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Abstract: To improve the application of discrete element models (DEM) to the design of agricultural crushers, in this study a new highly accurate model is elaborated. The model takes into account the fiber structure, porous nature of the material and the leaf sheath coating structure. Dedicated experimental tests are conducted to determine the required “intrinsic” and basic contact parameters of the considered banana straw materials. A large number of bonding parameters are examined in relation to the particle aggregation model in order to characterize different actual banana straws. Using the particle surface energy contact model, the viscosity characteristics of the crushed material are determined together with the related stacking angle (considered as the main response factor). Through single factor experiment analysis, it is found that when the surface energy is 0.9 J·m−2, the relative error between simulations and physical experiments is 5.288%.
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1  Introduction

Secondary utilisation of banana straw substrate is of great significance to green development across the world. Crushing it as feed is a primary utilization means [1]. Establishing a physical model of banana straw plays a significant guiding role in the design process of the banana straw crusher itself. The discrete element method (DEM) is the primary method to establish the physical model of agricultural plants with [2], and the calibration process of a large number of unknown parameters in DEM significantly influences the accuracy of simulation experiments under crushing conditions.

Because there will be some errors between the intrinsic parameters of the actual material and the granular material in the DEM, the intrinsic parameters of the actual material can be approximated by parameter calibration [3]. Shen et al. [4] measured the inherent parameters of sweet potatoes by a compression experiment and studied the axial and radial mechanical properties of sweet potatoes at different compression rates. Luo et al. [5] carried out bending, axial, and radial compression experiments on straw and obtained the relationship between wheat straw compression characteristics and moisture content. Zhang et al. [6] reduced the millet stalk’s cutting force and power consumption by single factor and response surface experiments. There will be a lot of collisions between different materials in the crushing condition, which requires high basic contact parameters of the discrete element model. Cui et al. [7] measured the rolling friction coefficient between corn seeds and other materials by high-speed camera technology and verified the feasibility of the parameters by comparing the repose angle experiment with the simulation results. Hao et al. [8] determined the optimal combination of the static friction coefficient and dynamic friction coefficient among oil sunflower seeds through a response surface optimisation experiment and proved the reliability of the parameters through experiments. The contact model in EDEM can characterise the special contact characteristics between materials. Because the required parameters are modelled and abstract, it is difficult to calculate with the actual material parameters. A complicated calibration process is required actual to determine the contact model parameters. Kovács et al. [9,10] used a variety of particle types to establish discrete element models for different parts of the outer epidermis of corn straw and set other bond parameters to characterise the mechanical relationship between straw fibres, thus realising the natural stress of the fibre structure when cutting materials by cutter. Zhang et al. [11] checked the bonding parameters of the discrete element model of corn straw through compression and shear experiments and compared the crushing results with the experiments, verifying the accuracy of the DEM used in the simulation of the crushing process of straw shredding. The contact model is often used to consider only a single mechanical relationship between particles, and it is difficult to reproduce the actual physical characteristics. Previous studies show that the accuracy of the discrete element model is mainly affected by the reduction degree of the actual structure of crops; and the rationality of the calibration process of a large number of unknown parameters in the discrete element model.

The current research on the DEM of crops focuses on seeds and solid or hollow straws. Still, there is little research on the complex discrete element model of banana straws, including fibre structure, porous structure, and leaf sheath coating structure. Most of the current studies tend to ignore the structure of the material and oversimplify the actual structural characteristics by simple particle stacking, so much so, that the bonding model cannot express the mechanical relationship between the actual structure of the material, and the simplified discrete element model is difficult to be useful in the mechanical design. Based on previous studies of other crops, aiming at the complex mechanical characteristics caused by the actual structure of banana straw, this paper implemented a discrete element model to reduce the complex physical features of banana straw by using the API interface of EDEM software. It characterized the mechanical relationship among different structures of banana straw and viscosity characteristics by using the particle aggregating bonding model and the particle surface energy contact model.

2  Establishment of Discrete Element Model

Banana straws from Honghe Prefecture, Yunnan Province, in harvest season were selected as the experimental object. Banana trees can be divided into leaves, pseudostems, and roots, as shown in Fig. 1. Pseudostems are used as the main object of consideration in this paper. The appearance of the banana straw was approximately cylindrical. Considering its necessary structural characteristics, therefore, the thickness change of the leaf sheath coating was ignored.
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Figure 1: Sketch of banana tree

Considering the complex structure characteristics of banana straw, EDEM software was used to establish a banana straw discrete element model with particles having a size of 0.95 mm [12]. The internal porous structure of banana straw was characterised by combining one layer closely arranged particles and four layers of particles with voids. In the radial direction, it was composed of 18 layers of particles with a cross-sectional radius of 36 mm. Every four radial layers of particles represented a layer of leaf sheath coating structure of banana straw. The complete banana straw discrete element model consists of 400 layers of particles in the axial direction, with a length of 760 mm. The structural characteristics of the banana straw discrete element model are shown in Fig. 2.
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Figure 2: Banana straw discrete element model

To meet the mechanical characteristics among different structures of banana straw, the particles were divided into 18 types. The results of particle division are shown in Fig. 3, where P1-P17 represents the particles that make up the inner and outer epidermis of each layer of leaf sheath coating structure, and P18 represents the particles that make up the porous structure inside the banana straw.
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Figure 3: Particle type division

The particles representing different structures were differentiated according to the actual physical properties of banana straw. To properly represent the leaf sheath coating structure of banana straw, a distinction was made between the particles adjacent to the inner and outer skin of the cladding layer. In order to reflect the differences between the leaf sheath coating structure, the particles that make up each leaf sheath coating structure were divided. P18 represents the porous structure to distinguish the internal structure from the external structure.

3  Particle Parameter Experiment

3.1 Experiment of Intrinsic Parameters and Basic Contact Parameters of Particles

There are a lot of unknown material parameters in the particles that make up the physical model of banana straw.

The elastic modulus of banana straw was 3.447 Mpa [13], measured by a compression experiment. The Poisson’s ratio of banana straws was 0.4 [14]; the density of three groups of banana straws was measured by the buoyancy method [15], and the average result was 552.158 Kg·m−3. The particle density was 1647.259 Kg·m−3, calculated by the relationship between the total volume and the total mass of the particles in the discrete element model, and the densities of the different structures of banana straw were measured separately, and the results are shown in Table 1.
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The inclined plane sliding experiment measured the dynamic friction coefficient, and the dynamic friction coefficient between banana straw and a Q235 steel plate was 0.00192 and 0.00321, respectively. An inclined plane slip experiment measured the static friction coefficient. The static friction coefficient between banana straw and a Q235 steel plate was 0.579 and 0.768, respectively. The inclined plate collision experiment measured the recovery coefficient, and the recovery coefficient between banana straws and a Q235 steel plate was 0.437 and 0.487, respectively. The experiment process of basic contact parameters of actual materials is shown in Fig. 4.
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Figure 4: Experiment on basic contact parameters of materials

3.2 Parameter Experiment of Particle Contact Model

Particles were bonded by particle aggregating bonding model. The model endows certain mechanical relationships between particles [16–19]. According to the real mechanical characteristics of banana straw, the bonds were classified into five types: representing axial interparticles of fiber structure, representing radial interparticles of fiber structure, representing interparticles of porous structure particles, and inner and outer epidermis particles, representing interparticles of porous structure particles, and representing interparticles of contact particles of each leaf sheath coating layer.

The particle bonding model imparts certain mechanical properties to the particles to resist the tangential and normal relative motion between them. After the bond of the particle is generated, with the initial values of force (Fn,t) = 0 and torque (Tn,t) = 0. Iterate in each period according to Eq. (1) until the maximum normal, and tangential shear stresses set in the model are reached.


δFn=−vnSnAδtδFt=−vtStAδtδMn=−ωnStJδtδMt=−ωnSnJ2δtJ=12πRB4
(1)

A——Cross-sectional area of the bond

RB——Radius of the bond

Sn,t——Normal stiffness and shear stiffness

δ t——Timestep

νn,t——Velocity in the normal and tangential directions of the particles

ωn,t——Angular velocity in the normal and tangential directions of the particle

Fig. 5 shows the distribution of axial particles and particle bonds of banana straw, in which the inner and outer epidermis particles of each leaf sheath coating layer are divided into two types. The red bond is the axial bonding force of fibers, and the blue bond is the bonding force between adjacent fibers. The bonding force represented by the red bond is larger than that represented by the blue bond to characterize the fiber structure of banana straw. The closer the coating particles are to the radial center, the water content gradually increases, and the bonding force gradually decreases.
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Figure 5: Particle bonds in the axial direction

Fig. 6 shows the distribution of radial particles and bonds of banana straw. Light green and yellow particles represent the inner and outer epidermis parts of each coating layer of banana straw. Green particles represent the inner porous structure of banana straw; grey bond represents the bonding force between the sheaths, and black bond represents the bonding force between the porous structures of banana straw. The purple bond represents the bonding force between the inner and outer epidermis of banana straw and the inner porous structures. According to the actual mechanical relationship, the bonding force of the purple bond is greater than that of the black bond, and the bonding force of the black bond is greater than that of the gray bond.
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Figure 6: Particle bonds in the radial direction

According to the results of the bench experiments and the calibration of the simulation experiments, the preset values of the simulation parameters are shown in Table 1.

Bond parameters were calibrated by crush experiment. The experiment results are shown in Fig. 7. The physical and simulation experiments were compared and analyzed at three points. At 10 s, the coating layers began to separate. In the 20 s, the coating layers broke axially, and in the 30 s, the whole structure collapsed. According to Fig. 7c, the force situation of bonds is close to the actual one; the closer the bonds in the middle are, the greater the force is, and they fracture gradually at the location where the force is concentrated, the bonds between the cladding layers are the first to fracture, followed by the axial fracture of the cladding layers on both sides. Comparing the EDEM simulation results with the physical experiment, the particle status, and bond fracture at each time point were in good agreement with the physical experiment, proving the feasibility of the discrete element model. The load-displacement curve obtained by physical experiment and EDEM simulation is shown in Fig. 8.

[image: images]

Figure 7: Comparison of crush experiments and simulation results
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Figure 8: Load-displacement curve

In Fig. 7c, the stress relation of bonds is: blue < green < red. For bonds of the same color, the larger the diameter of the bond, the greater the stress.

The parameters of bonds are calibrated according to the correspondence between the parameters of the bonding model and the banana straw. Where the normal and shear stiffnesses represent the ability of two particles connected by a bond to resist elastic deformation in the normal and shear directions, respectively when subjected to force. The critical normal stress and critical shear stress indicate the maximum normal stress and shear stress that the bond between two particles can withstand, respectively. Bond radius is related to the extension between the two particles. The parameters of the bonding model were calibrated by adjusting the parameters of the bonding model and comparing the change in the appearance of the particle groups and the Load-displacement curve between the crush experiment and the simulation experiment.

By comparing the physical experiment results and simulation results, the mechanical performance and load-displacement curve of the discrete element model under the action of particle bonds were close to the actual situation, the four curves show an overall upward trend, and all show a sharp drop in load at some locations, corresponding to the fracture of the enveloping structure along the weak fibers. Proving the feasibility of bond parameters and the discrete element model itself. At the same time, a large number of bonds also realized the complex mechanical relationship in the actual structure. The bond parameters calibrated by parameters are shown in Table 2.
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Group A in Table 1 denotes the reactive bonds sets that make up the particle axes of each fibrous structure, group B denotes the reactive bonds sets that connect each fibrous structure, group C denotes the reactive bonds sets that connect the inner and outer epidermis of the leaf sheath cladding structure to the inner porous structure of the discrete metamodel, and group D denotes the reactive bonds sets that connect each layer of the leaf sheath cladding structure.

Agricultural materials tend to be anisotropic. The characterization of special structures and the stresses between different structures during the crushing of banana straw can be achieved through the division of particles and bonds. Accurate numerical simulations allow for better application of discrete element models in the mechanical design process.

In the actual situation, banana straw has certain viscosity characteristics after being crushed. Thus, certain surface energy was applied to the particles through the particle surface energy contact model to simulate the viscosity characteristics of crushed materials in the actual situation [20–23].

Ball screw structure and Arduino control panel were used to make a cylinder lifting device, as shown in Fig. 9. The crushed materials of banana straws were subjected to a cylinder lifting experiment to get the crushed materials piles under natural accumulation. Three photos of the materials piles were taken at an included angle of 120°, respectively. Photoshop was used to extract the boundary and grayscale of the photos, and then the data points were manually selected by Origin’s image digitization tool. The data points were linearly fitted to obtain six groups of linear fitting equations of contour lines and corresponding stacking angles, as shown in Fig. 10. The calculated average stacking angle of the physical experiment was 29.156° (all the experiment results in this paper retain three significant figures).

[image: images]

Figure 9: Cylinder lifting device. 1. Motor 2. Rack 3. Ball screws 4. Tube 5. Placement table for materials 6. Control panel
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Figure 10: Experimental results of material accumulation angle

4  Single Factor Experiment Design

In EDEM, the same simulation environment as the cylinder lifting experiment was established. The JKR surface energy experimented with a single factor with the initial value of 0 J·m−2 and the step size of 0.1 J·m−2. The rest particle parameters were measured by physical experiment.

In the Python development environment, the third-party library EDEMPy was called to identify the simulation file information, and the material pile’s particle configuration information and coordinate parameters were obtained. Numpy was called to process the particle data, and the radial measurement slices of the particle material pile were made at an interval of 60°. The average of each slice angle was used as the stacking angle result of the cylinder lifting simulation experiment. The results of the JKR surface energy single factor experiment are shown in Table 3. Matplotlib was used to draw three-dimensional images of particles, sampling points, and linear fitting results, as shown in Fig. 11.
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Figure 11: EDEM cylinder lifting simulation results

According to Table 2, the effect of JKR surface energy on stacking angle is positive. When JKR surface energy is 0.9 J·m−2, the results of the simulation experiment and physical experiment are the closest, with a relative error of 5.288%.

5  Conclusions

In this study, a high-accuracy physical model using banana straw was implemented based on the discrete element method. The intrinsic and basic contact parameters of the particles were measured by compression and bench experiments, and the contact model parameters of the particles were calibrated. Finally, the relationship between the parameters and the stacking angle of crushed materials was analyzed by JKR surface energy single factor experiment, proving the feasibility of the parameters of the banana straw discrete element model.

(1) The secondary development interface of EDEM software and particles with a size of 0.95 mm were used to establish the banana straw, discrete element model. In the discrete element model, the fiber structure, leaf sheath coating structure, and porous structure of banana straw were characterized, and the actual complex structure characteristics of banana straw were reproduced.

(2) The intrinsic parameters and basic contact parameters of banana straw were measured by physical experiments. According to the position distribution of different particles, the bonds between particles were divided into five groups with 57 types by the particle bonding model, representing the mechanical relationship between different structures of actual banana straw. The bonding parameters between particles were calibrated by crush experiment, and the feasibility of bond parameters was proved by comparing the load-displacement curves of the physical experiment and simulation experiment. When the JKR surface energy parameter was calibrated as 0.9 J·m−2 by a single factor experiment, the relative error between simulation and physical experiment results of stacking angle was 5.288%. It proves that the model can well restore the complex mechanical relationship between different tissues of actual banana straw and has great significance for the subsequent application of the discrete element model in the design of agricultural crushers.

(3) The high precision discrete element modeling method proposed in this paper can be applied to different agricultural materials, and the same method as this paper can be used for similar fiber structures, covering structures, etc. The calibration of bonding model parameters can guide other similar materials. The bonding contact model is used in constructing the discrete element model of banana straw in this paper, which is difficult to calculate quickly on a computer with weak performance and can be changed to the bonding V2 model subsequently to improve the calculation efficiency.
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Table 1: Preset values of simulation parameters

Parameters Values

Particle Poisson’s ratio 0.27
Particle shear modulus (MPa) 3.447

P1, P2, P5, P6, P9, P10, P13, P14 1954.21
Particle density (kg'm ) P18 1057.62

P3, P4, P7, P8, P11, P12, P15, P16, P17 1764.84
Q235 Poisson’s ratio 0.288
Q235 shear modulus (GPa) 82.3
Q235 density (kg'm ) 7860
Coefficient of restitution (Particle-to-Particle) 0.437
Coefficient of static friction (Particle-to-Particle) 0.579
Coefficient of rolling friction (Particle-to-Particle) 0.00192
Coefficient of restitution (Particle-to-Q235) 0.487
Coefficient of static friction (Particle-to-Q235) 0.768
Coefficient of rolling friction (Particle-to-Q235) 0.00321
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Table 3: Single-factor experimental result

Experiment JKR surface ) Measurement of the radial slice angle (°) Average Relative
No. energy (I'm %) 60 120 180 240 300 :fginz?) error (%)
1 0 6.233 6.204 6.235 6.320 6.345 6.324 6.268 78.503
2 0.1 9.580 9.703 9.682 9.802 9.451 9.540 9.620 67.006
3 0.2 11.672 11.648 11.597 11.307 11.504 11.359 11.537 60.431
4 0.3 13.375 13.318 13.814 13.955 13.859 13.445 13.591 53.384
5 0.4 15.526 15.839 15.466 15.660 15.785 15.560 15.623 46.415
6 0.5 17.601 17.312 17.978 17.930 18.177 17.596 17.742 39.148
7 0.6 20.124 21.129 20.734 19.998 20.824 21.147 20.583 29.404
8 0.7 22.699 22.568 23.483 22.579 23.263 22.628 22.846 21.644

(Continued)
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(a) Inclined plane sliding experiment
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(a) Particle groups with voids (b) Closely arranged particle groups

(c) Complete discrete element model of banana straw

(d) The porous structure of straw  (e) The porous structure of discrete
element model

(f) Straw leaf sheath coating structure (g) Leaf-sheath coating structure of
discrete element model
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Table 2: Particle bonding parameters

Active particle group Normal stiffness per

unit area (N'm?)

Shear stiffness per
unit area (N-m”?)

Critical normal
stress (Pa)

Critical shear
stress (Pa)

Bond
radius
(mm)

Group A

Group B

Group C

Group D

P1-P1
P2-P2
P3-P3
P4-P4
P5-P5
P6-P6
P7-P7
P8-P8
P9-P9
P10-P10
P11-P11
P12-P12
P13-P13
P14-P14
P15-P15
P16-P16
P17-P17
P18-P18

P1-P2,
P3-P4
P5-P6,
P7-P8
P9-P10,
P11-P12
P13-P14,
P15-P16

P1-P18-
P17-P18

P3-P5,
P3-P6
P4-P5,
P4-P6
P7-P9,
P7-P10
P8-P9,
P8-P10
P11-P13,
P11-P14
P12-P13,
P12-P14
P15-P17,
P16-P17

2.15+0.07 x 10"
2.15 £ 0.07 x 10"
2.08 £ 0.07 x 10"
2.08 £ 0.07 x 10"
2.11 £0.07 x 10™°
2.11 £ 0.07 x 10"
2.04 £ 0.07 x 10"
2.04 £ 0.07 x 10"
2.08 £ 0.07 x 10"
2.08 £ 0.07 x 10"
2.00 £ 0.07 x 10"
2.00 £ 0.07 x 10"
2.04 £ 0.07 x 10"
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