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Parameter calibration and experimental verification of discrete element

simulation model for Protaetia brevitarsis larvae bioconversion mixture
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Abstract: To improve the survival rate of larvae during material separation after biotransformation of existing residual film
mixtures of Protaetia brevitarsis larvae, this paper adopts the method of combining physical test and EDEM simulation test, and
selects Hertz Mindlin with JKR contact model to calibrate the discrete element simulation contact parameters of the Protaetia
brevitarsis larvae and the frass mixture. First, the cylinder lifting method was used to determine the actual repose angle of the
mixture of larvae and frass. The collision recovery coefficients between larvae-frass and steel, static friction coefficient, kinetic
friction coefficient and the collision recovery coefficient between larvae were measured through physical tests such as the
inclined plane method. The Plackett-Burman test was then used to screen out the factors that have a significant impact on the
repose angle: Poisson’s ratio of frass, frass-frass rolling friction coefficient, frass JKR surface energy, frass-larvae JKR surface
energy. The optimal value intervals of four significant factors were determined based on the steepest climb test, Based on the
Box-Behnken response surface analysis test, the second-order regression model between the repose angle and four significant
factors was determined, and variance and interaction effects were analyzed. And with the actual repose angle as the goal, the
significant factors were optimized and the optimal parameter combination of the four significant factors was determined. The
simulation test of material repose angle and screening was carried out with the optimal parameter combination, and compared
with the physical test. It was found that the maximum relative errors of the two tests were 1.48% and 3.79% respectively,
indicating that the calibrated parameter values are true and reliable, It can provide a reference for the discrete element

simulation of the transportation and separation of the Protaetia brevitarsis larvae-frass mixture.
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1 Introduction

Due to the large impurity content in the current residual film
recovery mixture, it is difficult to separate the residual film from
straw and crushed soil, People have developed a large number of
membrane separation machinery, However, the separation effect of
straw, stubble and residual film in impurities is not good, and the
economic benefit is low!"?. In recent years, the research on the
bioconversion of agricultural wastes by insects has attracted more
and more attention, The investigation found that the larvae of
Protaetia brevitarsis belong to saprophagous insects, Throughout the
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larval stage, they feed on straw in the residual film mixture after
fermentation®, the use of the insect can solve the problem that the
residual film is difficult to separate from the straw and the root
stubble. The materials after the insect transforms the residual film
mixture include frass, the larvae itself and the residual film. Among
them, frass can be used directly as organic fertilizer, the larvae
themselves can be used as medicine, protein feed, etc. It has created
huge economic benefits for farmers®. However, the existing
research at home and abroad focuses on the nutritional components
of the larvae, their own growth parameters, and their ability to deal
with agricultural waste®. There is little research on the material
transportation and screening process after the Protaetia brevitarsis
larvae bioconversion the residual film mixture. After Protaetia
brevitarsis larvae bioconversioned the residual film mixture, the
characteristics of the larvae and frass in the material are complex. It
is difficult to accurately obtain relevant physical parameters using
conventional methods. Therefore, this article has chosen to use the
discrete element method to perform virtual calibration of the
Protaetia brevitarsis larvae-frass mixture, In order to provide help
for the optimization and improvement of subsequent material
conveying and screening devices.

With the development of computer numerical simulation
technology, discrete element method is widely used in agricultural
technology and equipment, In the process of applying discrete
element method simulation to optimize and improve the existing
device, the intrinsic parameters and contact parameters of materials
are very important. Because some parameters are difficult to obtain
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through conventional tests, scholars at home and abroad have
proposed a method for virtual calibration of materials based on
discrete element method. Peng et al.”* combined discrete element
simulation with repose angle test, The organic fertilizer and the
intrinsic parameters and contact parameters of the black soldier fly
after the treatment of pig manure were calibrated. Sun et al and Barr
et al.'" calibrated the contact model parameters of soil and soil-
engaging parts. Based on the repose angle test, Zhu et al.l'!
determined the discrete element parameters of sheep manure under
different water contents. Tian et al.'” carried out discrete element
simulation and calibrated relevant parameters with corn straw and
soil mixture as the research object. Yuan et al.”! selected Hertz-
Mindlin with Johnson-Kendall-Roberts contact model to calibrate
the parameters of machine-applied organic fertilizer. Song et al.l'
Taking mulberry soil as an example, they calibrated the simulation
parameters of soil particles. The research of the above authors
verifies the feasibility of using discrete element method to obtain
the intrinsic parameters and contact parameters of granular
materials. However, there are few reports on the parameter
calibration of the discrete element simulation model for the larvae
and its frass.

In this paper, the Protaetia brevitarsis larva-frass mixture is
taken as the research object. Through the combination of physical
test and simulation test, the intrinsic parameters and contact
parameters of the Protactia brevitarsis larvae-frass mixture are
calibrated by EDEM software. Taking the repose angle as the
response value, Hertz-Mindlin with JKR is selected as the contact
model, The Plackett-Burman design test, the steepest climbing test
and the Box-Behnken test were used to obtain the optimal discrete
element simulation model parameters of Protaetia brevitarsis larvae-
frass mixture. It provides a reference for the movement state of the
larvae-frass mixture transportation and screening link of Protaetia
brevitarsis.

2 Materials and methods

2.1 Test materials

The Protaetia brevitarsis larvae-frass mixture used in this paper
was provided by the Insect Industrialization Research Base of
Manas County, Xinjiang, as shown in Figure 1. Since the residual
film is a flexible sheet material, its levitation speed is small, and
most of them are separated by air separation. When the mixture of
Protaetia brevitarsis larvae, frass and residual film enters the
screening device, the residual film is screened out by the air flow,
basically does not participate in the subsequent screening process of
frass and larvae. Therefore, this article chooses the white star beetle
larvae-frass mixture as the research object. After testing, it was
found that the mass ratio of Protaetia brevitarsis larvae to frass was
1:9 (a few impurities in the mixture are treated as frass). The
densities of frass and Protaetia brevitarsis larvae were 940 kg/m’
and 412 kg/m’ respectively. The moisture content of frass was 52%.

Mixed materials B8 | Frass

Figure 1 Samples test materials

2.2 Test method

In this paper, the parameters of the discrete element model of
the larvae-frass mixture were calibrated by the combination of
physical test and EDEM simulation test, The actual repose angle of
the larvae-frass mixture was obtained by cylinder lifting method,
Matlab software was used to process the image of the repose angle
of the larvae-frass mixture to obtain the actual value™".
EDEM2020 software was selected to carry out the simulation
experiment of repose angle, Plackett-Burman screening test was
designed by Design-Expertl1 software, The parameters that have
significant influence on the repose angle were selected. According
to the steepest climbing test, the optimal value interval of the
significant parameters was determined. The Box-Behnken test was
used to establish and optimize the regression model of the repose
angle and significance parameters of the larvae-frass mixture of
Protaetia brevitarsis, and the optimal parameters combination was
obtained. The simulation test of repose angle was carried out by the
optimal parameter combination, the relative error between the
simulated repose angle and the actual repose angle was compared,
and the accuracy of the parameter calibration of the discrete element
model for the Protaetia brevitarsis larvae-frass mixture was verified.
2.3 Repose angle physical test

As shown in Figure 2. The cylinder lifting method was used to
test the physical repose angle of the larvae-frass mixture. The ratio
of the inner diameter to the height of the steel cylinder is 1:2, the
height of the cylinder is 180 mm, and the bottom of the cylinder is
in contact with the steel plate. The cylinder is evenly filled with 300 g
of the mixture of the larvae and the frass (frass 270 g, larvae 30 g),
Among them, because the larvae of Protaetia brevitarsis are
physical models in EDEM software simulation, morphological
changes cannot occur. In order to reduce the experimental error, all
physical experiments in this study selected the larvae of Protaetia
brevitarsis after shaking. The WDW-50 M universal testing
machine was used to lift the cylinder at a speed of 500 mm/min.
The mixture flows out from the bottom of the cylinder and contacts
with the steel plate. After the mixture pile is stabilized, the front
view image of the mixture pile is taken by camera. The front view
image of the mixed pile is imported into Matlab R2021b software
for grayscale processing, binarization processing, hole filling, and
boundary contour extraction, The contour map is imported into
Origin2019b software, and the coordinate values of each point of
the contour are obtained through its digital processing tool Digitize,
and then the contour coordinate values are transformed into a dotted
line graph and linearly fitted, as shown in Figure 3. In order
to reduce the error, the average value of the repose angle on both
sides of the mixed pile is selected as the measured value of the
repose angle!'l,

Universal testing machine
-

Computer
Clamp

Steel cylinder

Mixing pile
Steel plate

Figure 2 Physical test of the repose angle
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Figure 3 Repose angle image processing

The linear fitting equations of the two sides of the larvae-frass
mixture are as follows:

Y, = 0.508x+1.395 (R*=0.941) (1)

Yr = —0.541x+534.393 (R* =0.943) 2)

where, Y is contour pixel point ordinate; x is Contour pixel abscissa.
arctan |K; | + arctan | Ky|

a= ! 3)

where, a is the repose angle of the Protaetia brevitarsis larvae-frass
mixture; K is the slope of the contour fitting straight line.

According to the Equations (1)-(3), the repose angle of the
larvae-frass mixture was 27.67°.

3 Parametric measurement

3.1 Determination of contact parameters between larvae-frass
and steel
3.1.1 Coefficient of static friction

The maximum static friction force of the material is

proportional to the positive pressure between the contact surfaces,
and its proportional coefficient is called the static friction
coefficient!”.. As shown in Figure 4, the slope sliding test was used
to determine the static friction coefficient between the larvae-frass
and the material plate. Because the main material of the
transportation and screening device of the larvae-frass mixture was
steel, the material plate was steel plate. During the test, the steel
plate was placed horizontally on the angle adjustment device, and
the larvae of Protaetia brevitarsis were placed on the steel plate. The
angle adjustment device was slowly adjusted to make the steel plate
rotate slowly along its side, Until the larvae began to slide down
along the steel plate, the electronic protractor was used to measure
the inclination angle of the steel plate™, and the average inclination
angle was calculated after 20 times of repeated tests, According to
Equation (4), the static friction coefficient between the larvae and
the steel plate can be obtained.

1 =tané 4)

where, x is static friction coefficient of white spotted turtle larvae-
steel plate; 6 is critical angle of static friction coefficient, (°).

Steel plate

Figure 4 Static friction coefficient measurement device

When measuring the static friction coefficient between the frass
and the steel plate, it is only necessary to replace the frass with the
larvae. Among them, because the frass is a granular material and the
particle size is small, in order to avoid the rolling of the frass during
the measurement and increase the experimental error, four frass
were bonded together for measurement during the test. The test
results are listed in Table 1.

Table 1 Calculation results of the static friction coefficient

Material qualit Critical Coefficient of

quahity angle/(°) static friction
Protaetia brevitarsis larvae-steel plate 18.0 0.325
Frass-steel plate 32.0 0.625

3.1.2  Coefficient of rolling friction

The rolling friction coefficient refers to the ratio of the rolling
friction torque to the normal load of the material®. As shown in
Figure 5, the rolling friction coefficient between the larvae-frass and
steel plate was measured by inclined rolling test, In the experiment,
the steel plate was placed horizontally on the angle adjustment
device, and the larvae of the Protaetia brevitarsis were placed on the
steel plate, The angle adjustment device was slowly adjusted to
make the steel plate rotate slowly along its side until the larvae of
the Protaetia brevitarsis had a rolling trend, The electronic
protractor was used to measure the inclination angle of the steel
plate, and the average inclination angle was calculated after 20
repeated tests. According to Equations (5)-(8), the rolling friction
coefficient between the larvae and the steel plate can be calculated.

il (5)

F,

n

o=
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Figure 5 Rolling friction coefficient measuring device and force
analysis diagram

Fy =Gcos#, (6)

M = Grsin6, 7
M

f= - rtané, ®)

where, o is coefficient of rolling friction; M is moment of rolling
friction, N-m; Fy is the support of steel plate to the larvae of
Protaetia brevitarsis, N; G is Gravity of Protaetia brevitarsis larvae,
N; 6, is Critical angle of rolling friction coefficient, (°); r is larvae
radius of Protaetia brevitarsis, mm.

To measure the coefficient of rolling friction between the frass
and the steel plate, it is only necessary to replace the Protaetia
brevitarsis larvae with frass, and the test results are listed in Table 2.

Table 2 Calculation results of the rolling friction coefficient

. . Critical Coefticient of

Material quality angle/(°) rolling friction
Protaetia brevitarsis larvae-steel plate 5.0 0.435
Frass-steel plate 9.5 0.167

3.1.3 Coefficient of restitution

The collision restitution coefficient is the ratio of the separation
velocity to the approaching velocity of two objects along the normal
direction of the contact surface before and after the collision, It is
only related to the material of the collision object itself*”. In this
study, the free-fall collision test was used to determine the collision
recovery coefficient between the larvae-frass mixture and the steel
plate™!. The test principle is shown in Figure 6. In the experiment,
the steel plate was placed horizontally, so that the larvae of
Protaetia brevitarsis could make a free fall motion from the height A
of the steel plate. The larvae of Protaetia brevitarsis rebounded after
colliding with the steel plate. The rebound height /4 of the larvae of
Protaetia brevitarsis was recorded by OLYMPUS i-speed TR high-
speed camera, and the average rebound height of the larvae of
Protaetia brevitarsis was calculated after 20 repeated tests,
According to Equation (9), the collision recovery coefficient
between the larvae and the steel plate can be obtained.

where, e is collision recovery coefficient between larvae of
Protactia brevitarsis and steel plate; v, is the normal relative
separation speed of Protaetia brevitarsis larvae and steel plate; v, is
the larvae of Protactia brevitarsis are relatively close to the normal
speed of the steel plate; /4 is rebound height of Protaetia brevitarsis
larvae; H is falling height of Protaetia brevitarsis larvae.

When measuring the collision recovery coefficient between the
frass and the steel plate, it is only necessary to replace the frass
with the larvae of Protaetia brevitarsis. The test results are listed in
Table 3.

OO0 O mEEaEsan
i -
1 ;e |
1
> A

a. Initial b. Collision c. Bounce

Figure 6 Free-fall crash test

Table 3 Calculation results of the collision recovery coefficient

Material quality Coefficient of restitution

Protaetia brevitarsis larvae-steel plate 0.223

Frass-steel plate 0.387

3.2 Determination of larvae-frass and its own contact
parameters

Due to the large error in the determination of the contact
parameters between the larvae of Protaetia brevitarsis and the frass
and the frass itself by the slope test and the free fall test, this study
only used the fine line suspension test to determine the collision
recovery coefficient between the larvae of Protaetia brevitarsis®™,
The remaining contact parameters are calibrated by EDEM
simulation software.

As shown in Figure 7, the larvae a and b of Protaetia brevitarsis
were tethered by fine lines, so that the larvae b of Protactia
brevitarsis was naturally suspended and kept stationary. The larvae
a of Protaetia brevitarsis was lifted to a certain fixed height and
released, so that the two collided radially, After the collision, the
larvae a and b of Protaetia brevitarsis continued to swing forward
due to inertia. At this time, the maximum height of the swing of
larvae a and b of Protaetia brevitarsis was recorded after 20 times of
repeated experiments using a high-speed camera. According to
Equation (10), the collision recovery coefficient between the larvae
of Protaetia brevitarsis can be obtained.

_ VE - VH,
el_T (10)

where, e; is collision recovery coefficient between larvae of
Protaetia brevitarsis; H, is Protaetia brevitarsis larvae « lifting
height; H, is the swing height of larvae a of Protactia brevitarsis; H,
is Protactia brevitarsis larvae b swing height.

The test results are listed in Table 4.

Physical test : Force analysis

-

) Ho

Datum line

Figure 7 Schematic diagram of the collision recovery
coefficient measurement

Table 4 Calculation results of the collision recovery coefficient

Material quality Coefficient of restitution

Larvae-larvae 0.185
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4 Simulation test of repose angle

4.1 Set up the simulation model

When selecting a contact model, because the Protaetia
brevitarsis larvae-frass mixture itself has a certain humidity, it is
easy to produce adhesion phenomenon. The Hertz-Mindlin with
JKR contact model is suitable for powder particles and wet
materials such as crops, ores, and soil, its simulation model particles
are prone to obvious bonding and agglomeration®. Therefore, the
Hertz-Mindlin with JKR contact model was selected for parameter
calibration. The JKR contact model introduces surface energy into
particle-particle interactions, its simplified model is shown in
Figure 8. By screening and observing the mixture of Protaetia
brevitarsis larvaec and frass, the shape of frass is similar to a
cylinder, while the larvae of Protaetia brevitarsis are curled up in
the real conveying and screening state due to their biological stress.
Therefore, combined with their respective sizes, it is finally
determined that the frass is composed of three basic spheres with a
radius of 1 mm, and the larvae of Protaetia brevitarsis are composed
of seven basic spheres with a radius of 5 mm, as shown in Figure 9.
The steel cylinder model was generated by three-dimensional
software SolidWorks 2021 and imported into EDEM simulation
software, The steel plate can be generated by EDEM simulation
software itself, The Poisson’s ratio of the steel is 0.30, the shear
modulus is 7.9x10* MPa, and the density is 7.85x10° kg/m®.

Particle A

Particle B

Figure 8 JKR contact model

Physical i Simulation

a. Larvae model

i Physical Simulation

b. Frass ! /,
model dﬂ:js‘ |

Figure 9 Material model

4.2 Setting of simulation parameters

In the simulation process of EDEM software, steel cylinders
and steel plates with the same physical test parameters as the repose
angle are imported. The time step was set to 22% of the Rayleigh
time step. The data storage time interval was 0.01 s. The mesh size
was set to 3 times the minimum particle radius. The particle
generation method is Dynamic, a virtual Polygon plane is set above
the steel cylinder as a particle factory™. Set the generation rate of
frass to 135 g/s, and 12 larvae/s, (30 g about 24), and the generation
time of both is set to 2 s. After the particles are stabilized, the steel
cylinder begins to move vertically upward at a speed of
500 mm/min in 3 s until a stable repose angle is formed on the steel
plate, as shown in Figure 10. Among them, the same method as the
physical experiment can be used to reduce the error when
measuring the repose angle of the simulation test.

Figure 10 simulation test of repose angle

5 Test and result analysis

5.1 Plackett-Burman test

The Plackett-Burman test mainly analyzes each factor at two
levels, and determines the significance of the factor by comparing
the difference between the two levels of each factor and the overall
difference. In this study, the Plackett-Burman test with N=19 was
designed by Design-Expertl1, and four virtual items were set aside
for error analysis. The repose angle of Protactia brevitarsis larvae-
frass mixture was used as the experimental index, The parameters
that have a significant effect on the repose angle were screened
from the frass (Poisson’s ratio, shear modulus), the larvae of
Protaetia brevitarsis (Poisson’s ratio, shear modulus), the frass
(static friction coefficient, rolling friction coefficient, collision
recovery coefficient), the larvac of Protaetia brevitarsis (static
friction coefficient, rolling friction coefficient), the frass and the
larvae of Protaetia brevitarsis (static friction coefficient, rolling
friction coefficient, collision recovery coefficient), JKR surface
energy (frass, Protaetia brevitarsis larvae, frass and Protaetia
brevitarsis larvae).

At present, the research on the conversion of the larvae of the
Protaetia brevitarsis into the residual film recycling mixture of
farmland is still in the primary stage, and the parameters of the
discrete element simulation model are extremely scarce. Therefore,
on the basis of a large number of experiments, referring to relevant
literature, the parameters of the simulation model of the Protaetia
brevitarsis larvae-frass mixture are determined as listed in Table 5.

Table 5 Discrete element simulation test factors and level

Symbols of Factor Level

factors -1 0 1
A Poisson’s ratio of frass 01 03 05
B Poisson’s ratio of larvae 02 03 04
C Shear modulus of frass/ MPa 1 5 10
D Shear modulus of larvae/ MPa 8 11 14
E Static friction coefficient of frass-frass 0.1 0.55 1
F Rolling friction coefficient of frass-frass 0.05 0.35 0.65
G Collision recovery coefficient of frass-frass 0.1 0.35 0.6
H Static friction coefficient of frass-larvae 03 06 09
J Rolling friction coefficient of frass-larvae 02 05 08
K Collision recovery coefficient of frass-larvae 0.1 0.25 0.4
L Larval-larvae static friction coefficient 04 05 06
M Larval-larvae rolling friction coefficient 03 04 05
N JKR surface energy of larvae/J-m? 0.05 0.35 0.65
o JKR surface energy of frass/J-m? 0 0.1 02
P JKR surface energy of frass-larvae/J-m? 0.1 04 07

The scheme and results of Plackett-Burman test are listed in
Table 6. The data in Table 6 were analyzed using Design-Expertl1
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software, the Pareto diagram is shown in Figure 11. It can be seen
from the Pareto chart that the effect of five factors on the repose
angle is negative, that is, the repose angle increases with the
decrease of the factor value, The five factors are: Shear modulus of
frass (C), collision recovery coefficient of frass-frass (G), rolling
friction coefficient of frass-larvae (J), collision recovery coefficient
of frass-larvae (K), static friction coefficient of larvae-larvae (L),
The effect of the remaining 12 factors on the repose angle is
positive. The four factors that have a significant effect on the repose
angle (p<0.05) are as follows: the Poisson’s ratio of the frass (4),
the rolling friction coefficient of the frass-frass (F), the JKR surface
energy of the frass (0), and the JKR surface energy of the frass-
larvae (P). It can be seen from Table 7, the total contribution rate of
the four factors that have a significant impact on the repose angle is
86.95%. In particular, the surface energy (O) of frass JKR
contributes 59.52% to the repose angle. It can be judged from the
data that the moisture content of frass has the greatest impact on the
repose angle.

Table 6 Plackett-Burman test protocol and results
Serial Factor Repose
No. 4w BCDEVFGHJKLMNO P Q angl/)
1 1-1-1r1 11 1-11-11---1-1 2652
-1 1 1 -1-111 -1 1 -11-1-1-1 1721
111 1-1-11 -1 1 -1 1 -1-1 3259

—_ = =

1

2

3 1

4 11 -11 1 -1-1 11 -11-11 -1 2856
5 -111-111-1-1 11 1 -11-11 2922
6 -1-111-111-1-11111-11+-1 2129
7 -1-1-11 1-111-1-11111-11 2803
8 -1-1-1-11 1 -111-1-11 1 1 1 -1 3828
9 1 -1-1-1-111-111-1-111 1 1 3518
o -11-1-1-1-111-111-1-11 11 2879
11 1 -1r1-1-1-1-1r11-111-1-11 1 2327
2 -11-11-1-1-1-111-111=-1-11 2004

B3 1-11-11-1-1-1-111--111-1-1 3035
4 11 -11-11-1-1-1-111-111-1 4005
5 11 1-11-11-1-1-1-111-111 2766
6 111 1-11-11-1-1-1-111--11 3711
7 -11 11 1-11-11-1-1-1-111-1 2948
8 -1-11 11 1-11-11-1-1-1-111 239
9 1 -1-11111-11-11-1-1-1-11 2502
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Figure 11 Pareto chart of Plackett-Burman experiment

Table 7 Significance analysis of the Plackett-Burman
test parameters

Factor E;Erzz Sé?fl,:::i Contribution/% F-value  p-value Salli].?cy
Model  763.97 \ - 16.86 0.0072 -
A 131.17 5.12 16.68 4343 0.0027** 2
B 3.10 0.79 0.395 1.03 0.3680 12
C 14.65 -1.71 1.86 4.85 0.0924 7
D 5.90 1.09 0.75 1.95 0.2349 10
E 8.14 1.28 1.04 2.70 0.1760
F 34.53 2.63 4.39 11.43  0.0278* 4
G 15.95 -1.79 2.03 5.28 0.0831
H 2.62 0.72 0.33 0.8676  0.4043 13
J 0.69 -0.37 0.09 0.2266  0.6589 15
K 3.53 —-0.84 0.45 1.17 0.3406 11
L 15.88 -1.78 2.02 5.26 0.0836
M 7.81 1.25 0.99 2.59 0.1831 9
N 1.81 0.60 0.23 0.5999  0.4819 14
o 468.12 9.68 59.52 154.97  0.0002** 1
P 50.05 3.16 6.36 16.57  0.0152* 3

Note: * indicates a significant impact (0.01<p<0.05) ; ** indicates that the effect
is extremely significant (p<0.01).

5.2 Steepest ascent experiment

According to the significance test results of Plackett-Burman
test, combined with the significance of each factor and the order of
contribution rate, four parameters that have a significant effect on
the repose angle are selected: the Poisson’s ratio of frass (4), the
rolling friction coefficient of frass-frass (), the JKR surface energy
of frass (O), and the JKR surface energy of frass-larvae (P). The
relative error of the repose angle between the physical experiment
and the simulation experiment was used as the evaluation index to
carry out the steepest climbing test. In the simulation parameter
setting, the parameters with small contribution rate to the repose
angle are taken as the intermediate level values, namely, the Poisson’s
ratio of larvae (B) 0.3, the shear modulus of frass (C) 5 MPa, the
shear modulus of larvae (D) 11 MPa, the static friction coefficient
of frass-frass (E) 0.55, the collision recovery coefficient of frass-
frass (G) 0.35, the static friction coefficient of frass-larvae (H) 0.6,
the rolling friction coefficient of frass-larvae (J) 0.5, the collision
recovery coefficient of frass-larvae (K) 0.25, the static friction
coefficient of larvae-larvae (L) 0.5, the rolling friction coefficient of
larvae-larvae (M) 0.4, and the surface energy of larvae JKR (N)
0.35 J/m*. The test scheme and results are shown in Table 8. The
relative error Y between the simulated repose angle a; and the
actual repose angle a can be calculated by Equation (11).

_ e —al

Y

(11)

a

Table 8 Test scheme and results of the steepest climbing slope

Serial No. 4 F o P Repose angle/(°) Relative error/(%)

1 0.10 005 0 0.10 25.31 8.53
2 0.20 020 0.05 0.25 25.81 6.72
3 0.30 035 0.10 0.40 28.39 2.60
4 0.40 050 0.15 0.55 30.97 11.93
5 0.50 0.65 0.20 0.70 33.10 19.63

The results show that with the increase of Poisson’s ratio of
frass (4), the rolling friction coefficient of frass-frass (), the JKR
surface energy of frass (O) and the JKR surface energy of frass-
larvae (P), the simulation repose angle of the mixture of Protaetia
brevitarsis larvae-frass increases continuously, and the relative error
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between the simulation test repose angle and the physical test
repose angle decreases first and then increases. In particular, the
relative error of the repose angle of the third group of tests is the
smallest. Therefore, the third group of test parameter values was
selected as the intermediate level, and the second group and the
fourth group of tests are used as low and high levels respectively for
subsequent Box-Behnken tests. The parameter levels are listed in
Table 9.

Table 9 Parameter level table

Factor
Level
A F o P
-1 0.20 0.20 0.05 0.25
0 0.30 0.35 0.10 0.40
1 0.40 0.50 0.15 0.55

5.3 Box-Behnken test

According to the results of the steepest climbing test, Design-
Expertl1 was used to design the response surface test of four factors
and three levels, a total of 29 groups of tests were carried out,
including 5 repeated tests at the intermediate level. The test design
and results are listed in Table 10. The Box-Behnken test was
subjected to multiple regression fitting analysis, and the second-
order regression equation between the repose angle and the four
factors was obtained as follows.

R =29.56+0.1325A + 0.8642F + 1.860 +0.7008 P+
0.5175AF +0.1650A0 — 0.2550AP +0.5625F O+
0.6025F P —0.38500P — 0.3050A> —0.9375F*—

0.95250" - 0.7525P (12)

The results of the analysis of variance of the quadratic
regression model are listed in Table 11, and the regression model
p<0.0001. It can be seen that the relationship between the quadratic
regression equation obtained from the test and the repose angle is
very significant. The loss of fit term p=0.3551>0.05, it can be seen
that the loss of fit term is not significant compared with the pure
error, that is, the fitting is better. The determination coefficient
R=0.9834, the correction determination coefficient R, = 0.9668,
both greater than 0.95 close to 1, the precision of the test is 28.3703,
and the coefficient of variation is CV=1.04%. It can be seen that the
accuracy of the regression model is high. It can be seen from the F
value of the model that the influence of the four factors on the
repose angle from small to large is the Poisson’s ratio of the frass
(4), the surface energy of the frass-larvae JKR (P), the rolling
friction coefficient of the frass-frass (F), the surface energy of
the frass JKR (O). From the P value of the model, it can be seen that
F, O, P, AF, FO, FP, F*, O* and P* have a very significant effect
on the repose angle, OP and A’ have a significant effect on the
repose angle, and A, AO and AP have no significant effect on the
repose angle.

By removing the items (4, AO, AP) that have no significant
effect on the repose angle, the quadratic regression model is
optimized. The variance analysis of the optimized quadratic
regression model is shown in Table 12. The test precision=28.7745
is improved compared with that before optimization, and the
credibility of the model is further increased. The optimized second-
order regression equation is:

R =29.56+0.8642F +1.85920 + 0.7008P + 0.5175AF +
0.5625F0 +0.6025F P —0.3850P — 0.305A—
0.9375F*-0.95250* - 0.7275P* 13)

Table 10 Design and results of the Box-Behnken test

Factor
Serial No. r 0 » Repose angle/(°)
1 0 1 0 1 30.47
2 -1 -1 0 0 27.93
3 0 1 1 0 30.54
4 1 0 -1 0 26.25
5 0 0 1 -1 29.51
6 0 0 0 0 29.32
7 0 0 -1 -1 25.02
8 1 1 0 0 29.83
9 0 0 0 0 29.48
10 -1 0 1 0 29.95
11 1 0 1 0 30.59
12 0 1 0 -1 27.54
13 0 0 -1 1 27.11
14 0 1 -1 0 25.99
15 -1 1 0 0 28.58
16 1 0 0 1 28.98
17 0 -1 0 -1 26.45
18 -1 1 0 28.21
19 -1 0 0 -1 27.55
20 1 0 -1 28.33
21 1 -1 0 0 27.11
22 0 0 1 1 30.06
23 -1 0 1 29.22
24 0 -1 0 1 26.97
25 -1 -1 0 2591
26 0 0 0 0 29.84
27 -1 0 -1 0 26.27
28 0 0 29.81
29 0 0 0 29.35

Table 11 ANOVA with quadratic regression models for
Box-Behnken trials

Source Sum of squares  df  Meansquare  F-value p-value

Model 72.32 14 5.17 59.32 <0.0001**
A 0.2107 1 0.2107 2.42 0.1421

F 8.96 1 8.96 102.92  <0.0001**

o 41.48 1 41.48 47635  <0.0001**

P 5.89 1 5.89 67.69 <0.0001**

AF 1.07 1 1.07 12.30 0.0035%*
AO 0.1089 1 0.1089 1.25 0.2823
AP 0.2601 1 0.2601 2.99 0.1059

FO 1.27 1 1.27 14.53 0.0019%**

FP 1.45 1 1.45 16.68 0.0011%*
OP 0.5929 1 0.5929 6.81 0.0206*
A4 0.6034 1 0.6034 6.93 0.0197*

F 5.70 1 5.70 65.47 <0.0001**

o 5.88 1 5.88 67.58 <0.0001**

P 3.43 1 3.43 39.43 <0.0001**

Residual 1.22 14 0.0871
Lack of fit 0.9701 10 0.0970 1.56 0.3551
Pure error 0.2490 4 0.0622
Cor total 73.53 28

Note: * indicates a significant impact (0.01<p<0.05); ** indicates that the effect
is extremely significant (p<0.01).
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Table 12 Analysis of variance by optimizing the quadratic
regression model for Box-Behnken trials

Source Sum of squares  df Meansquare F-value p-value
Model 71.74 11 6.52 61.64 <0.0001**
F 8.96 1 8.96 84.70 <0.0001**
o 41.48 1 41.48 392.01  <0.0001%**
P 5.89 1 5.89 55.71 <0.0001**
AF 1.07 1 1.07 10.12 0.0055%*
FO 1.27 1 1.27 11.96 0.0030%**
FP 1.45 1 1.45 13.72 0.0018**
OP 0.5929 1 0.5929 5.60 0.0301*
A 0.6034 1 0.6034 5.70 0.0288*
F 5.70 1 5.70 53.88 <0.0001**
o 5.88 1 5.88 55.62 <0.0001**
P 343 1 3.43 32.45 <0.0001**
Residual 1.80 17 0.1058
Lack of fit 1.55 13 0.1192 1.92 0.2787
Pure error 0.2490 4 0.0622
Cor total 73.53 28

Note: * indicates a significant impact (0.01<p<0.05); ** indicates that the effect
is extremely significant (p<0.01).

Repose angle/(°)

-1.0 -1.0

a. Poisson's ratio (A) with rolling friction coefficient (F)

Repose angle/(°)

-1.0 -1.0

c. Surface energy (P) with rolling friction coefficient (F)

5.4 Interaction effect analysis of quadratic regression model

In this paper, the Design-Expertl1 software was used to draw
the response surface of the four-factor interaction repose angle, and
the influence of the interaction between factors on the repose angle
is further analyzed, as shown in Figure 12. It can be seen from
Figure 12a, Compared with the Poisson’s ratio (4) response surface
curve of frass, there is no obvious fluctuation, and the response
surface curve of the rolling friction coefficient (F) of frass-frass is
slightly steeper, indicating that it has a more significant effect on
the repose angle; It can be seen from Figure 12b, Compared with
the rolling friction coefficient (F) of the frass-frass, the JKR surface
energy (O) response surface curve of the frass is steeper, indicating
that it has a more significant effect on the repose angle; It can be
seen from Figure 12c¢, The response surface is a convex surface,
indicating that the rolling friction coefficient (F) of the frass-frass
and the surface energy (P) of the frass-larvae JKR have basically
the same effect on the repose angle; It can be seen from Figure 12d,
Compared with the surface energy (P) of frass-larvae JKR, the
response surface curve of the surface energy (O) of frass JKR
is steeper, indicating that it has a more significant effect on the
repose angle.

Repose angle/(°)

-1.0 -1.0
b. JKR surface energy (O) with rolling friction coefficient (F)

Repose angle/(°)

-1.0 -1.0
d. Surface energy (P) with JKR surface energy (O)

Figure 12 Response surface of factors interaction

5.5 Parameter optimization and repose angle test verification
Parameters were optimized through the Numerical module in
Design-Expertl1 software®”. The regression equation was solved
with the physical test repose angle of 27.67° as the goal, a set of
parameter combinations closest to the target value were obtained,

As shown in Figure 13. Poisson’s ratio (4) of frass was 0.290, the
rolling friction coefficient (F) of frass-frass was 0.226, the JKR
surface energy (O) of frass was 0.083, and the JKR surface energy
(P) of frass-larvae was 0.425. The remaining non-significant
parameters were averaged. In order to verify the true reliability of
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the discrete element simulation, the optimized parameters were
selected for three simulation tests, and the repose angle were 28.67°,
27.35° and 28.21°, respectively. The average value was 28.08°, and
the relative error of the repose angle with the physical test was
1.48%, which verified the true reliability of the discrete element
simulation. The test comparison is shown in Figure 14.

1

0.2 0.4
A=0.28972

I
0.2 0.5

F=0.226006

J' e g 7“—‘ 4[ s &

0.05 0.15 | 0.25 0.55
0=0.0826271 P=0.424946
1
- ‘ Desirability=1.000
25.02 30.59 | Solution 81 out of 100
R1=27.6822

Figure 13  Optimization Results

Simulation

ke

Physical

Figure 14 Comparison between simulation test and physical test

5.6 Screening test verification

The main moving parts (Figure 15) of the material screening
prototype were modeled based on the structural parameters of the
material screening prototype. Imported the model into the EDEM
software and set its material to Q235 steel. When conducting a
screening simulation test (Figure 16), the physical parameters of
particles and contact materials were set according to the previously
determined values. In order to reduce simulation time, the total set
material was 2 kg (frass 1.8 kg, larvae 0.2 kg). The feeding speed
was set to 2 kg/s, the rotation speed of the trommel screen was set to
6 r/min, the angle was set to 2°.

Screening device

The main components

Figure 15 Material screening device

Dynamic factory Spiral blade
Larvae P

Trommel screen
Feass o

Figure 16 Material screening simulation test

During the real material screening test, it was found that 2 kg of
material can be screened in only about 13 s. Therefore, set the
simulation time to 15 s. Considering the existence of random errors,
a total of 5 material screening tests were conducted®. Count and
record the time it takes to screen 2 kg of material each time and
calculate its relative error. The data comparison between the
simulation test and the physical test is listed in Table 13. The
maximum relative error between the physical value and the
simulation value of the frass screening completion time does not
exceed 5%, indicating that the calibration parameters are relatively
accurate. It can provide help for the device design of the
transportation and separation of Protaetia brevitarsis larvae and
frass.

Table 13 Comparison of simulation and physical experiments
Number of trials 1 2 3 4 5
Simulation screening time/s 12.7 13.3 13.2 133 12.5
Physical screening time/s 13.2 13.6 12.8 135 12.8
Relative error 3.79 222 3.13 1.48 2.34

6 Conclusions

This article used high-speed camera technology and physical
test methods such as inclined planes, free-fall collisions, and
suspension collisions to determine the specific values of some
friction coefficients and recovery coefficients. For parameters that
are difficult to determine using physical experiments, this article
determines their value ranges by reviewing the literature. The
repose angle of the Protaetia brevitarsis larvae-frass mixture was
measured using a universal testing machine. Used the repose angle
as the response value, the Plackett-Burman test, the steepest climb
test and the Box-Behnken response surface analysis test were used
to significantly analyze, screen and optimize the physical
parameters of the Protactia brevitarsis larvae-frass mixture. A
repose angle simulation model was established with optimized
parameters and compared with the physical test repose angle to
verify the accuracy of the calibrated parameters. Processed and
produced a prototype for material screening after the white star
beetle larvae transform the residual film mixture. Processed and
produced a prototype for screening materials after Protaetia
brevitarsis larvae transform residual film mixture, the main moving
parts were selected to build a discrete element simulation model for
screening materials. It was compared with the screening test of the
physical prototype to ensure that the calibrated parameters can
simulate the real screening situation. The specific conclusions of
this study are as follows:

(1) Plackett-Burman test results show that: Poisson’s ratio of
frass (4), the rolling friction coefficient of frass-frass (F), the JKR
surface energy of frass (O) and the JKR surface energy of frass-
larvae (P) of larvae-frass has a significant influence on the repose
angle of the Protaetia brevitarsis larvae-frass mixture, the other
parameters have no significant impact on the repose angle.

(2) The steepest climbing test and Box-Behnken response
surface analysis test results show that: The repose angle regression
model established in this article has good precision and accuracy.
The optimal parameter combination of the Protaetia brevitarsis
larvae-frass mixture is Poisson ’s ratio (4) of frass is 0.290, Rolling
friction coefficient (F) of frass-frass is 0.226, The JKR surface
energy (O) of frass is 0.083, the JKR surface energy (P) of frass-
larvae is 0.425, the remaining non-significant parameters are
averaged.
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(3) The repose angle comparison test shows that: The relative
error between the simulated repose angle and the physical repose
angle is 1.48%, it shows that the calibrated parameter values are
highly accurate and can be used to simulate real screening
situations.

(4) Screening comparison tests show that: The screening status
of the simulation test and the physical test are close, it can be used
for subsequent kinematics and dynamics simulation analysis of the
material screening process after the Protaetia brevitarsis larvae
transforms the residual film mixture.

In summary, this study used the straw-eating characteristics of
Protaetia brevitarsis larvae to solve the problem of difficult
separation of film stalks after mechanical recycling of residual film,
hope to find a new way out for the current situation of difficult

residual film mixture separation. The determination of the

parameter values of the Protaetia brevitarsis larvae-frass mixture
simulation model will provide a reference for the movement status
of subsequent material transportation and separation links in this
research direction.
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