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Abstract: In order to improve the working performance of an Alfalfa air conveyor, a type of horizontal
screw conveyor with a seed stirring function was designed. The working process of the horizontal
screw conveyor was co-simulated by EDEM software and ADAMS software. The effects of a seed
stirring mechanism on population movement characteristics, population stress, the seed mass flow
rate and the variation coefficient of each index were obtained. The results showed that the stirring
mechanism can effectively improve the mobility of the population, reduce the local dead zone of
the population, and increase the material filling coefficient between the spiral blades. Under the
same working conditions, the horizontal screw conveyor with a stirring mechanism has a higher
conveying efficiency and better conveying uniformity. In order to optimize the structure parameters
of the Venturi injector diffuser and improve seeding efficiency and uniformity, EDEM software and
Fluent software were used to co-simulate the seeding process. The influence of diffuser structure
parameters on the working performance of the Venturi injector was analyzed by taking the changes in
pressure and velocity in the inner flow field of the pipeline and the velocity and force of seed particles
as indices. The results showed that when the diffusion angle is 5◦, the length of the diffusion section
is 200 mm and the length of the mixing section is 50 mm, the pressure loss of the Venturi ejector is
the smallest, the outlet air velocity is the largest, the uniformity of seed feeding is the best and the
seed feeding efficiency is the highest. Taking the inlet air pressure and particle feeding efficiency as
test factors and the variation number of ejector discharge as test index, a two-factor and five-level
full factor test was carried out, and the range and variance analyses were carried out. The results
showed that the seed feeding rate and the inlet wind pressure had significant effects on the coefficient
of variation. The optimal combination of working parameters was 1.6 kpa inlet wind pressure and
1.8 g/s particle feeding efficiency.

Keywords: seeding device; pneumatic; EDEM; Fluent; ADAMS

1. Introduction

Alfalfa is known as the “King of Pastures”. In 2019, the global market of alfalfa
reached USD 16.74 billion and is expected to grow to USD 29.35 billion in 2026 [1–3]. The
improvement of natural degraded grasslands and the construction of artificially planted
grasslands require supplementary seeding, mixed seeding or re-seeding to promote the
benign and sustainable development of grasslands. It has been proved that developing the
mechanized sowing technology and equipment of grassland can effectively improve the
production efficiency of grassland, improve natural grassland, build artificial grassland,
and promote the sustainable development of the grass industry. At present, most forage
planters at home and abroad use an external groove wheel-type or friction disc-type seed
metering device, which has poor adaptability to small grass seeds, difficult seeding, poor
fluidity, and poor sowing effect. Zhao [4] designed a small mountain alfalfa seed drill,
using a shaped hole wheel metering device—for each line, the displacement consistency
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coefficient of variation is 4.09%. Zhai [5] designed a multi-line one-device-type forage
seed metering device, based on the mechanical and physical properties study of forage
grass seeds. It was composed of an adjustable screw, a stirrer, a metering device housing, a
central metering sheave, etc. The sowing rate can be set by turning the screw to change the
working length of the central metering sheave relative to a metering device housing, the
stirrer inside of the sheave housing was used to prevent seed overhead, and metering of
different sizes of seed was adjusted by changing the position of the internal components of
the slot wheel mechanism. Yin [6] added a seed filling brush in the outer grooved wheel
seed metering device box and removed the seed metering tongue, based on the study of the
working process of the seed metering device, in order to meet the requirements of actual
seeding amount. Zhao [7] designed a type of seed metering device with a spiral external
grooved wheel. The seed output per rotation of the spiral outer grooved wheel is far less
than that of the ordinary outer grooved wheel, and the range of change in the seed amount
adjustment is small, but the seed amount is relatively stable, which is suitable for sowing
small grains such as alfalfa, bermuda root, and rape.

The air-delivered collector has the advantages of adapting to many types of crops,
high speed and high efficiency, and has become the main trend of the development of seed
metering devices for planters at home and abroad. However, in the air flow collection and
drainage system, the mechanical seed feeding device usually uses the external grooved
wheel seed metering device. Due to its own structural characteristics, the seed flow pulse
usually occurs during the seed feeding process, which leads to the increase in the coefficient
of variation of the consistency of the discharge capacity of each row of the collection and
drainage device. The screw feeder has the advantages of simple structure and steady flow
transportation, and is often used as the core component of wheat and rice seed metering
devices. Mei [8] designed a seed metering device with spiral tube scooping for rice and
wheat—its main components include a seed feeding tube; front, middle and rear shells; a
central shaft; a seed chamber; seed bailing tube assembly fixed disk; a seed outlet hole length
adjustment block; a seed metering tube; a base; and a spiral seed bailing tube assembly.
Based on the external grooved wheel seed metering device, a rice precision direct seeding
spiral grooved seed metering device is designed [9]. The seeds enter the spiral groove
under their own gravity and the interaction force between the seeds. With the rotation of
the seed metering wheel, the surplus seeds are brushed back to the seed filling area by the
seed brush. The seeds in the spiral groove are protected by the seed guard plate. When
they turn through the seed protection area, they fall down to realize sowing. In the field of
simulation optimization, Wu [10] carried out a simulation experiment on the conveying
process of the grain conveyor by using the EDEM software and an orthogonal test method.
According to the least-squares method, the response surface model of conveying capacity
and energy dissipation index was constructed by the MATLAB data fitting program, and
the influence relationship between structural parameters and operating parameters of the
vertical screw conveyor on performance index was obtained. Guo [11] established the
discrete element model of the screw conveyor, and simulated the process of conveying rice
by the screw conveyor by using EDEM software—taking the 20◦ inclined screw conveyor
as an example, the optimal combination of the inclined screw conveyor is obtained by using
orthogonal experiments.

During the seeding process of the collector, the interaction between the airflow and the
seeds, and between the seeds and the seeds is complex. Meanwhile, the forces and move-
ments of the seeds in each stage of the conveying process are very complicated. It is difficult
to quantitatively describe them through mathematical models. With the development of
computer technology, CFD–DEM (gas–solid two-phase flow coupled simulation) is widely
used to study the motion state and characteristics of airflow field between particles and par-
ticles and between particles and shells [12–17]. Yang [12] carried out the numerical analysis
of the particle movement of the fertilizer separating device through the coupling simulation
discrete element method and computational fluid dynamics. Han [13] used the EDEM–CFD
coupling analysis method to optimize the structure of the internal inflatable seed metering
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device. Ding [14] used the coupling method of discrete element and computational fluid
dynamics to simulate the working process of the air suction seed metering device, and ana-
lyzed the drag force and movement speed of the seed. Siamak [16] simulated the cuttings
transport considering the dynamic collision process using a coupled computational fluid
dynamics and discrete element method (CFD–DEM). Gao [16] used the gas–solid coupling
method to numerically simulate the working process of the corn pneumatic conveying
device. Quantity and other working parameters have been optimized.

In the air-delivered collector, the seed supply uniformity of the quantitative seed
supply device and the Venturi ejector has a significant impact on the performance index of
the collector. This paper firstly uses EDEM software and ADAMS software to co-simulate
the working process of the auger conveying seed feeder with and without the churning
wheel, and analyzes the movement characteristics of the seed wheel pair population, the
mass flow rate of seeds and the displacement coefficient of variation and other indicators.
The method of coupling EDEM software and Fluent is used to numerically simulate the
seed delivery process of the Venturi seed supply pipeline, and to explore and optimize
the influence of the structural parameters of the expansion pipe on the internal flow field
and seed motion characteristics of the pipeline. The efficiency of pressure feeding and
seed feeding is used as the test index, and the coefficient of variation of the Venturi ejector
displacement is used as the test index. A two-factor and five-level orthogonal bench test
is carried out to obtain the optimal working parameter combination, so as to improve the
working performance of an Alfalfa air conveyor.

2. Structure and Working Principle
2.1. Air-Delivered Collector

The alfalfa air-delivered collector is mainly composed of a fan, a damper, a Venturi
ejector, a seed feeding elbow, a corrugated pipe, a conical distribution head, a seed guide
pipe and a horizontal screw conveyor. Among them, the screw conveyor is mainly com-
posed of a seed drop port, a front screw cover, a front stop head, a seed box, an end stop
head, an end screw cover, a seed stirring wheel, a seed stirring rod and an auger, as shown
in Figure 1.
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Figure 1. Alfalfa Pneumatic Collector: (a)General Assembly Diagram,and (b) Disassembly Diagram 
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Figure 1. Alfalfa Pneumatic Collector: (a) General Assembly Diagram, and (b) Disassembly Diagram
1. Fan. 2. Air valve. 3. Venturi ejector. 4. Conveying elbow. 5. Bellows. 6. Conical distribution
head. 7. Seed guide. 8. Horizontal screw conveyor. 9. Seed drop. 10. Front screw cap. 11. Front end
stop. 12. Seed box. 13. End stop. 14. End screw cap. 15. Seed stirring wheel. 16. Seed stirring rod.
17. Auger.

When working, start the fan and adjust the air pressure through the air valve, so that
a stable airflow field is generated inside each pipeline; add an appropriate amount of seeds
to the seed box, turn on the motor to make the auger rotate, and the auger drives the seed
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stirring wheel to rotate, and the wheel rotates. The stirring rod on the top disturbs the
population to improve its fluidity, and the auger continuously, uniformly and quantitatively
discharges the seeds into the Venturi injector, and the seeds are mixed with the air flow
to form a gas–solid two-phase flow into the seed conveying elbow; the flow is further
mixed in the seed feeding pipe and then reaches the bellows. Under the disturbance of the
concave–convex structure, the airflow velocity rises and falls alternately, the seed velocity
decreases, the probability of the seeds colliding with the wall increases, and the distribution
of the seeds in the bellows is more discrete and smooth. The evenly arranged air passages
in the conical distribution head distribute the seed flow evenly under the action of the
internal and external pressure difference, and the distributed seed flow enters the seed
guide tube to complete the seeding operation.

2.2. The Horizontal Screw Conveyor

The core components of the horizontal screw conveyor are the auger and the seed
stirring wheel. The seed stirring wheel is fixed on the shell of the seed box and is driven by
the auger blades to rotate. The symmetrically distributed 4 groups of seed stirring rods can
disturb the population in real time to prevent card material, as shown in Figure 2.
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Figure 2. Seed stirring mechanism of seed feeder: 1. Auger. 2. Seed stirring wheel. 3. Seed stirring rod.

During the working process of the conveyor, the self-weight of the seeds, the friction
between the seeds and the friction of the blades cause the particles to not rotate with the
helical blades, but to perform compound motion along the axis direction, that is, with the
circumferential speed voτ , the speed in the axis direction von and the combined speed vo, as
shown in Figure 3.

Processes 2022, 10, x FOR PEER REVIEW 5 of 19 
 

 

 

Figure 3. Seed particle velocity decomposition diagram. 

Assuming that the rotation speed of the screw is n, the speed analysis of the seed 

particle at O is as follows: 

2 sin

60 cos
o

hn
v






=   (1) 

2 sin( ) sin
sin( )

60 cos
o o

hn
v v

 




 +  
=   + =   (2) 

=arctg ou , 
2

2sin =

1 ( )
2

s

h

s

h







+

, 
2

1
cos

1 ( )
2

h

h

 =

+

 

Therefore 

2

2

60
( ) 1
2

o

o

s

sn hv
s

h








+

= 

+

 (3) 

where the friction coefficient between seed and helical surface is o ; the spiral speed is n 

and the unit is rpm; the distance between the seed particle and the axis of the helix is h and 

the unit is m; the pitch of the helix is s and the unit is m. 

Similarly, the axial velocity of the seed can be obtained as: 

2

1
2cos( )

60
( ) 1
2

o

o o

s

sn hv v
s

h








−

=  + = 

+

 (4) 

It can be seen from Formula (4) that under the condition of a certain rotational speed, 

the size of the screw pitch has a significant influence on the axial conveying speed and 

conveying effect of the particles. According to the working efficiency requirements of the 

seeder, the outer diameter of the screw auger lD  is initially set to be 21.5 mm, and the 

pitch is generally taken as 0.8~1.0 [17] for a standard horizontal screw conveyor, so the 

design pitch is 17 mm. The diameter of the screw shaft is related to factors such as pitch 

and strength. The calculation formula is (0.2 ~ 0.35)l ld D= , considering the requirements 

of strength and stiffness, the design diameter of the rotating shaft is 8 mm. Conveying 

efficiency lQ  is among the key performance indicators of screw conveyors, and its calcu-

lation formula is: 

3600l z w oQ S v =  (5) 

Figure 3. Seed particle velocity decomposition diagram.



Processes 2022, 10, 2281 5 of 18

Assuming that the rotation speed of the screw is n, the speed analysis of the seed
particle at O is as follows:

vo =
2πhn

60
· sin ∂

cos σ
(1)

voτ = vo · sin(∂ + σ) =
2πhn

60
· sin(∂ + σ) · sin ∂

cos σ
(2)

σ= arctguo, sin ∂ =
s

2πh√
1+( s

2πh )
2
, cos ∂ = 1√

1+( h
2πh )

2 .

Therefore

voτ =
sn
60
·

s
2πh + µo

( s
2πh )

2 + 1
(3)

where the friction coefficient between seed and helical surface is µo; the spiral speed is n
and the unit is rpm; the distance between the seed particle and the axis of the helix is h and
the unit is m; the pitch of the helix is s and the unit is m.

Similarly, the axial velocity of the seed can be obtained as:

voτ = vo cos(∂ + σ) =
sn
60
·

1− µo
s

2πh

( s
2πh )

2 + 1
(4)

It can be seen from Formula (4) that under the condition of a certain rotational speed,
the size of the screw pitch has a significant influence on the axial conveying speed and
conveying effect of the particles. According to the working efficiency requirements of the
seeder, the outer diameter of the screw auger Dl is initially set to be 21.5 mm, and the pitch is
generally taken as 0.8~1.0 [17] for a standard horizontal screw conveyor, so the design pitch
is 17 mm. The diameter of the screw shaft is related to factors such as pitch and strength.
The calculation formula is dl = (0.2 ∼ 0.35)Dl , considering the requirements of strength
and stiffness, the design diameter of the rotating shaft is 8 mm. Conveying efficiency Ql is
among the key performance indicators of screw conveyors, and its calculation formula is:

Ql = 3600Szρwvoτ (5)

Sz =
πξ(Dl

2 + dl
2)

4
(6)

Ql = 15πξ(Dl
2 + dl

2)ρwsn ·
1− µo

s
2πh

( s
2πh )

2 + 1
(7)

where material conveying cross-sectional area is Sz and the unit is m2; the material fill
factor is ξ; the material density is ρw and the unit is kg/m3.

It can be seen from Formula (7) that when the screw structure of the screw conveyor
and the rotation speed of the screw conveyor are constant, increasing the material filling
coefficient can improve the conveying efficiency.

2.3. The Venturi Ejector

The Venturi ejector is a key component to achieve uniform mixing of airflow and seeds
and continuous and stable seed supply, as shown in Figure 4. Among them, the total length
of the injector is L, the length of the diffuser is L1, the length of the mixing pipe is L2, the
inner diameter of the feeding pipe is d1, the inner diameter of the mixing pipe is d2, the
injection angle of the throat is α, and the diffusion angle is β. The working principle of the
ejector is as follows: the seed flow discharged from the auger conveying seed feeder enters
the nozzle through the seed inlet. Due to the “Venturi” structure of the ejector, a large air
pressure difference is generated between the airflow inlet and the throat, so the throat The
airflow velocity at the nozzle increases and the pressure decreases, and the high-speed
airflow brings the seeds into the diffuser tube with a gradually increasing cross-sectional
area to complete a series of processes such as dispersion, mixing and transportation.



Processes 2022, 10, 2281 6 of 18

Processes 2022, 10, x FOR PEER REVIEW 6 of 19 
 

 

2 2( )

4

l l

z

D d
S

 +
=  (6) 

2 2

2

1
215 ( )

( ) 1
2

o

l l l w

s

hQ D d sn
s

h


 



−

= + 

+

 (7) 

where material conveying cross-sectional area is zS  and the unit is m2; the material fill 

factor is  ; the material density is w  and the unit is kg/m3.  

It can be seen from Formula (7) that when the screw structure of the screw conveyor 

and the rotation speed of the screw conveyor are constant, increasing the material filling 

coefficient can improve the conveying efficiency. 

2.3. The Venturi Ejector 

The Venturi ejector is a key component to achieve uniform mixing of airflow and 

seeds and continuous and stable seed supply, as shown in Figure 4. Among them, the total 

length of the injector is L , the length of the diffuser is 1L , the length of the mixing pipe 

is 2L , the inner diameter of the feeding pipe is 1d , the inner diameter of the mixing pipe 

is 2d , the injection angle of the throat is  , and the diffusion angle is  . The working 

principle of the ejector is as follows: the seed flow discharged from the auger conveying 

seed feeder enters the nozzle through the seed inlet. Due to the “Venturi” structure of the 

ejector, a large air pressure difference is generated between the airflow inlet and the 

throat, so the throat The airflow velocity at the nozzle increases and the pressure de-

creases, and the high-speed airflow brings the seeds into the diffuser tube with a gradually 

increasing cross-sectional area to complete a series of processes such as dispersion, mixing 

and transportation. 

 

Figure 4. Venturi ejector: 1. Air inlet. 2. Shrinking tube. 3. Throat tube. 4. Feeding tube. 5. Diffusion 

tube. 6. Mixing tube. 

The seed feeding tube receives the seed flow discharged from the seed feeder. In or-

der to reduce the collision between the seeds and the tube wall, the inner diameter 1d  of 

the seed feeding tube is designed to be 16 mm. The throat nozzle plays a role in increasing 

the local seed velocity. According to the relevant literature [18], the throat injection angle 

  is selected as 60°. The length of the pipe should meet the needs of fully mixing the 

seeds with the airflow field. In addition, due to the limitation of the size of the seeder, the 

total length of the ejector is finally designed to be 350 mm. According to the transport 

principle of particles in the pipeline [19], the inlet wind speed can be expressed as: 

r w wv k L = +  (8) 

where the Inlet wind speed is rv  and the unit is m/s; the Material particle size factor is 

wk ; the particle density is w  and the unit is kg/m3; the Material characteristic factor is 

 . 

Figure 4. Venturi ejector: 1. Air inlet. 2. Shrinking tube. 3. Throat tube. 4. Feeding tube. 5. Diffusion
tube. 6. Mixing tube.

The seed feeding tube receives the seed flow discharged from the seed feeder. In order
to reduce the collision between the seeds and the tube wall, the inner diameter d1 of the
seed feeding tube is designed to be 16 mm. The throat nozzle plays a role in increasing the
local seed velocity. According to the relevant literature [18], the throat injection angle α
is selected as 60◦. The length of the pipe should meet the needs of fully mixing the seeds
with the airflow field. In addition, due to the limitation of the size of the seeder, the total
length of the ejector is finally designed to be 350 mm. According to the transport principle
of particles in the pipeline [19], the inlet wind speed can be expressed as:

vr = kw
√

ρw + ζL (8)

where the Inlet wind speed is vr and the unit is m/s; the Material particle size factor is kw;
the particle density is ρw and the unit is kg/m3; the Material characteristic factor is ζ.

When the particle size is 1~10 mm, the value of kw is 16~20. Since the equivalent
diameter of the alfalfa seeds used is less than 10 mm, the value is 18. The density of alfalfa
seeds is 1231 kg/m3, the influence of material characteristic coefficient on the wind speed
can be ignored in the study, so the reference value of the inlet wind speed is about 20 m/s.
The material-to-air delivery ratio is the ratio of the quality of the seeds transported per unit
time to the quality of the airflow through the pipeline. The larger the delivery ratio, the
smaller the required air quality, and the lower the required power for delivery, but it is
easy to cause particle accumulation; the delivery ratio is too small, seeding efficiency will
be greatly reduced, affecting seeding efficiency. The material-to-gas delivery ratio can be
expressed as:

ψ =
Gk
Gq

(9)

Gq = ρg
πd2

2
4

vg (10)

where the material-to-gas delivery ratio is ψ; the particle conveying mass per unit time is
Gk and the unit is g/s; the air delivery mass per unit time is Gq and the unit is g/s; the air
density is ρg and the value is 1.025 kg/m3. So:

d2 =

√
4Gk

πψρgvr
(11)

According to agronomic requirements and the actual working speed, the seeding rate
of alfalfa seeds in a single row is about 0.45 g/s. Since the gas–solid two-phase flow of the
seeds in the seed conveying pipeline is a dilute phase flow, the value of the material-gas
conveying ratio ranges from 0.1 to 1.0. The air velocity and pressure inside the diffuser
have a significant impact on the conveying and mixing performance [20]. The selection of
the diffusion angle will be analyzed in detail later.
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3. Simulation Analysis of the Screw Conveyor

The discrete element EDEM software and the multi-body dynamics ADAMS software
are used to numerically simulate the working process of the screw conveyor with a seed
stirring mechanism and the screw conveyor without a seed stirring mechanism, respec-
tively. The influence of the seed movement characteristics and other indicators is aimed at
verifying the rationality of the design of the seed stirring mechanism and improving the
working performance of the screw conveyor.

3.1. Discrete Element Model Building

According to the physical properties of alfalfa seeds, a simulation model of alfalfa
seeds is established in EDEM software by using the spherical particle combination method.
The Hertz–Mindlin non-sliding model is set up for the contact model between particles and
the contact model between particles and the parts of the conveyor, as shown in Figure 5. In
order to find the optimal contact parameter combination of the discrete element model of
alfalfa seeds, the parameters of the alfalfa seed model were calibrated based on the errors
of the measured and simulated values of the angle of repose and accumulation angle of
alfalfa seeds [21]. The calibrated model parameter combinations are shown in Table 1. The
grooved wheel seed metering device was used for experimental verification. The average
relative error between the measured and simulated values of the alfalfa seed mass flow rate
under the conditions of different seed metering wheel speeds was 2.89%. Therefore, the
discrete element model and contact parameters of the alfalfa seeds satisfy the requirements.
Discrete element simulation test accuracy requirements. The three-dimensional model of
the screw conveyor with a seed stirring mechanism and the three-dimensional model of
the screw conveyor without a seed stirring mechanism established by Solidworks software
were imported into EDEM software, and the appropriate population of equal height was
generated through the particle factory, as shown in Figure 6a,b.

Processes 2022, 10, x FOR PEER REVIEW 8 of 19 
 

 

the three-dimensional model of the screw conveyor without a seed stirring mechanism 

established by Solidworks software were imported into EDEM software, and the appro-

priate population of equal height was generated through the particle factory, as shown in 

Figure 6a,b. 

 

Figure 5. Alfalfa seed model. 

Table 1. Parameters of discrete element model for alfalfa seeds. 

Parameter Numerical Value 

Seed density/kg·m3 1231 

Poisson’s ratio 0.50 

Seed–plastic collision recovery factor 0.50 

Seed–plastic coefficient of static friction 0.50 

Seed–plastic coefficient of rolling friction 0.25 

Interspecies collision recovery factor 0.47 

Interspecies static friction coefficient 0.24 

Interspecies rolling friction coefficient 0.08 

 

  

(a) (b) 

Figure 6. Discrete element model of screw conveyor: (a) conveyor model with a seed stirring mech-

anism, and (b) conveyor model without a seed stirring mechanism. 

3.2. EDEM and ADAMS Co-Simulation Test 

When only using EDEM to numerically simulate the working process of the screw 

conveyor with the seed stirring mechanism, the force transmission between the auger 

Figure 5. Alfalfa seed model.

Table 1. Parameters of discrete element model for alfalfa seeds.

Parameter Numerical Value

Seed density/kg·m3 1231
Poisson’s ratio 0.50

Seed–plastic collision recovery factor 0.50
Seed–plastic coefficient of static friction 0.50

Seed–plastic coefficient of rolling friction 0.25
Interspecies collision recovery factor 0.47
Interspecies static friction coefficient 0.24

Interspecies rolling friction coefficient 0.08

3.2. EDEM and ADAMS Co-Simulation Test

When only using EDEM to numerically simulate the working process of the screw
conveyor with the seed stirring mechanism, the force transmission between the auger blades
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and the seed stirring wheel cannot be realized, and the complex rotational characteristics
of the seed stirring wheel cannot be directly set. Therefore, it is necessary to use EAlink
software to carry out the co-simulation of EDEM and ADAMS [22], and transfer the rotation
characteristics of the churning wheel in ADAMS to the churning wheel in EDEM, so that it
rotates in real time according to the obtained rotation speed.
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After the 3D model of the screw conveyor is imported into ADAMS software, the
material properties of each part are defined, and the relatively static parts form an integral
part through Boolean operation, so that only the auger and seed stirring wheel can rotate. In
order to better simulate the real environment, the damping value of 100 is added between
the auger and the seed stirring wheel. The stirring wheel is driven to rotate by adding a
rotary drive to the rotating pair of the auger, and the rotational speed of the rotary drive
is set to 180 rpm. In order to make the simulation of the screw conveyor match the actual
situation as much as possible, friction force is added to each rotating pair in ADAMS, and
the entire model is placed in the same gravity field [23,24]. The virtual prototype model of
the horizontal screw conveyor is shown in Figure 7.
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Before co-simulation, make sure that EDEM is in a coupled state, and open the com-
pleted conveyor virtual prototype model. According to the Rayleigh wave method, the
EDEM simulation time step is 6 × 10−6 s, and the simulation time is set as the 3rd second.
Considering that the particle movement reaches a stable state, the ADAMS simulation time
step should be an integral multiple of the EDEM time, so it is set to 3 × 10−5 s. Finally, the
coupling calculation is performed through the EALink software. After the simulation, the
data can be analyzed in EDEM and ADAMS, respectively. Apply the EDEM post-processing
Selection module to set up a Grid Bin Group below the seed drop port to record the mass
flow rate of seeds flowing through the virtual body at different times. In order to explore
the uniformity of seeding, the seed mass flow rate was recorded every 0.01 s, and the
coefficient of variation of the mass flow rate was calculated. The calculation formula is:

κ =
t
x
× 100% (12)


x =

b
∑

a=1
xa

b

t =

√
b
∑

a=1
(xa−x)2

b−1

(13)

where the mass flow rate of the seeding port at the first moment a is xa and the unit is g/s;
the average mass flow rate is x and the unit is g/s; the standard deviation of the mass flow
rate is t.

3.3. Analysis of Simulation Results

In order to explore the influence of the seed stirring mechanism on the movement
characteristics of the population and the conveying performance of the screw conveyor, the
internal population velocity distribution of the conveyor with the seed stirring mechanism
and the conveyor without the seed stirring mechanism at the time of the 3rd second was
compared and analyzed, as shown in Figure 8. It can be seen from Figure 8a that under the
combined action of the auger and the seed stirring mechanism, the population moves to the
left and upward, the population is uplifted greatly, the distribution of high-speed particles
in the seed box is relatively uniform, and the seeds in the seed drop area are relatively
uniform. The distribution is uniform and the density is high, indicating that the conveying
capacity of the screw conveyor is large and the conveying uniformity is good. The reason
is that while the stirring rod moving with the stirring wheel disturbs the population, it can
squeeze the inner population towards the direction of the auger, which increases the filling
coefficient of the material between the spiral blades, thereby improving the efficiency of the
spiral. The working performance of the conveyor. It can be seen from Figure 8b that in the
case of no seed stirring mechanism, the population moves to the left, the population uplift is
not obvious, and the distribution of high-speed particles in the seed box is uneven, mainly
concentrated on the top of the spiral blade near the outlet, and the seeds are dropped. The
distribution of seeds in the mouth area is uneven and the degree of dispersion is large,
indicating that the conveying volume of the screw conveyor is small at this time, and the
conveying uniformity is poor. The reason is that when the population moves to the left
with the spiral blade, it gradually gathers at the outlet. With the continuous increase in the
interspecific pressure, the mobility of the population decreases, and finally, a local dead
zone is formed, which reduces the filling coefficient of the material between the spiral
blades, thereby affecting the working performance of the screw conveyor.
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The EDEM post-processing module is used to obtain the time-varying trend of the
internal population movement characteristics of the screw conveyor with the seed stirring
mechanism (hereinafter referred to as the Y-type conveyor) and the screw conveyor without
the seed stirring mechanism (hereinafter referred to as the W-type conveyor) within 0~3 s, as
shown in Figure 9. It can be seen from Figure 9a that with the rotation of the auger, the linear
speed of the two conveyor populations gradually decreases after a rapid increase. The linear
velocity of the Y-type conveyor population varies less with time and has a larger average
value, indicating that its internal particle fluidity and stability are better. It can be seen
from Figure 9b that after the auger starts to rotate, the angular velocity of the two conveyor
populations increases rapidly, and then fluctuates within a certain range. Compared with
the Y-type conveyor, the internal angular velocity of the W-type conveyor changes with
time. The amplitude is larger and the average value is larger, indicating that the particles
inside the W-type conveyor are mostly in a rolling state, and the friction between species is
larger, resulting in increased power consumption and reduced conveying efficiency. It can
be seen from Figure 9c that from 0 s, the compressive force on the internal population of
the Y-type conveyor decreases rapidly after a sharp increase, and then fluctuates smoothly
in a small range, and its average value is small; while the compressive force curve of the
population inside the machine of the W-type conveyor shows a large fluctuation upward
trend, and the overall compression force curve is higher than that of the Y-type conveyor,
and the higher compressive force will reduce the mobility of the population, and local
populations will appear overhead and even dead zones, seriously affecting the efficiency
of the conveyor. It can be seen from Figure 9d that after the screw conveyor is in a stable
working state, the average mass flow rate of the seeds at the seed drop port of the Y-type
conveyor is higher than that of the W-type conveyor, and the variation range is small,
indicating that the Y-type conveyor has a higher output rate than the W-type conveyor.
The transport efficiency is higher and the stability is better, which also verifies the above
analysis of the movement characteristics of the population. See Table 2 for the mean values
and coefficients of variation corresponding to each parameter in Figure 9.

To sum up, the seed stirring mechanism can effectively improve the mobility of the
population, reduce the local dead zone of the population, and increase the material filling
coefficient between the spiral blades. Under the conditions of the same auger rotation
speed and the same seed layer height, the horizontal screw conveyor with the seed stirring
mechanism has a higher conveying efficiency and better conveying uniformity.
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Table 2. Seed motion characteristic parameters.

Parameter There Is a Stirring
Mechanism No Stirring Mechanism

Average linear velocity/m·s−1 0.01236 0.01195
Linear velocity coefficient of variation 0.06263 0.11808

Average angular velocity/rpm 71.08827 74.28534
Variation coefficient of angular velocity 0.04355 0.11241

Average compressive force/N 0.00394 0.00616
Compression force variation coefficient 0.11498 0.46277

Mass flow rate average/g·s−1 6.52975 4.95369
Mass flow rate coefficient of variation 0.29715 0.32284

4. Simulation Analysis of Venturi Ejector

Using EDEM software and Fluent software to co-simulate the process of Venturi ejector
seed supply, using the changes in the pressure and velocity of the flow field inside the
pipeline, the velocity and force of the seed particles as indicators, the influence of the
structural parameters of the diffuser tube on the working performance of the ejector was
analyzed, and then impact and optimize it.

4.1. CFD–DEM Coupled Simulation Method

Firstly, meshing is performed for the gas–solid coupling analysis area, that is the
interior of the Venturi injector. The meshing module in ANASYS software is used to mesh
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the injector, and the total number of meshes obtained is 20,718, of which the maximum
mesh volume is, and the minimum mesh volume is 4.58 × 10−10 m3. Since the airflow
enters from the inlet at the left end of the ejector and flows out from the outlet at the right
end, the inlet of the ejector is selected as the pressure inlet boundary condition, and the
seed inlet and the other end of the pipeline are the pressure outlet boundary conditions, as
shown in Figure 10.
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The seeds are generated by the particle factory at the seed inlet, and the generated
seeds enter the Venturi injector under the action of their own gravity, and the number of
dynamically generated seeds is set to 5 g/s. The high-speed airflow enters from the nozzle
inlet and joins the seeds at the shrinking tube, and the airflow inlet pressure is set to 3000
Pa. The seeds are blown into the diffusion tube by the high-speed air flow, fully mixed with
the air flow, and then discharged through the mixing tube to realize the seed supply. In this
process, EDEM software obtains the real-time particle position and contact information, and
transfers the obtained information to the Fluent software. Fluent simulates and calculates
the influence of the particles on the flow field according to the obtained information, and
then uses the obtained flow field information. In the feedback conduction EDEM, the
influence of the flow field on the particles is simulated and circulated in turn to achieve
the effect of two-way fluid-structure coupling. During the simulation, the EDEM time step
is set to 1 × 10−6 s, and the Fluent time step is set to 5 × 10−5 s, which is 50 times of the
EDEM; the number of Fluent steps is 60,000, the simulation time is 3 s; each time step is set
to iterate 50 times; within EDEM and Fluent, data are saved every 0.01 s. In the simulation
test, the level of diffusion angle is set to 5◦, 10◦ and 15◦, and the three types of injector
structure parameters corresponding to different diffusion angles are shown in Table 3.

Table 3. Different diffusion angles correspond to structural parameters.

Type Diffusion
Angle β

Diffuser
Length L1/mm Mixing Tube Length L2/mm

A 5◦ 200 50
B 10◦ 100 150
C 15◦ 65 185

4.2. Simulation Results and Analysis
4.2.1. Validation of CFD–DEM Model

In order to verify the feasibility of the gas–solid coupling model, a pneumatic seed
supply test bench was built, its diffusion angle is 5◦, the diffuser length is 200 mm, and
the length of the mixing pipe is 50 mm, as shown in Figure 11. During the test, the inlet
air pressure was set to 3 kpa, and the seed feeding efficiency was 5 g/s. When the wind
pressure and seed feeding speed were stable, the number of seed particles collected from
the outlet of the Venturi ejector was recorded every 5 s, and the average value was obtained
by repeating 3 times each test. The Venturi injection simulation test was carried out under
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the same working parameters, and the comparison between the bench test results and the
numerical simulation results is shown in Figure 12. It can be seen from the figure that there
is little difference between the bench test results and the numerical simulation results, and
it is feasible to use CFD–DEM to carry out numerical simulation of the ejector.
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Figure 11. Coupled model validation test bench: 1. Fan. 2. Air valve. 3. Rack. 4. Venturi. 5. Seed drop.
6. Alfalfa seeds. 7. Motor. 8. Controller. 9. Seed stirring wheel. 10. Seed stirring rod. 11. Horizontal
screw conveyor.
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4.2.2. Influence of Structural Parameters of Diffusion Tube on Injection Performance

In order to explore the influence of the structural parameters of the diffuser tube on
the working performance of the Venturi ejector, the air pressure and velocity characteristics
of the three pipes A, B, and C at 1 s and the force and motion characteristics of the seed
particles within 0~1 s were compared and analyzed. As shown in Figures 13–15. It can
be seen from Figure 13 that the airflow pressure and velocity inside the pipeline change
significantly. In the contraction section, the static pressure of airflow decreases rapidly
and the flow velocity rises rapidly. The static pressure and flow velocity of the airflow
at the throat nozzle reach the lowest and highest values, respectively. With the increase
in the inner diameter, the static pressure of the airflow gradually increased and the flow
velocity gradually decreased, and then both tended to be stable in the mixing section. The
distribution of air pressure in the three pipes (Figure 14) shows that the dynamic pressure
at the nozzle of the A-type injector is the highest, the air pressure changes in the diffusion
section and the mixing section are relatively slow, the pressure distribution is uniform, the
area of the high pressure area is the largest and the overall pressure loss is the smallest. The
dynamic pressure at the nozzle of the C-type injector is the smallest, the pressure gradient
in the diffusion section is the largest and the distribution is uneven, and the pressure loss
is the largest. The distribution of air velocity in the three pipes (Figure 15) shows that the
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air velocity at the nozzle of the A-type injector and the outlet is the highest, the area of the
high-speed area is the largest, and the velocity gradient is the smallest; the air velocity at the
nozzle of the C-type injector and the outlet is the lowest, and the diffusion of the velocity
gradient of the segment is the largest, and local eddy currents appear at the junction of
the diffusion segment and the mixing segment, which can easily disturb the movement
trajectory of the seed particles, reduce the particle movement speed, and then affect the
uniformity and efficiency of the ejector seed supply.
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In EDEM software, the average force and speed of the seeds were obtained within
0~3 s, as shown in Figure 16. The seeds are mainly affected by air drag in the X direction,
gravity and buoyancy in the Y direction, and the resistance caused by the collision with
the pipe wall in the Z direction. The higher the movement speed, the higher the ejector
seeding efficiency. It can be seen from Figure 16a that the air drag force on the particles in
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the A-type ejector is the largest. Under the same conditions of gravity and air buoyancy,
the wall resistance is the smallest, which indicates that the number of collisions between
the particles and the pipeline is the least, and the particles are evenly distributed; the
particles in the C-type injector are subjected to the largest forces in the Y and Z directions,
indicating that they have the most collisions with the wall surface. In addition, it also
verifies the negative effect of the local eddy current on the population movement trajectory
and the uniformity of the injector seed supply in Figure 15c. influences. It can be seen from
Figure 16b that the horizontal movement speed of seeds in the A-type injector is the highest,
and its seed supply efficiency is the highest. In summary, the A-type Venturi ejector has the
smallest pressure loss, the largest outlet airflow velocity, the best seed supply uniformity,
and the highest seed supply efficiency.
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Figure 16. Force and motion characteristics of particles: (a) particle stress and (b) particle velocity.
Notes: F is the combined force of the seeds; Fx is the force in the X direction of the seed; Fy is the
force in the X direction of the seed; Fz is the force in the Z direction of the seed; V is the combined
velocity of the seeds; Vx is the speed of the seed in the X direction; Vy is the speed of the seed in the Y
direction; VZ is the speed of the seed in the Z direction.
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5. Optimization Test of Working Parameters of Venturi Ejector
5.1. Orthogonal Design

In order to seek the optimal combination of working parameters of the Venturi ejector
and optimize the uniformity of seed supply, the inlet air pressure and particle feeding
efficiency are used as the test factors, and the ejector displacement variation and washing
number are used as the test indicators to carry out two factors and five levels of full factors
test. In the experiment, the variation range of inlet air pressure was set to be 0.8~2.4 kPa,
and the variation range of the alfalfa seed feeding efficiency was 0.6~2.2 g/s. When the
air pressure and particle feeding efficiency were stable, the outlet collection of the Venturi
ejector was recorded every 5 s. The particle mass of each experiment was repeated 3 times
to take the average value, and the outlet displacement variation was calculated. The factor
level table is shown in Table 4.

Table 4. Experimental factors and levels.

Level
Factor

Inlet Air Pressure/Pa Alfalfa Seed Feeding Efficiency/g·s−1

1 1000 0.6
2 1200 1.0
3 1400 1.4
4 1600 1.8
5 1800 2.2

5.2. Analysis of Test Results

The smaller the coefficient of variation of the Venturi ejector’s seeding rate, the better
the seeding uniformity. The results of its range analysis (Table 5) show that the primary
and secondary order of the influence of each factor on the coefficient of variation is A × B >
A > B, and the optimal working parameter combination is A4B3. Analysis of variance was
performed on the test results, as shown in Table 6, it can be seen that the inlet air pressure A
and the particle feeding efficiency B have a significant effect on the coefficient of variation
(p < 0.05), while the interaction term A × B has no significant effect on the coefficient of
variation (p > 0.05).

Table 5. Test design scheme and results.

Serial Number
Factor Coefficient of Variation of

Seed Quantity/%A B Null A×B Null Null

1 1 1 1 1 1 1 8.03
2 1 2 2 2 2 2 7.09
3 1 3 3 3 3 3 8.21
4 1 4 4 4 4 1 8.11
5 1 5 5 5 5 5 8.19
6 2 1 2 3 4 5 8.14
7 2 2 3 4 5 1 7.63
8 2 3 4 5 1 2 8.27
9 2 4 5 1 2 3 10.05

10 2 5 1 2 3 4 10.14
11 3 1 3 5 2 4 7.55
12 3 2 4 1 3 5 7.43
13 3 3 5 2 4 1 6.82
14 3 4 1 3 5 2 7.31
15 3 5 2 4 1 3 5.24
16 4 1 4 2 5 3 5.01
17 4 2 5 3 1 4 4.01
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Table 5. Cont.

Serial Number
Factor Coefficient of Variation of

Seed Quantity/%A B Null A×B Null Null

18 4 3 1 4 2 5 3.72
19 4 4 2 5 3 1 8.26
20 4 5 3 1 4 2 4.36
21 5 1 5 4 3 2 5.85
22 5 2 1 5 4 3 5.44
23 5 3 2 1 5 4 8.51
24 5 4 3 2 1 5 9.58
25 5 5 4 3 2 1 8.78

Coefficient of
variation

k1 7.93 7.04 7.73
k2 8.85 6.32 7.29
k3 6.87 7.11 6.11
k4 5.07 8.66 7.54
k5 7.63 7.34 1.62
R 3.78 2.34 7.73

Table 6. Variance analysis of test: “**” indicates extremely significant, and “*” indicates significant.

Test Index Source of
Variance

Sum of Squared
Deviations

Degrees of
Freedom

Mean
Square F p Salience

Displacement
Coefficient of

Variation

Model 65.34324 12 5.44527 5.317585 0.0035 **
A 36.28649 4 9.071623 8.858904 0.0014 *
B 16.18855 4 4.047138 3.952238 0.0285 *

A × B 10.67957 4 2.669893 2.607287 0.0889
residual 12.28814 12 1.024012

sum 77.63138 24

6. Conclusions

A type of horizontal screw conveyor with a seed stirring function was designed
to improve the uniformity of air-conveyed alfalfa seed collection and exhaust. EDEM
software and Fluent software were used to jointly simulate the seed feeding process of the
Venturi injector. The influence of the structure parameters of the diffuser on the working
performance of the ejector was analyzed based on the changes in the pressure and velocity
of the flow field inside the pipe and the velocity and force of the seed particles. The results
showed that when the diffusion angle was 5◦, the length of the diffusion section was
200 mm, the length of the mixing section was 50 mm, the pressure loss of the Venturi ejector
was the minimum, the outlet air velocity was the maximum, the uniformity of seed supply
was the best, and the seed supply efficiency was the highest. With the inlet air pressure and
particle feeding efficiency as the test factors, and the coefficient of variation of the ejector
discharge as the test index, a two-factor five-level all factor test was conducted, and the
range and variance analyses were conducted. The results showed that the seed feeding rate
and the inlet wind pressure had significant effects on the coefficient of variation (p < 0.05),
while the interaction between them had no significant effect on the coefficient of variation
(p > 0.05). Compared with the particle feeding efficiency, the inlet air pressure has a more
significant effect on the coefficient of variation of the displacement. The optimal working
parameter combination is an inlet air pressure of 1.6 kPa and a particle feeding efficiency of
1.8 g/s.
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