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ABSTRACT

Aiming at the lack of discrete element simulation models and parameters for rice polishing, grading, color
sorting and other technologies and equipment, and the difficulty of guiding equipment design and optimization
through simulation, this paper calibrates the simulation parameters of white rice based on angle of repose
(AOR) test and simulation methods. Huanghuazhan and Dongnong 429 white rice were selected as research
object. Numerical model of white rice was established by multi-sphere filling. According to physical test and
references, the simulation parameter range of white rice particles was determined. Plackett-Burman test was
used to screen parameters, and it was found that the particle-particle static friction coefficient and particle-
particle rolling friction coefficient had significant effects on the AOR of white rice. The regression model
between the AOR and the significance parameter was established according to the central composite design
method. The simulation parameter combination that has significant influence on the physical AOR was
determined through the optimization design, and verified by the simulation test. The simulation AOR was
compared with the physical AOR, and the relative error of the two kinds of white rice was less than 3%. The
results show that the calibration method proposed in this study can accurately simulate the physical AOR test,
which can provide reference for discrete element simulation of white rice processing.
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INTRODUCTION

Rice is one of the most important food crops in the world. Consumers are often influenced by psychology
and perception when buying rice, so they preferentially choose rice with high appearance quality (Zhao et al.,
2023; Lu et al., 2019). Rice is usually processed into commercial rice by drying, husking, milling, polishing,
grading and color sorting (Riaz et al., 2017). Polishing, grading and color sorting are rice finishing, which can
increase quality of rice and improve the competitiveness of rice products (Ahmed et al., 2021). The traditional
rice finishing machinery design mainly relies on the processing experience, which is difficult to guide the
optimization design of the processing equipment.

Discrete element method (DEM) reveals the motion characteristics and processing characteristics of the
material from the particle scale, which has been widely used in agricultural material processing (Zhao et al.,
2021), but there are few studies on rice finishing equipment by using the DEM. In order to improve the
simulation accuracy, a large number of scholars have calibrated the parameters of dry and wet particle (Zeng
etal., 2021).
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In this paper, the simulation parameter ranges of white rice were determined based on physical test
and references. Taking the angle of repose (AOR) of physical test as the response value, the regression model
between the response value and significant simulation parameters was established by Plackett-Burman (PB)
test, steepest ascent test and central composite test design, and the white rice simulation parameters were
obtained. The reliability of simulation parameters was verified by comparing the simulation AOR under the
combination of optimal parameters with the physical AOR, so as to provide accurate and reliable simulation
models and parameter calibration methods for rice polishing, grading, color sorting and other mechanized
operations, and provide theoretical support for mechanical device design.

MATERIALS AND METHODS
Test materials

Indica Huanghuazhan and japonica Dongnong 429 rice varieties were selected in the test, among
which the type of Huanghuazhan was long-grain and the type of Dongnong 429 was short-grain. The white
rice for test was obtained by husking, milling and removing the broken rice. The moisture content of
Huanghuazhan white rice (HWR) was 11.3%, and that of Dongnong 429 white rice (DWR) was 12.1%. The
main materials of rice polishing, grading and color sorting machine were stainless steel. Therefore, the contact
material of this research device was stainless steel.

Numerical model construction of white rice particle

One hundred grains of HWR and one hundred grains of DWR were randomly selected, and the triaxial
dimensions (L, B, T) of the grains were measured with digital display vernier caliper (accuracy 0.01) (DL91150,
Deli Office Technology Co., LTD., Ningbo, China). The Dimensional measurement diagram is shown in Fig. 1.
To simplify the simulation model of white rice, white rice could be regarded as an axisymmetric ellipsoid
(Markauskas and Kacianauskas, 2011). The length L was taken as the long axis D, of the ellipsoid model, and
the average value of the width B and thickness T were taken as the short axis Ds of the ellipsoid, as shown in
Equations (1) and (2). In order to more directly reflect the differences between HWR and DWR, sphericity S,
was introduced for comparison (Liu et al., 2018). Sphericity (S,) was calculated as shown in Equation (3).
Results are shown in Table 1. Obviously, there was a clear difference in grain shape between the two types of
white rice, and DWR possessed a higher S,.
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Fig. 1 - Dimensional measurement diagram

According to the simplified ellipsoid sizes of two kinds of white rice, three-dimensional model was
established using SolidWorks 2018 (SolidWorks Inc., Concord, USA) software. The 3D model was imported
into EDEM 2018 software (DEM Solutions Inc., Edinburgh, Britain) and filled with spheres. The white rice
ellipsoid of HWR was filled with 9 spheres, and the white rice ellipsoid of DWR was filled with 7 spheres. The
comparison between the discrete element model of white rice and the real rice was shown in Fig. 2, and the
discrete element model of rice grain was close to the real shape.
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Table 1
Triaxial dimensions and ellipsoid dimensions of white rice
L(DL)/mm B/mm T/mm Ds/mm Sp
HWR 6.83+0.26 1.98+0.10 1.70+0.07 1.98+0.08 0.44+0.01
DWR 5.59+0.20 2.61£0.12 1.88+0.10 2.45+0.08 0.5440.02

808 P B R _:;ﬁ.w {
Fig. 2 - Comparison between the discrete element model and the actual condition
1-HWR; 2-model of HWR; 3-DWR; 4-model of DWR
AOR test

The funnel method was used for AOR test of white rice to calibrate the simulation parameters of white
rice (Gong et al., 2021; Liu et al., 2020). The physical test device was shown in Fig. 3(a), and the simulation
test device was shown in Fig. 3(b). The tube length of the funnel was 50 mm, the inner diameter of the funnel
outlet was 15 mm, and the distance between the funnel outlet and the stainless steel plate was 50 mm. 40 g
white rice was poured into the funnel, and then the discharge port was opened. After white rice was still, the
front view was photographed by the camera. Matlab R2018b (The Math Works Inc, Natick, Massachusetts,
USA) was used to process the image, as shown in Fig. 4. Binarization, boundary extraction and boundary
fitting were carried out in turn, and the slope of the fitting curve was the tangent value of the AOR. The test
was repeated for 5 times, and the AOR of the left and right sides of the white rice pile were extracted in each
test, and their average values were taken. The physical AOR of HWR was 32.38° and that of DWR was 33.46°.

X

a)

Fig. 3 - Measurement of AOR
a) physical AOR; b) simulation AOR

a) b) c)
Fig. 4 - Image processing
a) original image; b) binarization image; c) boundary fitting image
Intrinsic parameters of white rice
The Poisson’s ratio, shear modulus and density intrinsic parameter ranges of white rice and stainless
steel were determined through relevant literature (Shitanda et al., 2002; Han et al., 2016; Zeng et al., 2017;
Qiao et al., 2020), as shown in Table 2.
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Table 2
Material parameters obtained from literature
Parameters Value Source
White rice Poisson’s ratio 0.2-0.3 (Shitanda et al, 2002)
Shear modulus of white rice/MPa 1-3.75
(Han et al., 2016; Zeng et al., 2017)

White rice density/(kg-m) 1350-1550

Stainless steel Poisson’s ratio 0.3
Shear modulus of stainless steel/MPa 70000 (Qiao et al., 2020)

Stainless steel density/(kg-m-3) 7930

Contact parameters of white rice

Restitution coefficient is a parameter to measure the deformation recovery ability of particles after
collision. Free-fall test was used to measure the restitution coefficient. The test platform was shown in Fig. 5.
With the coordinate paper as the test background, and the white rice fell stationary from 200 mm (H) each time
and bounced after collision with the stainless steel. The maximum height (h) of the white rice bounced was

recorded when the particle vertical upward trend. The test was repeated for 10 times, and the restitution

coefficient was calculated by Equation (4). The range of particle-stainless steel restitution coefficient of HWR
was 0.32 to 0.56. The range of particle-stainless steel restitution coefficient of DWR was 0.35 to 0.74.

e=V2_ 29h_:\/E (4)
A 2gH H

vi - The normal relative velocity of two objects before a collision;

v>- The normal relative velocity of two objects after a collision.

In this paper, white rice was arranged and pasted on the stainless steel plate as the contact bottom
plate (Li et al., 2022) for the collision test. It was used to measure the restitution coefficient between white rice
and white rice. The test method was the same as above. The range of particle-particle restitution coefficient of
HWR was 0.28 to 0.54. The range of particle-particle restitution coefficient of DWR was 0.3 to 0.47.

where:

1

4
2

5
3

Fig. 5 - Test platform for restitution coefficient
1-graph paper; 2-laptop; 3-stainless steel plate; 4-high-speed camera; 5-fill-in light

The inclined plane method was used to measure the particle-particle static friction coefficient and
particle-stainless steel static friction coefficient. The test device was shown in Fig. 6. In order to prevent white
rice from rolling, two grains were glued together. The angle of the stainless steel plate was changed by
adjusting the height of the lifting platform. When the white rice began to slide, the angle of digital protractor
was recorded. The static friction coefficient was calculated using the following Equation (5). Each group was
repeated 20 times. The range of particle-particle static friction coefficient of HWR was 0.49 to 0.93, and the
range of particle-stainless steel static friction coefficient was 0.38 to 0.54. The particle-particle static friction
coefficient of DWR ranged from 0.47 to 0.83, and the particle-stainless steel static friction coefficient ranged
from 0.35 to 0.55.

u, =tan @ ®)

where: us- static friction coefficient of white rice;
@ - the inclination angle.
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Fig. 6 - Test platform for static friction coefficient
1- digital protractor; 2- stainless steel plate; 3-whtie rice; 4- lifting platform

There is no standard method to measure the rolling friction coefficient at present. Through several
simulation pre-tests and in combination with literature (Han et al., 2014; Ma et al., 2022), the range of particle-
particle rolling friction coefficient is 0.001 to 0.15, and the range of particle-stainless steel rolling friction
coefficient is 0.01 to 0.1.

RESULTS AND DISCUSSION
Analysis on the simulation results of PB test

In this study, the AOR of the physical test was used as the response value, and the PB test was
designed by Minitab R20 (Pennsylvania State University, Commonwealth of Pennsylvania, USA). The
parameters that significantly affected the AOR of HWR and DWR were screened out respectively. The 9 DEM
parameters were represented by Xi;~Xo, and each parameter was set at high (+1) and low (-1) levels. Each
parameter range was determined based on the literature and the test and simulation pre-test in this paper. The
same level values were used because the measurements of the two white rice varieties were not significantly
different. The levels of PB test are shown in Table 3. The design and results of PB test are shown in Table 4.
Table 4 shows that the AOR of white rice with different types are obviously different at the same parameters
level, and the maximum difference in the AOR between two white rice varieties is 8.22°

Table 3
Factors and levels of PB test

Symbol Parameters 3 Level 1
X1 Poisson’s ratio 0.2 0.3
X2 Density/kg-m-3 1350 1550
X3 Shear modulus/MPa 1 3.75
X4 Particle-particle restitution coefficient 0.25 0.55
Xs Particle-particle static friction coefficient 0.45 0.95
Xe Particle-particle rolling friction coefficient 0.001 0.15
X7 Particle-stainless steel restitution coefficient 0.3 0.6
Xs Particle-stainless steel static friction coefficient 0.35 0.55
Xy Particle-stainless steel rolling friction coefficient 0.01 0.1

Minitab R20 software was used to analyze the Significance of the PB test results. The analysis results
of HWR and DWR are shown in Table 5. According to Table 5, the particle-particle static friction coefficient Xs
and particle-particle rolling friction coefficient Xs have significant effects on the AOR of HWR and DWR. The
remaining parameters have no significant effect on the AOR.

Table 4
Design and results of PB test
Number | Xi | X2 | X5 | X/ | X5 | X6 | X7 | X5 | X HWR AOR £/ (°) DWRAOR i/ (°)
1 1 -1 1 1 e I I I Iy I 1 33.91 25.69
2 1 1 -1 1 1 11 1] 32.31 28.58
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Number | X; | X2 | X5 | X¢ | X5 | X5 | X7 | Xs | Xo | HWRAOR S /(°) DWR AOR 5/ (°)
3 -1 1 1 -1 1 1 I I B 50.25 45.58
4 -1 A 1 1 -1 1 1 -1 A1 4557 43.26
5 1 -1 A 1 1 -1 1 1 -1 34.43 30.66
6 1 1 -1 -1 1 1 -1 1 1 50.27 46.90
7 1 1 1 -1 -1 1 1 -1 1 40.85 44.23
8 1 1 1 1 -1 -1 1 1 -1 30.99 28.72
9 -1 1 1 1 1 -1 A 1 1 33.42 31.84
10 1 -1 1 1 1 1 -1 A 1 51.75 44.21
1 -1 1 -1 1 1 1 1 -1 ] -1 49.30 45.70
12 1 -1 1 -1 1 1 1 1 -1 52.15 44.83
13 -1 1 -1 1 -1 1 1 1 1 42.69 41.56
14 -1 A 1 -1 1 -1 1 1 1 36.05 31.94
15 11 A 1 -1 1 -1 1 1 4563 41.90
16 111 A 1 -1 1 -1 1 34.28 29.03
17 1 111 A 1 -1 1 -1 43.60 43.10
18 1 1 e I I O By I B 1 -1 1 32.75 28.42
19 -1 1 1 I I I By I B 1 -1 31.02 29.57
20 S T s O I T s O A O I I B 27.74 26.42
Table 5
Significance analysis of PB test for HWR and DWR
Parameters Effect Sum of squares P value
HWR DWR HWR DWR HWR DWR
Xi 0.706 -0.146 249 0.11 0.5184 0.7725
X> -1.126 1.006 6.34 5.06 0.3408 0.0678
X3 1.296 0.760 8.40 2.89 0.2473 0.1530
X4 0.104 -0.790 0.05 3.12 0.9234 0.1390
Xs 4.946 2.640 122.31 34.85 0.0009** 0.0003**
Xs 14.516 15.040 1053.57 1131.01 <0.0001** <0.0001**
X7 -0.084 0.456 0.04 1.04 0.9381 0.3753
Xs 0.154 0.990 0.12 4.90 0.8868 0.0716
Xo 0.424 -0.070 0.9 0.02 0.6962 0.8895

Note: ** indicates highly significant (P<0.01), and * indicates significant (P<0.05), the same below.

Analysis on the simulation results of steepest ascent test

Based on the results of PB test, significance parameters (X5 and Xe) were selected for the steepest
ascent test. The Particle-particle static friction coefficient was taken as 0.45-0.7. The Particle-particle rolling
friction coefficient was taken as 0-0.075, and the remaining parameters were based on the average values in
Table 3. The steepest ascent test design and results for HWR and DWR are shown in Table 6, respectively.
The relative error (Y) between the AOR of simulation test (5) and the AOR of physical test («) was calculated
by Equation (6). When the relative error of AOR was the smallest, the adjacent steepest ascent test level was
selected as the central composite optimization test parameter range.

y - B= 6)
(24

As shown in Table 6, the relative errors of the AOR of the steepest ascent test and the physical test
decreased first and then increased. The relative errors of the AOR of the HWR steepest ascent test number 2
was the smallest, and the DWR steepest ascent test number 3 was the smallest. Therefore, the steepest
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ascent test number 1 and number 3 of HWR were selected as low (-1) level and high (+1) level respectively
for the subsequent central composite test design. Number 2 and number 4 of DWR were selected as low (-1)
level and high (+1) level respectively for the subsequent central composite test design.

Table 6
Design and results of steepest ascent test of HWR and DWR
Number X X Simulation AOR/° Relative error / %
’ f HWR / gi DWR/ ;i HWR!/ Y; DWR/ Y;
1 0.45 0 30.15 28.98 6.89 13.39
2 0.5 0.015 32.94 31.20 1.73 6.75
3 0.55 0.03 36.22 34.01 11.86 1.64
4 0.6 0.045 38.72 35.18 19.57 5.14
5 0.65 0.06 42.06 38.14 29.89 13.99
6 0.7 0.075 42.65 39.79 31.72 18.92

Analysis on the simulation results of central composite test

The central composite test was used to seek the optimal parameter combination of significance
parameters such as particle-particle static friction coefficient and particle-particle rolling friction coefficient in
the simulation test. The factor level ranges of particle-particle static friction coefficient and particle-particle
rolling friction coefficient were obtained according to the steepest ascent test, and the factor levels of the
central composite test are shown in Table 7. Design of central composite test was carried out by using Minitab
R20 software. The design and results of central composite test are shown in Table 8. The mean values in
Table 3 were used for the remaining parameters of the central composite test.

Table 7
Factors and levels of central composite test
level
Factor -1 1
HWR DWR HWR DWR
X5 0.45 0.5 0.55 0.6
X6 0 0.015 0.03 0.045

The regression models of AOR with particle-particle static friction coefficient (Xs) and particle-particle
rolling friction coefficient (Xg) were established by binary regression fitting on the results of the central
composite test. The regression equation of HWR is shown in Equation (7), and the regression equation of
DWR is shown in Equation (8).

2 2

Bj =33.446 +0.722 X 5; +2.549 X ; —1.794 X g; —1.686 X gj +0.062 X5 X 5 (7)
2 2
ﬁj =34.327 +0.43X5j +2.511X6j +2.133X5j —2.007 X6j +0.157 X5jx6j (8)

ANOVA was performed on the results of central composite test for HWR and DWR, and the results
were shown in Table 8. The regression model of AOR of HWR and DWR are P<0.0001, and the P value of
the lack of fit is greater than 0.05, indicating that the two models are extremely significant, and the lack of fit is
not significant. The determination coefficient R? is 0.9753 and 0.9671 respectively, indicating that the two
regression equations fit well and were reliable. The effect of X5, Xe, X572 and Xg? on the AOR of HWR and
DWR was significant, while the effect of X5Xs on the AOR was not significant.

Table 8
Design and results of central composite test

Number Xs X HWR AOR Bi/ (°) DWRAORB; /()
1 -1 -1 30.06 31.77
2 +1 -1 31.73 32.30
3 -1 +1 35.11 36.31
4 +1 +1 36.53 37.49
5 -0.5 0 32.69 34.49
6 +0.5 0 33.01 34.90
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Number Xs Xs HWR AOR Bi/ (°) DWRAOR B; /(°)
7 0 -0.5 32.10 32.07
8 0 +0.5 35.34 35.25
9 0 0 33.60 34.87
10 0 0 33.61 34.11
1 0 0 33.36 33.96
12 0 0 33.22 34.70
13 0 0 33.96 34.55
Table 9
ANOVA of HWR and DWR for central composite test
Degree of Sum of squares Mean square P value
Source freedom HWR DWR HWR DWR HWR DWR
Model 5 32.38 30.42 6.48 6.08 <0.0001** | <0.0001**
Xsi 1 2.35 0.83 2.34 0.83 0.0029** 0.0494*
Xei 1 29.24 28.38 29.24 28.38 <0.0001** | <0.0001**
X5iXGi 1 0.02 0.10 0.02 0.10 0.7260 0.4396
X5 1 0.78 1.11 0.78 1.11 0.0362** 0.0289*
Xo?? 1 0.69 0.98 0.69 0.98 0.0453** 0.0366*
Residual 7 0.82 1.03 0.12 0.15
Lack of fit 3 0.50 0.43 0.16 0.14 0.2432 0.4990
Pure error 4 0.32 0.61 0.07 0.15
Sum 12 33.21 31.45

Verification test

Using the optimization design in Minitab R20 software, the AOR of HWR physical test 32.38° and the
AOR of DWR physical test 33.46° were taken as the target values to substitute into their respective regression
models for solution. The optimal combination of the significance parameters of HWR: the particle-particle static
friction coefficient was 0.5 and particle-particle rolling friction coefficient was 0.0146. The optimal combination
of significance parameters of DWR: the particle-particle static friction coefficient was 0.55 and particle-particle
rolling friction coefficient was 0.0258. Other non-significant simulation parameters were averaged from Table
3. The DEM test was verified under the condition of optimal parameter combination, each group of tests was
repeated 3 times. The comparison between simulated AOR and physical AOR is shown in Fig. 7. The AOR of
HWR simulation test are 32.64°, 34.02° and 33.27°, respectively, and the relative error of AOR are 2.42%,
1.67% and 0.57%. The AOR of DWR simulation test are 33.29°, 32.70° and 33.36°, respectively, and the
relative error of AOR are 0.51%, 2.25% and 0.29%. The relative error of the DEM test and physical test of the
two varieties of white rice is less than 3%. The results of AOR test show that the DEM test have high similarity
to the physical test, which indicates that the DEM parameters of HWR and DWR are accurate and reliable.

"
4 «
Juiawy DD,

Fig. 7 - Comparison of AOR test of white rice
1-physical test of HWR; 2-simulation test of HWR; 3-physical test of DWR; 4-simulation test of DWR
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CONCLUSIONS

In this paper, Huanghuazhan, an indica rice, and Dongnong 429, a japonica rice, were selected as the
research objects. The DEM was used to calibrate white rice DEM parameters, and the accuracy and reliability
of DEM parameter calibration were verified by physical AOR test. The conclusions are as follows:

(1) The triaxial dimensions of HWR and DWR were determined. Two kinds of discrete element models
of HWR and DWR were established by multi-ball filling method. The DEM significance parameters and their
optimal intervals of HWR and DWR were determined by PB test and steepest ascent test, respectively. The
optimal range of significance parameters for HWR was as follows: the range of particle-particle static friction
coefficient was 0.45 to 0.55, the range of particle-particle rolling friction coefficient was 0 to 0.015. The optimal
range of significance parameters for DWR was as follows: particle-particle static friction coefficient was 0.5 to
0.6, particle-particle rolling friction coefficient was 0.015 to 0.045. Regression models of AOR and simulation
parameters of HWR and DWR were established by central composite test. The coefficient of determination of
HWR regression model and DWR regression model were 0.9753 and 0.9671 respectively.

(2) The AOR of physical test of HWR and DWR were taken as the target value to substitute into their
respective regression models for solution. The optimal combination of significance parameters of HWR: the
particle-particle static friction coefficient was 0.5 and the particle-particle rolling friction coefficient was 0.0146.
The optimal combination of significant parameters of DWR: the particle-particle static friction coefficient was
0.55 and the particle-particle rolling friction coefficient was 0.0258. The relative error of the DEM test and
physical test of the two varieties of white rice is less than 3%. The similarity of pile shape of HWR and DWR
in simulation and physical test is high, which indicates that the DEM parameters are reliable. This calibration
method can be used for discrete element calibration of related grains. It provides reference for the subsequent
study on the adaptability of different varieties of machinery.
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