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Abstract. To develop a new type of air suction sorting equipment for tea, we per-
formed a bench test using a high-speed camera for test shooting and data analysis
and established a computational fluid dynamics–discrete element method (CFD-
DEM) coupling model. The experimental results showed that under the same negative
pressure and the initial fall distance from the adsorption surface, the multiscale tea
leaves (collectively referred to as leaves) were adsorbed in the air suction flow field in
different tracks, and the greater the mass difference of leaves, the greater the differ-
ence in their movement tracks. By using this feature, the multiscale machine-picked
tea could be separated under the same negative pressure. The CFD-DEM coupling
model was used to simulate and fit the motion locus points of the leaves in the same
negative pressure flow field with different initial distance from the negative pressure
adsorption surface. The results showed that the distance between the falling position
of the leaves and the bottom of the negative pressure adsorption surface was propor-
tional to the initial fall distance. The distance between the adsorbed leaves and the
bottom of the negative pressure adsorption surface was inversely proportional to the
initial fall distance. In summary, this research provides theoretical support for the fu-
ture development of sorting equipment with suction for tea leaves.

Tea picking has always been a key and
difficult part of tea mechanization and a key
link that restricts large-scale tea production.
Since the early 1950s in China, machine-
picking tests have been used for mass tea

picking; the efficiency of machine-picking
tea is much higher than that of manual labor,
and the cost is effectively reduced (Wu
2022). However, machine-picked tea often
has irregular leaves; therefore, it needs to be
sorted during processing. We selected an air
suction sorting method for machine-picked
tea. Air suction technology mainly uses the
principle of suction generated by negative air
pressure to realize the adsorption of objects,
transportation, and other operations. In agri-
cultural engineering applications, a negative
pressure environment is usually generated by
air pumps and other equipment so that gas
flows in specific pipelines or components to
form suction, thus acting on agricultural pro-
duction (Cui et al. 2017; Jiang et al. 2019).

Air suction technology is applied to the
field of seeding and includes air suction pre-
cision seeders and the use of negative pres-
sure to absorb the seeds on the suction hole
of the seed tray; with the rotation of the seed
tray, the seeds are accurately placed in the

seed ditch (Li et al. 2022; Mu et al. 2022;
Zhao et al. 2020). Air suction seeding equip-
ment has also been applied in the process of
seedling rearing in the vegetable hole tray,
which can more accurately suck-up tiny veg-
etable seeds and plant them in the seedling
holes in the hole tray, thus ensuring the accu-
racy of the number of seeds in each hole
(Luo et al. 2010; Xiao 2023; Xu and Chen
2022). Suction technology is also used in the
field of harvesting. For some fruits and vege-
tables, the air suction picker has played an
important role; through the design of a suit-
able suction nozzle and suction control sys-
tem, mature fruits and vegetables from the
plant can be gently sucked and transported to
collection device (Ji et al. 2017; Ju 2022;
Zhang 2024; Zhang et al. 2020). In terms of
harvest and impurity removal, air suction
technology can be used for cleaning and con-
veying links, and the use of air suction sucks
away the mixed light debris such as glume
shell and straw debris. In summary, this re-
search showed that the pneumatic suction has
been widely used in the agricultural field, and
its advantages are mainly reflected in improv-
ing agricultural production efficiency and im-
proving the quality of agricultural products
and precision operations.

With the rapid development of computer
technology, computational fluid dynamics–
discrete element method (CFD-DEM) cou-
pling simulation technology has gradually
become an important tool in agricultural
engineering research that can accurately
describe complex phenomena such as mul-
tiphase flow and particle movement in-
volved in agricultural production processes
and provide strong support for optimal de-
sign and scientific research of agricultural
engineering (Chen et al. 2024; Kong 2023;
Zhang 2021). In the field of agricultural
material handling, CFD-DEM coupled sim-
ulation can be used to study the movement
of seeds in parts such as seed feeders and
seed delivery tubes (Li et al. 2021; Zhang
et al. 2020). For harvesting machinery,
such as combine harvesters, CFD-DEM
coupling simulation can be used to analyze
the motion state of grain during threshing
and cleaning (Chen 2021; Yuan et al. 2023;
Zhao 2020). In terms of storage, CFD-
DEM coupling simulation can simulate the
accumulation form and ventilation effect of
agricultural materials such as grains in the
warehouse and analyze the influence of dif-
ferent storage layouts and ventilation meth-
ods on the storage quality of materials
(Chen et al. 2022; Gou 2021; Xie 2023;
Zhou 2021). The characteristics of fluid
flow and particle movement trajectory in
the flow field are simulated to design and
optimize agricultural machinery (Zhang et al.
2024a, 2024b). In summary, this research
showed that the application of CFD-DEM
can more truly describe complex phenom-
ena, provide the basis for optimal design,
and reduce the test cost and time.

In the field of agricultural engineering,
scholars have conducted ample research of
the use of air suction and have obtained good
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test results. However, regarding the operation
process of air suction equipment, it is neces-
sary to continuously consume electric energy
or other energy to maintain the operation of
the air pump to generate suction, and this en-
ergy consumption is relatively large. How-
ever, in multiscale tea leaf processing, after
the use of air suction to separate tea leaves,
the generated air suction flow can be further
processed for drying, tail adjustment, and air
impurity removal, to fully use the energy and
reduce energy waste.

We performed the motion trajectory test
of multiscale flexible leaves using the air suc-
tion model and established the coupling model
of discrete element method and computational
fluid dynamics (CFD-DEM) of material parti-
cle motion in the negative pressure flow field.
The coupling model was used to analyze the
motion trajectory of leaves in the same nega-
tive pressure flow field and at different initial
multiscale falling positions. Thus, better design
parameters are provided for the research and
development of multiscale suction sorting
equipment for tea.

Multiscale Leaf Falling and Adsorption
Experiments

Test materials and methods
Flexible blade parameter measurements.

The purpose of this experiment was to test
the differences in the motion trajectories of
leaves with different masses when they were
affected by the air suction flow field during
the falling process. A scientific research bal-
ance (Wante Weighing Instrument Co., Ltd.,
Jiangsu, China) with a measurement accuracy
of 0.001 g was used to measure the masses of
40 selected leaves. After measurement was
performed, the masses of the leaves were
classified. Then, considering the characteris-
tics of the leaf contours and masses, three
leaves with certain mass differences were se-
lected as the test leaves. Among them, the
maximum mass was 1.052 g, the minimum
mass was 0.206 g, and the mass of leaf 2,
which was the comparative test leaf, was
0.35 g (Fig. 1).

Bench test. The bench test was built (Fig.
2) to test the multiscale analysis of the leaf
falling motion and trajectory. The bench test
comprised a negative pressure fan (Foshan
Mi Wind Electrical Equipment Co., Ltd.,
Foshan City, Guangdong, China), conveyor belt
(assembly equipment), measuring plate, and
high-speed camera (Hunan Ketian Technology

Co., Ltd., Changsha City, Hunan, China). The
suction tuyere of the negative pressure fan had
a diameter of 200 mm, the wind pressure was
340 Pa, and the air volume was 1200 m3/h.
The width of the conveyor belt was 200 cm,
and the transmission speed of the conveyor
belt could be adjusted by the speed regulating
motor. The speed of the conveyor belt in this
study was constant. The 10-mm2 measuring
plate was convenient for observing the fall and
adsorption of leaves. The high camera combi-
nation was composed of a high-speed cam-
era, industrial computer, and light source.
The shooting exposure time of the high-speed
camera was 270 ls, the shooting frame rate
was up to 3518 Fps, and the shooting resolu-
tion was 1280 � 860.

Test methods. The leaves were placed at a
certain interval on the conveyor belt, and the
distances between the end of the conveyor
belt and the suction tuyere of the negative
pressure fan were 150 mm, 110 mm, 80 mm,
and 30 mm. The distance between the con-
veyor belt and the negative pressure fan was
used as the background of the measuring
plate, which was convenient for describing
the multiscale leaf falling movement trajec-
tory. After starting the conveyor belt, the mo-
tion track of the falling leaves was recorded
with a high-speed camera, several measure-
ments were performed, and a group with sta-
ble results was selected as the analysis object.

Test analysis
To describe the movement trajectory of

leaves, the point displayed as “8” on the up-
per right scale of the mapping board was con-
sidered the starting point, and the “8” scale in
the downward direction was defined as the in-
creasing scale value, which was defined as
the coordinate y-axis. The “8” scale in the di-
rection of the conveyor belt was also defined
as the increasing scale value and defined as
the x-axis, with the coordinates at the position
of the center of the leaf considered the posi-
tion point of the leaf. Using the coordinate
points, the trajectory of leaf adsorption and

the suction wind force of leaf adsorption
points in the future were reflected, resulting
in an improved analysis of mechanical prop-
erties of leaves in the air field.

Motion trajectory of leaf 1 under the nega-
tive pressure flow field. Figure 3 shows the
fall adsorption movement of leaf 1. Figure 3A
shows the leaf falling from the conveyor belt,
and its coordinate value was (27 cm, 12 cm).
Because of the suction effect of the negative
pressure flow field, the leaves did not fall
freely; instead, they moved toward the negative
pressure adsorption port (Fig. 3B), where the
coordinate values of the leaves were (25 cm,
17 cm). With the fall of leaves, the suction
speed of negative pressure air increased, and
the leaves moved more toward the tuyere of
the negative pressure fan (Fig. 3C), where the
coordinates of leaves were (22 cm, 22 cm).
Based on the changes noted in Fig. 3D and 3E,
although the leaves were affected by the nega-
tive pressure adsorption air flow (Fig. 3D),
they still fell downward when moving (Fig. 3E)
and were not horizontally adsorbed. According
to our previous analysis of the flow field pneu-
matics of the negative pressure tuyere, the neg-
ative pressure suction generated by the suction
tuyere of the negative pressure fan had a certain
dispersion. Therefore, a certain pushing force
on the downward movement of the leaves oc-
curred, so that the adsorption force could not
overcome the gravity of the leaves itself and
the weight distribution of the leaves was
uneven, resulting in the inability of the suc-
tion to act uniformly on the entire leaves
and affecting the adsorption effect. The co-
ordinates of the leaves in Fig. 3D and 3E
were (19 cm, 26.5 cm) and (16.5 cm, 30 cm),
respectively. In Fig. 3E and 3F, the leaves
were sucked horizontally into the negative
pressure air outlet, indicating that the air suc-
tion force on the leaves was greater than the
gravity force of the leaves, and the leaves
were sucked directly. The coordinates of these
leaves were (14 cm, 31 cm).

In conclusion, during the process of falling,
leaves were affected by air suction and gravity,Fig. 1. Leaf quality measurement.

Fig. 2. Bench test of leaf air absorption.
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causing them to fall and move toward the neg-
ative pressure tuyere. Under this test condition,
leaves were mainly affected by gravity and fall
from a height until they were absorbed. The ac-
celeration of gravity gradually increased the
falling speed of leaves until they were stopped
by the force of the adsorption port and the
leaves were absorbed. Under the mass of the
leaves (0.206 g), when the tuyere was 30 mm
and the suction wind speed was 6.17 m/s, the
leaves were directly adsorbed.

Motion trajectory of leaf 2 under the nega-
tive pressure flow field. Figure 4 shows the
falling and adsorption process of leaf 2. There

was a mass difference of 0.144 g between
leaf 2 and leaf 1. The surface area of leaf 1 was
larger than that of leaf 2. Such morphological
differences affect the air resistance and stability
of the leaves during the falling process. During
the falling process of the leaves, their aerody-
namic performance had a significant impact on
the falling shape. The mass difference of the
leaves lead to changes in aerodynamic perfor-
mance, which, in turn, affected the morphologi-
cal features such as the stability and rotation
during the falling process. Therefore, there
were certain differences in the falling shapes
between leaf 2 and leaf 1.

Figure 4A shows the state of falling
leaves with coordinates of (27 cm, 11 cm).
As the leaves fell, because of the influence of
the negative pressure air flow field, they
moved closer to the negative pressure tuyere;
the coordinates of the leaves at this position
were (25 cm, 17 cm) (Fig. 4B) and (23.5 cm,
20.5 cm) (Fig. 4C). Figure 4D and 4E show
that leaves were affected by negative pressure
air suction, and that the surface of leaves was
affected by negative pressure suction. The
falling head of leaves tended to rotate and lift
toward the negative pressure tuyere, and the
coordinates of these leaves were (20.5 cm,
24.5 cm) (Fig. 4D) and (17.5 cm, 26 cm)
(Fig. 4E). During the process of negative
pressure adsorption, the air force on the
leaves was not uniform, which lead to the ro-
tation of the leaves. The geometric shape and
mass distribution of the leaves resulted in an
uneven flow rate and uneven pressure of the
air flow on the surface of the leaves, resulting
in torque that caused the head of the leaves to
turn to the tuyere.

Motion trajectory of leaf 3 under the nega-
tive pressure flow field. Figure 5 shows the
fall adsorption process of leaf 3. Figure 5A
shows the initial fall position of leaf 3 with
coordinates of (26 cm, 16 cm). With the fall
of leaves and adsorption of the negative pres-
sure tuyere, leaf 3 moved closer to the nega-
tive pressure tuyere; however, compared with
leaf 1 and leaf 2, the adsorption distance of
leaf 3 was smaller (Fig. 5B–5D), with mo-
tion coordinates of (25 cm, 21 cm), (23.5 cm,
25 cm), and (22 cm, 27 cm). In Fig. 5A and
5D, the adsorption distance of leaf 3 by the
negative pressure tuyere was 4 cm, and the
adsorption distances of leaf 1 and leaf 2 at
the same position were 10.5 cm and 9 cm. In
Fig. 5E and 5F, leaf 3 was not adsorbed by
the negative pressure tuyere, and the motion
coordinates were (20 cm, 32 cm) and (19 cm,
33.5 cm), respectively. Leaf 3 was not ad-
sorbed by the negative pressure tuyere because
the weight of the leaves was large, and the
gravity of the leaves was always greater than
the adsorption force of the negative pressure
tuyere; therefore, it was not adsorbed.

Comparative analysis of falling tracks of
three types of leaves. The coordinate system
(Fig. 6A) was established with mapping board
“8” as the origin of coordinates and the falling
area of leaves as the third quadrant of the coor-
dinate axis; therefore, the corresponding coor-
dinates (x and y) were negative (the spacing
between the ruler plates was 1 cm). Trace lines
were drawn for the coordinates of the posi-
tions of these three types of leaves in the
process of falling (Fig. 6B). According to the
trace lines of the three types of leaves, leaf
1 and leaf 2 had relatively similar trace lines
when falling, there was a large separation at
coordinates (�20.5 cm, �24.5 cm), and the
maximum difference in longitudinal positions
was 7 cm. The maximum difference in the lon-
gitudinal position between the two was 3 cm.
The mass difference between leaf 1 and leaf 2
was 0.144 g; however, when the two leaves
were falling, the shape of the leaves was quite
different, so they were subjected to different

Fig. 3. Movement trajectory of leaf 1 during the adsorption process.

Fig. 4. Movement trajectory of leaf 2 during the adsorption process.

Fig. 5. Movement trajectory of leaf 3 during the adsorption process.
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air resistance during the falling process. The
symmetry of leaf 2 was better than that of leaf
1; therefore, the posture of leaf 2 was more sta-
ble during the falling process, whereas leaf 1
produced a certain tumbling phenomenon, re-
sulting in the constant change of the adsorption
surface of leaf 1. The falling posture of leaf 2
was stable, and the affected area of the adsorbed
air was stable; therefore, it will be adsorbed by
the air suction field in advance.

Under the adsorption effect of negative
pressure, the movement trace of leaf 3 toward
the negative pressure air outlet was smaller
than that of leaf 1 and leaf 2, and the falling

trajectory of leaf 3 was more similar to an in-
clined straight line. There was no trend of
movement like that of the negative pressure air
outlet because the mass of leaf 3 was greater
than that of leaf 1 and leaf 2, and the direction
of the resultant force of leaf 3 was the direction
of the combination of gravity and negative
pressure suction. Therefore, a sloping straight
fall occurred because of the large mass and the
negative pressure suction was not enough to
change its tendency to fall mainly with gravity.

In summary, the experimental study showed
that the leaves with certain quality differences
can be sorted by negative pressure adsorption.

Because the origin of the coordinates was “8”
and the distance between the negative pressure
tuyere and the origin was 5 cm, the horizontal
coordinate dimensions in Fig. 6B include the
aforementioned distance; therefore, it could be
determined that leaf 3 falls at the transverse dis-
tance of 5 cm from the negative pressure tuyere
and was not adsorbed.

Establishment and Verification of the
Coupling Model Based on CFD-DEM

Governing equation of the coupled
model

Fluid flow needs to follow the conservation
of mass, conservation of momentum, and con-
servation of energy laws. If the fluid is in turbu-
lent motion, then it also needs to follow the
turbulent transport equation. The governing
equation is a mathematical way to describe
these laws. This chapter mainly studies the mo-
tion of the external air flow field under the in-
fluence of the intake and intake flow of the
porous rotary table, and now regards the air
flow as an incompressible, viscous, turbulent
and adiabatic fluid, satisfying the mass conser-
vation equation and the momentum conserva-
tion equation.

@

@xi
qlið Þ5 0 [1]

where li is the velocity component of air in
the direction i.

The momentum conservation equation can
be described as follows:

@

@xi
qliljð Þ5 � @Hj

@xi
1
@sij
@xi

1Fi [2]

where Hj is static pressure, sij is stress tensor,
and Fi is volume force.

In this study, the Realizable k-e turbu-
lence model was used for model calculations
and is suitable for complex shear flows involv-
ing fast strain, medium vorticity, and local
transition, with high accuracy. The transport
equations of k and e in the Realizable k-e
model are as follows:

@ qljeð Þ
@xj

5 l1
lt
re

� �
r2e1C1Sqe

�C2
qe2

k1
ffiffiffiffi
ve

p [3]

where l is hydrodynamic viscosity,

C15max 0:43， c
c15

h i
, C2 51, re51.2, and

r is a Laplace operator.
The governing equation of the particle at

any time is as follows:

mi
dvi
dt

5mig1 fdrag, i [4]

Ii
dwi

dt
5 S

ki

j51
Tij [5]

where mi, vi, wi, and Ii are the mass, veloc-
ity, angular velocity, and moment of iner-
tia of the particle, ki is the number of
colliding particles, Tij is particle torque,

Fig. 6. Establishment of coordinate system and description of the leaf motion trajectory.
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mig is particle gravity, and fdrag, i is the
drag force of fluid.

Coupling simulation settings
Discrete element settings.Material proper-

ties of three types of leaves were added, and
the relevant parameters of leaves in this ex-
periment were determined by referring to the
test methods and relevant data of leaf physi-
cal parameters reported previously (Li et al.
2024; Zhang et al. 2024b) (Table 1). By ana-
lyzing these test data, it was found that the
motion tracks of leaf 1 and leaf 2 are similar
(Fig. 6B). Therefore, to simplify the calcula-
tion of the simulation model, the discrete ele-
ment model was defined as two particles with
different qualities, and the average mass of
the two leaves was selected to define the
mass of discrete element particle 1, that is,
0.278 g (see Fig. 1 for the mass of two
leaves). The other particle had a mass of

1.052 g. Create a virtual particle factory
plane, the dimension of the plane length/
width was 200 mm/6 mm, the distance be-
tween the center line of the plane width
of the particle factory and the distance be-
tween the width of the particle factory and
the negative pressure tuyere was 150 mm,
and the distance between the particle fac-
tory and the width of the negative pressure
tuyere was 170 to 130 mm, the number of
particles falling per second of the three par-
ticles was 1000, and the falling speed was
0.5 m/s. Particles fall straight down in the
direction of gravity. The “particle to parti-
cle” interaction between particles was se-
lected, and the Bonding V2 application
model was selected. The discrete element
solution time step was 1e-05 s, and the total
solution time was 1 s.

Boundary conditions for CFD meshing
and division. The ICEM module of CFD was
used to divide the computing domain into
grids. The grids were tetrahedrons and the
number of grid elements was 275,000. The
mesh quality evaluation criteria were based
on the minimum orthogonal mass, maximum

aspect ratio, and maximum orthogonal slope
(Fig. 7).

In the numerical simulation, the influence
caused by heat exchange was ignored, that is,
the energy equation was not considered. The
flow field belonged to turbulent flow, the
working medium was air, there was no phase
change, and there was no chemical reaction
in the calculation process. A separate implicit
solver based on pressure was used to solve
the numerical simulation. To improve the cal-
culation accuracy and reduce the numerical
diffusion, the momentum, turbulent kinetic
energy, and turbulent dissipation rate were
adopted in the second-order upwind dis-
crete scheme. The pressure-velocity cou-
pled SIMPLEC algorithm was selected. The
working environment was set to standard at-
mosphere. The inlet boundary condition was
set to pressure-inlet, the outlet boundary condi-
tion was set to pressure-outlet, the pressure
was �340 Pa, and the backflow turbulence in-
tensity was 5%.

Simulation verification
Fig. 8 shows the simulation and verifica-

tion results of the CFD-DEM coupling model
built, in which the mass of the “cyan” particle
was 1.052 g and that of the “magenta” parti-
cle was 0.278 g. After 0.3 s of simulation, the
negative pressure flow field reached a stable
state, the particles were adsorbed, and the ad-
sorption track line was similar to that in Fig.
6B. The “cyan” particles were selected within
the simulation time, and the last position that
was not adsorbed was selected. To reduce the
difference, the particles in the center position
of particle engineering, that is, the particles
150 mm away from the adsorption surface,
were selected, and four were selected for dis-
tance measurements. The transverse distances
of the final unadsorbed position from the
negative pressure adsorption surface were
48, 48, 52, and 52 cm, respectively, and the
error range of the test distance was 4%. In sum-
mary, the error between the particle simulation
results and the experiment was less than 5%,
which showed that the model was correct and
applicable.

In the initial stage of simulation, it was
found that particles were not directly ad-
sorbed; instead, they were slowly adsorbed
by negative pressure. As shown in Fig. 9,
from 0.15 to 0.16 s, “magenta” particles are

Table 1. Parameters required in discrete element
method simulation.

Parameter Value
Poisson’s ratio of tea leaves 0.45
Density of tea leaves (kg/m3) 840
Shear modulus of tea leaves (Pa) 3.3e106
Poisson’s ratio of equipment 0.45
Density of equipment (kg/m3) 950
Shear modulus of equipment (Pa) 3.2e10.7
Tea leaves—tea leaves restitution

coefficient
0.7

Tea leaves—tea leaves static
friction coefficient

0.85

Tea leaves—tea leaves rolling
friction coefficient

0.07

Tea leaves—equipment restitution
coefficient

0.07

Tea leaves—equipment 0.75
Tea leaves—equipment rolling

friction coefficient
0.06

Fig. 7. Mesh division and mesh quality of the fluid region.

Fig. 8. Simulation verification.
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not adsorbed; instead, they fall directly. At
0.17 to 0.18 s, the “magenta” particles were
gradually adsorbed by the negative pressure
surface. With progression of the simulation,
the negative pressure value gradually stabi-
lized. At 0.19 to 0.2 s, the position of
“magenta” particles adsorbed gradually be-
came similar to the trajectory of leaf 1 and
leaf 2 in the test, that is, they were adsorbed
by the negative pressure port. “Cyan” par-
ticles were the heavier particles in this simu-
lation. Through the movement between
0.15 and 0.2 s, it was found that the particles
were initially less affected by the adsorption
flow field, and that the particles fell almost ver-
tically. As the adsorption flow field gradually
stabilized, the motion state of the particles
reached a stable state, that is, they leaned to-
ward the negative pressure air outlet, but were
not adsorbed. In summary, the simulation
showed that in the initial stage of negative
pressure adsorption, the negative pressure air

flow did not reach a stable state, which affected
the adsorption efficiency of leaves. After the
air flow field is stable, leaf adsorption can
occur.

Multiscale Leaf Adsorption Trajectory
Analysis

Through the aforementioned experiments
and simulations, it was found that the leaves
were adsorbed differently under different nega-
tive pressure air field environments, different
leaf masses, and different fall distances from
the adsorption surface. In the previous stage,
the particle adsorption trajectory under differ-
ent negative pressure flow fields with the same
mass was studied (Zhang et al. 2024a). Based
on that study, we simulated and analyzed the
single-factor variables with different distances
between leaf fall and adsorption surface
and different negative pressure flow field
environments.

The established CFD-DEM coupling sim-
ulation model was used to analyze and define
multiscale leaves, and the mass was set as
1.6, 1.3, 0.3, and 0.1 g, the negative pressure
value was a constant 340 Pa, and the initial dis-
tances between the fall of leaves and the nega-
tive pressure adsorption surface were 160,
140, 120, 90, 70, and 50 mm. The adsorption
surface length was 200 mm, and the leaf ad-
sorption analysis was conducted.

Motion trajectory and analysis of leaves
with a mass of 1.6 g in a negative
pressure flow field

Figure 10A shows the minimum distance
between the unadsorbed position and the ad-
sorption surface when the leaf mass of 1.6 g
(selection default) fell with a different initial
distance from the negative pressure adsorp-
tion surface. The particles of this mass were
never adsorbed under the conditions of this
study, but their movement trajectory indi-
cated that they tended to move toward the ad-
sorption surface under the action of the
negative pressure airflow field. The lower
end of the adsorption surface was selected as
the starting point of ranging, and the middle
line of the particle motion path was the end-
point of ranging. The distance between the fi-
nal position of the particle that was not
adsorbed and the endpoint under the negative
pressure adsorption surface were 138, 110,
92, 59, 43, and 25 mm, and the coordinates
composed of the initial position of the parti-
cle fall were (160 cm, 138 cm), (140 cm,
110 cm), (120 cm, 92 cm), (90 cm, 59 cm),
(70 cm, 43 cm), and (50 cm, 25 cm),
respectively.

The initial distance between the falling
leaf and the negative pressure adsorption sur-
face was considered the x-axis, and the dis-
tance between the final position of the particle
not adsorbed and the endpoint below the nega-
tive pressure adsorption surface was considered

Fig. 10. (A) When the weight of leaves is 1.6 g and the initial distance between the falling position and the negative pressure adsorption surface is different,
the final falling position and adsorption surface are the minimum distance. (B) The functional relationship between the leaf mass of 1.6 g, initial fall posi-
tion of the leaf, and distance between the unadsorbed place and adsorption surface.

Fig. 9. Motion state of particles before adsorption.
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the y-axis. The scatter plot was established, func-
tion fitting was performed on the scatter plot
(Fig. 10B), the fitting function expression was
y5�28:406 4:331 1:016 0:04ð Þx, and the
adjusted R2 of the fitting function was 0.9927,
which indicated that the fitted function (model)
sufficiently captured the law in the data and
had a strong ability to explain the change of
the dependent variable. According to the fitting
function, there was a relatively obvious linear
correlation trend between the two variables stud-
ied. The positive slope of the fitting function
indicated that the two variables were positively
correlated, that is, when the value of one vari-
able increased, the value of the other variable
also tended to increase. In other words, at this

mass, the initial position of the leaves falling
from the negative pressure adsorption surface
was larger. The leaves fall further away from
the negative pressure adsorption surface.

Motion trajectory and analysis of leaves
with mass of 1.3 g in a negative pressure
flow field

Figure 11A shows the minimum distance
between the unadsorbed position and the ad-
sorption surface when the leaf mass of 1.3 g
(dark cyan) falls at different initial distances
from the negative pressure adsorption surface.
It can be seen from the particle movement tra-
jectory that under the simulated environment
under this condition, the particles of this mass

were not adsorbed at an initial distance of no
less than 70 mm from the negative pressure ad-
sorption surface. At the initial distance of
50 mm from the negative pressure adsorption
surface, the particles were adsorbed just at the
bottom of the adsorption surface with a height
of 200 mm. When the particles with this mass
moved to the bottom, the distances from the
bottom of the negative pressure adsorption sur-
face were 107, 89, 66, 40, 20, and 0 mm, and
the coordinates formed by the initial position
of the particle fall were (160 cm, 107 cm),
(140 cm, 89 cm), (120 cm, 66 cm), (90 cm,
40 cm), (70 cm, 20 cm), and (50 cm, 0 cm),
respectively.

Similarly, the initial distance from the nega-
tive pressure adsorption surface when the leaf
falls was considered the x-axis, and the dis-
tance from the final position of the particle not
adsorbed to the lower end of the negative pres-
sure adsorption surface was considered the y-
axis. The scatter plot was established, and
function fitting was performed on the scatter
plot (Fig. 11B); the fitting function expression
was y5�48:286 1:651 0:976 0:01ð Þx, and
the adjusted R2 of the fitting function was
0.9989. The fitted function (model) sufficiently
captured the law in the data and had a strong
ability to explain the change of the dependent
variable. At this mass, there was a linear posi-
tive correlation between the initial falling dis-
tance and the distance from the bottom of the
adsorption surface.

Motion trajectory and analysis of leaves
with mass of 0.3 g in a negative pressure
flow field

Figure 12A shows the leaf mass of 0.3 g
(cyan). When the leaf fell at different initial
distances from the negative pressure adsorp-
tion surface, the particles were adsorbed by
the negative pressure adsorption surface, with
the center of the adsorption surface as the
starting point. Particles of this mass fell 160 mm

Fig. 11. (A) When the weight of leaves is 1.3 g and the initial distance between the falling position and negative pressure adsorption surface is different, the
final falling position and adsorption surface are the minimum distance. (B) The functional relationship between the leaf mass of 1.3 g, initial fall position
of the leaf, and distance between the unadsorbed place and adsorption surface.

Fig. 10. Continued
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away from the initial position of the negative
pressure adsorption surface and were ad-
sorbed by the negative pressure adsorption
surface. As they fell closer to the initial posi-
tion of the negative pressure adsorption sur-
face, the adsorbed position of the particles
also moved toward the upper end of the ad-
sorption surface. The distances between the
adsorbed position and the center of the ad-
sorption surface were �80, �63, �48, �19,
0, and 19 mm, where ± indicates the direction,
with the center of the adsorption surface as the
origin, the upward direction was positive, and
the downward direction was negative. It can

be seen from the position coordinates that as
the distance between the initial falling position
of particles and the negative pressure adsorp-
tion surface became closer, the trajectory of
particles being adsorbed was closer to the up-
per end of the negative pressure surface.

The initial distance between the leaf fall-
ing and the negative pressure adsorption sur-
face was considered the x-axis, and the
distance between the particle being adsorbed
and the lower end of the adsorption surface
was considered the y-axis. The corresponding
coordinates of each position were (160 cm,
20 cm), (140 cm, 37 cm), (120 cm, 52 cm),

(90 cm, 81 cm), (70 cm, 100 cm), and
(50 cm, 119 cm), and function fitting was
performed for each position point. In
Fig. 12B, the fitting function expression
was y5 163:026 1:98� 0:907 0:02ð Þx, and
the adjusted R2 of the fitting function was
0.9981. This showed that the fitted function
(model) sufficiently captured the law in the
data and had a strong ability to explain the
change of the dependent variable. According
to the fitting function, there was a relatively
obvious linear correlation trend between the
two variables studied. The negative slope of
the fitting function indicated that the two var-
iables were negatively correlated, that is,
when the value of one variable increased, the
value of the other variable tended to de-
crease, that is, at this mass, when the initial
position of leaves falling from the negative
pressure adsorption surface increased, the
distance between the fall of the leaves and
the bottom surface was smaller.

Motion trajectory and analysis of leaves
with mass of 0.1 g in a negative pressure
flow field

Figure 13A shows the leaf mass of 0.1 g
(magenta). When the leaf fell at different ini-
tial distances from the negative pressure ad-
sorption surface, the distance between the
particles and the center of the negative pres-
sure adsorption surface was the distance be-
tween the particles being adsorbed, the center
of the negative pressure adsorption surface
was the distance between the particles being
adsorbed, and the center of the adsorption
surface was the upper end of the leaf mass at
different initial distances. Their position values
were 20, 30, 37, 50, 53, and 60 mm. The dis-
tance from the negative pressure center surface
of the particles when adsorbed gradually in-
creased with the decrease of the initial falling
distance from the adsorption surface. For par-
ticles with a mass of 0.1 g, the longitudinal

Fig. 11. Continued

Fig. 12. (A) When the weight of leaves is 0.3 g and the initial distance between the falling position and negative pressure adsorption surface is different, the
distance between the particles adsorbed and the center of the adsorption surface is different. (B) The mass of leaves is 0.3 g, and the relationship between
the initial position of leaves at the beginning of falling and the distance between the adsorbed place and bottom end of the adsorption surface is a
function.
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adsorption spacing between particles was
10, 7, 3, and 7 mm when the initial falling po-
sition interval was 20 mm. Compared with par-
ticles with a mass of 0.3 g, the longitudinal
adsorption spacing between particles were
17, 15, 19, and 19 mm when the initial fall-
ing position interval was 20 mm. The re-
sults showed that the change of the initial
falling position had little effect on the
change of longitudinal adsorption distance
of 0.1-g particles.

The initial distance between the falling
leaf and the negative pressure adsorption sur-
face was considered the x-axis, and the

distance between the particle being adsorbed
and the central position of the adsorption sur-
face was considered the y-axis. The corre-
sponding coordinate points of each position
were (160 cm, 20 cm), (140 cm, 30 cm),
(120 cm, 37 cm), (90 cm, 50 cm), (70 cm,
53 cm), and (50 cm, 60 cm), and function fit-
ting was performed for each position point. As
shown in Fig. 13B, the fitting function expres-
sion was y5 163:026 1:98� 0:907 0:02ð Þx,
and the adjusted R2 of the fitting function was
0.9815. This showed that the fitted function
(model) sufficiently captured the law in the
data and had a strong ability to explain the

change of the dependent variable. According
to the fitting function, there was a relatively ob-
vious linear correlation trend between the two
variables studied. The negative slope of the fit-
ting function indicated that the two variables
were negatively correlated, that is, when the
value of one variable increased, the value of
the other variable tended to decrease. Under
this mass, the initial position of the leaves fall-
ing from the negative pressure adsorption sur-
face increased. The closer the falling distance
of leaves was to the center of the negative pres-
sure adsorption surface, the closer it was to the
bottom of the negative pressure adsorption
surface.

In summary, under the same negative pres-
sure air field, leaves with different masses had
different motion paths, but there was a certain
regularity. In this airflow field, the distance be-
tween the falling position of the unadsorbed
leaves and the bottom of the negative pressure
adsorption surface was proportional to the ini-
tial distance between the falling position of the
leaves and the negative pressure adsorption
surface. The distance between the adsorbed
leaves and the bottom of the negative pressure
adsorption surface was inversely proportional
to the initial distance between the fallen leaves
and the negative pressure adsorption surface.

Conclusion

Through the experimental analysis of the
motion trajectory of multiscale flexible leaves
adsorbed under the same negative pressure
flow field, it was found that leaves with dif-
ferent mass significantly affected the motion
trajectory of adsorbed leaves. Leaves with
light mass were adsorbed after falling, and
their motion trajectory was an approximate
“L” shape; compared with leaves with heavy
mass, their falling trajectory was approxi-
mately inclined and straight. The experiments

Fig. 13. (A) When the weight of leaves is 0.3 g and the initial distance between the falling position and negative pressure adsorption surface is different, the
distance between the particles adsorbed and center of the adsorption surface is different. (B) The mass of leaves is 0.3 g, and the relationship between the
initial position of leaves at the beginning of falling and the distance between the adsorbed place and bottom end of the adsorption surface is a function.

Fig. 12. Continued
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provided basic data for studying the move-
ment of leaves in the air flow field, guiding
the optimization of the air suction device, and
improving the sorting efficiency.

Based on the results of the experimental
analysis and our previous research, a CFD-
DEM coupling model of multiscale leaf move-
ment under the same negative pressure flow
field was established. The error between the
simulation results and the experimental results
of the model was less than 5%, which proved
the applicability of the model. The model was
used to analyze the multiscale leaf motion tra-
jectory under the same negative pressure flow
field and different initial distance from the leaf
fall on the negative pressure adsorption sur-
face. It was concluded that the distance be-
tween the fall position of the unadsorbed leaf
and the bottom of the negative pressure adsorp-
tion surface was proportional to the initial fall
distance. The distance between the adsorbed
leaves and the bottom of the negative pressure
adsorption surface was inversely proportional
to the initial fall distance.

In summary, the research results provide a
theoretical basis and data support for the opti-
mal design and material sorting of air suction
equipment in agricultural engineering and
provide theoretical support for the later devel-
opment of air suction sorting equipment for
machine-picked tea leaves.
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