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Abstract. To provide reference for the design of the air-suction tea sorting device, the
coupled numerical simulation model was established by the coupling method of computa-
tional fluid dynamics (CFD) and discrete element method (DEM) with tea of different
quality as test objects, and the model was verified experimentally. Regarding tea particles
of different quality, when the test tea particle mass was 0.215, the test value was located
in the simulation value with a minimum error of 9 mm, which an error rate of 3.33%,
and maximum error of 19 mm, with an error rate of 7.03%. When the test tea particle
mass was (.145, the minimum error of the test value was 5 mm and the error rate was
1.54%, and the maximum error was 9 mm and the error rate was 3.33%. The verifica-
tion results established the accuracy of the model. During the suspension test and simula-
tion, tea particles were affected by the air flow field of the observation tube, and tea
particles fluctuated. During suspension, tea particles were attached to the inner wall of
the observation tube under the action of the air flow field. An in-depth study showed that
the relationship between the different distances from the initial position of the particles
during suspension and the simulation time was a peak function. The extreme function is
used to fit the actual trajectory, and the fitting degree is good. The fitting degree of the
particle closest to the initial position was 0.9455, and the fitting degree of the particle far-
thest from the initial position was 0.9981.
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tural modernization, the level of agricultural
mechanization in China has continuously im-
proved, and agricultural machinery is gradually
developing in the direction of intelligence,
efficiency, and energy savings. Pneumatic con-
veying has been widely used in a variety of
agricultural equipment, such as sowing machin-
ery, fertilization machinery, harvesting machin-
ery, and sorting machinery (Dong et al. 2017,
Qi et al. 2016; Wang et al. 2015; Xing et al.
2019). Tea is part of China’s characteristic agri-
cultural industry, which has strong seasonality
and timeliness, and it is often time-consuming

and costly to pick and sort it. However, the
sorting technology for well-known and high-
quality tea is still immature. At present, tea sort-
ing mainly uses a drum and screen stopper
(Sun et al. 2016; Yang et al. 2013; Zhang et al.
2011) and reciprocating vibration (Ren et al.,
2013; Xie et al. 2012). However, there are
some drawbacks to the separation of these two
methods, such as loud noise, high energy con-
sumption of the equipment, and difficult main-
tenance. Although some pneumatic separation
products are available, low sorting accuracy is
still a problem. This is because of the effects of
wind on tea movement. A method of moving
tea leaves has not been established; therefore, it
is very important to study the suspension posi-
tion of tea leaves under certain air values. The
suspension velocity of agricultural materials is
the basis of the design of a pneumatic convey-
ing system and an important basis for setting a
reasonable conveying gas velocity (Dai et al.
2016; Yu et al. 2018; Zhang et al. 2018). The
measurement formula of suspension velocity
is ideal; however, there are certain errors in
practice.

Hou et al. (2018) used a vertical blowing-
type suspension velocity test device for agri-
cultural materials to measure the suspension
velocity of each component of the extracted
matter to be cleaned after the harvest of mil-
let, buckwheat, and oat by a rice—-wheat com-
bine. Wang et al. (2016) designed a test
device that can directly read the material sus-
pension speed by changing the frequency to
control the wind speed and using a pipeline
anemometer to measure the suspension speed
of irregularly shaped material particles by
transposing the device. In recent years, to
save test costs, researchers have tried to use
the discrete element method (DEM) to estab-
lish material particles and applied computa-
tional fluid dynamics (CFD) to apply the gas
phase, thereby achieving remarkable research
results (Igbal and Rauh 2016; Qian et al.
2014; Yang et al. 2015). Liu et al. (2020)
simulated the motion stress process of the
culm in the crushing chamber by using the
CFD-DEM coupling method. Huang et al.
(2016) analyzed the gas—solid two-phase
flow of vegetable seeds in the separation
chamber of the wind sorter by using the tur-
bulence model of Fluent software and the
DPM discrete phase model. Lei et al. (2017)
used the coupled simulation method of CFD-
DEM to reveal the movement law of oilwheat
seeds in the seed transport pipeline of the
gas-feeding type of harvester. Zhang et al.
(2013) simplified the raw tea material into
spherical particles and analyzed the flow field
inside the tea air separator and the running
track of the material using fluid mechanics.
Weng et al. (2022) established the numerical
simulation of the leaf collecting process of
the fresh leaf pipeline by using CFD-DEM
and proposed the fresh leaf particle modeling
method, which was used for the discrete ele-
ment simulation analysis of the interaction
between the collecting pipe and fresh leaf
flow and the optimization of the pipeline
structure. Wen et al. (2020) established the
EDEM-Fluent coupling model to simulate
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the suspension velocity of granular fertilizer,
conducted experimental verification, and cor-
rected the suspension velocity of each particle
according to the deviation of the test.

In this study, a vertical-blowing tea sus-
pension model was established based on
the CFD-DEM coupling simulation method.
According to the experimental data, the simu-
lation parameters were provided and the cou-
pling model was verified under the same
experimental conditions. Through simulation,
the suspended state of tea was analyzed, the
influence of air flow on tea was mastered, and
the trajectory of tea particles affected by the
air flow field at different distances from the
initial surface under the same air intake vol-
ume with certain thicknesses was mastered.
Based on these studies, the gas—solid two-
phase coupling theory for tea suspension was
formed. According to the coupling model, the
moving distance of tea of different quality un-
der different wind speeds was determined.
This study provides a theoretical basis for the
development of air-suction tea leaf sorting
equipment for the later stage.

Materials and Methods

Test materials and equipment. The bench
test of this study aimed to verify the coupling
model, through which different suspension
speeds of fresh tea leaves with different weights
are calibrated. Therefore, to facilitate the test
observations, large leaves of tea were selected
as the research object (Fig. 1A). The average
length of the leaves was 37 mm, and the aver-
age width was 13 mm. The weight of the test
tea was measured by a scientific balance. A sin-
gle tea leaf was weighed (Fig. 1B), and the
weight range of the tea measured was between
0.102 and 0.215 g. A split-type anemometer
(Fig. 1C) was used to measure the tea suspen-
sion velocity. The anemometer can record the
maximum wind speed, minimum wind speed,
and average wind speed over a period of time.

Coupled simulation mathematical model.
The coupling simulation based on CFD-
EDEM in this study mainly focused on gas—
solid coupling. The gas phase is a continuous
phase, and the law of motion follows the con-
tinuity equation and momentum equation in
fluid mechanics. In the discrete element, the
motion parameters of the particles can be
solved according to Newton’s second law of
motion. In the negative pressure gas phase,
the fresh tea leaves were subjected to the
drag force of gravity and particle—air interac-
tion. In this study, the secondary influence
was ignored, and the drag force between the
particle and the airflow field and the particle’s
own gravity were mainly considered.

The gas phase continuity governing equa-
tion is expressed as follows (Ebrahimi et al.
2014; Kruger et al. 2011; Vashisth and Grace
2012; Weng et al. 2022):

0
E(agpg) + V- (UgPgVe) = 0 [1]

The momentum equation is expressed
as:
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Fig. 2. Tea material suspension speed test bench.

0

5(agpgvg) + V. (OgPgVeTg)

= %V~Pg + V-(agpg) + ogp,g — S
(2]

where o, is the voidage ratio, p, is fluid den-
sity, v, is the velocity vector, P, is the gas
phase pressure, 1, is the gas viscosity, g is ac-
celeration of gravity, and S represents the mo-
mentum exchange between the gas and solid
phases. During gas—solid coupling simulation

(CFD-DEM), the momentum exchange of
two phases is realized by drag force, and its
expression is as follows:

1 n
S = Ay 2 fivess [3]

where AV is the volume of the control body
and fyqg; is the drag force of fluid. Among
them, the drag force is calculated by the fol-
lowing empirical formula:

Fig. 3. Tea suspension test (relatively stable position).
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Fig. 4. Grid model of the observation tube and mass histogram of the grid element.

firagi =3.35 x 107 x ; f’a_(u,. —v) [4]

1
where «; represents the local voidage of dis-
crete element particles, f3; is the local momen-
tum exchange coefficient of discrete element
particles, u; is the virtual gas velocity at the
center of the particle 7, and v; is the velocity
of the particle.

According to the characteristics of the tur-
bulence model and its applicable scope, the
Realizable k-¢ turbulence model is adopted in
the calculation of the model. The transport
equations of £ and ¢ in the Realizable k-¢
model are, respectively:

8(puj8) 2

Ox;

AT pe
= + = e+ s —
<u a£> Vee+ C1Spe — G, [y

(3]
where, p is hydrodynamic viscosity, C;=
max[0.43, yTys] C;=1,0,=12,and Vis
a Laplace operator. The governing equation

of fresh tea leaf particles at any time is as fol-
lows:

dV,'

miE = m;ig + farag,i [6]

dW,'

"dt

where, m;, v;, w;, and [; are the mass, velocity,

angular velocity, and moment of inertia of

the particle, &; is the number of colliding par-

ticles, k; is particle torque, m;g is particle
gravity, and fy,qe; is the drag force of fluid.

Mz

T} (7]

J=1

Tea suspension velocity test and coupling
simulation result verification

Test bench construction. The tea suspen-
sion speed test bench (Fig. 2A) comprises the
tea suspension observation tube (1), a tea out-
let with a grid cross-section (2), steady flow
tank (3), air duct (4), and frequency conver-
sion fan (5). The tea leaves are placed in the
tea outlet with a grid cross-section (2), and
the wind speed is measured at that point by
an anemometer when it is stable. The length
of the mesh surface of the tea suspension ob-
servation tube 1 from the top to the tea outlet
2 is 1665 mm (Fig. 2B).

Tea suspension test. Before the test, the
suspension of tea leaves in the air flow field
was investigated using a pretest to adjust the
wind speed suitable for tea suspension. If the
wind speed is too high, then the tea will be
¢jected from the upper mouth of the observa-
tion tube; however, if the wind speed is too
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low, then the tea could not be suspended or
would be suspended intermittently. During
the pretest, because of the different weight of
each tea, it was found that its suspension had
large fluctuations and could not be sufficiently
unified. Therefore, after the pretest, to over-
come these problems, the suspension speed of a
single tea was measured during the test. Be-
cause the wind speed has certain fluctuations,
the point where tea leaves are suspended for
a long time was selected as the simulation
verification location (Fig. 3). Two tea leaves
were selected for the suspension speed test
and weighed. Figure 3A shows that the weight
of tea was 0.215 g, and that its suspension
height was 270 mm. Figure 3B shows that the
weight of tea was 0.143 g, and that its suspen-
sion height was 325 mm.

Discrete element model setup. To simplify
the simulation calculation, only CFD-DEM
coupling simulation was performed for the
observation tube. The model was divided into
large and small end faces, and the small
end face was a cuboid with a side length of
140 mm at the entrance of the measurement
tube. The large end face of the model was cu-
boid, with a side length of 300 mm, and the
length of the observation tube was 1400 mm.
The particle parameters were set in EDEM soft-
ware, and Poisson’s ratio and density of tea par-
ticles were selected as 0.4 and 700 kg/m’.

A Posi%igg (mm)
287
285
283
281

279

Fig. 5. Suspension position of particles.

According to the shear modulus of tea leaves
measured (Zhang and Zhu 2023; Zhang et al.
2024) during the previous stage, the average
shear modulus was 3.3 MPa, and the quality of
a single tea was measured by a scientific re-
search balance (Fig. 3). A particle factory was
created 20 mm above the ground to generate
tea particles. To simplify simulation time and
improve efficiency, spherical particles were
used instead. The Hertz-Mindlin (No Slip)
model was selected for the discrete element
model, which is accurate and efficient for force
calculations. In this model, the normal force
component is based on the Hertzian contact
theory, whereas the tangential force model is
based on Middlin-Deresiewicz’s research the-
ory. Both the normal force and tangential force
have damping components. Tangential friction
obeys Coulomb’s law of friction, and rolling
friction independently directs the constant tor-
que model through contact.

Finite element meshing. In the finite ele-
ment model, CFD-IDEM was used to divide
the grid. In this study, the observation tube
was divided into tetrahedral structured grids,
with a total of 253,488 grids (Fig. 4A). The
grid quality was good, and the minimum cell
mass was 0.981.

Finite element simulation of boundary
conditions. During the numerical simulation,
the influence caused by heat exchange was
ignored, that is, the energy equation was not
considered. The flow field belonged to turbu-
lent flow, the working medium was air, there
was no phase change, and there was no chemi-
cal reaction in the calculation process. A sepa-
rate implicit solver based on pressure was
used to solve the numerical simulation. To im-
prove the calculation 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 coupled
SIMPLEC algorithm was selected. The working

B Position (mm)
330
oA
324
321
318
316
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environment was set to the standard atmosphere.
The model velocity inlet wind speed was mea-
sured by the anemometer, and its average value
was taken. Air flowed out of the fluid domain at
a constant speed, with the small end face as the
inlet and the large end face as the outlet.

Coupling model verification. According to
the test, the wind speed measured by the ane-
mometer at the entrance of the observation
tube (average value, 6 m/s) and the tea qual-
ity measured by the balance (Fig. 3) were
simulated (Fig. 5). The position where the tea
particles remained in stable condition when
the mass of fresh tea leaves was set at 0.215 g
was observed (Fig. 5A), and the distance be-
tween the particles and the small end entrance
was 279 to 289 mm. When the particles were
relatively stable, the suspension height of tea
leaves was 270 mm, and the simulated value
was greater than the measured value, with a
minimum error of 9 mm and error rate of
3.33%. The maximum error was 19 mm and
the error rate was 7.03%. The position where
tea particles remained in stable condition when
the mass of fresh tea leaves was set at 0.143 g
was observed (Fig. 5B), and the distance be-
tween the particles and the entrance of the small
end face was 316 to 330 mm. When the par-
ticles were relatively stable, the suspended
height of tea leaves was 325 mm, and the mea-
sured value was between the simulated value,
with a minimum error of 5 mm and error rate of
1.54%. The maximum error was 9 mm and the
error rate was 3.33%. In conclusion, the
established CFD-DEM coupled tea particle sus-
pension model had high accuracy. Therefore,
this model can be used to simulate and analyze
the suspended height of tea under different
initial wind speeds.

Coupling simulation analysis of fresh tea
suspension under fixed wind speeds
Through the verification of the simulation
results of the coupling model established by
the aforementioned work, it was shown that
the CFD-DEM coupling model established
during this study had high accuracy and was
more consistent with the actual test effect.
Therefore, the coupling simulation analysis
can be performed according to the changes in
the initial conditions, such as the differences
in the initial wind speed and tea quality.
Analysis of particle maximum motion posi-
tion. Using the coupling model established
during this study, the motion position of 400
tea particles in the observation tube at each
simulated time was analyzed under a given
wind speed of 9 m/s. As shown in Fig. 6,
when the simulation time was 0 to 1.8 s, and
the interval time was 0.09 s, at 0.09 s, the tea
particles began to move upward, layer by
layer, under the influence of wind power, and
the maximum displacement of the tea par-
ticles in the top layer was 86 mm from the
wind speed inlet. At 0.18 s, the maximum
displacement of the top layer of tea particles
was 230 mm, which was an increase of
144 mm compared with the previous time pe-
riod. At 0.27 s, the maximum displacement
of the top layer of tea particles was 358 mm,

752

which was an increase of 144 mm compared
with the previous time period. At 0.36 s, the
maximum displacement of tea particles in the
top layer was 468 mm, which was 110 mm
higher than that of the previous period. At
0.45 s, the maximum displacement of the top
layer of tea particles is 544 mm, which was

Time: 0.18 s
Position (mm)
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Time: 0.09 s
Position (mm)
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an increase of 76 mm compared with the pre-
vious time period. At 0.54 s, the maximum
displacement of the top layer of tea particles
was 544 mm, which was an increase of 76 mm
compared with the previous time period. At
0.63 s, the maximum displacement of the top
layer of tea particles was 601 mm, which was
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Fig. 6. State of suspended movement of tea particles at different times from 0 to 1.8 s.
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an increase of 57 mm compared with the previ-
ous time period, and the tea particles were in
the farthest ascending position at the selected
time. At 0.72 s, the maximum displacement of
tea particles in the top layer was 568 mm,
which was a decrease of 33 mm compared
with that during the previous period, indicating
that from this moment on, tea particles began to
fall under the action of air flow. At 0.81 s, the
maximum displacement of the top layer of
tea particles was 515 mm, which was a de-
crease of 53 mm compared with that during the
previous time period. At 0.9 s, the maximum
displacement of the top layer of tea particles
was 449 mm, which was a decrease of 66 mm
compared with that during the previous period.
At 0.99 s, the maximum displacement of the
top layer of tea particles was 392 mm, which
was a decrease of 57 mm compared with that
during the previous period. At 1.08 s, the maxi-
mum displacement of the top layer of tea par-
ticles was 315 mm, which was a decrease of
77 mm compared with that during the previous
period. At 1.17 s, the maximum displacement
of the top layer of tea particles was 264 mm,
which was a decrease of 51 mm compared
with that during the previous time period. At
1.26 s, the maximum displacement of tea par-
ticles in the top layer was 343 mm, which was
an increase of 79 mm compared with that dur-
ing the previous period, indicating that tea par-
ticles begin to rise under the action of air flow
from this moment on. At 1.35 s, the maximum
displacement of the top layer of tea particles
was 404 mm, which was an increase of 61 mm
compared with that during the previous period.
At 1.44 s, the maximum displacement of the
top layer of tea particles was 438 mm, which
was an increase of 34 mm compared with that
during the previous period. At 1.53 s, the maxi-
mum displacement of the top layer of tea par-
ticles was 446 mm, which was an increase of
8 mm compared with that during the previous
period. At 1.62 s, the maximum displacement
of the top layer of tea particles was 451 mm,
which was an increase of 5 mm compared with
that during the previous period. At 1.71 s, the
maximum displacement of tea particles in the
top layer was 447 mm, which was a decrease
of 4 mm compared with that during the previ-
ous period. At 1.53 to 1.71 s, tea particles were
in a relatively balanced state under the air flow
field in the observation tube, and the fluctuation
was small. At 1.8 s, the maximum displacement
of the top layer of tea particles was 425 mm,
which was a decrease of 22 mm compared
with that during the previous period.

In summary, the suspended state of tea
particles at each simulated time showed that
tea particles are affected by the air flow field
of the observed pipe, and tea particles fluctu-
ate, similar to the phenomenon in the experi-
ment because of the constant change in the
pipe diameter, resulting in the air velocity de-
creasing with the increase in the position and
tea particles falling under the action of grav-
ity. Some rising tea particles will cause some
other tea particles to fall when they interfere
with the airflow field. During the simulation
at various times, it was found that tea par-
ticles attached to the inside of the wall of the
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observation tube under the action of air flow,
especially within 0.54 to 0.81 s, mainly be-
cause when the air flow passed through the
observation tube, the air flow rate gradually
decreased from the center of the pipe to the
wall. The surface of discrete element particles
produced pressure differences, and the air
flow pushed the particles to rise (Fig. 7).
When the air flow velocity near the pipe wall
is less than the suspension velocity of tea par-
ticles, the particles tend to fall under the ac-
tion of gravity and slide down the inclined
wall of the observation tube. This phenome-
non is similar to that observed by Wen et al.
(2020).

Relationship between tea particles at dif-
ferent positions and simulation time during
suspension. To simulate the relationship be-
tween different suspension positions of a
certain number of tea particles under the ob-
servation tube and the simulation time, the
different heights of tea particles from the initial
position were taken as the Y-axis and the simu-
lation time was taken as the X-axis. The par-
ticles at different positions were now defined.
According to the cloud images under different
simulation times (Fig. 6), there are six distance
values under each set of cloud images. On the
cloud image, the maximum distance value to
the minimum distance value were defined as
follows: tea particle location A, tea particle lo-
cation B, tea particle location C, tea particle
location D, tea particle location E, and tea
particle location F. Figure 8 shows the varia-
tion trend of different distances from the ini-
tial position and the simulated time during
the suspension of particles. According to the
variation trend of positions at different times,
the tea particles moved first under the influ-
ence of air flow, and the movement distance

Velocity Magnitude
9

[m/s]

Fig. 7. Velocity cloud image of the air flow field
inside the observation tube.
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Fig. 8. Variation trend of different distances from the initial position and simulation time during particle

suspension.
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of the upper particles was greater than that of
the lower particles during the whole period
under a certain wind speed. In the simulation
time, the particles are affected by the air flow
field, and the movement of particles is in the
form of wave peak. Among them, tea particle
location A and tea particle location B reach
the peak at 0.6 s. Tea particle location C, tea
particle location D, tea particle location E,
and tea particle location F reach the peak at
0.5 s. When approaching 1.2 s, the tea par-
ticles in each group appeared as waves, indi-
cating that the suspension of tea particles in
the observation tube was affected by the air
flow length, and the phenomenon of instabil-
ity appeared. During the simulation time of
1.2 to 1.8 s, the movement of particles in
each layer was relatively stable, especially

4507

during the period of 1.4 to 1.7 s, and the
change range was smaller than that during 0
to 1.2 s, mainly because there were more tea
particles in the observation tube, which had a
certain obstruction effect on the upward air
flow field.

The suspended particle function model
was established. According to the variation
trend of different distances from the initial
position of particles in the suspension process
and the simulation time (Fig. 8), it was found
that tea particle location A, tea particle loca-
tion B, tea particle location C, tea particle lo-
cation D, tea particle location E, and tea
particle location F had certain motion rules at
the first wave peak, that is, the simulation
time of 0 to 1.2 s. Its motion law can be de-
scribed by nonlinear curve fitting (Fig. 9).

The curve fit degree of tea particle location A
was 0.9981. The curve fit degree of tea parti-
cle location B was 0.9969. The curve fit de-
gree of tea particle location C was 0.9932.
The curve fit degree of tea particle location D
was 0.9860. The curve fit degree of tea parti-
cle location E was 0.9791. The curve fit de-
gree of tea particle location F was 0.9455.
The fitting equation is as follows:

(x —x¢)

double z = —= [8]
w

y =y +dAdxe [9]

where, yo, X, W, and A are fitting parameters.
The parameter values are shown in Fig. 9.

In conclusion, the variation trend of dif-
ferent distances from the initial position and
simulation time in the suspension process of
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Fig. 9. Function fitting of different distances from the initial position and simulation time during particle suspension.
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particles meets the extreme function of the
peak functions. The function reflects the mo-
tion form of suspended particles in the air
flow.

Conclusion

The CFD-DEM coupling model of tea
particle suspension was established, and this
model was tested and verified. Under the
same wind speed, by optimizing the parame-
ters of the coupling model, for tea particles of
different quality, when the mass of the test
tea particles was 0.215, the test value was at
the simulated value with a minimum error of
9 mm, with an error rate of 3.33%, and maxi-
mum error of 19 mm, with an error rate of
7.03%. When the test tea particle mass was
0.145, the minimum error of the test value
was 5 mm, with an error rate of 1.54%, and
the maximum error was 9 mm, with an error
rate of 3.33%. In summary, the established
model is accurate, and the results of the cou-
pling model can be analyzed. The tea par-
ticles are affected by the air flow field of the
observation tube, and the tea particles fluctu-
ate. During the suspension of tea particles,
the tea particles are attached to the inner wall
of the observation tube under the action of
the air flow field. Through an in-depth study,
it was found that the relationship between dif-
ferent distances from the initial position of
particles and simulation time in the suspen-
sion process is a peak function. The extreme
function is used to fit the actual trajectory,
and the fitting degree is better. Among
them, the fitting degree of the particles closest
to the initial position was 0.9455, and the fit-
ting degree of the particles farthest from the
initial position was 0.9981.
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