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Pet, RS ONTEAR 223, FUKEN 10.05%, HAUEE
A 1350 kg/m’,

AL AL B, AR N 22 ok R,
EHNAARERES 0y 39 A1 120 mm!'®. P, FHE
TR AE KT [ 58 AT ML B AR b, /N ZERoRiim it FLA%
A 12 mm 7 FLIRE A RN B (R o TR
HAEBEIRLL 0.05 m/s 3R T3 £, AT AR _E B Rl —
ANEHER O BRLSE, W 1 Fim. AEFgHh, XfhE
TR HEAR L f PRI A S IR

A HUIFEI
Acrylic board

Base board

B 2R

Fig.1 Accumulation test of wheat particles

i SEHERH O RO A AT AR IE, A EE R A
FHH AL 45 Ak 33 AR R HE AR 1 £ 0 A 7 g i 10
A FUHE T 0 E 1 A5 G T 0K HE IR 1 £ 1 P A 00 =
%, FIH Matlab A UBORE AN EHE, 22 K BEAL
BI(E 4> AT R ID TG E S, R A1
BRI HEAR 1A,

1.2 {FE#&E
121 A B

AN R AREERTE , BEHLIEE S0 FUR] bR~
XA BT, R HAFEKH 6=6.21 mm, P
Y)Jish b=3.04 mm. [k, HRAEE 2a 45 H S ERE 0
(LR RS E , A EDEM 2.7.0 #4F KT 5 3R &
(1) 5 SRR WA 2b s /N 22 ks 28 Hoe i 2

a. /NIURL 2 BRBER 4k
a. Two-dimensional graph of
multi-particle model of wheat

b, /NERORL BT Y
b. DEM model of wheat particle

B2 ERBAAEE
Fig.2 Particle model of wheat

1.2.2 HAKRMK

PR LS /N R Kl RS 20 A, e 7 B R /N2
TR R ST F AR UE IE S 0 A 2B B CF ¥ 15 hrdEZ:
0.06) 5 ki G A meack /N ke, MR iz e ) 515 380 1) e
NG ERRBURL ST, B e ERE AR BRBIZE 0.65~1.21 %

FIIEG AR 1) 458 B N A B 07 b/ 22 0k L
KA BN SHEY, 8 T AU & 07 12500
AATE IR 1 Fros. BEAN,  H1 T D) AR RORL A% 1k
SZATHZHNEN, S h AN S AT REA T,
LEFTAT T BLR IR B S8 — 0L 20%5 R 25 7 Z0H A% R
NP3 A /NERTE LT R
x1 BHTHERESY
Table 1 Parameters required in DEM simulation

i .24 Simulation parameters K(H Value
2/ \
NI 0.16-042"
Poisson’s ratio of wheat
LRI b 040
Poisson’s ratio of acrylic '
NI .
Shear modulus of wheat/MPa 4.20-997.90
AU VIR 160,00
Shear modulus of acrylic/MPa ’
A
Density of wheat/(kg'm™) 1350.00
AU
Density of acrylic/(kgm™) 1138500
NN R HL 0.10~0.90°
Wheat-wheat restitution coefficient ’ ’
AN SATHLRISE R B 030-0.50°
Wheat- acrylic restitution coefficient ’ ’
N BN R R 0.10~0.60°
Wheat-wheat static friction coefficient : :
N AT 1 R a
. Lo . 0.20~0.60
Wheat- acrylic static friction coefficient
AN R R 010"
Wheat-wheat rolling friction coefficient '
N IS A BRI B A 010"

Wheat- acrylic rolling friction coefficient
i a oI AL & .
Note: a shows the term is variable.
1.2.3 B EHRI;ARR

7 B (5 1 A AR A v B S RS T ] — 3, ROREAE
AR L) (E%: 39mm; &E: 20 mm) WA
JE E R, 2 7 FLIR e i A B . UKL AR BT
A4 Dynamic, ZERGEZEA 5000 4N/s, AN 2 s,
BRI AT AN LA B b 20 SRWORE S, B AT FLAR A 1 s L
i RGIEF VAT . DL 0.05 my/s (1345 1 L4 THE fA, Jikr
PN IR 2B U, B AT AR E B RS A 1R TR
Heo GG /NZE D) E R T RS RY UH RORS B, ACHIESTR
EDEM #{4:P4 & [¥] Hertz-Mindlin (no slip)Zfili 7 .
1.3 {AEREAN N it
1.3.1 Plackett—Burman X3

[ ] Design Expert #4447 Plackett-Burman iR 45 %
i, BT 8 NESISHA 3 AN RUSH: HASHIN
A% 2 AARCE, DAgat+1 F1-1 X, Wik 2 fis.
BT RA LA L, ST 13 A%
1.3.2 BRI X

Fi#i Plackett-Burman 15600 th (1) o 2 240, 1
AT B BENCHARES,  DATR 1 N 31 e 0 A1 1) B 30 (X
R, AF 2 YESHI Plackett-Burman 46 A (1) 1]
KT, B SR Ik 1 KB N . WSS
7 FLAF B R LA AR R 22304, BB R 22 ik
Bl e e MOE AR
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# 2 Plackett-Burman i3 S #FIR

Table 2 Parameters of Plackett-Burman test

1. 3.3 Box—Behnken X35
3T Plackett-Burman Fl i BETE B R 56 25 K, HRE

ol parmmtrs Tl i Box-Behnken B{HEIE, UG # ESBIIF (+D 11 (0
v TN . o 1§ (<1 3 AKTHIFRR B, ERHEBEOR
Pofson’s atio of wheat SEMRHAAE. BEAR, B eRSRIT 3 AL TR
X ANEBIDI 420 1000
Shear modulus of wheat/MPa 2 gél: % 5 ﬁj\jzﬁ
INZE N BB T
X3 Wheat-wheat ?estimtion 0.10 0.90 21 1* 1k % E"J ﬁtgﬁ;mu E
IS R AR RS R N, 7 0.05 mis
X Wheat aenlic rsiuion 030 080 BLTHHIE NI RS 1K T BURRL L el
R — FOmTRHE . 2 EAE], BRI A0 30.02°,
Xs Wheat-wheat static friction 0.10 0.60 ﬁ} yﬁ %= ﬂ\j 0.42°,
coefficient
AN AT HURRIT 4 R 2.2 RESBEESHMEERL
Xs Wheat- acrylic static friction 0.20 0.60 2.2.1 Plackett-Burman ﬁ\‘gﬁ\
coefficient
NSE NV R AR Plackett-Burman {56 ¥t L 45 Rk 3 Pros, FIH
= Wheat-w?:zf:;%g friction 0 0.10 Design Expert %1445 R AT T 2250071, W55
NS AT HURR VA 2 R e R IS RCR IR 4 Pron. BHER 4 vJ51, NN
X Wheaasnlcollng ficion 0 010 RH (X o NEANURB BRI (X)) BN/
e BRSO BRI A M B, A2
Koo Xior Xy Virtual parameters BOX kN o RIHAE B BETCHE i 55 UL & Box-Behnken i
g L% 18X 3 AN 50 525 (0 2 4.
& 3 Plackett-Burman iR¥ 1%t RE R
Table 3 Design and results of Plackett-Burman test
J#5 No X X X; X, Xs X X Xs Xo Xio X fKiEff Repose angle 6/(°)
1 1 1 -1 1 1 1 1 1 -1 1 -1 21.10
2 1 1 1 -1 1 1 1 1 -1 1 1 32.80
3 1 -1 1 1 -1 1 1 1 -1 1 -1 11.98
4 1 1 -1 1 1 -1 1 1 1 1 -1 19.81
5 1 -1 1 -1 1 1 1 1 1 1 -1 21.80
6 -1 -1 -1 1 -1 1 1 1 1 1 1 15.36
7 1 -1 -1 -1 1 1 1 1 -1 1 1 19.72
8 1 1 -1 -1 -1 1 1 1 1 -1 1 7.29
9 1 1 1 -1 -1 -1 1 1 1 1 1 2.72
10 1 1 1 1 -1 -1 1 1 -1 1 1 1.60
11 1 -1 1 1 1 -1 -1 -1 1 -1 1 6.15
12 1 -1 -1 -1 -1 -1 1 1 -1 -1 1 1.02
13 0 0 0 0 0 0 0 0 0 0 0 24.29
e AR XX R 2,
Note: The variables X;-X), are equal to those in table 2.
%4 Plackett-Burman RIS MR E M 2.2.2 RRRMAE
Table 4 Analysis of significance of parameters in RS G TR BEIRSOAR Bk KL AR
Plackett-Burman test HIBEE N2 - /N R R R R AL (4D /N -AT WA B
T waE BERIT  RE (B RNENEREEERR (O M, K-S
Para)n(lleters -ljfgfzc;to Sun;;)iz(:;ares Cont:Zr:::n/A) Slgmjcance J\%_ﬁﬁ ij,( , ES@&E% 517:73%} @J E/‘J d‘%%ﬁ*ﬁ i@’ﬁ‘ﬂ:ﬁi E‘]
" a3 1020 06003 ] AR 22 S ol N I 38 E 4 %‘K?Hﬂ“,‘ AR R 2 B
& L2083 435802 03656 , $,m%ﬂﬁ,%ﬁﬁE@E4%m¥m§,H%?W4
X, Lssss 25 06081 S %myﬁfpﬁ,3%\5%m¥%ﬁ\%K?Hﬁﬁﬁ
Xs 13.5683 552.2990 46.0985 1 H@ uﬁ&ﬁlﬁﬁ“ °
X, 9.8850 293.1397 24.4674 2 2.2.3  Box-Behnken iR /% = A AR A
Xj 7:2383 157:1804 13:1193 3 *ETE Box-Behnken ﬁt’%\zﬁﬁ‘&/ﬂ;%% (ﬁ 6) mﬂ%
Design-Expert A 3/NZ WokiHER 1B A 3 A B
Xz 0.5083 0.7752 0.0647 8

SR BB, A3 30L Ik 2 R
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6=19.71+25.284-22.46 B+40.53C—26.44AB+
64.444C+31.11BC-74*+36.78B8°-41.67C%. (1)

F5 BEREIRIRITRE
Table 5 Design and results of steepest ascent test
INZENZEFRIE NN - N IR E)

JF5  Wheat-wheat Wheat- acrylic Wheat-wheat

PRETS ey
epose

No.  static friction  static friction rolling friction ~ angle I:frljsov/f
coefficient coefficient coefficient 0/(°)
A B C
1 0.10 0.10 0 0 100.00
2 0.25 0.25 0.03 10.52 64.96
3 0.40 0.40 0.06 27.89 7.09
4 0.55 0.55 0.09 31.41 4.63
5 0.70 0.70 0.12 35.10 16.92
& 6 Box-Behnken iRt RER
Table 6 Design and results of Box-Behnken test
INFE- N INEATHUMRGE NENEERE) £
o EEERM BB A e L
N Wheat-wheat static Wheat- acrylic static Wheat-wheat rolling
0. L . L . . . angle
friction coefficient friction coefficient friction coefficient >
0/(°)
A B C
1 -1(0.40) -1(0.40) 0(0.09) 27.99
2 1(0.70) -1 0 31.71
3 -1 1(0.70) 0 31.44
4 1 1 0 32.78
5 -1 0(0.55) -1(0.06) 26.17
6 1 0 -1 28.36
7 -1 0 1(0.12) 31.29
8 1 0 1 34.64
9 0(0.55) -1 -1 28.21
10 0 1 -1 29.42
11 0 1 1 32.50
12 0 1 1 34.27
13 0 0 0 30.31
14 0 0 0 30.02
15 0 0 0 30.60

AR T 20 R (R 7D WG, N NER
PEEEREL (4D DR R R (B) /M-
INZEVR B BEE R AL (C) X RURIHER 11 £ 5 A bl AL k2
IINFE AT UBCES R4 R B R (B XKL AR R
Fo AW P AE A 0.0004 (P<0.01) , iHIi%H
RIRR S S HCS WNAE 2 A ORI, L RAR & 5 4
HAR R 2 (A OC R/ 25 RAUTI P=0.2144>0.05, K
TIFEA Rar. — M0, BRRH (CV) M, R
B T SEVERAG, ARG AR AR 5 R AL (1.5500%)
YA TR A B AT SEbE s s R R=0.9858, 1%
EVRGE BB R ag=0.9601, —HHRBEIE 1, KU i
AR RS TE (Adeq precision) &y 21.1910, £ W%
BT BAT R AT RS A %

AR B3 RPUR B 50T, Bl

WAAN R R 00, Ok B R R AT A, 45 20 R vl
AT REA

0=17.51+23.384-20.34B+85.58C~26.444B+37.408",  (2)
AR IR T ZE 50 AT iR 8 s, Al {34l

A5 AR S IS IR B BRAR KT o A4S IR IL AR S 3R
HIFACH] 1.3900%, BRI AT SEMES— P N; Yo REL
R=0.9794, KIFHE R Rq=0.9679, —HHHzL 1, %
WIS T RETSE R frs KRG J% (Adeq precision) 3K
30.5100, FEAKEHH BT i, AT LU RSB TRE
IR LA o

%* 7 Box-Behnken R+ =R EMAEE FEHIT

Table 7 ANOVA of quadratic polynomial model of
Box-Behnken test

k=3 ¥1J5 H R Ryt P
Soruce of variation Mean square  Freedom  Quadratic sum P value
R Model 78.3808 9 8.7090 0.0004*
A 14.0450 1 14.0450 0.0005*
B 7.0313 1 7.0313 0.0026*
C 52.7365 1 52.7365 <0.0001*
AB 1.4161 1 1.4161 0.0544
AC 0.3364 1 0.3364 0.2772
BC 0.0784 1 0.0784 0.5818
A 0.0916 1 0.0916 0.5527
B 2.5283 1 25283 0.0205*
e 0.0052 1 0.0052 0.8855
5% 7% Residual 1.1319 5 0.2264
JAUIR Lack of fit 0.9637 3 0.3212 0.2144
4lii5% 7 Pure error 0.1682 2 0.0841
SR Sum 79.5127 14

R*=0.9858; Rzadj=0.9601; CV=1.5500%; &% % Adeq precision=21.1910
e *RIRIZIUE 3 (P<0.05)
Note: * shows the term is significant(P<0.05).
# 8 Box-Behnken iR ILIERI A E 57
Table 8 ANOVA of modified model of Box-Behnken test

Ty ZEARR ¥7 H B 5 R P1H
Soruce of variation Mean square Freedom Quadratic sum P value
7 Model 77.8720 5 15.5744 <0.0001*
A 14.0450 1 14.0450 <0.0001*
B 7.0313 1 7.0313 0.0002*
C 52.7365 1 52.7365 <0.0001*
AB 1.4161 1 1.4161 0.0212*
B 2.6432 1 2.6432 0.0042*
Bk = Residual 1.6407 9 0.1823
ZKAUI Lack of Fit 1.4725 7 0.2104 0.3152
4l 2 Pure Error 0.1682 2 0.0841
A Sum 79.5127 14

R*=0.9794; R2adj:0.9679; CV=1.3900%; }&% % Adeq precision=30.5100
W 2 RIORIZIUL 3 (P<0.05)
Note:* shows the term is significant (P<0.05).

2.2.4  E)IARAN T E BE AT

MR OLA G IR 7 220 br (3R 8) Wl i, /INEz-
/NS PR A N AT D LA PR i SR B A BT (AB)
SR HER L E A B 2 (P<0.05) o /N /NERS)
PEER R KA 0.08 B, W] Design-Expert 3K {4421 /N -
VN B i B /N A WL PR 8 2R A AR T T
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J AT, ) DA TEOU A BT AN S 8 8 (A LK
W 3 Pos. B S EABE RN, BORIHEIR 11 A3
S LTS HE, KA SEPER NI
BOMEIN, ORI HEIR A B 55— S HOE K s n a3
PN REEE I E CONEUN TR S S SR

Rikfm
Repose angle 6/(°)

T ANE-NEREEERE Z KA 0.08.
Note: the wheat-wheat rolling friction coefficient is 0.08.
B3 R EBERARS A AIMI R RSB
Fig.3 Interaction of static friction for wheat-wheat and
wheat-acrylic board contact

3 BMSHESHHERGERIE

[ FH Design Expert P 0LAR 5 1) [B] A4 R DL g 9]
Bl BRI SR T4, AR O B4 R iR A A
BN ZERORIHER L A1, /N2 /N2 B R R AN K 0.58
N AT HIRR R B R NI I 0.61 4 /N /N IR B B AR
KWKy 0.08, HAIE R E TS B R AKCF (N IR L
A 0.29; NEBIUIBR) 501MPa; /NN R AL
H0.50; /NEEATHIRRIKE REH 0.50; /INEATHIARIRS)
PEEER AN 0.05). AWAFRMS A G HERY:, R
RS EUE EAS Bk AL S W 4 BiR. 3 IKER
BT A RURLEAR 1R A 230 29.97°, 30.14°, 30.25°%
N T A6 7 54 AR E AT 40 H7, 53 P=
0.3440>0.05, FHf7 FL45 R LRG0 W M2 e

B4 thikA By ARIE
Fig.4 Calibration of the repose angle by DEM simulation

4 % it

1) 1 Plackett-Burman {3045 Rl 4, /Ne-/NEHR
PEEZRH /N2 - WU R P RS /N - /N2 T ) P
FRAON /N A2 ORI HER I E AR d 25 s AR L. BY DA
T WS R LA KN AT WU TR B R g R AN AR LB A TG
i P RS o

2) fi#s Box-Behnken 4045, ##7 T WS4
R A 18] 5 Ok (RN 0 ok AT 1Ak, RS
7 2253043 3 MR EESEI— IR N -/
PEHE R A /N AT WUB R R i R S /N - /N2 T ) P

REO NI N R RS N - R R A
A IR B Iz - LR PR 8 2R ) — R TR R HE AR
ISP AETE

3) LA S B RDARR R AR AR B, /NN
FREEEE R BN 0.58 /NEE-ATHINCER R RN 0.61. /)
FONEREEBRBCY 0.08, HAadEBEHESHECh
ACEIS CUNEJAFALE A 0.29; /NEBIDIF R A 501MPa;
INFEINFE T BN 0.50; N ATHUIMK R Bk 0.505
INFEATHUNRIR B R R BN 0.05) , {35 FLSziRG S
BN ZE ORI MER L JE B35 22 5 (P>0.05) , RN
FH a1 23 AT A 5 2 BOC LS HUE AT I
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Calibration of parameters of wheat required in discrete element method
simulation based on repose angle of particle heap

Liu Fanyi, Zhang Jian, Li Bo, Chen Jun™
(College of Mechanical and Electronic Engineering, Northwest A&F University, Yangling 712100, China)

Abstract: In this study, we determined the parameters of wheat required in discrete element method (DEM) simulation by the
response surface method. The repose angle is a macroscopic parameter, which is used to describe the friction and flow
properties of particle material and widely applied in DEM parameter calibration for it can be measured easily. In this research,
the heap of wheat was formed through the bottomless cylinder method and the repose angle was measured using a computer
graphic technology. The calibration tests were conducted in laboratory and by simulation using EDEM 2.7.0 software.
According to previous research, an acrylic cylinder with an inner diameter of 39 mm and a height of 120 mm was used. The
wheat particles were filled into the cylinder using the “rainy method” through a square-opening sieve with 12 mm aperture and
lifted with a speed of 0.05 m/s. For DEM simulation, different parameter combination tests were designed. Specifically, the
Plackett-Burman test was performed to screen the significant parameters from the 8 selected parameters. It was found that the
static friction for wheat-wheat and wheat-acrylic contact and the rolling friction for wheat-wheat contact had a significant
effect on the repose angle, while the other 5 parameters’ influence was negligible. Then the steepest ascent test was used to
determine the optimal value range of the significant parameters. In the steepest ascent test, the 5 non-significant parameters
were the mid-value of the corresponding initial region, while the 3 significant parameters increased progressively until the
relative errors between the simulated and the test value reached the minimum. Based on the result of the Box-Behnken test, a
quadratic polynomial model for the repose angle and the 3 significant parameters was created. The analysis of variance
(ANOVA) of the quadratic polynomial model showed that the model was significant and the lack-of-fit was non-significant.
This means the model can be used to determine the best parameter combination. However, some terms in the quadratic
polynomial model were non-significant. So, a modified regression model was established by deleting these non-significant
terms. The ANOVA of the modified model showed all of the terms were desirable, and the first-order term of the 3 significant
parameters, the interactive term of the wheat-wheat static friction coefficient and wheat-acrylic static friction coefficient, and
the quadratic term of wheat-acrylic static friction coefficient had a significant effect on the repose angle. The interaction of the
static friction coefficient for the wheat-wheat and wheat-acrylic contact was also analyzed, and it was found that the repose
angle increased with the increase of the 2 parameters. However, when one of the 2 parameters (the static friction coefficients
for the wheat-wheat 4 and wheat-acrylic B contact) was low, the growth rate of repose angle with the other parameter was
larger than that when one of the 2 parameters was high. This showed that the interaction between the parameters of 4 and B
was more significant when they were low. By solving the modified regression equation, the best combination of the parameters
was obtained: wheat-wheat static friction coefficient of 0.58, wheat-acrylic static friction coefficient of 0.61 and wheat-wheat
rolling friction of 0.08. The best parameter combination was validated through comparing the DEM simulation results with the
test values, and it was found that there was no significant difference between them. The research shows that the parameter
calibration method based on the response surface method is feasible. Meanwhile, the best parameter combination can be used
as reference values when choosing the simulation parameters of wheat required in DEM.

Keywords: discrete event simulation; optimization; calibration; simulation parameters; repose angle
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