
Abstract
The stable and uniformly distributed airflow field can effec-

tively improve the seed suction effect and seed-carrying stability
of the pneumatic seeder. With this end in view, this paper opti-
mised the airflow basin structure of the vacuum-vibration tray pre-
cision seeder based on the computational fluid dynamics (CFD)
simulation technology. The results show that the airflow field is
relatively stable and well-distributed when the chamber height is
50 mm, and the outlet tube diameter is 65 mm. In addition, the
thickness of the base plate with suction holes should be less than
5 mm, and the needle suction nozzle guide should be greater than
15 mm, according to the numerical analysis results. Based on the
above study, the seeding characteristics of the needle-type suction
nozzle and the plate-type suction nozzle were further explored to
determine the type of nozzle more suitable for a rectangular suck-
er. Through various experimental designs, the significant influenc-
ing factors of the two suction nozzles, their appropriate working
ranges, and the optimal combination of working parameters were
determined in turn. The needle suction nozzle requires a lower
suction height and less grain dispersion, according to the experi-

mental results, while the plate suction nozzle is just the opposite;
it allows a certain suction height to be maintained with the seeds
and requires high dispersion of grain. In general, the plate suction
nozzle can obtain better seeding performance and is a more
favourable nozzle for the vacuum-vibration tray precision seeder.

Introduction
With the improvement of the seeding qualified rate and

seedling success rate of rice factory seedlings, vacuum precision
seeding devices are widely used and occupy a large market in
domestic and international agricultural mechanised planting (Yasir
& Liao, 2014). As ‘Fine Agriculture’ advances, higher demands
are being placed on traditional seeding equipment, so improving
the performance of suction precision seeders to meet the growing
agricultural demand is essential.

Many researchers have been working to improve the seeding
performance of the seeding device by exploring suitable operating
parameters. Gaikwad and Sirohi (2008) fabricated a low-cost
pneumatic seeder and experimentally determined that the opti-
mum suction pressure for picking capsicum and tomato seeds was
4.91 kPa and 3.92 kPa, respectively. Zhao et al. (2018) analysed
the effect of the seed layer thickness on the seeding effect of the
vacuum-vibration tray precision seeder through a two-phase flow
coupling simulation technique and found that the suitable seed
layer thickness was 15 to 25 mm. Liao et al. (2019) analysed the
working principle of the tube-needle centralised seeding device.
They obtained the optimal working parameter range of American
ginseng seeding by optimising the regression model of the seed
metering shaft speed, positive pressure, and negative pressure.
Interestingly, numerous studies have pointed out that the right
pneumatic state is crucial for obtaining high-quality seeding per-
formance. In the field trials of a low-cost seedling tray seeder for
lettuce, Tiw-An et al. (2020) found that the vacuum level dramat-
ically influenced the seeding effectiveness of the device.
Increasing the vacuum pressure was found to be an effective way
to improve the seed suction capacity of the tray seeder by Liu et
al. (2010), and similar experimental results were also found in Xia
et al. (2008) and Hassan and Liao (2014).

The pneumatic conditions directly influence the seeding
effect, and the air chamber, as the main air basin structure of the
vacuum-vibration tray precision seeder, to a great extent, deter-
mines the overall uniformity and stability of the airflow field.
Therefore, the most fundamental way to improve the seeding per-
formance of the vacuum precision seeder is to optimise the air
basin structure. By replacing the plates with different numbers of
holes in the bench tests, Yazgi and Degirmencioglu (2014) deter-
mined that the best seeding performances for cotton and corn were
obtained respectively when the plate with 26 holes and 36 holes
were used. Gaikwad and Sirohi (2008) used the same method to
determine the optimum suction nozzle size for adsorbing cap-
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sicum and tomato seeds, respectively. In recent years, computa-
tional fluid dynamics (CFD) technology has developed rapidly and
has become the mainstream method for optimising the airflow
domain structure of the air-suction seeder. Gao and Zhang (2016)
found in the Fluent simulation results that the lowest air losses
could be achieved by using the 90° smooth circular elbow to con-
nect the air chamber, which provides sound advice for the pipe
structure design of the 2BQM-2 air suction planter. Through the
hydrodynamics principles and fluent simulation numerical analy-
sis, Du et al. (2017) determined that the sucker suction perfor-
mance is more stable when there are two suction ports on the seed
sucker. Based on the CFD technology, Liu et al. (2020) determined
that the optimum transverse duct diameter of the wheat uniform
seeding mechanism is 8 mm and the optimum negative pressure
port diameter is 36 mm, and then developed a prototype according-
ly, which could achieve good sowing results.

In order to improve the seeding performance of a vacuum-
vibration tray precision seeder, this paper explores the appropriate
size of a rectangular sucker that can obtain the most stable and uni-
form airflow field based on CFD techniques. In addition, the seed-
ing characteristics and performance of the needle type and the plate
type nozzles are compared in field trials to determine the optimum
nozzle structure more suitable for the vacuum-vibration tray preci-
sion seeder.

Materials and methods

Computational fluid dynamics simulations

Generation of the air basin mesh
According to the actual size of the sucker, a three-dimensional

airflow basin model was established, and the 10 mm computational
domain was extended at the air inlet to ensure the stability of the
airflow. The unstructured tetrahedral mesh was used to delineate
the whole fluid domain. In addition, the local encryption operation
was applied to the mesh of the suction holes to ensure the accuracy
of the numerical calculation. The final fluid domain meshing effect
is shown in Figure 1. The mesh qualities calculated according to
the aspect ratio of the tetra elements are all above 0.3.

Boundary conditions and solution parameter settings
The mesh model was imported into Fluent 19.2, and the SIM-

PLE coupling solver was used to solve for the aerodynamic state
of it. The airflow in the sucker is in a turbulent state. The velocity
of the airflow within the air chamber is much less than the speed

of sound, and therefore the airflow in the sucker can be considered
incompressible. According to the Boussinessq assumptions, the
continuity equation and Reynolds equation (Krishnasreni, 2004)
for the mean flow of the airflow are given in Eqs. 1 and 2, respec-
tively.

                                                                     (1)

                (2)

ρ, fluid density, kg/m3; ui,uj(i,j = 1,2,3), the mean of speed, m/s; p,
the mean of pressure, Pa; µ, turbulent viscosity coefficient,
Pa∙s; -Reynolds stress term (Versteeg & Malalasekera,

1995); Si, source term. 
Eqs. 1 and 2 are not closed, so new turbulence models must be

introduced. In this paper, the standard k – e model is used, intro-
ducing a transport equation of turbulent kinetic energy k and an
equation about the turbulent dissipation rate e. The corresponding
transportation equations (Wang, 2004) are shown in Eqs. 3 and 4.
Eqs. 1-4 are the governing equations for solving the fluid state in
the fluid domain: 

(3)

                                                                                                  (4)
In Eqs. 3 and 4, there are:

(5)

Gk, generation term of the turbulent kinetic energy k caused by
average velocity gradient; Gb, generation term of the turbulent
kinetic energy k caused by buoyancy; YM, contribution of pulsation
expansion in compressible turbulence; Pri, turbulent Prandtl num-
ber; b, coefficient of the thermal expansion; C1e, C2e, C1e, empiri-
cal constant; Sk,Se, source term; Ma, Mach number.

The inlet face of the airflow domain model was set to the pres-
sure-inlet condition with an initial pressure value of 0 Pa. The outlet
face was set to the pressure-outlet condition with an initial pressure
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Figure 1. Schematic diagram of grid division of air chamber: 1. outlet face; 2. outlet tube; 3. rectangular chamber shell; 4. inlet face; 5.
suction holes.
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value of –15 kPa. All other faces were set to the wall surface. After
300 iterations, the residuals of all varies were below 0.001, and the
iterative convergence residual diagram is shown in Figure 2.

Analysis of pneumatic losses on the sucker
The flow of fluid along the air basin structure results in a cer-

tain amount of energy loss, which can be divided into two cate-
gories: fractional loss and minor loss (Han and Wang, 2016),
according to whether the cross-section through which the fluid
flows varies. According to the airflow basin structure of the sucker
(Figure 3), abrupt changes in the structure of the air basin at the
junction of the suction hole and the air chamber, and the air cham-
ber and the outlet tube, will mainly generate minor losses.
However, when air flows through the air chamber and suction
holes, the size and direction of the airflow through the cross-sec-
tion remain the same, and the fractional losses will be mainly gen-
erated.

According to the Darcy-Weisbach formula (Bernardi et al.,
2018), the fractional loss hf is calculated as shown in Eq. 6. 

(6)

l, the length of the pipe, m; V, the mean velocity of the pipe section
for the fluid flowing, m/s; d, the pipe diameter, m; λ, the resistance
loss coefficient along the pipeline. 

As the airflow in the sucker is in a turbulent state, the pipe
roughness has little effect on the flow resistance, and the formula
for calculating the resistance loss coefficient along the pipeline λ
can be calculated by Eq. 7 (Han and Wang, 2016).

(7)

The calculation formula of the Reynolds coefficient Re is ,

and µ is hydrodynamic viscosity, Pa∙s. Based on the empirical for-

mula, .

Then, the fractional loss calculation formula on the sucker can
be updated to Eq. (8).

(8)

Eq. 8 shows that the fractional loss increases with the increase
of the pipe length; this suggests that the suction guide and chamber
height should be as short as possible for major fractional loss along
the way. However, a certain length of pipe is usually required to
develop and stabilise the airflow adequately, so the chamber height
and suction hole guide need to be explored further. According to
the Bordas formula (Liu et al., 2020), the equations for minor loss-
es in the sudden expansion and sudden contraction structure are
given in Eqs. 9 and 10, respectively.

(9)

(10)

In where: hj1, hj2 are the minor losses of sudden expansion
structure and sudden contraction structure, respectively. A1, A2 are
the cross-sectional areas on both sides of the abrupt pipe, respec-
tively, and v1, v 2 indicate the air velocity of the corresponding sec-
tion. From Eqs. 9 and 10, it can be seen that the minor losses are
related to the ratio of the cross-sectional area of the abrupt struc-
ture. For the two abrupt structures of the sucker (Figure 3), the
cross-sectional area of the air chamber is known, so selecting the
suitable diameter of the suction holes and outlet tube is beneficial
to reduce energy losses. However, because the diameter of the suc-
tion hole is usually determined by the shape and size of the seed,
the diameter of the outlet tube needs further exploration, as with
the chamber height and the suction hole guide.

Results and discussion

Simulation numerical analysis results

The effect of air chamber height on airflow state
The numerical simulations for air chamber models with the

heights of 50 mm, 100 mm, 150 mm, and 200 mm were carried
out, and the airflow conditions at the suction holes of the sucker
bottom plate were recorded in Table 1. The higher average air

                             Article

Figure 2. The iterative convergence residual diagram. The curves
from top to down in the figure correspond to the continuity equa-
tion, the momentum equation in three directions, the turbulent
kinetic energy equation, and the turbulent kinetic energy dissipa-
tion rate equation, respectively.

Table 1. Airflow state at suction holes with different chamber heights.

Evaluation indexes                                                      Air chamber heights (mm)
                                                                                    50                             100                                 150                                                200

Average air velocity (m/s)                                                           117.31                                 113.80                                       110.43                                                           111.35
Standard deviation of air velocity (m/s)                                    2.35                                     1.80                                           6.30                                                               2.54
Average turbulent kinetic energy (J/kg)                                  440.26                                 478.32                                       453.77                                                           364.86
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velocity at the suction holes means less fluid energy loss, and the
lower standard deviation of the air velocity at each suction hole
means better air distribution uniformity. In addition, the average
turbulent kinetic energy at the suction holes was also given in
Table 1, which can directly reflect the intensity of the turbulence.

In Table 1, the average air velocity at the suction holes
decreased with the increase in chamber height but increased slight-
ly at the chamber height of 200 mm. On the other hand, the stan-
dard deviation of air velocity at the suction holes did not vary sig-
nificantly with the chamber height, with the worst uniformity of
airflow distribution at the chamber height of 150 mm. Moreover,
the average turbulent kinetic energy data increased first and then
decreased. All the above phenomena could be explained by the
fluid streamline diagram within the air chamber (Figure 4).

The air flowed into the air chamber through the suction holes
and formed vortexes near the bottom plate due to the sudden
widening of the airflow basin. At the chamber height of 50 mm
(Figure 4A), the narrow spacing between the upper and lower
plates of the chamber allowed the vortexes to flow more regularly
in the chamber, and the streamlines within the chamber exhibited
a high consistency even at the corners. As the chamber height
increased, the fractional losses generated at the chamber height
increased, so the average airflow velocity somewhat decreased. At
the same time, the airflow was affected by corner conditions, mak-
ing the airflow distribution within the chamber less uniform, and
even secondary vortexes formed in the model with a chamber
height of 150 mm. When the chamber height reached 200 mm
(Figure 4D), the airflow was fully developed and could gently pass
through the corners, effectively improving the average air velocity
and airflow stability at the suction holes. Overall, the optimum
average air velocity and good uniformity of airflow distribution
can be achieved with a chamber height of 50 mm.

The effect of outlet tube diameter on airflow state
The airflow in the sucker was simulated for the outlet tube

diameter of 25 mm, 45 mm, 65 mm, and 85 mm, respectively. The
results are shown in Table 2.

As seen from Figure 5, the smaller the outlet tube diameter, the
greater the difference in airflow velocity between the outlet tube
and the air chamber. Furthermore, according to the minor loss
equation (Eq. 10), the energy losses in the air chamber increased as
the outlet tube diameter decreased and, accordingly, the average air
velocity at the suction holes in Table 2 gradually decreased.
Finally, the outlet tube diameter of 65 mm was determined to be a
suitable choice for obtaining good velocity, distribution uniformi-
ty, and airflow stability.

The effect of suction hole guide on airflow state
Currently, the needle-type and plate-type suction nozzles are

the two standard nozzle configurations for tray seeders (Zhao et
al., 2015), and their differences are mainly reflected in the suction

hole guide. Then the effect of the suction hole guide on the airflow
at the suction holes was investigated under the optimal chamber
parameters determined from the above optimisation analysis. As
shown in Figure 6, the airflow velocity tended to decrease as the
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Figure 4. Streamline distribution with different chamber heights:
A) With the chamber height of 50 mm; B) with the chamber
height of 100 mm; C) with the chamber height of 150 mm; D)
with the chamber height of 200 mm.

Figure 3. Airflow basin structure of sucker: 1. outlet tube; 2. air
chamber; 3. suction hole; 4. sudden expansion structure; 5. sud-
den contraction structure.
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guide of the suction holes increased, which was consistent with the
theoretical energy loss analysis. However, the air velocity rose
after a sharp decline between the suction hole guide of 5 mm and
10 mm; this is because the airflow stabilized with the availability
of sufficient airflow path. What is more, the air velocity standard
deviation also improved when the suction hole guide exceeded 15
mm. Combining the simulation results and the actual construction-
al characteristics of the two types of nozzles, it can be concluded
that the thickness of the base plate for plate-type suction nozzle
should be less than 5 mm, which can obtain stronger pneumatic
conditions. Moreover, the needle suction nozzle length should be
greater than 15 mm, as the airflow stability is better. However,
CFD numerical simulation analysis can only provide a reference
for determining the guide of the two suction nozzles, and their
seeding characteristics need to be further explored on the bench
tests.

Suction nozzle characteristics experimental study of
vacuum-vibration tray precision seeder

A new sucker with a chamber height of 50 mm and an outlet
tube diameter of 65 mm was customised according to numerical
analysis results, and bench tests were carried out. The difference
between the two nozzles is whether the bottom plate of the sucker
is fitted with the plastic needles; the thickness of the bottom plate
was 2 mm, the length of the plastic needle was 25 mm, and both
types of nozzles with the suction hole diameter of 1 mm. The spec-
ification of the seedling tray used in the trials was 14×31 holes, and
Suken 118 seeds were used in the trials.

Field test methods

Plackett-Burman design method
Several factors impact the seeding performance of vacuum-

vibration tray precision seeders, but only a few make outstanding
contributions. The Plackett-Burman (PB) experimental design
method was used to comprehensively investigate seven common
factors (Liu et al., 2016; Montgomery, 2019; Zhao et al., 2018) to
quickly screen out the main factors. The elected factors and their
symbols are given in Tables 3 and 4, all with two levels: high level
(+1) and low level (–1). The PB experimental design with 12
experiments was selected, and the results were analysed in Design
Export 10.0. 

Steepest ascent method
The response surface models can reflect the true situation well

when testing adjacent areas. This paper used the steepest ascend
method to approximate the appropriate range of operating param-
eters to establish the more effective response surface equations.

Central composite design
In order to obtain the optimal working combination of seeder

with different nozzles and to develop the empirical models
between their respective seeding performance and significant fac-
tors, the Box-Behnken central composite design tests (Gunst et al.,
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Table 2. Airflow state at suction holes with different outlet tube diameters.

Evaluation indexes                                                       Outlet tube diameters (mm)
                                                                                     25                             45                                   65                                                  85

Average air velocity (m/s)                                                             89.91                                 114.28                                       117.31                                                           118.12
Standard deviation of air velocity (m/s)                                     1.91                                    2.56                                           2.35                                                               2.69
Average turbulent kinetic energy (J/kg)                                   288.76                                423.93                                       440.26                                                           449.89

Figure 5. Air velocity distribution with different outlet tube diam-
eters: A) with the outlet tube diameter of 25 mm; B) with the out-
let tube diameter of 45 mm; C) with the outlet tube diameter of
65 mm; D) with the outlet tube diameter of 65 mm.
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1996) were designed based on the foregoing experiments. In this
section, the values of the best combination of parameters identified
in the steepest ascend experiments were used as the central level of
each factor, and the single seed rate, over-seeding rate, and miss-
seeding rate were employed as the evaluation indexes.

Field test results and discussion

Analysis of Plackett-Burman experimental design results
The PB experimental design analysis results are given in Table

4. The T values reflect the importance and effect of each influenc-
ing factor, and the P value shows the significance of the factors.
Therefore, it can be seen that the vacuum, vibration frequency, and
the seed suction height were the significant factors for both needle
and plate suction nozzle with the P values all less than 0.05, but the
order of importance and the influence effect of each influencing
factors were different for the two nozzles. 

For the needle-type suction nozzle, significant factors in order
of importance were seed suction height > vibration frequency >
vacuum and vibration frequency, seed suction height as well as
vibration amplitude has a negative effect on seeding performance,
while the vacuum has a positive effect. The order of importance for
the plate suction nozzle was vacuum > vibration frequency > seed
suction height, and all these significant factors show a positive
effect. 

Then the equations for the single seed rate of the needle-type
and the plate-type nozzles in terms of actual factors were shown as
Eqs. 11 and 12, respectively. 

(11)

(12)

YN, linear equation between single grain rate of needle suction noz-
zle and each affecting factor; YP, linear equation between single
grain rate of plate suction nozzle and each affecting factor.

                             Article

Table 3. Factors and levels of Plackett-Burman design.

Symbols            Factors                        Levels
                                                                            –1                 +1

A                               Vacuum (kPa)                                       16                        20
B                               Vibration amplitude (mm)                 3                         4.5
C                               Vibration frequency (Hz)                    8                         12
D                              Seed thickness (mm)                         10                        15
E                               Seed suction height (mm)                2.4                       3.6
F                               Inlet nozzle diameter (mm)              1                         1.5
G                              Residence time of suction(s)          0.8                       1.2

Table 4. Plackett-Burman experimental analysis results.

Factors                                                 Needle-type nozzle                                                                Plate-type suction hole
                                 T value                         P value              Importance                    T value                      P value                 Importance

A                                              3.67                                       0.0215                                3                                          4.80                                   0.0087                                    1
B                                            –2.60                                      0.0599                                4                                          2.19                                   0.0935                                    4
C                                            –3.90                                      0.0175                                2                                          3.14                                   0.0349                                    2
D                                             1.77                                       0.1507                                5                                          1.01                                   0.3709                                    7
E                                            –4.14                                      0.0144                                1                                          2.78                                   0.0496                                    3
F                                              0.95                                       0.3977                                7                                          1.72                                   0.1610                                    6
G                                             1.42                                       0.2289                                6                                        –1.95                                 0.1223                                    5

Table 5. Needle-type nozzle test results of steepest ascent path.

Group                       Vacuum                         Vibration frequency                          Suction height                                        N-SSR

1                                                18                                                           12                                                                    3                                                                     91.5
2                                                19                                                           11                                                                  2.5                                                                    92.8
3                                                20                                                           10                                                                    2                                                                     94.2
4                                                21                                                            9                                                                    1.5                                                                    93.5
5                                                22                                                            8                                                                     1                                                                     92.8
*Single seed rate of needle-type nozzle.

Figure 6. The changing trend of airflow state with different guides
of the suction holes.
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Results analysis of the steepest ascent method
The steepest ascent method was used to approach the suitable

working ranges of vacuum, vibration frequency, and seed suction
height for the two nozzles. According to the estimated coefficient
of Eqs. 11 and 12, the test programme was arranged by determin-
ing the gradient and direction of variation of each factor (Gunst et
al., 1996). The positive effect factors shall arrange in increasing
order, and the negative effect factors shall arrange in decreasing
order. The steepest ascent test scheme and results of needle type
and plate type nozzles were shown in Tables 5 and 6, respectively.

The third group held the highest single seed rate in the tests of
two suction nozzles. So, the levels of group 3 were taken as the
central values for each parameter in the response surface designs.

Response surface design results and analysis
The Box-Behnken central composite designs were carried out

on needle-type and plate-type suction nozzles, respectively; the
variable levels are shown in Table 7, and the design schemes and
results are recorded in Table 8. Based on the experimental results,
the regression models of the single seed rate for the two nozzles
were developed with the vacuum, vibration frequency, and suction
height as the independent variables (Table 9). The analysis of vari-
ance for the needle and plate suction nozzle in Table 10 indicated
that the established regression models were significant and can
well reflect actual values with the P values of 0.0001 and 0.0009,
respectively, and the adjusted coefficients of determination of
0.9717 and 0.9509.

Observing the single seed rate response surface of the needle-
type suction nozzle (Figure 7), there was a clear interaction
between the vibration frequency and the seed suction height within
the set working parameter (Figure 7C). As can be seen from Figure
7A and B, when the vibration frequency and seed suction height
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Table 6. Plate-type nozzle test results of steepest ascent path.

Group                       Vacuum                          Vibration frequency                          Suction height                                       P-SSR*

1                                               18                                                            11                                                                  3.2                                                                    92.2
2                                               19                                                           11.5                                                                 3.4                                                                    93.7
3                                               20                                                            12                                                                  3.6                                                                    95.2
4                                               21                                                           12.5                                                                 3.8                                                                    94.0
5                                               22                                                            13                                                                  4.5                                                                    93.1
*Single seed rate of plate-type nozzle.

Table 8. Results of Box-Behnken central composite design.

Number                       X1                            X2                            X3                                                            Needle type                                        Plate type
                                                                                                               SSR*             OSR°              MSR#          SSR           OSR              MSR

1                                             –1                         –1                           0                                    93.2                       3.4                        3.4                 93.8                   4                         2.2
2                                              1                          –1                           0                                    93.7                        4                          2.3                 94.2                 4.1                       1.7
3                                             –1                          1                            0                                    93.1                       3.8                        3.1                 93.7                 4.4                       1.9
4                                              1                            1                            0                                    93.6                       4.2                        2.2                  94                   4.5                       1.5
5                                             –1                          0                           –1                                   93.3                       4.3                        2.4                 94.3                 4.2                       1.5
6                                              1                            0                           –1                                   93.9                       4.6                        1.5                 94.5                 4.3                       1.2
7                                             –1                          0                            1                                    93.1                       3.8                        3.1                 94.3                 3.7                         2
8                                              1                            0                            1                                    93.4                       4.2                        2.4                 94.7                   4                         1.3
9                                              0                          –1                         –1                                   93.6                       3.9                        2.5                 94.5                 4.1                       1.4
10                                            0                            1                           –1                                   92.8                       3.6                        3.6                 93.9                 3.8                       2.3
11                                            0                          –1                           1                                    92.6                       3.3                        4.1                 93.6                 3.6                       2.8
12                                            0                            1                            1                                    93.5                       3.7                        2.8                 94.2                 4.2                       1.6
13                                            0                            0                            0                                    94.2                       3.6                        2.2                 94.9                 3.7                       1.4
14                                            0                            0                            0                                    94.5                       3.7                        1.8                 95.2                 3.5                       1.3
15                                            0                            0                            0                                    94.2                       3.7                        2.1                 95.2                 3.4                       1.4
16                                            0                            0                            0                                    94.1                       3.9                          2                    95                   3.7                       1.3
17                                            0                            0                            0                                    94.4                       3.5                        2.1                 95.4                 3.5                       1.1
*Single seed rate; °over-seeding rate; #miss-seeding rate.

Table 7. Design factors and levels of Box-Behnken central composite test.

Symbols                 Factors                                             Needle suction nozzle level                                  Plate suction nozzle level
                                                                                   –1                        0                       1                              –1                  0                     1

X1                                     Vacuum (kPa)                                          19                              20                            21                                      19                       20                          21
X2                                     Vibration frequency (Hz)                      9                               10                            11                                     11.5                     12                         12.5
X3                                     Suction height (mm)                            1.5                               2                            2.5                                     3.4                      3.6                         3.8
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are constant, the single seed rate increases with the vacuum, but
there is a slight decline near 21 kPa as the over-seeding rate is
increased at this moment. Similar findings were shown on the
response surface of the plate suction nozzle (Figure 8). In Figure
8A, the slope of the surface of the single seed rate with vibration
frequency was steeper than that of the vacuum, indicating that the

vibration frequency has a more significant impact on the single
seed rate. 

The best combination of working parameters for the two noz-
zles can be obtained by optimising their regression models. When
the vacuum was 20.4 kPa, the vibration frequency was 9.9 Hz, and
the seed suction height was 1.9 mm, the single seed rate of the nee-
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Figure 9. Seed-sucking effects of needle and plate suction nozzle. A) Seed-sucking effect of needle suction nozzle; B) Seed-sucking effect
of plate suction nozzle.

Figure 7. Response surface of interactive factors on single seed rate of needle suction nozzle. A) Y1SSR = fN(X1,X2,0); B) Y1SSR =
fN(X1,0,X3); C) Y1SSR = fN(0, X2,X3).

Figure 8. Response surface of interactive factors on single seed rate of plate suction nozzle. A) Y2SSR = fP(X1,X2,0); B) Y2SSR = fP(X1,0,X3);
C) Y2SSR = fP(0, X2,X3).
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dle-type suction nozzle reached the maximum value of 94.3%.
Moreover, the optimal performance of the plate-type suction noz-
zle was obtained at the vacuum of 20.2 kPa, vibration frequency of
12 Hz, and seed suction height of 3.6 mm, which was 95.2%. The
seeding tests were repeated to verify the accuracy of the models
under the best parameter combination conditions of two suction
nozzles, and the results showed that the actual seeding rate was
94.7% for the needle nozzle and 95.3% for the plate nozzle, which
was very close to the model prediction values, and the reliability of
the models was further verified. Figure 9 shows the seeding effect
of the needle and plate nozzles.

From the above results, the needle suction nozzle requires a
lower seed suction height and a lower vibration frequency than the
plate suction nozzle; one reason might be that the needle has a
small contact area with the grains, and lower suction height would
effectively increase the probability of the needle clinging seeds.
Another reason is that needle-type nozzle produces a more concen-
trated force on the grains, requiring less grain dispersion. The
working characteristics of the plate-type nozzle are just on the
opposite bank. The contact area between the plate nozzle and the
grains is much larger, and the suction force of the suction holes is
relatively dispersed, so the vibration frequency needs to be
increased to reduce the adhesion force between the particles. As
the vibration frequency increases, the vertical displacement of the
seed increases, and the suction height increases accordingly.

To sum up, the needle-type nozzles absorb the seeds primarily
through full contact with the grains, mainly reflected in lower seed
suction height and less requirements for grain dispersion. In con-
trast, the plate-type nozzles require a larger vibration frequency to
improve seed dispersion. Overall, the plate suction nozzle can

obtain better seeding performance, which is considered the more
suitable choice for the vacuum-vibration tray precision seeder.

Conclusions
In this paper, the stability and uniformity of airflow at the noz-

zles are improved by optimising the air chamber structure and dis-
cusses the seeding characteristics of the needle-type and plate-type
suction nozzle on the vacuum-vibration tray precision seeder to
obtain a more favourable nozzle structure. The main findings of
the study are as follows:
i) Based on the numerical simulation results, it was determined

that higher air velocity and distribution uniformity could be
achieved when the chamber height was 50 mm and the outlet
tube diameter was 65 mm. Furthermore, the thickness of the
base plate for plate-type suction nozzle should be less than 5
mm, while the length of the needle suction nozzle should be
greater than 15 mm.

ii) The factors that significantly affected the seeding effect of both
needle type and plate type nozzles were the same: vacuum,
vibration frequency, and seed suction height, but the impor-
tance of each influencing factor and the influence effect on the
two nozzles were different. 

iii) The needle suction nozzle requires a lower suction height and
less grain dispersion, while the plate suction nozzle requires
more grain dispersion and allows for a certain suction height.
Therefore, better seeding performance can be obtained using
the plate suction nozzle, which is considered the more suitable
choice for a vacuum-vibration tray precision seeder.
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Table 9. Needle and plate suction nozzle single seed rate models.

Model                                                                     Fitting equation                                                                              r2                   Adj r2

1                               fN = –82.885 + 12.1375X1 + 10.0875X2 + 3.29X3 – 0.15X1X3 + 0.85X2X3 – 0.29X3 – 0.59X22 – 2.26X32                            0.9717                     0.9353
2                     fP = –490.36 + 16.1625X1 + 67.645X2 + 9.6X3 – 0.05X1X2 + 0.25X1X3 + 3X2X3 – 0.4075X12 – 3.23X22 – 7.0625X32                 0.9509                     0.8878

Table 10. Variance analysis of needle and plate suction nozzle single seed rate model.

Sources                                                               fN*                                                                                                  fP°
                                     Adj SS                        F value                         P-value                      Adj SS                    F value                P-value

Model                                         4.82                                      26.68                                      0.0001                                   4.73                                 15.06                           0.0009
X1                                                 0.45                                      22.48                                      0.0021                                   0.21                                  6.05                            0.0435
X2                                             1.25E-03                                  0.062                                      0.8101                                  0.011                                 0.32                            0.5881
X3                                                 0.13                                       6.23                                       0.0413                                  0.020                                 0.57                            0.4739
X1X2                                            0.000                                     0.000                                      1.0000                               2.5E-003                             0.072                           0.7968
X1X3                                            0.022                                      1.12                                       0.3249                                   0.01                                  0.29                            0.6092
X2X3                                             0.72                                      36.00                                      0.0005                                   0.36                                 10.31                           0.0148
X12                                               0.35                                      17.64                                      0.0040                                   0.70                                 20.02                           0.0029
X22                                               1.47                                      73.02                                    <0.0001                                 2.75                                 78.60                         <0.0001
X32                                               0.34                                      66.97                                    <0.0001                                 0.34                                  9.62                            0.0173
Residual                                     0.14                                                                                                                                   0.24                                                                           
Lack of fit                                 0.033                                      0.40                                       0.7605                                  0.093                                 0.81                            0.5503
Pure error                                 0.11                                                                                                                                                                            0.15                                 
Cor total                                    4.96                                                                                                                                   4.98                                                                           
*The single seed rate model of the needle-type suction nozzle; °the single seed rate model of the plate-type suction nozzle.
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