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Discrete Element Method Based Modeling and Parameter Calibration
for Millet Threshing Mixture

ZHANG Dongming' HUANG Ziyang' CHEN Yifu' YI Shujuan' LI Yifei'?
(1. College of Engineering, Heilongjiang Bayi Agricultural University, Daging 163319, China
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Abstract; In order to solve the problem of lack of accurate modeling and parameter support for multi-
component heterogeneous particles in the clearing link during the combined millet harvesting process, a
research on the modeling and parameter calibration of grain threshing mixture was carried out. Based on
the compositional characteristics of millet threshing mixture, three types of typical particle models were
constructed for seeds, millet panicle clusters and stalks, and the discrete element method combined with
the auto-filling technology was used to model spheres, heteromorphs and cylinders, respectively, and the
modeling morphology was optimized through the analysis of the number of filled spherical surfaces and the
degree of morphological differences. Based on the determination of physical parameters of particles, using
the angle of repose as an index, the parameter calibration method combining Plackett — Burman test, the
steepest ascent test and Box — Behnken response surface optimization was adopted to realize the correction
of contact parameters of seeds, millet panicle clusters and short stalks, and the average errors of
simulation and actual angle of repose were 1.94% , 3. 72% and 1. 16% , respectively. In order to verify
the accuracy of the model, high-speed camera validation tests were carried out, and the particle
trajectories were extracted by using TEMA software and compared with the simulation results. The results
showed that the overlap of the three types of particle trajectories was greater than 0. 75, and the obtained
mean absolute error and root mean square error were at a low level, indicating that the simulation
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trajectories were highly consistent with the measured results in terms of amplitude and trend, which

verified the accuracy, and the model constructed was highly consistent with the measured results. The

results showed that the modeling method and calibration parameters constructed had good physical

consistency and engineering applicability, which can provide effective support for the particle dynamics

simulation and mechanism research of millet cleaning process.

Key words: millet; combine harvest; millet threshing mixture; modeling by discrete element method;

parametric calibration
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Fig.1 Millet threshing mixture and its constituents
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Fig.2  Structure of millet panicle cluster morphology
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Fig.5 Critical rolling state of material
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Fig.6  Air-blown collision recovery coefficient

measuring device
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Fig.7 Free-fall collision recovery coefficient measuring

device
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Tab.1 Probability density of millet panicle

cluster length distribution
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Tab.2 Probability density of millet panicle cluster
width distribution
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Tab.3 Probability density of millet panicle cluster
height distribution
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Fig.9 Natural accumulation of millet threshing mixture
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Fig. 10  Fitting procedure for exiracting angle of

repose of millet threshing mixture

SR FHARAIL X 3 BB 78 i A T80 4 A a0 47 1 T 9
T, AR LR PG EHE 3 XoF PG b 47 TUAL B, 045 &
GIRFEAL  AEARARAE | LAAR 38 MR (R ket 10 554
Bl T ERUR, 8 R 3R SR IO A S 2%
FIERLR , IR /N AR ik X R EUAY i BRI A
LHERILG . B2 RIEIA BLRbRIT R ERA Y
KT e, APRL AR JE 25RO L A T 6 4
AT 5 WK A IR I BOT- B (E, A AR A 55 ZEFT
PRIE AR 5351k 27. 85° 30. 90° 24. 14°
2.1.3 RN

g4 AL A 5 B A TR A A
BB 5 AR =22 18] A AR TR 2H A A R A e
PR STR SRR 5 6.,

2.1.4  HiFEWKE RE

A 3 AR S S i AR HUOARE [ L R SR 5 B T
)RR AT R BN 7 .8 FiR
2.1.5 AR S BTYIR R

HR A T3 e IR IR AL 46 R 56 A5 B, %o A3 b 4 el 0F
AT 10 YIS Hel i 0, I DA A B 3 E



F12H

SRARH A SR TR BOTIER S T PR S 28R E 359

K5 BEERHUESER

Tab.5 Static friction coefficient measurement results
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KPR 0.59 ~0.81 AN 0.45 ~0.78
FR—EFF 0.50 ~0.74 EFF-HR AR 0.38 ~0.74
25 FF 0.53 ~0.87
A 0.61 ~0.78
ZEFTZEAT 0.51 ~0.77
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Tab.6 Rolling friction coefficient measurement results

YRRl TRBVESEEC || YRR RSB
AR R 0.01 ~0. 07 KRR 0.01 ~0.05
KPR 0.01 ~0.07 AN AR 0.02 ~0.09
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25 FF 0.02 ~0.08
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Tab.7 Measurement results of coefficient of recovery

of inter-particle collisions of threshing mixture of millet

iH [ZER /Y 1Y i H [ZER /Y1
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N A ] 0.26 ~0.31 HS-ZEFT 0.24 ~0.39
ZERF-ZEFF 0.30 ~0.45 Kb —=5FF 0.28 ~0. 40
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Tab.8 Measurement results of collision recovery
coefficients between millet threshing mixture particles

and steel plates
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Fig. 11 Variation curves of number of filled spheres

with smoothing value for millet panicle clusters
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Fig. 12 Cone-like particle grayscale and binarization processing
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Tab.9 Number of filled spheres and degree of

morphological variability of millet panicle cluster model

P Bk KIrik i BRI
fi N DS/% N DSI/% N DSI% N DSI/%
I 320 1.96 59 9.13 934 9.04 565 4.81
2 32 1.92 233 9.05 216 8.86 78 4.62
3 4 1.88 156 8.81 115 8.72 17 4.15
4 2 1.88 93 8.25 83 7.56 8 3.58
5 2 1.88 74 7. 64 52 6.21 4 3.06
6 1 1.85 55 6. 63 43 5.12 3 2.89
7 1 1.85 39 6. 09 30 3.43 3 3.11
8 1 1.85 37 5.13 26 2.61 3 3.25
9 1 1.85 35 3.82 25 3.09 3 3.79
10 1 1.85 23 2.02 21 3.83 3 5.17
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Fig. 13 Millet panicle cluster model
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Fig. 14 Short stalk model
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Tab.10 Discrete element method for simulating

experimental particles and geometry base parameters

S8 B S8 Bl
AR TRIEL/NEA 0.39 || ZEFHAM L 0.25
FERLBY UIAE 1L/ MPa 1.46 || ZEFFBY I/ MPa 1.44
R/ (kgem ™) 1200 ||ZEFFHEE/ (kgem ) 300
AN EEL/NEA 0.36 |45 SHIAM L 0.28
B BT YIRL E/ MPa 0.42 ||45 SN UIELE/GPa 209
AR/ (kgm ™) 800 ||45 SHIEE/ (kg-m ) 7850
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Tab.11 Plackett — Burman test code table

wz e | wz
-1 1 -1 1
FPHL SRERLS I 0.45 0.75 FPRLT 45 59 0.40 0.70
BEREL «, ’ U || PR IR A ’ ’
FERL 5 #FRLIR Bl Fpi 5 45 54K
e BB, 0.01 0.09 A x, 0.01 0.05
FPRL 55 FF LA 5 035 0.43 ¥R 45 5 035 0.5
R F B x5 o U || AR R A e ’

%12 Plackett — Burman iR FESER

Tab.12 Plackett — Burman test program and results

e H % AN
A % %) *3 %y X5 v 6,/(°)
1 0.75 0.70 0.01 0.05 0.43 0.50 32.37
2 0.45 0.70 0.09 0.01 0.43 0.50 30.48
3 0.75 0.40 0.09 0.05 0.35 0.50 34.52
4 0.45 0.70 0.01 0.05 0.43 0.35 31.39
5 0.45 0.40 0.09 0.01 0.43 0.50 29.16
6 0.45 0.40 0.01 0.05 0.35 0.50 30.59
7 0.75 0.40 0.01 0.01 0.43 0.35 27.48
8 0.75 0.70 0.01 0. 01 0.35 0.50 21.47
9 0.75 0.70 0.09 0.01 0.35 0.35 24. 69
10 0.45 0.70 0.09 0.05 0.35 0.35 30.88
11 0.75 0.40 0.09 0.05 0.43 0.35 3564
12 0.45 0.40 0.01 0.01 0.35 0.35 24. 62

FIHI Design-Expert 2 A4 %5 £ K R %00 43 501 i
17 W R SR RN ¢ R, 45 R A0SR 13 IR,

# 13 Plackett - Burman i £ R BEZ MR

Tab. 13 Plackett — Burman test results significance test

FERE  FHM AmME B F p

T 185.94 6 30.99 18.42  0.0029*
X 0. 075 1 0.075  0.045 0.8409
%) 9.59 1 9.59 5.70 0.062 5
X 25.38 1 25.38 1508 0.0116*
X, 117.13 1 117.13  69.62  0.000 4 **
xs 32.51 1 32.51 19.32  0.007 *
X 1.26 1 1.26 0.75 0.4262

T v RN 2 (P <0.01), = /RN (0.01 <
P<0.05), N,

A 2B R AR R A 6, 1Y 5w AR B R
SR 2, x5 5 5, X 5,0 FEFP x5 g X P
{E3/NT 0. 01, ZE B O AR A ELAT R 0 2552 ) 5 o,
X PAE/NT 0. 05, BB HSY i 3%

2.3.2 BB 52K

FETF Plackett — Burman i 458 x| \x, v XL
PUHE R 52 0 A W3 I HCIBUE R 0..600,0. 55
10,425, LA ooy, oo HIE—2ARAL RO BN £, 2
S ERI AR ME M 0.01.,0.01 F1 0. 035, XF i 2K Ky
0.02.0.01 F10. 02, JF & iz BENE I ( Steepest ascent )
I, IRR I SSE A i S &, 18R
BT R MAR IR 14,

x14 BREREXEARSER
Tab.14 Steepest climb test protocol and results

e EES Rkl AR
b Xy %5 6,/(°) &/ %
1 0.01 0.01 0.35 23.36 16. 12
2 0.03 0.02 0.37 25.27 9.26
3 0. 05 0.03 0.39 28.96 3.99
4 0.07 0. 04 0.41 30.78 10. 52
5 0.09 0. 05 0.43 31.83 14.3
MG e BENEBOR IR A I I &R G U 15

s R T R 507 BRI E 16, F EZ g R
W17,

%15 Box - Behnken i3 E & 45
Tab.15 Box — Behnken test factors and levels coding

ik ok
X3 Xy X5
-1 0.03 0.02 0.37
0 0. 05 0.03 0.39
1 0.07 0. 04 0.41

% 16 Box — Behnken iIRIE T REELHR
Tab.16 Box — Behnken test program and results

[ K% NI
*3 %y x5 0,/(°)

1 0.03 0.03 0. 37 26. 86
2 0.03 0.03 0.41 29. 67
3 0.07 0.03 0.37 29.32
4 0.07 0.03 0.41 31. 46
5 0.05 0.02 0.37 26.57
6 0.05 0.02 0.41 28.74
7 0.05 0.04 0.37 30. 88
8 0.05 0.04 0.41 31.71
9 0.03 0.02 0.39 25.97
10 0.07 0.02 0.39 26.71
11 0.03 0.04 0.39 27.01
12 0.07 0.04 0.39 32.38
13 0.05 0.03 0.39 29.42
14 0.05 0.03 0.39 30. 09
15 0.05 0.03 0.39 29.59
16 0.05 0.03 0.39 30.23
17 0.05 0.03 0.39 29. 88
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Tab.17 Analysis of variance of angle of repose of seeds

FEKRE FHM O AmE By F P
A 59.72 9 6. 64 33.1  <0.0001*
X 13. 42 1 13.42  66.92  <0.0001*
x 24. 47 1 24.47  122.02  <0.0001**
X5 7.90 1 7.90  39.40  0.0004**
X3, 5.36 1 536 26.73  0.0013*
X3 0.11 1 0.11 0.56 0.4787
Xy 0.45 1 0.45 2.24 0.1782
o 4.09 1 4.09  20.42  0.0027*
x2 2.96 1 2.96 14.77  0.006 4 ™
o 0.94 1 0.94 4.67 0.067 5
2% 1.4 7 0.2

JAUI 0.95 3 0.32 2.78 0.1743
gl 0.46 4 0.11

S 61.13 16

12 17 AT, T ST AR RLAAR Lk A ] A 7
KRB (P <0.000 1), RAUTAEE (P =0.1743),
FEARIRIPIG R4, B s i BonoRs & . ik —25
SYBTFI KT RL 5 R RV B B RV () FFRL Y
45 “FANTR BRI (v, ) FPRLSRFRLRE 18K 52 2
B (x5) w35 2, Z8HIN (w3, ), LA 23 5 af XFAFRL
Wikf o, B W, HIBRAE W B 5, dr
ST 5 PR R AR R AR 1k A Tl U 00 A 7Y ) AR
LKy

6, = —2.47 +131.42x, +373. Tlx, +49. 69x, +
5787. 5xyx, —2 402. 9622 —8 136. 84x2  (9)

DLy A 5 I A5 K 1E #A ST 41 27. 85° K H s
1B, 5T AR A T R A S EUOK  SRAFFFRL 5 FF
K TR SRR N KPR S 45 S ANTR Sh BEE DB K
L5 AR R T PR AT R B AL 43590 R 0. 03 ,0. 04
F10.39, AR (9) AR BICHER AN
27.850 1°, 552 I AR X% 22 0 /N, B8 IE T B A4 2t
R (B 5 T S

FEUCIER I S BRFERLR R S 8bn e 7 58, iff
— I SR 2R A SR A Y S B0 7
B MR 6 OGS ok S 80 o B S Ak, 4%
Y 53 e LM 8 HE A 1 2 S HOR KRS R R 2
RIEL 0. 55 KPR SRR 31 BE 452 R 55 0. 03 R AL 5 FF
RIREFE RS 2240 0. 39 AFRL Y 45 5 4K R 182 DX 4K
0.56 KPRt 45 SN EL 0. 04 FPhi 5 45 5
ARG PR B FR B 0. 45 05 5 A 5 EE 4 D 8K
0. 71 At 5 2415 2 EE 3 5K 0. 05 A 15 15 4 1) il
YRS 400,28 A5 5 45 SAREERE %L 0. 59
A5 45 SANBIEEIE £ 0. 03 A5 55 45 5 XAl
TR 2400, 32 ZEFF 525 FF H BEH52H %K 0. 60 25

FF5ZEFF B EEBE B 0. 04 ZEFT 5 25 AT R fE K & &
£70.39 ZEF 5 45 FINFREEIE R 27 0. 61 ZEFF 5 45
TSN 5L 0. 02 ZEFT 5 45 SRR TR E R
0. 41 KRS A A R EESE A 0. 52 R RS A1
BIEEHEREL 0. 04 FFRL 5 43 15 il 469k &2 22 %10 0. 30
KPR 5 25 EE 1 R %0 0. 58 JFPkr 5 25 AT B EE 4 A
$00. 03 FPRL S ZEFF AR S R L 0.36 A4S 525
FTEREEIR R %K 0. 65,

K AR A8 J5 i S B A T 05 K L Ak, 3R
1305 BT RL 05 g ZEFF R R A 20 00 ol 27310
32.05°,23.86°, 5 bR AR 1k /A 7 ¥ 152 22 43 5
1.94% 3.72% 1. 16% , W T 1/ B r {5 8% i = 5k
AIEEPE

3 WIERI

3.1 BREESHWIERE

ST U (ERT A5 i A AR TR 5 b 3K T 45 5 )
Gy RZEERAR KR AR S R AR i
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Fig. 15 Change curves of simulated angle of repose with

ratio of smoothed values under control variable condition
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Fig. 16 High-speed camera verification test rig
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Fig. 17  Comparison of actual and simulated particle motion
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Fig. 18 Curves of actual and simulated particle trajectories
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