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Abstract: The conversion of pig manure into organic fertilizer has become a research hotspot in
agricultural engineering, and many types of pig manure processing machinery have been derived.
The discrete element method (DEM) can be used in the research of pig manure processing machinery
to study the interaction between pig manure and machinery, which makes the research more
direct and accurate. In order to introduce the discrete element method into the research of pig
manure processing machinery, a reliable parameter basis for discrete element simulation is necessary,
taking the angle of repose (AoR) as the reference and based on the hertz-mindlin with JKR contact
model and Plackett-Burman experiment design. Three parameters with significant influence on the
AoR are screened out from nine parameters related to pig manure. By conducting Box-Behnken
experiment design, the quadratic polynomial regression equation between the AoR and three
significant parameters is established. According to the parameters predicted by the quadratic
polynomial regression equation, the discrete element simulation of AoR is conducted. The simulation
result of AoR (38.54°) is close to the experimental result (38.65°) with a relative error of 0.28%,
indicating that the regression equation can predict the relevant parameters of pig manure according
to the AoR.
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1. Introduction

With the development of animal husbandry and large-scale pig breeding, pig manure emission
density has increased in recent years. A large amount of pig manure seriously affects the air quality of
pig houses and the health of pigs. In addition, it was discharged directly causing pollution to the human
living environment, i.e., the atmosphere, soil, and water [1]. To treat the pollution and recycle pig
manure, pig manure processing machinery has gradually become a research hotspot [2-4]. However,
the current research on pig manure processing machinery is not comprehensive. For instance, in the
study of pig manure fermenting machine, the finite element method simulation is used to study the
fermenting condition of pig manure [5], but the finite element method can only study the temperature
of fermenting machine. Indeed, the temperature of pig manure cannot be studied directly because it
may reduce the accuracy of simulation. For another example, in the study of the equipment for drying
pig manure, it is also difficult to study the drying degree and the motion curve of pig manure [6].
Taking the discrete element method (DEM) as the study method, it can directly simulate the speed,
force, temperature, and motion curve of pig manure, making the research more direct and intuitive. In
order to introduce the discrete element method into the relevant research of pig manure processing
machinery, the first step is to calibrate the discrete element parameters of pig manure, which provides
a research idea and the parameter basis of DEM for the research of pig manure processing machinery.
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As a typical discrete material, pig manure is suitable for DEM research. Considering the wet and
viscous characteristics of pig manure, JKR contact model is suitable for the simulation study of pig
manure. JKR particle contact model, proposed by Johnson et al. [7], introduced the concept of Surface
energy between particles. It is applicable to simulate Van der Waals’ force between micro particles or
cohesion between wet particles. Since the JKR contact model is proposed, it has been introduced into
the simulation study of different kinds of particles by researchers, and the simulation results of these
studies are consistent with the experimental results, such as the discrete element model parameter
calibration for cohesive soils [8], the study on mechanical drag reduction in paddy field operation [9],
discrete element parameter calibration of vermicomposting nursery substrate [10], simulation and
experiment of spin-jet lotus root excavator [11], simulation and experiment of mixing efficiency of a
concrete ribbon mixer [12] etc.

Angle of repose (AoR) refers to the slope of a material accumulation body when material is
naturally accumulated. Since the formation and value of AoR are closely related to the property
parameters of materials, AoR is frequently used as the evaluation index of parameter calibration test
to represent the contact mechanical behavior of materials [13-17]. As a viscous and wet material,
pig manure shows its contact mechanical parameters change with the change of water content, and
which can be reflected by the change of AoR. Thus, with water content as the medium, the change
of AoR can reflect the change of contact parameters of pig manure, and finally realize the discrete
element parameters calibration of pig manure. In this paper, based on the literature of discrete element
parameter calibration, combining with the contour of a pig manure accumulation body, a discrete
element parameter calibration method based on the AoR is proposed. With JKR particle contact model,
the discrete element parameters are calibrated.

2. Materials and Methods

2.1. Material of Pig Manure Accumulating Experiment

In pig manure accumulating experiment, the pig manure was taken from Yonghui pig farm in
Jiangxi Province of China, the pigs were hybrid sows, the average weight of pig was about 200 kg, and
the feed was mixed feed for pregnant sow.

In this research, Minitab 2016 was used to carry out the Plackett-Burman experiment design and
Box-Behnken experiment design. Then, EDEM 2.7, the discrete element simulation software, was
used to simulate the parameters in the table of experiment design. So, the simulation result of AoR
was obtained.

2.2. Experimental Equipment

By referring to several widely used material accumulating methods, combining with the
characteristics of large particles and viscosity of pig manure, the hollow barrel method is selected to be
the accumulating method of this experiment. Hollow barrel method refers to that the materials are
filled in a hollow barrel, with the hollow barrel lifting with uniform speed, the material free fall to form
the AoR. The experimental equipment is shown in Figure 1. The barrel is made of 304 stainless steel,
with a diameter of 0.5 m, a thickness of 2 mm and a height of 0.5 m. The hollow barrel is connected by
a rope to the lower end of the electric drive pusher, and that is fixed to the bracket to keep it vertical.
Then, when the electric drive pusher is switched on, the hollow barrel rises at a uniform speed of
45 mm/s until all pig manure is naturally accumulated on the horizontal steel plate. The camera is
placed in a horizontal position to take pictures of the pig manure accumulation body, which is used to
extract the value of AoR.
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Figure 1. Equipment.

2.3. Experimental Equipment Model and Particle Model

By contrasting the experimental equipment, the simplified experimental equipment model is
shown in Figure 2. Only the hollow barrel model and the horizontal steel plate model are retained.
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Figure 2. Equipment model.

To improve the simulation accuracy, the appearance of particle model must be close to the real
material. The particle model of pig manure is shown in Figure 3. Through observation, pig manure can
be roughly divided into the following four shapes: cuboid, rectangular pyramid (RP), right rectangular
pyramid (RRP), and triangular pyramid (TP). Also, according to the size of pig manure, it is divided
into three sizes: large particles (30—40 mm, LP), medium particles (20 mm-30 mm, MP) and small
particles (10-20 mm, SP). Randomly taking part of the pig manure as the sample, the digital Vernier
caliper is used to measure the size of pig manure. Three hundred pig manure particles of each size
are selected for shape distinction and external size measurement, and the weight of each shape and
size of pig manure particles is recorded to obtain the proportion of different shapes and sizes of pig
manure in the population. For the pig manure of the same shape and size, its geometric dimensions are
averaged to represent all the pig manure under the same shape and size level. The weight distribution
of pig manure of different shapes and sizes is shown in Table 1, and the average size of pig manure of
different shapes and sizes is shown in Table 2.
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Figure 3. Four different shapes of pig manure and its particle models.
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Table 1. Distribution table of pig manure (weight ratio).
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Shape
Cuboid RP RRP TP
Size
LP 6.99% 18.16% 17.24% 11.55%
MP 3.40% 8.84% 8.39% 5.62%
SP 2.57% 6.67% 6.33% 4.24%
Table 2. Mean size table of pig manure (unit: mm).
Shape Cuboid RP RRP TP
Size (L, W, H) (L, W, HoP, T) (L, W, HoP, T) (L, HoP, T)
LP 36.63,27.81, 36.00, 28.85, 24.89, 36.29, 27.80, 36.88, 31.09,
16.16 19.54 23.65,17.37 23.67
MP 25.53,21.94, 25.87,20.64, 16.59, 25.63,20.39, 24.93,21.60,
12.88 12.54 16.39, 11.67 16.89
Sp 14.32,10.99, 14.71,11.64,10.19, 15.45,12.02, 13.59,11.07,
6.69 7.52 9.93, 6.66 8.42

The meaning of codes: RP (rectangular pyramid), RRP (right rectangular pyramid), TP (triangular
pyramid).

In Table 2, the cuboid has three parameters, L, W, and H which denote length, width, and height of
cuboidal pig manure, respectively. Four parameters (L, W, HoP, T) are to be measured for establishing
a pig manure particle model shaping like a rectangular pyramid (RP). L and W mean the length and
width of the base of RP. HoP and T mean the height of pyramid and thickness of the base of RP, as
shown in Figure 4. The meaning of RRP (L, W, HoP, T) and TP (L, HoP, T) is similarly to RP (L, W, HoP,
T), and they are not described in this article.

The experimental results are shown in Figure 5. To ensure the efficiency and accuracy of the
simulation, the time step is set to be 10% of the Rayleigh time step. The mesh size is two times of the
minimum particle radius. The time of simulation is set to 60 s to ensure the complete formation of AoR.

Figure 5. Image of accumulation body.

2.4. Method for Measuring AoR

Observing the image of accumulation body, the contour lines at both ends of the accumulation
body are approximately concave curve, and the contour lines in the middle are approximately convex
curve. According to this characteristic of pig manure accumulation body, by referring to the calibration
method of AoR of vermicomposting nursery substrate [10], gaussian distribution is used to fit the
contour of pig manure accumulation body. The gaussian distribution curve at the inflection point
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is close to a straight line. After fitting, the tangent line at the inflection point is found, and the
angle between the tangent line and the horizontal line is taken as AoR. The specific method is as
follows: Photoshop cs5 is used to extract the image of the accumulation body from the image of
experimental result, as shown in the Figures 6 and 7. Then Matlab 2015b is used to grayscale the image
of accumulation body, as shown in Figure 8. Then the binary image is carried out from the grayscale
image, as shown in Figure 9. After that, Photoshop cs5 is used again to extract the contour curve of
the accumulation body from the binary image, as shown in Figure 10. Finally, Digitizer, a picture
processing tool of Origin 2018, is used to obtain the coordinate points of contour curve, and gaussian
distribution curve is used to fit the contour curve of accumulation body, as shown in Figure 11. The
first and second derivatives of the gaussian distribution function are taken to determine the coordinates
of the inflection point, the slope of the tangent line at the inflection point and the value of AoR. In order
to unify the measurement method of AoR, this method is used to measure the AoR in the discrete
element simulation of the pig manure accumulating experiment.

Figure 6. Experimental result.

Figure 7. The accumulation body.

Figure 8. Grayscale image.

Figure 9. Binary image.

Figure 10. Contour curve of the accumulation body.
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Figure 11. The fitting result of gaussian distribution function.

The general equation of the Gaussian distribution is Equation (1), in which yo, A, w, x, are

all constant. .
A ) (x=xc)
f(x) =yo+ — w? (1)

2

According to the method of extracting AoR of vermicomposting nursery substrate accumulation
body, the calculation formula of AoR is as follows:

@

6 = arctan

w? V2en

According to Origin, the fitting results of the contour curve of the accumulation body are as
follows: yy = —26.65509, x, = 582.89207, w = 511.99708, A = 216464.37203. According to the fitting
result, R-Square (COD), the determining coefficient of the fitting curve generated by Origin, is 0.98496.
The correction determination coefficient which is named Adj. R-Square, is 0.98477. It shows that the
gaussian distribution function has a good fitting effect on the curve of accumulation body. By taking
the fitting results into the Equation (2) for calculating AoR, the AoR of pig manure at the water content
of 57.29% is 38.65°.

2.5. Experimental Design of Discrete Element Parameter Optimization Calibration

Currently, the research on DEM of pig manure is not enough, especially in the literature of discrete
element parameter calibration of pig manure. Considering that the physical characteristics of pig
manure and soil are relatively similar, reference can be made to the literature on the calibration of
discrete element parameters of soil. By referring to the discrete element parameter calibration literature
of soil [8,10,18-34], the value range of each parameter in the experiment design of discrete element
parameter optimization calibration is determined, as shown in the Table 3. Other parameters are as
follows: the Poisson’s ratio of steel is 0.3, the shear modulus of steel 7.9 x 1010 Pa, the density of steel
7850 kg/mS, and the gravitational acceleration 9.81 m/sZ.

Table 3. Discrete element parameter level.

Parameters Code Low Level High Level
Particle poisson’s ratio A 0.2 0.5
Particle shear modulus/Mpa B 1 15
Particle collision recovery coefficient C 0.1 0.6
Particle—particle static friction coefficient D 0.2 1.16
Particle—particle rolling friction coefficient E 0.1 0.5
Particle—steel collision recovery coefficient F 0.1 0.6
Particle—steel static friction coefficient G 0.2 0.6
Particle—steel rolling friction coefficient H 0.04 0.4
JKR surface energy/ (]/m3) 1 3.5 10.5

Considering that there are many parameters involved in the calibration, with the AoR as the
target value, the Plackett-Burman experiment design is carried out to screen out the three factors that
have the most significant influence on AoR. Then Box—Behnken experiment design is carried out to
establish the regression model between three significant parameters and AoR.



AgriEngineering 2020, 2 373

3. Results and Analysis

3.1. Plackett-Burman Experiment Design

The experiment design results of simulations are shown in Table 4. In Table 4, the meaning of each
alphabet character is shown below: A for particle Poisson’s ratio, B for particle shear modulus/Mpa,
C for particle collision recovery coefficient, D for particle-particle static friction coefficient, E for
particle—particle rolling friction coefficient, F for particle-steel collision recovery coefficient, G for
particle—steel static friction coefficient, H for particle-steel rolling friction coefficient, I for JKR surface
energy/(]/m3), and ] for AoR/(°).

Table 4. Plackett-Burman experiment design.

Serial Number A B C D E F G H I J

1 05 10 06 02 01 01 06 04 105 8930
2 05 15 01 116 01 01 02 04 105 8845
3 02 15 06 02 05 01 02 004 105 89.50
4 05 10 06 116 01 06 02 004 35 90.00
5 05 15 01 116 05 01 06 004 35 3284
6 05 15 06 02 05 06 02 04 35 8850
7 02 15 06 116 01 06 06 004 105 8790
8 02 10 06 116 05 01 06 04 35 5269
9 02 10 01 116 05 06 02 04 105 64.40
10 05 10 01 02 05 06 06 004 105 5425
11 02 15 01 02 01 06 06 04 35 8815
12 02 10 01 02 01 01 02 004 35 8980

Minitab is used again to conduct significance analysis on the experiment design result, and the
analysis results are shown in Table 5. According to Table 5, the three factors that have the most
significant influence on AoR are particle-particle coefficient of static friction, particle—particle coefficient
of rolling friction, and the particle—steel static friction coefficient.

Table 5. Significance analysis of Plackett-Burman experiment design parameters.

Model Variable Effect Coefficient p
Constant term 76.315 0.000
A —4.850 —2.425 0.083
B 5.817 2.908 0.060
C 13.333 6.667 0.012
D -13.870 —6.935 0.011
E -25.237 -12.618 0.003
F 5.103 2.552 0.076
G —-17.587 —-8.793 0.007
H 4.533 2.267 0.094
I 5.303 2.652 0.071

3.2. Box-Behnken Experiment Design

According to the three significant factors from the Plackett-Burman experiment design, the
Box-Behnken experiment design is carried out. By observing the simulation results of Table 4, a lot of
simulation results are found more than 80°. To ensure the accuracy of the prediction of the regression
equation, the target value (38.65°) should be within the range of the results of Box-Behnken test.
Thus, for non-significant parameters, among the non-significant of positive factors, low level ones
are taken. For non-significant parameters, among the non-significant of negative factors, high level
ones are taken [35]. Finally, the quadratic polynomial regression equation of AoR and three significant
parameters is established. The data of each group in Box-Behnken experiment design are imported
into EDEM for simulating AoR. The results of experiment design are shown in Table 6.
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Table 6. Box-Behnken experiment design.

Serial Number a b c AoR/(°)
1 0.1 0.2 0.68 87.90
2 0.5 0.2 0.68 28.63
3 0.1 0.6 0.68 89.10
4 0.5 0.6 0.68 23.64
5 0.1 0.4 0.2 88.10
6 0.5 0.4 0.2 46.77
7 0.1 0.4 1.16 89.80
8 0.5 0.4 1.16 36.36
9 0.3 0.2 0.2 85.30
10 0.3 0.6 0.2 47.47
11 0.3 0.2 1.16 31.34
12 0.3 0.6 1.16 36.34
13 0.3 04 0.68 33.70
14 0.3 0.4 0.68 35.49
15 0.3 0.4 0.68 34.09

Minitab is used to analyze the test results and establish the quadratic polynomial regression
equation between the AoR and particle—particle rolling friction coefficient (a), particle—steel static
friction coefficient (b) and particle—particle static friction coefficient (c). The quadratic polynomial
regression equation is as shown in Equation (3).

0 = 199.1 — 386a — 165b — 124.1c + 475a> + 97b? + 51.3¢> — 39ab — 31.5ac + 111.5bc 3)

In Equation (3), 8 means AoR, and R?, the determination coefficient of the regression equation, is
0.9367. Ri g the correction determination coefficient of the regression equation, is 0.8226. The analysis
of variance is carried out for the quadratic polynomial regression equation. The results of variance
analysis are shown in Table 7. The p value of the regression equation is 0.016, and the p value of the
lack-of-fit is 0.004. In summary, the regression equation fits well and has high reliability, so it can be
used to predict AoR.

Table 7. Analysis of variance of quadratic polynomial regression model of Box-Behnken test.

Source DOF SSAdj MSAdJj F p
Model 9 9119.55 1013.28 8.22 0.016
Linear 3 6870.96 2290.32 18.57 0.004
a 1 6022.53 6022.53 48.83 0.001
b 1 167.63 167.63 1.36 0.296
c 1 680.81 680.81 5.52 0.066
Square 3 1743.74 581.25 471 0.064
a2 1 1335.44 1335.44 10.83 0.022
b2 1 55.38 55.38 0.45 0.533
? 1 515.24 515.24 418 0.096
2-way interaction 3 504.84 168.28 1.36 0.354
ab 1 9.58 9.58 0.08 0.792
ac 1 36.66 36.66 0.30 0.609
bc 1 458.60 458.60 3.72 0.112
Error 5 616.95 123.35
Lack-of-fit 3 614.95 204.98 231.35 0.004
Pure error 2 1.77 0.89
Total 14 9736.28

The meaning of DOF, SSAdj, MSAdj is shown below: DOF (degree of freedom), SSAdj (sum of squares, adjusted),
MSAdj (mean sum of squares, adjusted).
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To verify the validity of the regression equation, the measured AoR value of 38.65° is taken as
the target value. By using Minitab’s response optimizer tool, the optimal solution is found under
the condition that the value range of factors is not limited. Five groups of solutions with the highest
prediction accuracy are obtained. The solution with the most accurate prediction is selected as the
optimal solution from the five groups of solutions. The optimization solution is imported into EDEM
for the simulation of pig manure accumulating experiment. The simulation result is 38.54°, which
is close to the experimental result, and the relative error is 0.28%. The simulation results and actual
accumulation body images are shown in Figures 12 and 13. Since there is little difference between the
simulation results and the experimental results, the regression equation is considered to be effective.

pr .

Figure 12. Measured AoR 38.65°

Figure 13. Simulation result 38.54°

In this study, the density of pig manure was 760 kg/m?, and the bulk density was 550 kg/m?, and
the total weight of pig manure is 23.1 kg. After experiment, four pieces of pig manure are randomly
selected to test the water content, and the water content are 57.77%, 58.49%, 50.60%, and 62.30%,
respectively. The average water content is 57.29%. Corresponding to the average water content, the
measured AoR is 38.65°. Moreover, the optimal solution is as follows: the value of particle-particle
rolling friction coefficient is 0.5, the value of particlesteel static friction coefficient is 0.596759, and the
value of particle—particle static friction coefficient is 0.2. Values of other non-significant parameters are
as follows, Poisson’s ratio 0.5, shear modulus 1.0Mpa, density 760 kg/m3, particle—particle collision
recovery coefficient 0.1, particle-steel collision recovery coefficient 0.1, particle—steel rolling friction
coefficient 0.04, and JKR surface energy 3.5 J/m?.

4. Discussion

Current studies on pig manure processing machinery mainly focus on structural design and finite
element method analysis. The interaction between pig manure and machinery cannot be studied. As
a result, studies on pig manure processing machinery are not comprehensive enough. In this paper,
DEM is proposed to study pig manure processing machinery. The discrete element simulation can
directly study the temperature, stress, and motion curve of pig manure in the machinery, making
the research on pig manure processing machinery more comprehensive, intuitive, and accurate. In
order to introduce discrete element method into the research of pig manure processing machinery,
the most important and fundamental step is to calibrate a group of discrete element parameters.
However, the literature on the calibration of discrete element parameters of pig manure is lacking,
which makes it impossible to use discrete element method in the study of pig manure processing
machinery. In this paper, the discrete element parameters of pig manure are calibrated. Based on the
calibrated parameters, the pig manure accumulating experiment is simulated to obtain the simulated
AoR. Compared with the measured AoR, the relative error is 0.28%, indicating that the calibrated
discrete element parameters can restore the contact mechanical properties of real pig manure in the
discrete element simulation. The calibration of discrete element parameters provides a basis for the
application of the discrete element method in the study of pig manure processing machinery. Also, this
paper provides a method of discrete element parameter calibration which can be used as a reference in
discrete element parameter calibration research of other animal manure. There are some inadequacies
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in this research. The quadratic polynomial regression equation between discrete element parameters
of pig manure and AoR is established by the Box-Behnken experiment design, and the regression
equation successfully predicted the discrete element parameters when the water content of pig manure
is 57.29%. While the water content of pig manure is different, theoretically, the regression equation
can also predict the discrete element parameters. However, this has not been verified in this article.
In addition, there is another inadequacy in this research. In fact, when applied with sufficient force,
the real pig manure will break up, but in this study, the pig manure particle model is unbreakable,
no matter how much force there is. So, this characteristic of real pig manure has not been restored,
which may affect the simulation accuracy, however it can be improved with further research. API, a
function in EDEM, can be used to make a new the pig manure particle model that consist of small
particles. There is an internal force between these small particles to keep particles cohesive, and when
a sufficient force applies to the new pig manure particle model, it can be broken up.
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