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ABSTRACT To improve the performance of pneumatic wheat seeding devices with the goal of achieving
pneumatic wheat seeding in soil conditions with high moisture content and heavy clay texture in rice-
wheat rotation areas, a simulation optimization study of a pneumatic wheat seeding device was carried out
using computational fluid dynamics. In this model, airflow was described by ANSYS Fluent software as
a continuous compressible gas phase. The effects of accelerating air pressure, throat distance and nozzle
diameter on the steady airflow velocity, the steady airflow length and the inlet 2 negative pressure of
airflow field were studied, and a response surface analysis was applied to optimize the pneumatic wheat
seeding device. The optimal parameter combination was achieved, which was an acceleration pressure
of 700 kPa, a throat distance of 20 mm, a nozzle diameter of 7.2 mm and an acceleration pressure of 700 kPa.
Comparative verification results showed that the steady airflow velocity, the steady airflow length and inlet
2 negative pressure of the optimized pneumatic wheat seeding device were 718 m/s, 182 mm and 0.49 kPa
by simulations, which were 37%, 3% and 17% greater than those of the original device, respectively. This
finding illustrates that the CFD model could describe the characteristics of airflow field well in a pneumatic
seeding device and that the regression model for parameter optimization was reliable. Numerical simulation
of the airflow field based on CFD approach can provide a theoretical basis for improving the operating
performance of a pneumatic seeding device.

INDEX TERMS Wheat, pneumatic seeding device, CFD technology, response surface analysis, airflow
field.

I. INTRODUCTION
Wheat is one of the most vital food crops worldwide that is
widely adaptable, and its planting area accounts for approx-
imately 30% of global cereal acreage. China has the largest
total wheat output in the world, with an annual production of
more than 1.3 billion tons [1]. The rice-wheat rotation area
that is concentrically distributed in the Yangtze River Basin
is one of the main wheat production regions in China, and
because of abundant rainfall, high groundwater levels and
sticky heavy soil [2], [3], it is suitable for shallow wheat
sowing methods that are different from dryland patterns in
northern China [4], [5]. However, it is difficult to achieve
mechanized wheat seeding because the traditional wheat
seeders cannot adapt to soil conditions with a high moisture
content and heavy clay texture in rice-wheat rotation fields.
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In recent years, the poor quality and low efficiency of
wheat sowing have improved with the development of spe-
cialized seeders for paddy-upland rotation systems. By inte-
grating a strip rotary tillage device, double-disk opener
and elastic covering scraper, a broad width and precision
minimal-tillage wheat planter could decrease straw blockage
and reduce soil adhesion while achieving precision seed-
ing [6]. A 2BMFDC-6 half-tillage seeder applied strip shal-
low rotary tillage technology to reduce soil adhesion, and
showed relatively stable wheat sowing performance in rice
stubble field with 20-40% soil moisture content [7]. Happy
Seeder, designed by Sidhu et al. [8], was able to remove part
of the soil and straw that adhered to openers by matching the
space position of the rotary blade and openers. Although there
are multiple types of wheat seeders for rice-wheat rotation
areas, the adhesion phenomenon remains when rotary tillage
blades and openers contact sticky heavy soil during field
operations, which results in increased operating resistance
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and poor sowing quality. Consequently, seeding innovative
is required. Compared with traditional seeders, noncontact
pneumatic seeding technology accelerated wheat into the soil
under a high-speed accelerating airflow without mechanical
parts, such as rotary tillers, openers or compacting devices
that come into with the soil. Diao et al. [9] conducted a
preliminary theoretical study on pneumatic seeding technol-
ogy and proposed a design scheme for pneumatic seeding
devices. Pneumatic wheat seeding was realized using a mod-
ified gas ejector, and an accelerating tube was added [10].
A preliminary bench experiment indicated that wheat seeds
could accelerated into the soil without damage, and differ-
ent degrees of germination could be achieved in fine-tilled
seedbed conditions [11]. Although several basic experiments
of noncontact pneumatic seeding technology have been car-
ried out, research on the design of pneumatic seeding devices
has been limited, and there have been no studies concerning
the application of computational fluid dynamics (CFD) to
optimize and analyze pneumatic seeding devices. Specifi-
cally the best combination of accelerating gas pressure and
key structural parameters can be acquired by investigating
detailed jet flow characteristics inside the pneumatic seeding
device.

Currently, CFD has been widely used in the field of
agricultural engineering, as an effective tool to simulate
fluid flow and describe flow fleld characteristics [12]–[14].
Zhang et al. [15] employed the CFD method to simulate the
fertilizer absorption performance of a low-voltage venturi-
injector based on double fertilizer inlets and found that the
change in the measured and simulated fertilizer absorption
performance with the inlet pressure was highly coincident.
Wang et al. [16] analyzed the impact of different cross section
ratios and inflow pressures on the inspiration capacity and
gas-liquid-ratio in terms of the flow field, energy dissipation
and vortex intensity using CFD simulations and experimental
validation. Dai et al. [17] established a three-dimensional
steady flow model for the optimization of the airflow dis-
tribution chamber of an air-impingement jet dryer, and the
simulation results showed little difference compared to the
experimental data. To improve the efficiency of water-saving
agricultural irrigation systems, a CFD simulation of a round
rotatory jet sprinkler was performed by Wang et al. [18].
In addition, CFD has been utilized in many analyses to
study ejection mechanisms in other agricultural machin-
ery [19]–[22]. The CFD method has been successfully
applied to various ejectors, hence it is feasible to optimize the
design of a pneumatic seeding device that accelerates wheat
with a stable ejecting flow field.

To optimize the pneumatic wheat seeding device, CFDwas
utilized in this study. The modeling involves the analysis of
the velocity field and extraction of the key pressure value.
In the simulations, the influences of the accelerating air pres-
sure, throat distance and nozzle diameter on the internal flow
field of the pneumatic seeding device were studied in terms
of the fluid field, during which the steady airflow velocity,
steady airflow length and inlet negative pressure served as

FIGURE 1. Pneumatic Wheat seeding device. (a) Main structure;
(b) Working diagram. 1.gas valve; 2.nozzle; 3.ejector base; 4.hybrid
accelerating tube.

simulation test indexes. Finally, a bench experiment of the
pneumatic seeding device is performed to verify the simula-
tion optimization results. A theoretical basis for improving
the design of pneumatic seeding devices is proposed in this
paper.

II. MATERIALS AND METHODS
A. DESCRIPTION OF WHEAT PNEUMATIC
SEEDING DEVICE
The pneumatic wheat seeding device was composed of a
nozzle, ejector base, hybrid accelerating tube and gas valve,
as shown in Fig. 1(a). The nozzle (1) and hybrid accel-
erating tube (4) were arranged on the top and bottom of
ejector base (3), respectively, where the hybrid accelerating
tube (4) consisted of three tubular structure components. The
working process of the pneumatic seeding device could be
divided into 3 stages: the wheat-inhaling process, the wheat
and gas mixing process, and the stable wheat accelerating
process. As shown in Fig. 1(b), the input high-pressure flow
was compressed by the nozzle and then ejected to form the
jet stream, under which three different flow regions were
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generated in the inner cavity of the pneumatic seeding device:
wheat-inhaling zone I, wheat and gas mixing zone II and
wheat stable accelerating zone III.Wheat was inhaled into the
mixing zone from the seed inlet under the entrainment of the
negative pressure flow of the inhaling zone and then pushed
into the stable accelerating zone, with steady flow conditions,
after blending with the jet stream in the mixing zone. Finally,
the wheat flowed out from the bottom of the hybrid accelerat-
ing tube and was accelerated into the soil at a certain shooting
velocity after accelerating in stable accelerating zone. During
pneumatic wheat seeding, stable acceleration of the wheat
was produced in the stable accelerating zone, rather than in
the mixing zone, the shocked flow field in the mixing zone
was unfavorable for speeding up the wheat. Wheat acquired
sustained acceleration under the pneumatic thrust force and
ignored the effect of gravity in the stable accelerating zone,
as shown in Fig. 1(b). The directions of the pneumatic thrust
force and relative motion of the wheat were the same. The
force acting on the wheat is calculated as the following
equation:

FT = C
πρgd2m

8

(
vg − vm

)2 (1)

where FT is the pneumatic thrust force, ρg is the gas density,
dm is the equivalent diameter of the wheat, vg is the steady
airflow velocity of the stable accelerating zone, vm is the
velocity of wheat, and C is the coefficient of the drag force
calculated according to Han et al. [23].

C =



24
Re

(Re ≤ 1)

24
Re

(
1+ 0.15R0.657e

)
(1 < Re ≤ 1000)

0.44
(
1000 < Re ≤ 2× 105

) (2)

where Re is the particle’s Reynolds number.
The dynamic differential equation [24] of wheat seed in

the stable accelerating zone III is expressed as the following
equation: 

dvm
dt
=

3Cρg
4dmρm

(
vg − vm

)2
dlm
dvm
=

4vmdmρm

3Cρg
(
vg − vm

)2 (3)

where lm is the steady acceleration displacement of the wheat,
t is the steady acceleration time of the wheat, and ρm is the
grain density of the wheat.

According to (1) and (3), wheat will obtain a greater speed
when the pneumatic thrust force increases by improving the
steady airflow velocity in the stable accelerating zone. There-
fore, a reasonable internal flow field in the pneumatic seeding
device is vital for wheat acceleration and the pneumatic wheat
seeding device must be optimized to improve the velocity of
the wheat by reducing the length of the mixing zone, improv-
ing the length of the stable accelerating zone and increasing
steady airflow velocity.

FIGURE 2. Test bench of the pneumatic wheat seeding where the
pneumatic seeding height (H), which is the distance between the bottom
of the hybrid accelerating tube and the soil surface, is 100 mm. 1. air
compressor; 2. pressure regulating device; 3. pressure tubing; 4.
pneumatic seeding device; 5. frame; 6. soil; 7. high-speed camera;
8. sunlamp; 9. computer.

B. TEST BENCH OF PNEUMATIC SEEDING DEVICE
After simulation and optimization, comparative studies were
conducted on the test bench comparing the original and opti-
mized pneumatic wheat seeding devices (as shown in Fig.2).
The device mainly consisted of a frame, pneumatic seeding
device, pressure regulating device, pressure tubing, and air
compressor. During the test, the pneumatic seeding height
between the bottom of the hybrid accelerating tube and the
soil surface was 100 mm. The air compressor controlled
by a pressure regulating device, provided continuous high-
pressure flow that ranged from 0 kPa to 1000 kPa for pneu-
matic seeding, and high-speed photography was utilized to
photograph and analyze the movement of the wheat within
pneumatic seeding height H.

C. COMPUTER SIMULATION
1) GEOMETRIC MODELING
The extraction of the computational region and grid features
is of critical importance to the results of the flowfield analysis
[25], [26]. Various three-dimensional pneumatic wheat seed-
ing device model sizes were constructed by using SolidWorks
2016 software, and then the internal cavity was extracted
as the computational fluid domain (as shown in Figure 3a)
using SCDM 18.2 software. Hexahedron CFD cells meshed
by Fluent 18.2 software were employed, and the minimum
size limit of the mesh models was 2 × 10−4 m. In addition,
five boundary layers were set near the wall, and the density of
the nozzle was increased to improve the calculation accuracy.
According to the statistics, the minimum orthogonal quality
and the maximum aspect ratio of all simulation models were
in the range of 0.5-0.6 and 22-32, respectively. The simulation
models are shown in Fig. 3b.

2) COMPUTATIONAL CONDITIONS AND PARAMETERS
Airflow was identified as a continuous compressible phase
because the flow velocity in the pneumatic wheat seeding
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FIGURE 3. Simulation models. (a) Computational region; (b) Computational grids.

device exceeded the speed of sound. Basic control equations
in the CFD simulations described by themass andmomentum
conservation equation and the energy equation [27] can be
expressed as the following equation:

∂ (ρui)
∂xi

= 0 (4)

∂p
∂xi
=
µ

3
∂

∂xi

(
∂uk
∂xk

)
+ µ

∂2ui
∂xj∂xj

+ ρFi (5)

∂ (ρE + pui)
∂xi

=
∂
(
ujτij

)
∂xi

−
∂qi
∂xi

(6)

where ui, uj, and uk are components of the average flow
velocity, and xi, xj, and xk are coordinate components. ρ is
the gas density, Fi is the volume force, E is the total energy of
the fluid, τij is the viscous stress tensor, µ is the gas viscosity,
p is the average flow pressure, and qi is the heat flux term.
The motion of the gas phase was solved with the RNG

k-ε turbulencemodel, which considered the jet characteristics
of narrow and long pipes of the pneumatic wheat seeding
device. The turbulent kinetic energy equation and turbulent

dissipation equation are described as follows:

∂(ρk)
∂t
+ ui

∂(ρk)
∂xi

=
∂

∂xj

(
αkueff

∂k
∂xj

)
+ Gk − ρε (7)

∂(ρε)
∂t
+ ui

∂(ρε)
∂xi

=
∂

∂xj

(
αεueff

∂ε

∂xj

)
+
C∗1εε

k
Gk−C2ε

ρε2

k
(8)

where k is the turbulent kinetic energy, ε is the dissipation
rate of turbulent kinetic energy, αk and αε are the Prandtl
numbers corresponding to k and ε, µeff is the equivalent
viscosity coefficient,C∗1ε is a function of the strain rate,C2ε is
an empirical constant, and Gk is the turbulent kinetic energy
generation term induced by the mean velocity gradient.
µeff , C∗1ε and Gk were defined as follows:

µeff = µ+ µt (9)

µt = ρCµ
k2

ε
(10)

Gk = ut

(
∂ui
∂xj
+
∂uj
∂xi

)
∂ui
∂xj

(11)
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TABLE 1. Factors and values for the experiments.

C∗1ε = C1ε −
η (1− η/η0)
1+ βη3

(12)

η =
(
2Eij · Eij

) 1
2
k
ε

(13)

Eij =
1
2

(
∂ui
∂xj
+
∂uj
∂xi

)
(14)

where Cµ, C1ε and C2ε are empirical constants. β is the
coefficient of thermal expansion,µt is the turbulent viscosity,
η is the the ratio of the time scale to the turbulence time, η0 is
the typical value of η in shear flow, and Eij is the average time
strain rate.

The finite volume method and second order upwind were
utilized to solve the governing equations and the turbu-
lent kinetic energy, respectively. Pressure-velocity coupling
was performed using the SIMPLE algorithm. Furthermore,
a residual error of 10−4 was used to indicate convergence,
and the gas velocity of the nozzle was monitored. In setting
the boundary conditions, the airflow pressure-inlet at inlet 1
and inlet 2, and the pressure-outlet at outlet 1 were set for
all simulations. Both inlet 2 and outlet 1 gauge pressures
were 0 kPa, and inlet 1 gauge pressure was the accelerating
pressure of the high-speed airflow.

3) OPTIMIZATION DESIGN OF THE PNEUMATIC
SEEDING DEVICE
It has been shown that the acceleration pressure X1, which
is the pressure of the high-pressure airflow, the throat noz-
zle distance X2 and the nozzle diameter X3 have significant
effects on the internal flow field of pneumatic wheat seeding
devices [28], [29]. According to the previous single factor test
results [30], the Box-Behnken central composite design from
the Design-Expert 8.0.6 software was selected to perform the
response surface optimization experiment of the three factors
and three levels. The simulation design is shown in Table 1.
The accelerating air pressure X1 consisted of three levels:
300 kPa, 500 kPa and 700 kPa. Three values of throat dis-
tance X2 were included: 10 mm, 15 mm and 20 mm. Three
values of the nozzle diameter X3 were also included: 6 mm,
7 mm and 8 mm. To analyze the influence of the structure
and operating parameters and on the working performance
of the pneumatic wheat seeding device, regression analyses
of the steady airflow velocity Y1, steady airflow length Y2,
and inlet 2 negative pressure Y3 were performed under the
different parameter combinations. The optimum combina-
tion of parameters for the pneumatic wheat seeding device
was obtained by regression analysis, and the correlation and
interaction between factors were analyzed using the response
surface method.

TABLE 2. Simulation design and results.

III. RESULTS AND DISCUSSION
There were 17 experimental groups, including 12 groups for
the factor analysis experiments and 5 groups for the zero
level error estimation experiments. The simulation design and
results are shown in Table 2.

A. ESTABLISHMENT OF REGRESSION MODEL
The quadratic polynomial regression model showing the
effect of the accelerating air pressure, throat distance and
nozzle diameter on the steady airflow velocity, steady airflow
length, and inlet 2 negative pressure was established based on
the data in Table 2. The regression model is shown in equa-
tions (15-17). The variance analysis of regression equations
is shown in Table 3.

Y1 = 600.2+ 124.25X1 − 10.25X2 + 82.25X3
− 1.75X1X2 + 17.75X1X3 − 5.25X2X3
− 12.97X2

1 − 2.97X2
2 + 1.02X2

3 (15)

Y2 = 191.2− 2.25X1 − 2.87X2 − 9.63X3
+ 10.75X1X2 + 0.75X1X3 − 8.5X2X3 (16)

− 12.35X2
1 − 0.1X2

2 − 6.1X2
3

Y3 = 0.21+ 0.14X1 + 0.029X2 − 0.058X3
+ 0.043X1X2 − 0.006X1X3 + 0.089X2X3
+ 0.045X2

1 − 0.01X2
3 + 0.055X2

3 (17)

According to the analysis results in Table 3, the signifi-
cance levels of the regression model for the steady airflow
velocity, steady airflow length and inlet 2 negative pressure
were all less than 0.01, implying that the significance of the
three regression analysis models was excellent. The signifi-
cance level of the lack of fit for all regression models was
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TABLE 3. Variance analysis of the regression equation.

greater than 0.05, indicating that the three regression models
had good fitting degrees in the range of the experimental
parameters. In addition, the coefficient of determination R2 of
the equations was 0.9985, 0.9625 and 0.9935, demonstrating
that more than 96% of the response values could be explained
by these three regression models. Therefore, the structural
parameters and working parameters of the pneumatic seeding
device could be predicted and analyzed using the regression
model of the steady airflow velocity, steady airflow length,
and inlet 2 negative pressure.

For the main effect, the accelerating air pressure, throat
distance and nozzle diameter had highly significant effects
on steady airflow velocity and inlet 2 negative pressure, while
the nozzle diameter only had a significant effect on the steady
airflow length. For the interaction effects, the interactive
factor X1X3 had a highly significant effect on the steady
airflow velocity, and the interactive factor X1X2 had a highly
significant effect on the steady airflow length and inlet 2
negative pressure. The interactive factor X2X3 had a highly
significant effect on the steady airflow velocity but had only
a significant effect on the inlet 2 negative pressure. For the
quadratic factor effect, the quadratic factor X2

1 had a highly
significant effect on steady airflow velocity, steady airflow
length and inlet 2 negative pressure. The quadratic factor X2

3
had a highly significant influence on the steady airflow length
and inlet 2 negative pressure. Consequently, the regression
models were optimized so that the insignificant items were
removed [31], [32] while ensuring P<0.01 for the model and
P>0.05 for the lack of fit, as shown in equations (18-20).

Y1 = 600.2+ 124.25X1 − 10.25X2 + 82.25X3
+ 17.75X1X3 − 12.97X2

1 (18)

Y2 = 191.2− 9.63X3 + 10.75X1X2
− 8.5X2X3 − 12.35X2

1 − 6.1X2
3 (19)

Y3 = 0.21+ 0.14X1 + 0.029X2 − 0.058X3
+ 0.043X1X2 + 0.089X2X3
+ 0.045X2

1 + 0.055X2
3 (20)

B. PRIMARY AND SECONDARY IMPACT ANALYSIS OF
EACH FACTOR ON THE INDEX
The contribution value rate (K ) reflects the influence degree
of a single parameter on the regression model such that a
higher the value of K indicates a greater the influence degree.
K is calculated as follows:

δ =

0 F ≤ 1

1−
1
F

F > 1
(21)

KXj = δXj +
1
2

3∑
i=1

δXiδXj + δX2
j

j = 1, 2, 3 i 6= j (22)

where δ is evaluation value of the regression term to F , F is
each F value of the regression term in the regression equation
in Table 3, and KXj is the contribution rate of each parameter.
FromTable 3 and equations (21-22), the order of the contri-

bution rate of each parameter on steady airflow velocity was
the accelerating air pressure > nozzle diameter > throat dis-
tance. The order of the contribution rate of each parameter on
the steady airflow length was nozzle diameter> accelerating
air pressure > throat distance. The order of the contribution
rate of each parameter on the steady airflow length was nozzle
diameter > accelerating air pressure > throat distance. The
calculation results are shown in Table 4.

C. EFFECTS OF THE INTERACTIVE FACTORS ON INDEXES
In terms of the above significance analysis, the influence law
of the interactive factors X1X2, X1X3 and X2X3 on the steady
airflow velocity, steady airflow length and inlet 2 negative
pressure were studied.
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TABLE 4. Importance of effects of factors on response functions.

FIGURE 4. Effects of the interactive factors on the steady airflow velocity.

1) EFFECTS OF THE INTERACTIVE FACTORS ON
THE STEADY AIRFLOW VELOCITY
At the middle (X2=15 mm) throat distance, the interaction
of the accelerating air pressure and nozzle diameter on the
steady airflow velocity is shown in Fig.4. The accelerating
air pressure and nozzle diameter were all positively correlated
with the steady airflow velocity. The reason for this was that
the input energy of the flow field increased as the accelerating
air pressure increased, which resulted in an improvement in
the output kinetic energy [33]; thus, the steady airflow veloc-
ity was increased. Moreover, the output kinetic energy was
reduced due to the increasing friction loss when the nozzle
diameter decreased, which led to a reduction in the steady
airflow velocity. Hence, the expansion of the accelerating air
pressure and the nozzle diameter will contribute to an increase
in the steady airflow velocity.

2) EFFECTS OF THE INTERACTIVE FACTORS ON
THE STEADY AIRFLOW LENGTH
At the middle (X3 = 7 mm) nozzle diameter, the interaction
of the accelerating air pressure and throat distance on the
steady airflow length is shown in Fig. 5(a). The steady airflow
length first increased and then decreased with an increase
in the accelerating air pressure at the same throat distance.

There was a negative correlation between the throat distance
and the steady airflow length in the accelerating air pressure
range of 300-560 kPa and a positive correlation in the range
of 560-700 kPa. At the middle (X3 = 500 kPa) accelerating
air pressure, the interaction of the throat distance and nozzle
diameter on the steady airflow length is shown in Fig. 5(b).
The throat distance had a positive correlation with the steady
airflow length for nozzle diameter range of 6-6.7 mm, but
had a negative correlation in the nozzle diameter range
of 6.7-8 mm. The steady airflow length increased first and
then decreased with an increase in the nozzle diameter in a
throat distance range of 10-13 mm, and the nozzle diameter
had a negative correlationwith the steady airflow length when
the throat distance was 13-20 mm. The reason for this change
was that the high-pressure flow jetted out of the nozzle and
expanded to form a jet boundary, as shown in Fig. 6. The
maximum steady airflow length could be obtained if the jet
flow length L and jet boundary diameter D were equal to
the throat distance and the hybrid accelerating tube respec-
tively, otherwise the steady airflow length will be reduced.
As the main influencing factor on the jet flow, an increase
in the accelerating air pressure and a reduction in the nozzle
diameter could extend the jet flow length and narrow the jet
boundary diameter. Therefore, there was an optimal combi-
nation of the accelerating air pressure [34], throat distance
and nozzle diameter that resulted in the maximum stable flow
length.

3) EFFECTS OF THE INTERACTIVE FACTORS
ON THE INLET 2 NEGATIVE PRESSURE
At the middle (X3=7 mm) nozzle diameter, the interac-
tion of the accelerating air pressure and throat distance on
the inlet 2 negative pressure is shown in Fig. 7(a). The
flow entrainment effect was enhanced [35] with increasing
accelerating air pressure and throat distance, which continu-
ously improved the inlet 2 negative pressure. At the middle
(X1=500 kPa) accelerating air pressure, the interaction of
the throat distance and nozzle diameter on the inlet 2 neg-
ative pressure is shown in Fig. 7(b). Jet boundary diameter
broadened, with the increasing of nozzle diameter, which
enhanced the eddy current effect [36] and decreased the inlet
2 negative pressure over a throat distance range of 10-17 mm.
However, the inlet 2 negative pressure showed an increasing
trend after decreasing due to the throttling effect for throat
distance of 17-20 mm.

IV. OPTIMAZATION AND VERIFICATION
A. PARAMETER OPTIMIZATION
The analysis above indicates that the impact of various fac-
tors on the experimental index was inconsistent. To obtain
the maximum value of the steady airflow velocity, steady
airflow length and inlet 2 negative pressure, a multiobjective
optimization method combined with a restraint condition
was used to optimize the regression equation. The restraint
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FIGURE 5. Effects of the interactive factors on the steady airflow length. (a) Y2 = f (X1, X2, 0); (b) Y2 = f (0, X2, X3).

FIGURE 6. Analysis of the nozzle jet flow.

condition is given as:

maxY1
maxY2
maxY3
300 ≤ X1 ≤ 500
10 ≤ X2 ≤ 20
6 ≤ X3 ≤ 8

(23)

Equations (18-20) were solved combined with restraint
conditions, and the optimal parameter combination was as
follows: accelerating pressure was 700 kPa, throat distance
was 20 mm and nozzle diameter was 7.2 mm, while the
steady airflow velocity was 715m/s, the steady airflow length
was 181 mm and the inlet 2 negative pressure was 0.47 kPa,
according to the regression model by simulations.

B. COMPARATIVE VERIFICATION
The velocity contour of the flow field of the original and
optimized pneumatic wheat seeding device is shown in Fig.8,
where the original parameter combination resulted in an
accelerating pressure of 500 kPa, a throat distance of 10 mm

and a nozzle diameter of 6 mm. The optimized device had a
faster and more stable flow field than the original device in
general. Taking the central axis of the wheat pneumatic seed-
ing device as the y-axis, the variation regularity of the velocity
and pressure of the central flow field is shown in Fig.9.
The airflow velocity increased due to the compression of
the nozzle to the high-pressure airflow, and then the airflow
velocity presented a downward trend with a slight increase
in the pressure due to the air expansion effect after airflow
was ejected from the nozzle. Subsequently, the airflow field
in the hybrid accelerating tube reached a steady state, and
the airflow velocity and pressure remained relatively con-
stant. According to Fig. 9, the steady airflow velocity and
steady airflow length of the original device were 524 m/s
and 176 mm, respectively, and those of the optimized device
were 718 m/s and 182 mm, respectively. The steady airflow
velocity increased by 37% whereas the steady airflow length
did not obviously change through the optimization of the
pneumatic wheat seeding device. When using the optimized
parameters, the inlet 2 negative pressure of 0.49 kPa was
17% greater than the original device pressure of 0.42 kPa.
Furthermore, there was little difference between the opti-
mized simulation results and the predicted regression model
results, which means that the regression model for parameter
optimization was accurate.

The wheat pneumatic seeding process obtained using the
high-speed photography is shown in Fig.10. High-speed
wheat accelerated into the soil after being accelerated in the
hybrid accelerating tube. The pneumatic seeding time of the
optimized device was 1778 µs, which was 22% shorter than
that of the original device at 2286 µs. The decrease of the
pneumatic seeding time indirectly demonstrates that the flow
field characteristics of the optimized wheat seeding device
were better than those of the original device and that the
optimized design results were reliable. At the same time,
considering the very short wheat seed shooting time of wheat
seed, the pneumatic wheat seed seeding process was regarded
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FIGURE 7. Effects of interactive factors on inlet negative pressure. (a) Y3 = f (X1, X2, 0); (b) Y3 = f (0, X2, X3).

FIGURE 8. Contour plots of the flow field. (a) Velocity contour; (b) Pressure contour.

as uniform shooting. The velocity of the wheat was calculated
by the following equation:

vm =
1
n

n∑
i=1

H
Ti

(24)

where n is the number of wheats pneumatically seeded, and
Ti is the pneumatic seeding time of the nth wheat seed.
Using the equations (24) and (2-3), the wheat speed and the

actual steady airflow velocity were 56 m/s and 681 m/s for
the optimized device, respectively. The actual steady airflow
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FIGURE 9. Parameter variation curve along the central axis of the flow field. (a) Velocity curve; (b) Pressure curve.

FIGURE 10. Pneumatic wheat seeding process. (a) Pneumatic seeding process of original device; (b) Pneumatic seeding process of the
optimized device.

velocity was approximately 5.2% lower than the simulation
result, and this result was consistent with the results reported
byWang (2009) [37]and Xu (2012) [38], which indicated that
the simulation of the supersonic ejector flow field using the
established model was reliable.

C. GERMINATION RESULTS
In the bench experiment, 50 wheat grains were seeded by
optimized pneumatic seeding device under the same soil
conditions (soil moisture content was 38% and the soil bulk
density was 1.25 g/cm3). In order to observe the effects of
the optimized pneumatic seeding device on wheat damage,
wheat germination tests with a pneumatic seeding group and
a control group without pneumatic seeding were carried out.
The wheat germination results were counted after 10 days
of culture at approximately 20◦C room temperature. The
germination rates of the pneumatic seeding group and the
control group were 96.0% and 95.3%, respectively, which
indicates that sowing wheat seeds into soil using the opti-
mized pneumatic seeding device is feasible and that there
was no obvious wheat damage. However, this bench exper-
iment is a basic pneumatic wheat seeding experiment under
fine-tilled seedbed conditions without rice straw and

stubble mulching. The difference between an experimental
soil and field soil that contains impurities, such as stones,
crop roots, and soil blocks, should be considered, and pneu-
matic field seeding experiments should also be carried out
to observe and evaluate the effects of pneumatic seeding on
wheat seedling emergence, growth and yield.

V. CONCLUSION
In this study, CFD technology was utilized to simulate the
effects of the accelerating air pressure, throat distance and
nozzle diameter on the steady airflow velocity, steady airflow
length and inlet 2 negative pressure of the airflow fleld, and
then, response surface analysis was applied to optimize the
study of a pneumatic wheat seeding device. The CFD model
could describe the characteristics of the airflow field well in
a pneumatic seeding device, and the regression model could
also adequately guide the optimization of the pneumatic
wheat seeding device, leading to the following conclusions:

(1) Via a response surface optimization experimental
design and an analysis of the flow characteristics of the
airflow field, the primary and secondary factors affecting
the working performance of the pneumatic wheat seeding
device were assessed. The optimal parameter combination
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was achieved: an acceleration pressure of 700 kPa, a throat
distance of 20 mm, a nozzle diameter of 7.2 mm and an accel-
eration pressure of 700 kPa. These values were determined by
the simulation regression model.

(2) The velocity and pressure variation regularity of the
central flow field was obtained. The airflow velocity was
increased by compressing the nozzle to achieve high-pressure
airflow, and then, the airflow velocity showed a downward
trend with a slight increase in the pressure due to the air
expansion effect after ejection from the nozzle. Subsequently,
the airflow field in the hybrid accelerating tube reached
steady state, and the airflow velocity and pressure remained
relatively constant. The ejection function of the pneumatic
wheat seeding device could be realized after optimization.

(3) The steady airflow velocity, steady airflow length and
inlet 2 negative pressure of the optimized wheat pneumatic
seeding device were 718 m/s, 182 mm and 0.49 kPa, which
were 37%, 3% and 17% greater than those of the original
device, respectively. There was little difference between the
optimized simulation values and the predicted regression
model values, which meant that the regression model for the
parameter optimization was accurate. In addition, the pneu-
matic seeding time of optimized device was 22% shorter than
that of the original device, which also demonstrates that the
optimized design results were reliable.

The CFD model was utilized to better understand the
airflow field of a pneumatic wheat seeding device and to opti-
mize the operational and structural parameters when com-
bined with a regression model. The model has been shown
to be reliable as a tool for understanding the physical phe-
nomenon of airflow and can be applied to analyze the sources
of differences. Simulation of the airflow field based on CFD
technology and response surface analysis can improve the
working performance of pneumatic wheat seeding devices.
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