Spanish Journal of Agricultural Research

17 (2), €0203, 11 pages (2019)

eISSN: 2171-9292

https://doi.org/10.5424/sjar/2019172-14449

Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria, O.A, M.P. (INIA)

OPEN ACCESS

RESEARCH ARTICLE

Parameter optimization of winnowing equipment for machine-
harvested Lycium barbarum L.

Jian Zhao', Adilet Sugirbay'?, Fanyi Liu®, Yun Chen', Guangrui Hu', Enyu Zhang' and Jun Chen'

'Northwest A&F Univ., College of Mechan. & Electron. Eng., Yangling, 712100 Shaanxi, China. ’S. Seifullin Kazakh Agro Tech. Univ., Techn. Fac.,
Astana 010000, Kazakhstan. 3SouthWest Univ., College of Eng. & Technol., Beibei, 400715 Chongqing, China.

Abstract

To accurately and efficiently remove unripe fruit, flowers, leaves, and other impurities in machine-harvested Lycium barbarum
L., winnowing equipment for machine-harvested L. barbarum based on the principle that different materials have different flight
coefficients was designed. To optimize the structure and working parameters of winnowing equipment, this study adopted the free flow
resistance model to establish a horizontal airflow model based on C++ in Microsoft Visual Studio. A discrete element method (DEM)
simulation of ripe fruit in the horizontal airflow was performed using EDEM software. Results showed that the optimal parameters
included an airflow speed of 5-6 m/s, input conveyor speed of 0.4-0.6 m/s, and input-output conveyor distance of 260-270 mm. We used
three factors and three levels in a quadratic orthogonal rotation design to establish mathematical models regarding the rate of impurity
change and the clearance rate of ripe fruit based on the airflow speed, input conveyor speed, and input-output conveyor distance.
We also analyzed the effects of all factors on the rate of impurity change and the clearance rate of ripe fruit. The optimal parameter
combination was an airflow speed of 5.52 m/s, input conveyor speed of 0.5 m/s, and input-output conveyor distance of 265.04 mm.
The field experiment showed that the rate of impurity change and the clearance rate of ripe fruit were 89.74% and 8.71%, respectively.
Findings provide a design basis for future research on winnowing equipment for machine-harvested L. barbarum.
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Introduction

Lycium barbarum L. is a solanaceous Lycium
shrub (Xu et al., 2018). Its ripe fruit contains health-
promoting bioactive components such as L. barbarum
polysaccharides (Amagase & Farnsworth, 2011). The
polysaccharides have demonstrated its effects on the
improvement of renal function and the alleviation of
inflammatory reaction (Zhao et al., 2016). For centuries,
mechanized harvesting of L. barbarum has been
challenging. Therefore, the fruit are harvested manually,
which involves low efficiency and high cost (Zhang
et al., 2015; Xu et al., 2018). With the continuous
expansion of L. barbarum acreage, labor for fruit
harvesting has become increasingly scarce, leading to

more L. barbarum harvesting machines to be developed
and used (So, 2001, 2003; Zhou & He, 2010; Zhang et al.,
2015; He et al., 2017; Wang, 2018; Wang et al., 2018;
Xu et al., 2018; Zhang et al., 2018a,b; Chen et al., 2019;
Zhao et al., 2019b). However, many impurities such as
unripe fruit, flowers, and leaves in machine-harvested
L. barbarum seriously affect subsequent drying, sto-
rage, and other processing procedures (Zhang et al.,
2015; Wang, 2018; Xu et al., 2018; Zhang et al., 2018b;
Chen et al., 2019; Zhao et al., 2019b). Therefore, it is
important to develop accurate and efficient winnowing
equipment to remove impurities such as unripe fruit,
flowers, and leaves in machine-harvested L. barbarum.
Winnowing equipment for machine-harvested L.
barbarum was designed based on the principle that
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different materials have different flight coefficients.
Using a discrete element method (DEM) simulation
and the field experiment, the structure and working
parameters of winnowing equipment were optimized.
The results provide a design basis for future research
and development of winnowing equipment for machine-
harvested L. barbarum.

Material and methods

Structure and operating principle of winnowing
equipment

Structure of winnowing equipment

Winnowing equipment for machine-harvested L.
barbarum is shown in Fig. 1. The equipment consisted
of a mechanical transmission system, winnowing sys-
tem, and control system. The mechanical transmission
system consisted of an input conveyor, output conveyor,
electric motors, and drive systems; the winnowing
system consisted of a fan, electronic speed regulator,
and lithium battery; and the control system consisted
of a controller, electronic speed governors, and relays.

Operating principle of winnowing equipment
As shown in Fig. 2, ripe fruit in the horizontal
airflow was subjected to three forces: gravity G,

10 11 12 13 14

Figure 1. Winnowing equipment for machine-harvested
Lycium barbarum. 1, frame; 2, electronic speed governor
of the output conveyor; 3, relay of the output conveyor;
4, electric motor of the output conveyor; 5, drive system
of the output conveyor; 6, output conveyor; 7, lithium
battery; 8, electronic speed regulator; 9, fan; 10, input
conveyor; 11, relay of the input conveyor; 12, electronic
speed governor of the input conveyor; 13, drive system
of the input conveyor; 14, electric motor of the input
conveyor; 15, controller.
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horizontal airflow force P, and buoyancy F,. Because
the buoyancy has a slight influence on the movement of
ripe fruit in the horizontal airflow compared with the
gravity and horizontal airflow force, it can be ignored
(Liu, 2013). After simplification, the angle o between
the resultant force of gravity and horizontal airflow
force and the gravity can be obtained. When ripe fruit
entered the horizontal airflow, its movement under
the resultant force was parabolic and the distance of
the movement of ripe fruit was related to the angle
o. (Liu, 2013). The larger the angle «, the farther
the distance; the smaller the angle a, the closer the
distance. The tangent of angle « can be expressed as
the ratio of P to G and is calculated as follows (Liu,
2013).
2
tanaziz—KpB(V"_V") [1]
G G

where P is the horizontal airflow force, N; G is the
gravity of ripe fruit, N; K is the resistance coefficient,
which is related to the shape and surface characteristics
of ripe fruit; p is the density of horizontal airflow,
kg/m?;, B is the windward area of ripe fruit in the
horizontal airflow, m?; ¥ is the velocity of horizontal
airflow, m/s; and V_is the initial velocity of ripe fruit
entering the horizontal airflow, m/s.

The tangent of angle a is called the flight
coefficient and is the characteristic value of the
aerodynamic property of ripe fruit in the horizontal
airflow (Liu, 2013). As shown in Table 1, because
flying coefficients of different materials in the same
horizontal airflow are different (Liu, 2013), the
horizontal airflow can be used to remove impurities
such as unripe fruit, flowers, and leaves in machine-
harvested L. barbarum.

A Va

“ NG

R -

Figure 2. Force analysis of ripe fruit in the horizontal
airflow. R is the resultant force of gravity and horizontal
airflow force, N.
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3 Parameter optimization of winnowing equipment for machine-harvested Lycium barbarum L.

Table 1. Shape and mechanics parameters of materials.

Elastic

Major  Minor

Material Mass (g) g{ﬂ;:l?)l modulus PO:Zst(i)(:l s axis axis Th(l;ll::; s
& (MPa) (mm)  (mm)
Ripe fruit* 1.343 895 0.05 0.39 16.54 10.51 7.86
Unripe fruit 0.298 1108 2.83 0.41 12.05 5.04 4.72
Flower 0.024 - - - - - -
Leaf 0.274 - - - - - -
Input conveyor® - 1130 2320 0.34 - - -

“Data from Zhao et al. (2019a). °Data from Baidu (2015).

Design of key systems

Mechanical transmission system

Because machine-harvested L. barbarum was trans-
ported on the conveyors and we needed to adjust the
input conveyor speed, the design of the input conveyor
and output conveyor was highly important. The
two transmission shafts were parallel, the rotation
direction of the two transmission shafts was the same,
and the input conveyor speed was < 20 m/s; thus, the
open drive mode can be selected (Qiu, 2011). As the
transmission power W was<500 kW, the belt of the
input conveyor and output conveyor was made of anti-
static flat belt (Qiu, 2011). The design equations [2-8]
were referred to this book (Qiu, 2011). The effective
tensile force was obtained as follows:

F:E—]72=1000W 2]

2

where F is the effective tensile force of the input con-
veyor, N; F| is the tight-side tensile force of the input
conveyor, N; F, is the slack-side tensile force of the
input conveyor, N; W is the nominal transmission
power of the input conveyor, kW; and X is the input
conveyor speed, m/s.

The relation equation between the tight-side ten-
sile force of the input conveyor and the slack-side
tensile force of the input conveyor can be obtained
as follows:

M — M
F—gX; )

where ¢ is the mass of a meter length belt of the input
conveyor, kg/m; e is the Napierian base; u is the
friction coefficient between the input conveyor and its
belt wheel; and 4 is the cornerite between the input
conveyor and its belt wheel, (°).

Because the input conveyor speed was<10 m/s, the
centrifugal force can be ignored (Qiu, 2011). Because
A=n, u = 0.3. Therefore, the calculated transmission
power W _can be obtained as follows:

WK W 4
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where W is the calculated transmission power of the
input conveyor, kW; and K is the working condition
coefficient.

Therefore, the equations of the diameter of the
driving wheel of the input conveyor D, diameter of
the driven wheel of the input conveyor D,, and center

distance of the input conveyor s are as follows:
1

D, =(1100 - 1350)[”/0]3 5]
D, =iD,(1-¢) [6]
1.5(D, + D,) < s <5(D, +D,) [7]

where D, is the diameter of the driving wheel of the
input conveyor, mm; m, is the revolving speed of the
driving wheel of the input conveyor, r/min; D, is the
diameter of the driven wheel of the input conveyor,
mm; / is the transmission ratio of the input conveyor; &
is the sliding rate of the input conveyor, %; and s is the
center distance of the input conveyor, mm.

The design of the output conveyor was as outlined
above. After calculation, the design parameters of
conveyors are listed in Table 2.

According to the nominal transmission power, the
electric motors adopted alternating current electric mo-
tors (type: SGN30KB; rated power: 60W; reduction
ratio: 1:30; manufactured by Guangdong Shengkai
Motor Manufacturing Co., Ltd., China). The input
conveyor and output conveyor can be driven to rotate
by the toothed chain. The toothed chain was designed
according to the calculated transmission power as
follows:

W. =
o= (8]
where k_is the tooth number coefficient.

Winnowing system

A brushless motor (type: Sunnysky; KV value: 1400;
manufactured by Zhongshan Langyu Model Co., Ltd.,
China) was used as the fan, powered by the lithium
battery (type: Geshi ACE 5C; capacity: 3300 mAh;
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Table 2. Design parameters of conveyors.

Parameters Values (mm)

Width of the belt of the input conveyor 200
Width of the belt of the output conveyor 280
Diameter of the driving wheel of the input 160
conveyor

Diameter of the driving wheel of the output 224

conveyor

manufactured by Shenzhen Grepow Battery Co.,
Ltd., China). The controller generated pulse width
modulation waves to control the run and stop of the
fan by controlling the electronic speed regulator
(type: Skywalker 40A; manufactured by Shenzhen
Hobbywing Technology Co., Ltd., China) and to adjust
the airflow speed.

Control system

The circuit diagram of winnowing equipment is
shown in Fig. 3. The type of central processing unit
of controller (type: STM32-F103; manufactured by
Guangzhou Hard Rock Technology Co., Ltd., China) was
STM32-F103 ZET6, and its development environment
was Keil uVision5. When machine-harvested L. bar-
barum entered the input conveyor, the fan started. The
controller controlled the run and stop of electric motors
by controlling the relays (type: SRD-05VDC-SL-C;
manufactured by Ningbo Songle Relay Co., Ltd.,
China) and also adjusted the revolving speed of electric

Ul

motors by controlling the electronic speed governors,
so as to control the run and stop of the two conveyors
and to adjust the input conveyor speed. The two
conveyors rotated continuously to remove impurities
such as unripe fruit, flowers, and leaves in machine-
harvested L. barbarum.

DEM simulation of ripe fruit in the horizontal
airflow

The horizontal airflow model was established based
on C++ in Microsoft Visual Studio. Because the size
of ripe fruit was approximately consistent and the
horizontal airflow parameters (e.g., velocity, density,
and viscosity) were basically constant, the free flow
resistance model was adopted (Hu, 2010). To accurately
simulate the movement of ripe fruit in the horizontal
airflow, its buoyancy and free flow resistance force
should be considered (Liu et al., 2015; Liu, 2018; Yu
et al., 2018). The equations [9-12] were referred to Hu
(2010). The equations of the buoyancy F, and the free
flow resistance force F, are as follows:

F, =pgV [9]

F,=0.5pA|v|vC, [10]

where F, is the buoyancy, N; F is the free flow
resistance force, N; g is the gravitational acceleration,
m/s% V' is the volume of ripe fruit, m*; 4 is the projected
area of ripe fruit perpendicular to the horizontal airflow

U4

0 3 9 com 4 %
PG6 9 VCC SV——— vce NC :lz N5 —
F 1 Delay2> 6
GND GND | Ll gnp com 2 2 7 ;
PG6 2 5 VeC——— ™2 8 —5
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Figure 3. Circuit diagram of winnowing equipment.
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5 Parameter optimization of winnowing equipment for machine-harvested Lycium barbarum L.

direction, m?; v is the relative velocity between the ripe
fruit and horizontal airflow, m/s; and C, is the resistance
coefficient which is calculated as follows:

24

Re<0.5
Re
24(1 + o.zsRe“*”)
C, = - 0.5<Re<1000 [11]
e
0.44 Re >1000

Therefore, C, depends on the Reynolds number Re,
and its equation is as follows:

_ BpL]
n

where Re is the Reynolds number; f is the free
volume of a grid cell; L is the diameter of ripe fruit,
m; and # is the viscosity of horizontal airflow, kg/
(m-s).

The movement of ripe fruit in the horizontal airflow
was simulated based on DEM using EDEM software.
In this study, the Moving Plane model was selected; the
parameters of materials are listed in Table 1.

Based on previous research and references review
(Gonzalez-Montellano et al., 2012; Horabik & Molenda,
2016; Castillo-Ruiz et al., 2018; Chen et al., 2019; Zhao
et al., 2019a,b), because the properties of L. barbarum
are similar to the olives, some simulation parameters
of olive can be cited based on the actual situation.
Based on Gonzalez-Montellano et al.’s (2012) work,
because ripe fruit were distributed dispersedly with
less collision compared with the olives, the restitution
coefficient between ripe fruit and ripe fruit and the same
coefficient between ripe fruit and the input conveyor
were 0.1 and 0.1, respectively. Based on the reference
(Gonzalez-Montellano et al., 2012), because there are
irregular bulges on partial surfaces of ripe fruit and the
mechanics parameters of the two conveyors material
were listed in Table 1, the static friction coefficient
between ripe fruit and the input conveyor was 0.5.
Besides, the friction force between ripe fruit and ripe
fruit was less than the friction force between ripe fruit
and the input conveyor, the static friction coefficient
between ripe fruit and ripe fruit was 0.3. Based on
references review (Li et al., 2012; Liu, 2018), the rolling
friction coefficient between ripe fruit and ripe fruit and
the same coefficient between ripe fruit and the input
conveyor were select as the default value (i.e., 0.01).
Because the mass of ripe fruit is not very light and ripe
fruit were distributed dispersedly, the movement of ripe
fruit in the horizontal airflow was mainly affected by the
gravity, horizontal airflow force, buoyancy, and free
flow resistance force. Based on the pre-simulation,

Re [12]
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we came to a conclusion that the six coefficients have
little effect on the simulation results. Therefore, the
six coefficients were appropriate for this simulation.
Furthermore, the ripe fruit model used a sphere with
a radius of 4.5 mm. A 4-edged polygon served as the
particle factory surface, and the type of particle factory
was unlimited quantity. The DEM simulation of ripe
fruit in the horizontal airflow is shown in Fig. 4.

According to the simulation, the airflow speed, input
conveyor speed, and input-output conveyor distance
greatly affected the rate of impurity change and the
clearance rate of ripe fruit. Simulation results showed
that winnowing equipment met these conditions, with
most of ripe fruit falling on the output conveyor and
most of unripe fruit, flowers, and leaves removed at an
airflow speed of 5-6 m/s, input conveyor speed of 0.4-
0.6 m/s, and input-output conveyor distance of 260-
270 mm. Fig. 5 shows the trajectory of the ripe fruit
which was the most easily removed by mistake.

Performance experiment of winnowing equip-
ment

Ningqi 7 was selected as the experiment variety.
The following instruments were used: 1) an elec-
tronic vernier caliper (type: AIRAJ second-generation
product; range: 0-300 mm; precision: 0.01 mm;
manufactured by Qingdao Yigou Hardware Tools
Co., Ltd., China); 2) a digital illuminometer (type:
PM6612L; manufactured by Shenzhen New Huayi
Instrument Co., Ltd., China); 3) a tachometer (type:
DT2236B; manufactured by Shenzhen Sanpo Ins-
trument Co., Ltd., China); 4) a digital anemometer
(type: PM6252B; manufactured by Shenzhen New
Huayi Instrument Co., Ltd., China).

T

i€ <
e

v

11
L

Figure 4. DEM simulation of ripe fruit in the horizontal
airflow.
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Figure 5. Trajectory of the ripe fruit.

The winnowing equipment was used to remove as
many impurities as possible (e.g., unripe fruit, flowers,
and leaves) in machine-harvested L. barbarum while
removing as little ripe fruit as possible. The purpose
of the experiment was to investigate the performance
of the winnowing equipment; therefore, the rate of
impurity change Y, and the clearance rate of ripe
fruit Y, were selected as performance indices in the
experiment. Corresponding equations to calculate these
indices are as follows:

n_n
n n
){:Txloo% [13]
nZ
Y, = x100% [14]
ng

where n, is the amount of unripe fruit, flowers, and
leaves before winnowing; n, is the amount of ri-
pe fruit, unripe fruit, flowers, and leaves before
winnowing; 7, is the amount of unripe fruit, flowers,
and leaves after winnowing; n, is the amount of
ripe fruit, unripe fruit, flowers, and leaves after
winnowing; n, is the amount of removed ripe fruit
after winnowing; and 7, is the amount of ripe fruit
before winnowing.

The experiment was conducted in Zhongning in
the Ningxia Hui Autonomous Region (37°22'56"N,
105°37'21"E) on June 26, 2018; the temperature was
27.2°C, the humidity was 30.1%, and the illuminance
was 520.6 Lux. Based on the theoretical analysis,
the main factors affecting the performance of the
winnowing equipment were determined to be the
airflow speed, input conveyor speed, and input-
output conveyor distance. The previous tests and
simulation analysis indicated the following suitable
value range for the factors: the airflow speed X,
was 5-6 m/s; the input conveyor speed X, was 0.4-
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0.6 m/s; and the input-output conveyor distance X,
was 260-270 mm. The airflow speed was adjusted by
the electronic speed regulator and measured with
the digital anemometer. The input conveyor speed
was adjusted by the electronic speed governor and
measured with the tachometer. The input-output
conveyor distance was adjusted by lifting the input
conveyor and measured with the electronic vernier
caliper.

Three factors and three levels were used in a
quadratic orthogonal rotation design; the codes of
factors are listed in Table 3, and the experimental
schemes and results are presented in Table 4.
Seventeen groups of tests were carried out in this
experiment, and each group was repeated 5 times.
The mean value of 5 results was used as the group
result. The machine-harvested L. barbarum from
a shrub using a handheld L. barbarum harvester
was used as a group sample. The amounts of ripe
fruit, unripe fruit, flowers and leaves were manually
counted before a test and the amounts of that were also
manually counted after a test. Experiment design and
analysis were performed in Design-Expert (Yuan et al.,
2012; Wang et al., 2013).

Results

Regression analysis

The regression model of the rate of impurity
change (response) using codes of all factors as
variables was as follows:

Y, =90.04 +0.61X, +0.27X, + 0.24X, - 0.095X,X, + 5]
+0.04X X, + 0.025X,X, - 1.24X - 0.7X,% - 0.68X 2

ANOVA results of the rate of impurity change
are shown in Table 5. The model was statistically
significant (»p<0.0001), and X, X, X, X X, X*, X ?,
and X* each had a significant effect on the rate of
impurity change (»p<0.05). Moreover, the lack-of-fit
test indicated that the model had a good fit (»p=0.1569).

The regression model of the clearance rate of ripe
fruit (response) using codes of all factors as variables

was as follows:

Table 3. Codes of factors.

Airflow Input
Input-output conveyor
Codes speed conveyor distance (mm)
(m/s) speed (m/s)
-1 5 0.4 260
0 5.5 0.5 265
6 0.6 270

June 2019 « Volume 17 ¢ Issue 2 * €0203



7 Parameter optimization of winnowing equipment for machine-harvested Lycium barbarum L.

Table 4. Experimental schemes and results.

Input Input-output

Airflow conveyor conveyor .Rate (.)f Clearan.ce
No. speed speed distance lmplll‘l?’ rate .of (1)'1pe
(m/s) (ms) (mm) change (%)  fruit (%)
1 -1 -1 0 87.21 10.07
2 1 -1 0 88.56 10.94
3 -1 1 0 87.82 10.52
4 1 1 0 88.79 11.72
5 -1 0 -1 87.28 10.11
6 1 0 -1 88.47 11.04
7 -1 0 1 87.69 10.48
8 1 0 1 89.04 11.45
9 0 -1 -1 88.14 10.55
10 0 1 -1 88.73 10.97
11 0 -1 1 88.54 11.05
12 0 1 1 89.23 11.52
13 0 0 0 90.04 8.49
14 0 0 0 89.96 8.51
15 0 0 0 90.07 8.46
16 0 0 0 90.03 8.57
17 0 0 0 90.12 8.52

Y,=8.51+0.5X, +0.27X, + 0.23X, + 0.082X X, +
+0.01X.X, + 0.012X,X, + 1.02X 2+ 1.28X,2 + 1.24X?

[16] Response surface analysis

The response surface methodology was used to
ANOVA results of the clearance rate of ripe fruit are analyze the effects of all factors on the rate of impurity
shown in Table 6. The model was statistically significant change; the response surface results of the regression
(p<0.0001), and X, X, X, X X, X?, X? and X’each  equation (Eq. [15]) are shown in Fig. 6. As shown in
had a significant effect on the clearance rate of ripe fruit Table 5, the airflow speed, input conveyor speed, and
(»<0.05). Moreover, the lack-of-fit test indicated that input-output conveyor distance each had an extremely

the model had a good fit (p=0.0667). significant effect on the rate of impurity change. The

Table 5. ANOVA results of the rate of impurity change.

Items ssqqu:llrzz DF slzlqlf::e F-value p-value
Model 15.65 9 1.74 271.95  <0.0001**
X, 2.95 1 2.95 461.63  <0.0001**
X, 0.56 1 0.56 87.84  <0.0001**
X, 0.44 1 0.44 69.08  <0.0001%**
XX, 0.036 1 0.036 5.64 0.0492%*
XX, 0.0064 1 0.0064 1.00 0.3505
XX, 0.0025 1 0.0025 0.39 0.5517
X? 6.52 1 6.52 1019.62  <0.0001**
X} 2.09 1 2.09 326.75  <0.0001**
X2 1.94 1 1.94 303.97  <0.0001%*%*
Residual 0.045 7 0.0064
Lack-of-fit 0.031 3 0.010 3.02 0.1569
Pure error 0.014 4 0.0034
Total 15.70 16

DF: degree of freedom. *,**: the item is significant (p<0.05) or extremely
significant (»p<0.01), respectively.

Spanish Journal of Agricultural Research June 2019 « Volume 17 ¢ Issue 2 * ¢0203
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Table 6. ANOVA results of the clearance rate of ripe fruit.

Sum of

Mean

Items squares DF square F-value p-value
Model 22.75 9 2.53 524.00  <0.0001%*%*
X, 1.97 1 1.97 408.31 <0.0001**
X, 0.56 1 0.56 116.44  <0.0001%*%*
X, 0.42 1 0.42 86.76  <0.0001**
XX, 0.027 1 0.027 5.64 0.0492*
XX, 0.0004 1 0.0004 0.083 0.7817
XX, 0.0006 1 0.0006 0.13 0.7295
X? 4.42 1 4.42 916.83  <0.0001**
X? 6.87 1 6.87 1424.17  <0.0001**
X7 6.42 1 6.42 1330.98  <0.0001%**
Residual 0.034 7 0.0048
Lack-of-fit 0.027 3 0.0091 5.49 0.0667
Pure error 0.0066 4 0.0017
Total 22.79 16

DF: degree of freedom.. *,**: the item is significant (p<0.05) or extremely

significant (p<0.01), respectively.

interaction effect between the airflow speed and input
conveyor speed was significant. As shown in Fig. 6a, as
the airflow speed increased, the rate of impurity change
first increased rapidly and then decreased slowly. As
shown in Fig. 6b, as the input-output conveyor distance
increased, the rate of impurity change first increased
slowly and then decreased slowly. As shown in Fig.
6¢, as the input conveyor speed increased, the rate
of impurity change first increased slowly and then
decreased slowly.

The response surface methodology was used to ana-
lyze the effects of all factors on the clearance rate of
ripe fruit; the response surface results of the regression
equation (Eq. [16]) are shown in Fig. 7. As shown in
Table 6, the airflow speed, input conveyor speed, and
input-output conveyor distance each had an extremely
significant effect on the clearance rate of ripe fruit. The
interaction effect between the airflow speed and input
conveyor speed was significant. As shown in Fig. 7a, as
the airflow speed increased, the clearance rate of ripe
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fruit first decreased lowly and then increased rapidly;
in Fig. 7b, as the input-output conveyor distance
increased, the clearance rate of ripe fruit first decreased
rapidly and then increased rapidly; and in Fig. 7c, as
the input conveyor speed increased, the clearance rate
of ripe fruit first decreased rapidly and then increased
rapidly.

After prediction, the optimal parameter combination
was determined to be an airflow speed of 5.52 m/s,
input conveyor speed of 0.5 m/s, and input-output
conveyor distance of 265.04 mm.

Field experiment verification

The field experiment was completed on June 28,
2018 and 15 groups were conducted in this experiment
to eliminate random errors. The chosen experiment
parameter combination was an airflow speed of
5.52 m/s, input conveyor speed of 0.5 m/s, and input-
output conveyor distance of 265.04 mm. As depicted in

Y, (%)
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Figure 6. Response surface and contour plots for effects of all factors on the rate of impurity change: X, and X, (a), X,

and X, (b), and X, and X (c).
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Figure 7. Response surface and contour plots for effects of all factors on the clearance rate of ripe fruit: X and X, (a), X,

and X; (b), and X, and X; (c).

Fig. 8, a high-speed camera (type: OLYMPUS i-speed
TR; manufactured by Keymed (Medical & Industrial
Equipment) Co., Ltd., UK) was used to record the
winnowing process; the duration was 200 ms, the
interval was 40 ms, and we used 1000 f/s (Torregrosa
et al., 2014; Liang et al., 2018). Red, green, purple,
and blue points were used to indicate the respective
positions of the ripe fruit, unripe fruit, flower, and leaf
every 40 ms. The field experiment showed that the rate
of impurity change and the clearance rate of ripe fruit
were 89.74% and 8.71%, respectively.

Discussion

The machine-harvested L. barbarum contained ma-
ny impurities such as unripe fruit, flowers, and leaves
(Zhang et al., 2015; Wang, 2018; Xu et al., 2018; Zhang
et al., 2018b; Chen et al., 2019; Zhao et al., 2019b). It
seriously affected subsequent drying, storage, and other

Spanish Journal of Agricultural Research

processing procedures. Therefore, it is important to
develop winnowing equipment which can accurately
and efficiently remove unripe fruit, flowers, leaves, and
other impurities in machine-harvested L. barbarum. In
the present study, winnowing equipment for machine-
harvested L. barbarum based on the principle that
different materials have different flight coefficients
was designed. The structure and working parameters
of winnowing equipment were optimized based on a
DEM simulation and the field experiment. Moreover,
we established mathematical models regarding the rate
of impurity change and the clearance rate of ripe fruit
based on the airflow speed, input conveyor speed, and
input-output conveyor distance and analyzed the effects
of all factors on the rate of impurity change and the
clearance rate of ripe fruit. We came to a conclusion that
the optimal parameter combination was an airflow speed of
5.52 m/s, input conveyor speed of 0.5 m/s, and input-
output conveyor distance of 265.04 mm. The field
experiment showed that the rate of impurity change

June 2019 « Volume 17 ¢ Issue 2 * €0203
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and the clearance rate of ripe fruit were 89.74% and
8.71%, respectively. These results provide a design
basis for future research on winnowing equipment
for machine-harvested L. barbarum. But there are
still some problems to be solved. For example, it is
important to make miniaturized winnowing equip-
ment, so as to real-time winnowing during harvesting.
Furthermore, a more accurate and efficient winnowing
method is also worth further studying.
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