmospheric pressure)

Figure 5. Fluid simulation model. (a). Fluid domain (b). Mesh.

Table 2. Grid independence verification.

Parameters  Total Number of Cells  Airflow Velocity in the Measurement Point Region

1 433 x 10° 54.6
2 7.14 x 10° 51.1
3 1.19 x 100 50.3
4 1.45 x 106 50.2
5 2.02 x 106 499

2.5. Seeding Performance Test

“Meng quinoa No. 1”7 seeds were selected for experimental research, utilizing the
JPS-12 computer vision seed metering device test bench (Figure 6). The experiment was
conducted in March 2024.

Electrical machine

Seed metering device

Air guide tube

Visual recognition device Seed bed V belt Table frame

Figure 6. JPS-12 computer vision seed metering device test bench.

Adhering to industry standards NY /T 987-2006 for film-laying hole sower operation
quality and NY/1823-2009 for greenhouse vegetable hole-disk precision seeder technical
conditions, and incorporating simulation test results, this study conducted experiments
focusing on the number of suction holes, the suction hole spacing, and the negative pressure.
Based on the preliminary experiment results, a single-factor experiment (Table 3) and a BB
response surface experiment (Table 4) were conducted.
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Table 3. Single-factor experiments.
Level Factors
Code Number of Suction Holes A Suction Hole Spacing B Negative Pressure C
1 3 D3 0.6
2 4 D5 0.8
3 5 D7 1
4 6 D9 12
5 D11 14

Note: D3 stands for a center distance of 3 mm, while D5-D11, respectively, represent center distances of 5-11 mm.

Table 4. BB response surface experiment.

Level Factors
Code Number of Suction Holes A Suction Hole Spacing B Negative Pressure C
1 3 D7 0.8
0 4 D9 1
-1 5 D11 1.2
3. Results

3.1. Simulation Results Analysis
3.1.1. Effect of Different Positions on the Flow Field

The average airflow velocity across the end face of the seed suction foil was analyzed to
investigate the airflow distribution across various locations within the air chamber. Owing
to the small diameter of the seed suction holes, which hindered easy observation, this study
assigned numbers to the seed suction holes on the 18 seed suction tablets. Specifically, seed
suction holes No. 1-14 were situated in the negative pressure area, while holes No. 15-18
were located in the non-negative pressure area, as depicted in Figure 7a. Using a 4-hole
seed discharge disk, with a negative pressure of —3 kPa and a hole spacing of 11 mm as
an example, average airflow velocity values at the end faces of the seed suction holes in
different locations were recorded, as illustrated in Figure 7b. Under identical air chamber
conditions, the variance in average airflow velocity values among different positions was
minimal, showing slight fluctuations within a certain range. Consequently, any suction
hole position could be chosen for analyzing the cluster hole effect.

54
. 52

PEERNEE WS PN

Velocity(m/s)
Wi
(e}

48

46

0 2 4 6 8 10 12 14 16

Position
(a) (b)

Figure 7. Effect of different positions on the flow field. (a). Distribution location; (b). Average
airflow velocity.
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3.1.2. Effect of Suction Hole Spacing on the Flow Field

To facilitate the analysis of flow field changes influenced by various parameters,
a straight line through the center of the suction hole is intercepted in the 3D model. This
line lies on the end face of the seed suction foil, as illustrated in Figure 8.

Figure 8. Schematic diagram of suction hole spacing.

The variation in the airflow field relative to the spacing between suction holes was
analyzed, with the spacing serving as a variable. By extracting the airflow data along the
straight line on the end face, the variation in the suction area as a function of suction hole
spacing was charted, as shown in Figure 9. The region exhibiting suction near the seed-
sucking holes was approximated as a circle. By extracting both the actual perturbed airflow
velocity (seed suspension velocity) and the theoretical stabilized suction airflow velocity
from the intersection points of the curves, the area of the region adjacent to the suction
hole—exhibiting both suction and perturbation effects on quinoa seeds—was calculated,
with the results depicted in Figure 10. During the seed suction process, the suction area
initially decreases with the gradual increase in the spacing between suction holes; when
this spacing exceeds 7 mm, the extent of the suction area fluctuates around a specific value.
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Figure 9. Effect of the suction hole spacing on the suction region. (A). D3; (B). D5; (C). D7; (D). D9;
(E). D11; (F). D13.
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(a). Three holes

Figure 10. Results of suction hole spacing analysis. (A). Stable adsorption area; (B). Airflow distur-
bance area; (C). Air velocity.

3.1.3. Effect of the Number of Suction Holes on the Flow Field

To facilitate the analysis, the study focuses solely on the flow field change rule for a
single suction hole under various numbers of suction holes. The distribution spacing of
suction holes is designated as D11 to mitigate the impact of airflow changes caused by
overly proximal distribution spacings of suction holes. The distribution of the number of
suction holes is depicted in Figure 11.

® ® " 9
®

@
© ® ;

(b). Four holes (c). Five holes (d). Six holes

Figure 11. Different number of suction holes.

Using the number of suction holes as a variable, the study analyzed the airflow field’s
change rule relative to the number of suction holes. Airflow data along the end face straight
line was extracted to illustrate the variation in the suction region with the number of suction
holes, as shown in Figure 12. The area adjacent to the suction holes, calculated to both
adsorb and disturb the quinoa seeds, is presented in Figure 13. During the seed suction
process, as the number of suction holes increases, the area of single suction holes with
adsorbed seeds decreases; however, this range of change is minor and meets the condition
for the minimum critical suction of seeds. The velocity of airflow at the suction holes
decreases with an increase in the number of suction holes, but the extent of this change is
limited, indicating that the number of suction holes does not significantly affect the velocity
of airflow at the suction holes.
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Figure 13. Results of the number of suction holes analysis. (A). Stable adsorption area; (B). Airflow
disturbance area; (C). Air velocity.

3.1.4. Effect of Negative Pressure on the Flow Field

Using the negative pressure within the air chamber as a variable, the study analyzes
the change rule of the airflow field in relation to the negative pressure of the air chamber.
The variation of the suction region with the negative pressure of the air chamber was
illustrated, as depicted in Figure 14. The area adjacent to the suction hole, encompassing
both the suction and perturbation regions for quinoa seeds, is calculated and shown in
Figure 15.
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Figure 15. Results of negative air chamber pressure analysis. (A). Stable adsorption area; (B). Airflow
disturbance area; (C). Air velocity.

In the process of seed suction, the suction region initially increases with a gradual rise
in negative pressure; similarly, the velocity of the airflow at the suction hole also increases
with the enhancement of negative pressure. When the negative pressure at the suction hole
is —0.4 kPa, the flow rate at the suction hole fails to meet the conditions for seed suction, yet
it can facilitate seed perturbation. However, when the negative pressure at the suction hole
reaches —0.8 kPa, the flow rate at the suction hole essentially satisfies the critical conditions
for seed suction. This indicates that the magnitude of the negative pressure is a critical
factor influencing the stable suction of seeds.
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3.2. Results Analysis of the Single-Factor Test
3.2.1. Influence of Suction Hole Spacing on Sowing Performance

In single-factor experiments, varying suction hole spacing was the variable; the results
are shown in Figure 16. The results indicate that when the spacing of the seed suction
holes is at D3, the short spacing between the holes leads to a serious issue of multi-suction,
resulting in a significant decrease in the rate of qualified hole grain numbers. As the spacing
between the suction holes increases, the phenomenon of multi-suction gradually decreases,
leading to a gradual improvement in the index of qualified hole grains. This indicates that
the spacing between suction holes is a critical factor in ensuring the quality of seed sowing.
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Figure 16. Influence of suction hole spacing on sowing performance. (A). The qualification rate of
seeds per hole; (B). The qualification rate of hole spacing; (C). Empty hole rate; (D). The coefficient of
variation of hole spacing.

3.2.2. Influence of Number of Suction Holes on Sowing Performance

The results of single-factor experiments varying the number of suction holes are shown
in Figure 17. The results indicate that the performance is better when the number of suction
holes is set to 4 or 5, with all evaluation indices tending to stabilize. When the number of
holes is 3, there is a significant issue of missing suction, leading to a noticeable drop in the
rate of qualified hole grain numbers. Conversely, with six holes, there is a serious problem
of multi-suction, causing a significant decline in both the qualification rate of seeds per
hole and the qualification rate of hole spacing.
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3.2.3. Influence of Negative Pressure on Sowing Performance

The results of single-factor experiments varying the air chamber negative pressure as
the variable are shown in Figure 18.

The results indicate that when the vacuum level in the air suction chamber is below
—0.8 kPa, seeds cannot be stably suctioned, leading to serious missed sowing. This results
in a lower qualification rate of seeds per hole and a higher empty hole rate. When the
vacuum level in the air suction chamber is at —1.4 kPa, the phenomenon of multiple seeds
being suctioned into one hole becomes more pronounced. Although within the range of
qualified hole grain numbers, the qualification rate of seeds per hole fluctuates widely,
resulting in poor sowing stability. As the vacuum level increases, the qualification rate of
seeds per hole and the qualification rate of hole spacing initially rise and then decrease,
with the empty holes rate gradually dropping to zero.
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Figure 18. Influence of negative pressure on sowing performance. (A). The qualification rate of seeds
per hole; (B). The qualification rate of hole spacing; (C). Empty hole rate; (D). The coefficient of

variation of hole spacing.

3.3. Results Analysis of the Box—Behnken Test

3.3.1. Box-Behnken Test Results

During the response surface experiments, it was observed that the rate of empty holes
met the agronomic requirements. Consequently, this study conducted response surface
experiments using the qualification rate of seeds per hole, the qualification rate of hole
spacing, and the hole spacing coefficient of variation as evaluation indicators. The test
scheme and results are provided in Table 5.

Table 5. Experimental design and results.

Factors Evaluation Indicators
Test Serial The The The Hole
Number A B C Qualification Qualification Spacing
Rate of Seeds Rate of Hole Coefficient of
per Hole Yq Spacing Y, Variation Y3
1 4 11 0.8 96 85 3.91
2 5 7 1 934 93 16.83
3 4 9 1 99.2 96.4 5.64
4 3 11 1 86 88.5 10.89
5 3 9 1.2 86.4 89 10.94
6 3 7 1 79.8 84.2 11.56
7 5 9 0.8 94.4 93 8.58
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Table 5. Cont.

Factors Evaluation Indicators
Test Serial The The The Hole
Number A B C Qualification Qualification Spacing
Rate of Seeds Rate of Hole Coefficient of
per Hole Y; Spacing Y, Variation Y3
8 4 9 1 98.4 94.8 5.84
9 5 9 1.2 85.8 86 13.48
10 3 9 0.8 76.2 81.8 10.94
11 4 9 1 97.8 95.2 5.24
12 4 9 1 98 94.2 6.64
13 4 7 0.8 96.2 89.6 8.71
14 4 9 1 98.8 95.8 5.94
15 4 11 1.2 97.8 91 6.24
16 5 11 1 90.4 90.8 7.86
17 4 7 1.2 93.6 82.6 11.2

3.3.2. Regression Equation ANOVA

Using Design-Expert 13 software for regression analysis of the experimental results,
regression equations were obtained between Y7 (The qualification rate of seeds per hole),
Y, (The qualification rate of hole spacing), and Y3 (The hole spacing coefficient of variation)
and the variables A (Number of suction holes), B (suction hole spacings), and C (Negative
pressures), as shown in (13).

Y; = 98.79 + 3.3A + 0.24B + 0.65C — 1.15AB — 4.7AC + 0.55BC — 10.62A% — 0.105B% — 2.12C?
Y, = 94.83 + 1.60A — 1.27B + 1.53C — 0.8125AB — 3.55AC + 1.63BC — 2.88A% — 0.8194B2 — 4.95C2 (13)
Y3 = 4.95 —0.735A — 0.5988B + 1.2C — 1.04AB + 1.23AC — 0.02BC + 4.7A% + 0.3069B2 + 0.4275C?

According to the analysis of variance results (as shown in Table 6), the model terms for
Y (The qualification rate of seeds per hole), Y, (The qualification rate of hole spacing), and
Y3 (The hole spacing coefficient of variation) were all highly significant, while the lack-of-fit
terms were not significant. This indicates that the regression equations can fit the actual
situation well. The determination coefficients (RZ) for Y1, Y5, and Y3 are 0.997, 0.987, and
0.992, respectively, with Adequacy Precision values all greater than 4. This suggests that the
model can be effectively used to navigate the design space. By excluding non-significant
influencing factors, the refined regression equations were obtained, as shown in (14).

Y; = 98.79 +3.3A +0.65C — 1.15AB — 4.7AC + 0.55BC — 10.62A% — 2.12C?
Y, = 94.83 +1.60A — 1.27B + 1.53C — 0.8125AB — 3.55AC + 1.63BC — 2.88A% — 0.8194B% — 4.95C2 (14)
Y3 = 4.95 — 0.735A — 0.5988B + 1.2C — 1.04AB + 1.23AC + 4.7 A% + 0.3069B>

Table 6. ANOVA results.

Yl YZ Y3
Source

F P F P F P

Model 288.17 ** 61.5 ** 92.16 i

A 190.69 ** 21.14 id 12.76 id

B 2.09 0.19 27.56 ** 17.51 hid

C 7.4 ** 19.21 ** 33.72 *

AB 69.47 ** 16.36 ** 76.25 hid

AC 290.11 ** 78.06 ** 26.58 x*
BC 15.89 ** 65.42 ** 0.0283 0.87

A? 1559.18 x> 53.99 > 411.36 id

B2 2.44 0.16 70.04 ** 28.09 **
c? 62.13 ** 159.92 ** 3.41 0.10
Lock of fit 0.8333 0.54 0.7252 0.59 0.6782 0.61

Note: * indicates significant difference (0.01 < p < 0.05); ** indicates highly significant difference (p < 0.05).
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3.3.3. Significant Interaction Analysis

As shown in Figure 19, the interactions between the number of suction holes, their
positions, and the negative pressure significantly affect the qualification rate of seeds per
hole. When the position of the suction holes is fixed, the qualification rate of seeds per
hole initially increases and then decreases with the rise in the number of suction holes
and negative pressure. When there are three suction holes, the qualification rate of seeds
per hole tends to decrease with increasing negative pressure. Conversely, when there are
five suction holes, the qualification rate of seeds per hole tends to increase with increasing
negative pressure. When the negative pressure is fixed, the qualification rate of seeds per
hole initially increases and then decreases as the number of suction holes increases.

100

(b)

Figure 19. The impacts of interaction factors on the qualification rate of seeds per hole. (a). AB
interaction; (b). AC interaction; (c). BC interaction.

As illustrated in Figure 20, the interactions between the number of suction holes, their
positions, and the negative pressure also significantly influence the qualification rate of
hole spacing. With a fixed suction hole spacing, the qualification rate of hole spacing shows
an initial increase followed by a decrease with an increase in the number of suction holes
and negative pressure. When the number of suction holes is fixed, the qualification rate of
hole spacing first increases and then decreases as the negative pressure rises. When the
negative pressure is fixed, the qualification rate of hole spacing initially increases and then
decreases with the number of suction holes. At a negative pressure of 0.8, the qualification
rate of hole spacing gradually declines with increasing suction hole spacing; at a negative
pressure of 1.2, it tends to rise with the suction hole spacing.

S
e ""Q“
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Figure 20. The impacts of interaction factors on the qualification rate of hole spacing. (a). AB

interaction; (b). AC interaction; (c). BC interaction.

As illustrated in Figure 21, the interactions between the number of suction holes
and their positions, as well as the number of suction holes and negative pressure, have
a significant effect on the hole spacing coefficient of variation. With a fixed suction hole
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spacing, the hole spacing coefficient of variation first decreases and then increases with the
number of suction holes. When there are three suction holes, the hole spacing coefficient of
variation increases with the position of the suction holes; when there are five suction holes,
it decreases with the position of the suction holes. With a fixed negative pressure, the hole
spacing coefficient of variation first decreases and then increases as the number of suction
holes increases.

Figure 21. The impacts of interaction factors on coefficient of variation of hole spacing. (a). AB
interaction; (b). BC interaction.

3.4. Verification Test

Using Design-Expert software to determine the optimal combination of working
parameters, we set constraints such that the qualification rate of seeds per hole and the
qualification rate of hole spacing should be maximized while the hole spacing coefficient of
variation should be minimized. The prediction is that when the number of suction holes
is set to 4.18, suction hole spacings to 9.7, and negative pressure to 0.99, the qualification
rate of seeds per hole, the qualification rate of hole spacing, and the hole spacing coefficient
of variation would be 99.09%, 95.27%, and 5.08%, respectively. Benchtop experiments
were conducted to verify these predictions. Considering that the predicted results do not
conform to actual production and processing conditions, they were rounded to whole
numbers. Therefore, the number of suction holes was set to 4, suction hole spacings to
10, and negative pressure to 1, and three repeated experiments were conducted. The
experimental results are shown in Table 7, with the qualification rate of seeds per hole, the
qualification rate of hole spacing, and the hole spacing coefficient of variation being 98.67%,
96%, and 5.24%, respectively, meeting agronomic standards.

Table 7. Validation test results.

Number Yy Y, Y3
1 99 94 6.84
2 98 98 4.28
3 99 96 4.61
Average value 98.67 96 5.24

4. Discussion

This paper further investigates the influence of the cluster hole effect on the multi-seed
precision sowing performance of quinoa seeds, utilizing the CFD method to analyze the
impact of different suction hole spacing, numbers, and suction negative pressure on the
suction area. Through single-factor experiments, the key factors affecting the cluster hole
effect were identified. To avoid the decline in multi-seed precision sowing stability caused
by the cluster hole effect, based on the results of the Box-Behnken (BB) experiments, the
interaction effects of significant factors on the cluster hole effect were analyzed, and optimal
parameter combinations were clarified. The detailed discussion is as follows:
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The spacing between suction holes significantly affects the suction range and airflow
velocity. When the spacing between the seed suction holes is close, the airflow
velocity changes more rapidly. The airflow between two suction holes affects each
other, leading to an increase in velocity and suction area at the suction holes and the
possibility of seeds being adsorbed between the holes (Figure 10). When the suction
hole spacing is less than 5 mm, the cluster hole effect is obvious. Multiple seeds are
still adsorbed between the suction holes (Figure 16).

The number of suction holes has a minor impact on the flow field (Figure 13). However,
having too few or too many holes can decrease the qualification rate of seeds per hole,
so a number of 4 or 5 holes is more appropriate (Figure 17). The number of holes
mainly affects the negative pressure and, thereby, the suction area. As the area of the
suction holes increases, the negative pressure gradually decreases, and the velocity at
the holes gradually reduces.

Negative pressure significantly affects both the suction range and airflow velocity
(Figure 15). When the negative pressure is too low, even if seeds occupy favorable
suction positions, stable suction conditions cannot be achieved, leading to an increase
in the rate of empty holes (Figure 18); when the negative pressure is too high, the
effective suction range of seeds increases, a single seed cannot occupy the entire
effective suction area, and diffusive airflow can still stably adsorb seeds, causing a
decrease in the rate of qualified grains per hole (Figure 18). This is consistent with
previous research on the impact of negative pressure on sowing performance.

The interaction between suction hole spacing, number, and negative pressure has a
significant impact on evaluation indicators (Table 6). The interaction between hole
spacing and number increases the number of collisions during the seeding process,
leading to a decrease in the qualification rate of hole spacing and an increase in
the hole spacing coefficient of variation. The interaction between hole spacing and
negative pressure causes too much variation in seeding positions, leading to decreased
performance of the seed metering device. When the negative pressure is low, and the
number of holes is limited, seed suction becomes unstable, leading to an increased
likelihood of missed seeding. Conversely, at higher negative pressures and with a
greater number of holes, seed suction stabilizes, but it results in a higher incidence of
duplicate seeding.

In the multi-seed precision sowing process of small-diameter crops, it is necessary
to avoid the cluster hole effect as much as possible. However, if the combination of
suction hole spacing, size, and negative pressure is well-managed, the cluster hole
effect can produce a stable suction flow field, prevent large-diameter seeds from
getting stuck in the holes, and thereby improve the performance of air-suction seed
metering devices for large-diameter seeds.

5. Conclusions

)

@)

®)

Based on theoretical analysis and CFD simulation results, it is found that the cluster
hole effect is influenced by various factors, including the diameter and spacing of
suction holes, seed shape, and pressure gradient difference. Specifically, the spac-
ing between suction holes and the pressure gradient significantly affect the cluster
hole effect.

Single-factor experiment results show that seed discharge performance is significantly
affected by the negative pressure in the air chamber, the spacing between suction holes,
and the number of suction holes. Optimal seed discharge performance is achieved
when the air chamber negative pressure is 0.8-1.2 kPa, the suction hole spacing is
between 7 and 9 mm, and the number of suction holes is 3-5.

Through the Box-Behnken response surface experiment, taking negative pressure,
spacing between suction holes, and the number of suction holes as factors, the optimal
parameter configuration was determined. Validation experiments confirmed that
when the number of seed suction holes is four, the distribution spacing of the seed
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suction holes is at D10, and the vacuum degree is 1 kPa, the performance is optimal,
achieving a 98.67% qualified rate of seeds per hole, 96% qualified rate of hole spacing,
and a 5.24 coefficient of variation for hole spacing, meeting agronomic requirements.
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