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ABSTRACT

The calibration of the powder simulation parameters could improve the accuracy of the pelletizing and coating
simulation process. In this paper, we take coated powder (after this referred to as powder) as the research
object, based on particle amplification theory, combined with physical tests to calibrate the contact parameters
of powder and seeds (after this referred to as seeds), conduct the angle of repose simulation tests of powder,
carry out Plackett-Burman test, steepest climb test, and Box-Behnken test in turn, and establish quadratic
regression equation to obtain the best combination of powder simulation parameters. The difference between
the contact parameter combinations obtained from the simulation tests and the physical test results is less
than 1%, providing some reference for calibrating similar powder material parameters.
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INTRODUCTION

Seed pellet coating technology is a processing technology in which seeds, seed coating agents, coating
powders, and additives with other active ingredients are mixed in a specific ratio, wrapped evenly and
effectively on the surface of the seeds using seed coating equipment as a carrier to protect the seeds from
external biotic or abiotic attack and thus improve the seed viability and germination rate (Zhao, 2009; Afzal,
2020). By using the discrete element method to analyse the seed pellet coating process, the forces of the
particles, of the particles and the working parts can be taken into account, which improves the accuracy of the
application of the discrete element method when analysing the seed pellet coating process (Zeng, 2021). The
powder is a typical bulk material with complex physical properties (Jaeger, 1997; Liu, 2017). Considering that
the powder is prone to bonding during the test, we chose the JKR (Johnson-Kendall-Roberts) model as the
contact model. The JKR model introduces the concept of particle surface energy, which is more suitable for
studying small particle powder materials, crops, soil, and other wet materials and could simulate the bonding
agglomeration between particles (Luo, 2018; Johnsonkl, 1971).

Domestic and foreign scholars have conducted much research on agricultural materials based on the
discrete element method. Boac, (2009), summarized the crop material and contact parameters to verify the
accuracy of the simulation test using soybean as an example and obtained the best combination of parameters
for the simulation test on soybean. John, (2019), scaled up the cellulose using a coarse-grained approach and
calibrated the model using a genetic algorithm. LaTosha, (2013), determined the collision recovery coefficient
of coal particles and found that the bounce angle has a significant effect on the collision recovery coefficient
of particles. Zeebroeck, (2006), applied the discrete element method to apple abrasion experiments for the
first time, using a single sphere model in EDM to simulate apples, and selected the Kuwabara-and-Kon contact
model to carry out simulation tests. Ma, (2020), conducted resting angle tests on compressed alfalfa straw
powder and established a second-order regression model to obtain the best combination of simulation
parameters for alfalfa straw. Thomas, (2016), analyses the effect of coarse grain size on the accuracy of
simulation tests within a silo flow model based on EDEM.
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Mukherjee, (2018), proposes a discrete element model to predict the effect of humidity on drug powder
flow by varying the cohesion between particles in a simple hopper geometry. ASAF, (2007), established a two-
dimensional model of soil particles and sought the optimal soil contact parameters by the Nelder-Mead
algorithm. Alexandros, (2020), simulated the mobility of the powder at low pressure by DEM and found that
the coefficient of friction between the particles affects the confinement factor. Mohammadreza, (2018), used
the discrete element method to analyse the effect of inter-particle adhesion force on simulation accuracy during
powder mixing. Xing, (2020), used the JKR model to calibrate soil contact parameters using soil in the hot
zone of Hainan. Li, (2019), based on particle scaling theory, uses the discrete element method to obtain the
optimum combination of contact parameters for wheat flour. Tamas, (2018), developed a discrete element
simulation model of the soil sweeper and calibrated the soil under different moisture content conditions.
Comprehensive domestic and international research status: few studies on the calibration of powder material
parameters, and no discrete element simulation parameter calibration for coated powder has been seen.

In this paper, we measure the basic physical parameters of powders by physical experiments combined
with simulation tests, and the rest angle is used as the response value for simulation tests to establish the
regression equation and obtain the optimal combination of simulation contact parameters for powders, in order
to provide a reference for the calibration of discrete element parameters of other powder materials.

MATERIALS AND METHODS
Test material and parameter determination

The experiment uses the seeds and the powder which made up of soybean meal and diatomaceous
earth as the radio of 1:1 as the material, and the seed simulation parameters were measured by physical tests
(Hao, 2017), combining the domestic and international literature and referring to the built-in database of EDEM
software (Zhou, 2017), the powder simulation parameters were obtained, as shown in Table 1.

Table 1
Discrete element simulation test parameters

Simulation parameters Values
Poisson's ratio of seed 0.4
Seed shear modulus / Pa 1.02x107
Seed density / kg-m-3 1250+0.016
Poisson's ratio of powder 0.296
Powder shear modulus / Pa 3x107
Powder density / kg-m-3 1833+0.1

Simulation Model

The powder and seed simulation models were established in the discrete element simulation software,
and the powder particles used a single spherical model, as shown in Figure 1a, and the particle size was
enlarged by 6 times based on the particle amplification theory (Feng, 2009; Thakur, 2016; Sakai, 2014). The
seeds used a multi-sphere aggregation to establish the discrete element simulation model, as shown in Figure
1b. We chose the Hertz-Mindlin no-slip contact model to conduct the contact parameter calibration test
between seed and powder (Wu, 2019) and chose the Hertz-Mindlin with JKR contact model for conducting the
powder rest angle simulation test. We used the fixed-size particles for the simulation, with a Rayleigh Time
Step of 6.87 x 10-6s and a grid size of 3Rmin (Hu, 2010).

N — —

a. Powder particle b. Alfalfa seed
Fig. 1 - Simulation model of alfalfa seeds and powder

PARAMETER CALIBRATION PROCESS
Powder to seed contact parameter calibration

Crash recovery factor

This paper used the collision bounce test to calibrate the collision recovery coefficient of seeds and
powder, as shown in Figure 2.
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Since the static friction coefficient a, and rolling friction coefficient as between seed and powder, the
collision recovery coefficient aa, static friction coefficient as, and rolling friction coefficient as between powders
do not affect the seed rebound height, they are all set to 0. Take the range of collision recovery coefficient of
seed and powder a; is 0.1~0.3, the step size is 0.05 for 6 sets of tests, and get the rebound height of seed by,
the test design and results are shown in Table 3, and the fitting equation is shown in Eq. 1.

Grid paper Py

Alfalfa sced

High speed camera

Powder plank

a. Physical tests b. Simulation test
Fig. 2 - Collision recovery coefficient test

Table 3
Collision recovery coefficient test design and results
No. ai b1/ mm
1 0.10 2.499
2 0.15 4.615
3 0.20 6.09
4 0.25 8.502
5 0.30 9.809
6 0.35 13.39
b, = 20.01479a, + 47. 52143 312 + 0. 22856 Q)

Rebound height/mm

T T T T T
0. 10 0.1 0.20 (.25 0. 30 0. 35

Crash recovery factor
Fig. 3 - Collision recovery coefficient and rebound height fitting curve

The coefficient of determination of the fitted equation R2=0.98904 indicates that the equation fits reliably,
and the rebound height of 8.01 mm measured by the physical experiment is brought into the equation, and the
solution of a; is 0.246. The solution result is input into EDEM for the simulation test, and the rebound height is
8.07, and the relative error is only 0.75%.

Static friction coefficient

In this paper, we use the slope method to determine the static friction coefficient of seed and powder,
and the test is shown in Figure 4. When conducting the slope slip simulation test, set a; as 0.246, set as, as,
as, and as to 0. Take the range of static friction coefficient between seed and powder a, from 0.6 to 0.85, set
the step size to 0.02 for 6 sets of tests and obtain the rotation angle b of the inclinometer. The test design and
results are shown in Table 4, and the fitting equation is shown in Eq.2.
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Powder plank

Powder plank Alfalfa seed
a. Physical tests b. Simulation test
Fig. 4 - Slope slip test
Table 4
Design and results of slope sliding test
No. a bz / mm
1 0.7 20.4
2 0.72 22.86
3 0.74 24.12
4 0.76 29.04
5 0.78 32.76
6 0.8 37.8
b, = —1349. 025a, + 1015. 17857322 + 467. 37643 (2)
40 1
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Fig. 5 - Fitting curve of static friction coefficient and rotation angle of inclinometer

The coefficient of determination of the fitted equation R2=0.98904, the physical test result of 31.85° was
brought into the equation, and the solution of a; was 0.776. The solution result was input into EDEM for the
simulation test, and the rotation angle was 32.06°, and the relative error with the physical test was 0.66%.

Rolling friction coefficient

This paper determined the rolling friction coefficient between seeds and powders by an inclined rolling
test, shown in Figure 6. When conducting the inclined rolling simulation test, set a; as 0.246, set a; as 0.776,
set a4, as, and as to 0. The rolling friction coefficient of seed and powder az was taken to be in the range of 0.2-
0.3, set a step size of 0.02 for six sets of simulation tests. bz was the horizontal rolling distance of seeds, and
the experimental design and results are shown in Table 5, and the fitting equation is shown in Eq.3.

Alfalfa seed Poweder plank

CNY-1 Inclinometer Alfalfa seed Powder plank

a. Physical tests b. Simulation test

Fig. 6 - Inclined rolling test
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Table 5
Inclined rolling test design and results
No. as bz / mm
1 0.2 114.6
2 0.22 93.12
3 0.24 81.51
4 0.26 63.08
5 0.28 56.00
6 0.3 39.88
2
b, = —1721.80714 a, + 2005. 35714 a, + 377. 47571 3)
120
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Rolling friction coefficient

Fig. 7 - Fitting curve of rolling friction coefficient and horizontal rolling distance

The coefficient of determination of the fitted equation R?=0.99102, the physical test result of 69.2mm
was brought into the equation and solved to obtain as of 0.255. The solution result was input into EDEM for
the simulation test, and the seed horizontal rolling length was 68.74mm, with a relative error of 0.66% from the
physical test.

Contact parameter calibration test of the powder

The angle of the repose test

Using FT-104B resting angle tester for powder resting angle test, as in Figure 8a, the profile curve is
extracted by image processing and linearly fitted to obtain the simulation test rest angle, as shown in Figure
9, the average value was obtained as 41.69°+0.79.
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a. FT-104B resting angle tester b. Resting angle simulation model

Fig. 8 - Angle of Repose Test

b. Binarization c. Boundary extraction d. Linear fitting
Fig. 9 - Image processing
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The Plackett-Burman test was conducted with the rest angle as the response value, and the test
parameters are shown in Table 6, and the test design and results are shown in Table 7.

Table 6
Plackett-Burman test parameters range table
Simulation test parameters Low level (-1) High level (+1)
Powder - powder restitution coefficient A 0.05 0.25
Powder - powder static friction coefficient B 0.7 0.9
Powder - powder rolling friction coefficient C 0.25 0.45
Powder - steel plate restitution coefficient D 0.05 0.25
Powder - steel plate static friction coefficient E 0.62 0.82
Powder - steel plate rolling friction coefficient F 0.19 0.39
JKR surface energy G 0.1 0.3
Table 7
Plackett-Burman test
Repose
protocol and results A B C D E F G
angle@/°
No.
1 1 1 -1 1 1 1 -1 30.86
2 -1 1 1 -1 1 1 1 48.00
3 1 -1 1 1 -1 1 1 49.16
4 -1 1 -1 1 1 -1 1 39.11
5 -1 -1 1 -1 1 1 -1 42.73
6 -1 -1 -1 1 -1 1 1 41.45
7 1 -1 -1 -1 1 -1 1 44.82
8 1 1 -1 -1 -1 1 -1 33.91
9 1 1 1 -1 -1 -1 1 44.41
10 -1 1 1 1 -1 -1 -1 38.53
11 1 -1 1 1 1 -1 -1 43.24
12 -1 -1 -1 -1 -1 -1 -1 32.78
13 0 0 0 0 0 0 0 43.74
Table 8
Plackett-Burman test parameter contribution analysis
Parameters Stdized effects Sum of Contribution
squares degree / %
A 0.63 1.20 0.31
B -3.23 31.23 8.05
C 7.19 155.09 39.99
D -0.72 1.54 0.40
E 1.42 6.05 1.56
F 0.54 0.86 0.22
G 7.48 168.00 43.32
Table9

Significance analysis of Plackett-Burman test parameters

Parameters Degree of Sum of F-value P-value
freedom squares

Model 7 363.98 13.32 0.0124

A 1 1.20 0.31 0.6084

B 1 31.23 8.00 0.0474*

C 1 155.09 39.72 0.0032**

D 1 1.54 0.39 0.5640

E 1 6.05 1.55 0.2812

F 1 0.86 0.22 0.6626

G 1 168.00 43.03 0.0028**

Note: ** indicates an extremely significant effect (p<0.01),* indicates a significant effect (p<0.05). Same as below
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From Table 8 we can obtain the effect of each parameter on the rest angle and the contribution rate,
where A, C, E, F, and G have a positive effect on the powder rest angle, the rest angle will increase with the
increase of this parameter, and B and D harm the powder rest angle, the rest angle will decrease with the
increase of this parameter (Peng, 2020). The contribution of each parameter to the resting angle of the powder
is analysed, and the top 3 contributing parameters are G, C, and B, and combined with the significance analysis
of the test parameters in Table 9, it was obtained that G has a highly significant effect on the resting angle, C
and B have a significant effect on the resting angle.

The Steepest climb test

Design the steepest climb test according to the parameter effect on the three screened significant
parameters; the test design and results are shown in Table 10.

Table 10
Steepest climb test desigh scheme and results

PowQer-povyder Pow'der—p'ovyder JKR surface Relative error
No. statlgfrlctlon rollmg frlctlon energy, / J-m2, G 1%
coefficient, B coefficient, C ' '
1 0.9 0.25 0.1 22.91
2 0.86 0.29 0.14 0.50
3 0.82 0.33 0.18 2.64
4 0.78 0.37 0.22 4.41
5 0.74 0.41 0.26 6.86
6 0.7 0.45 0.30 31.66

The Box-Behnken test

Based on the steepest climb test results, the screened significant parameters were ranked as low,
medium, and high levels then the Box-Behnken test was conducted. The test parameter levels are shown in
Table 11; the test design scheme and results are shown in Table 12.

Table 11
Parameter level coding table
Levels Po_wder-powd_er_ static Poyvd_er-powdt_ar_rolling JKR surface energy /
friction coefficient B friction coefficient C J-m32 G
-1 0.9 0.25 0.1
0 0.86 0.29 0.14
+1 0.82 0.33 0.18

Table 12
Box-Behnken test protocol and results

No Powder-powder static | Powder-powder rolling | JKR surface | Repose angle 6
' friction coefficient B friction coefficient C energy G /°
1 -1 -1 0 36.41
2 1 -1 0 36.96
3 -1 1 0 42.25
4 1 1 0 42.33
5 -1 0 -1 32.76
6 1 0 -1 37.86
7 -1 0 1 38.91
8 1 0 1 38.43
9 0 -1 -1 30.62
10 0 1 -1 38.69
11 0 -1 1 37.21
12 0 1 1 39.96
13 0 0 0 40.55
14 0 0 0 41.17
15 0 0 0 41.53
16 0 0 0 41.31
17 0 0 0 41.7
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Table 13
Box-Behnken test regression model analysis of variance
Source Mean square Degree of Sum of square P-value
freedom
Model 18.85 9 169.61 <0.0001**
B 3.45 1 3.45 0.0244*
C 60.67 1 60.67 <0.0001**
G 26.57 1 26.57 <0.0001**
BC 0.0552 1 0.0552 0.7281
BG 7.78 1 7.78 0.0036**
CG 7.08 1 7.08 0.0046**
B2 2.05 1 2.05 0.0634
C2 4.80 1 4.80 0.0119*
G? 53.51 1 53.51 <0.0001**
Residual 0.4218 7 2.95
Lack of fit 0.7238 3 2.17 0.1190
Pure error 0.1952 4 0.7809
Sum 16 172.56

Using Design-Expert 11.0 software to perform multiple regression analysis on the experimental data,
the second-order regression equation for the relative error of the rest angle was obtained as follows:
41.25 + 0.65638 + 2. 75C + 1. 82¢

—0.11758C — 1. 4086 - 1. 33CG 4)

~0.69738 — 1.07C* - 3. 566"

The results of Box-Behnken test ANOVA are shown in Table 13, where C, G, BG, CG, and G? have
highly significant effects on powder rest angle, B, C2 have significant effects on powder rest angle, while the
rest parameters have insignificant effects on powder rest angle. The quadratic regression model has a model
P<0.001, a coefficient of determination R?=0.9829, and a calibrated coefficient of determination adjusted
R2=0.9609, both close to 1 and a coefficient of variation C.V.=1.68%. In summary, the regression model is
exceptionally significant and can be further analysed for the rest angle prediction.

Simulation parameter calibration and test verification

Design-Expert 11.0 software was used to find the best combination of parameters for the powder
simulation by using the physical test rest angle as the target value for the second-order regression equation:
powder-powder static friction coefficient of 0.887, the powder-powder rolling friction coefficient of 0.319, and
JKR surface energy of 0.162.

To verify the accuracy and reliability of the powder simulation calibration, the rest angle simulation test
was conducted with the combination of the above parameters as EDEM simulation parameters. The mean rest
angle obtained is 41.27°, with a relative error of 0.991% from the physical test value of 41.69°. The T-test was
performed and P=0.942>0.05, indicating no significant difference between the simulation rest angle and the
physical test rest angle. The experimental comparison is shown in Figure 10.

b. Physical tests

a. Simulation test
Fig. 10 - Test comparison of the angle of repose of powder

CONCLUSIONS

1) Physical tests measured the basic physical parameters of seeds and powder; the contact parameters
between seeds and powder were obtained by applying an inclinometer and high-speed camera, the resting
angle of powder was measured as 41.69+0.79 by using a resting angle instrument.

2) Based on particle amplification theory, the powder particles were amplified 6 times for simulation tests.
The contact parameters between seeds and powder were calibrated by collision bounce test, ramp slip test,
and ramp roll test.
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3) The rest angle simulation test was conducted using the range of contact parameters obtained from
the physical test as the basis for selecting the simulation test parameters. The Plackett-Burman test, the
steepest climb test, and the Box-Behnken test were conducted in turn to establish and optimize the second-
order regression equation of the significant parameters and the rest angle, and the best combination of
simulation parameters was obtained: the powder-powder static friction coefficient was 0.887, the powder-
powder rolling friction coefficient was 0.319, and the JKR surface energy was 0.162.

4) The calibrated contact parameters were used to conduct the simulation test again; the T-test of the
result data was obtained as P=0.942>0.05, indicating that there was no significant difference between the
simulation test results and the physical test results, further verifying the reliability of the simulation parameter
combination.
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