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Discrete element parameter calibration of
quicklime powder based on particle scaling theory

Z0U Yang, TANG Tong, GAO Zicheng, QIAO Zhidong, HU Yibo

(College of Mechanical and Electrical Engineering, Central South University of Forestry and Technology, Changsha 410004, China)

Abstract: In order to obtain the contact parameters of the discrete element simulation of the quicklime powder, the parameters of
the quicklime powder were calibrated by combining the physical test and the simulation test. The irregularly shaped quicklime
particles were simplified into soft spherical particles, and the average particle size was enlarged to 2 mm by particle scaling
theory, which was convenient for virtual calibration of contact parameters by using discrete element simulation software EDEM.
Three significant parameters were obtained by Plackett—Burman test, steepest climb test and Box—Behnken test, namely, rolling
friction coefficient of lime and lime, recovery coefficient of lime and steel, and JKR ( Johnson Kendall Roberts) surface energy.
A mathematical regression model of significance parameter and angle of repose was established, and then the relative error
between prediction angle of repose and actual angle of repose was taken as the goal to optimize the mathematical regression
model. The results show that the physical properties test is a basic physical parameter quick lime powder and the bulk density of
1.127 g/cm’, the average particle size of 0. 126 mm, angle of repose is 48. 76°. The optimal parameter combination is obtained
by regression model, the rolling friction coefficient of lime and lime is 0. 165, the recovery coefficient of lime and steel is 0. 215,
and the surface energy of JKR is 0. 113 J/m’>. The angle of rest obtained by the optimal parameter combination simulation is
48.39°, and the relative error between the angle of rest and the actual angle of rest is 0. 76% . The simulation test results are
highly consistent with the physical test results.
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D= z": md, , (1)
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A5 B A A RN ORL A F- 248042 0. 126 mm,

x1 ERRMOKEST
Tab.1 Size distribution of quicklime powder

Fife/mm AR % ki42/mm RSB %
>0.38 6.85 0.049 ~0. 106 59.33

0.199 ~0.38 4.25 <0.048 2.66

0.107 ~0.198 26.91
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Fig.1 Schematic diagram of contact model of spherical particle

— X FURL S i B A3 1) 3 F, R
F,=F(5,, R) , (2)
Xof FIURE ¢, HE S (4 A8 R ) W] 3R

é F(5,, R
o= o, =0 ) 3)

K e HPORLIZME AN AR &, mm; L R ECRIAHIE K EE, L =2R,, mm; o PR AN 1, Pa;
A NFFETEALL,A =L, mm®,
T A O B) AH AR FH 2R R R 1-RE AR T Kok
oc=0(e, R) , (4)
N0 R AR BE E T RN

E(5. R) = JZF(S,R)dS, (5)
X FARR AT B SURL , HAE—F 5 m) _E s shil e 4 1ss —E .

Ms + F(8, R) = Q(¢t) , (6)

KA M RBRI R, kg; F(5, R) APURLRI &A1, N; Qo) AFRMESN I, N; 8 AR
Rk, m; & R INERE , w/s’,

TUART AL g g BEASE 760 5 44 T 75 e SRS PR S B 25 AR D D e 008 R~ AR e R )

FIEEARNEESR 2 AR Hp B0k B AR | R 7 AN AR B pR BORE [] 5 3h 25 A8 LB SR 48 BCRT S R B0k Y

FINiA MR B R o BAE I EECH b, T Fr m RRGE R, Ths p Fn P HEAL, AR IEAHIEE



84 O kAR £29%

1, BB 2% W) B L G A -

\ Fo(6,, R Qu()
R, 0, G, R) 0,0 " 7

R T B R B M AR S 4R OB R 2 8] S B R LB R 1R ¢ MR RGP E Y HEE, T
JE R R o 55 2 Xt AR R g ] R N
q=Aq , (8)

X, A, AYIBE g B4R R B, Bl E BT B P 46 R, B E T BN OB
2.2 BRSH

RGP R B I A RARE ML, S — AR HAt Y B AR AT LU B A i
S, ERBREIL] BELT] BWEELp B R A ARIHR R RG R R R Y 1 4
SO EIE |

[q)=[L1"[T]"[p]" , (9)

W ERE ¢ ZEBIREL A, = AjA0AL, o al by e BN HH
FHAL =Ap =h A, =1, X FPEREE N ) B AR A8 AR B A T R

o= e] =t =12, =1 . (10)

BB AT AT 0, X AR AR A b, DR BURLA % BE R AR |, T 0 58 M AR L 1 ) R g AR
BIRFEARAE . E(3) A0, BRI N AR ¢ RICENE H 5 b Jo3¢, M 58l A 56, B 0IERN T o
WM SE T b, W BESRITURL R F1-IAE BB o (e, R) =o (&), BIN 71 RSN AR 5%, SRR T,

AR BE PR BRI JBURE ) 22 fisk o7 38 B % B JKR (Johnson Kendall Roberts ) ##4 5, DMT( Derjaguin Mull-
er Toporov ) 7Y , Bl & 18 A TR T, JFEEE A TR T o ARSCFMBIF N 0 1 KA, A —E
REBRFPA: , BRI 33 0 3k 0 42 ) I 75 2% RS JBORE AKORG B /7 o AR TKR B2 BRI 0L P 1k [ 4%
fiih 3 AT KR Ry

Fn=43ET**as—«/8wA*yE*a3 , (11)
e F, MEmEmS, N; E" BBRA R AR, Pa; R™ WIRLMARCER, m; o HIEHER,
m; Ay ORI R A B EE, J/m’, H A AR ET A RCER R AN

2

1 l-w 1-9f 1

11
E*  E. " E 'R R 'R’ (12)
KH: E, v, R, FIE, | v\ R, 4350l 0RL A% BRI JAPA LRI AR
Bt o SHEYPE R BRRWL
a=/s.R" . (13)

BR(13) RAR (D
=R )T - BrayET (R8T (14)



%2 AR, 55 - T OB 4 OIS I AR IR B BT S e 2 85

¥ =X (14) B 45 R B SR AT
4

F * 3 * 3
o(e, R*)=2 =gt /8“22E e, (15)

HABRRFERR A = 1 = (R*)?, %3G 05 | M 245E Herz Befh e, BA NEA M,
55 2 TR AR R BN AR B 4848, BT LA KR S i B B RO AR AR Mo O SEBURERL ) RUZER AR
P, ZER Ay/R™ R BIVBSURLEG 2 T ) p BB 2 6 UL A9 48 1T A2 1K o

RS B A AR I, 1R FBURLAA A HEA T B BOTESIR , S 8 T B4R 545 R
YEXTEE, AT LAGRFFAS R AIE S RO AR (8 75 20 A B A A SC S R A T s APRUEAS DL B ERf 14

3 ZHhE

3.1 RIEFEINE
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Fig.2 Angle of repose measurement equipment
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Tab.2 Parameters of the simulation model

TiH HfE 3 TiH HifE P2/

HEFIREE/ (kgrm ™) 1127 A3 KA IR A IR R R B 0.20 ~1.04® GEMM

XY REL/N 0.2 ~0.4° SCHR(7] EAREA KRS BEERE 0.05~0.20° GEMM
AR BY LI R/ MPa 1~10° CHER[19] A IR4RIR S B 0.10 ~0.60*  3CEE[16]
WFRE/ (kg'm™?) 7 800 SCHR[19] KRR R A 0.20 ~1.00*  CHR[7]
GLbEE /N 0.3 SCHR[19] M FIR-TR ShBE R M 0.10~0.50*  SCHR[16]
MBYYIEERL/ Pa 7.9 x10' CHR[19] JKR F£migE/(Jom™?) 0.01 ~0.20*  3CHR[7]

A R A TR S R 3 0.15 ~0.75° GEMM

e B4R 2 R ik AL i,

WRIGE 2 frs i3, 7Efi R R B, SRS R E RN 80 mm, THEITA
1 mm B9 LUE TYPRBER; Tk T o7 D EAR 15 mm, BERORHEE BSRIAT 75 mm, A2 A KUK 92
BUVEFR BABRA , R AR R B ISR o o T W7 B 55 ], [R] I BRI 47 L 45 2R B4 AT 1 , 4590
ROBAZ R E 2 mm, B EBURI AR 10 000 A, A2 i 20 2 000 N80, A2 7 ANk # sh A, il
P77 KB #% Euler ¥ , BIE W] 25 4, BU Rayleigh B [8]25 K ) 20% ~40% LAPRIEDT KA ZE L4, D7 K
W] BEE R 6 s, PA% RS BUBUR R /INEAR BN 3 . SROCE S8 B 5 TR IR 05 B, 73 07 B 58 iU BEAT IR AR
FRI
3.2.2 {kabAegmE

T EAHERR ISR R LE A, R FIZE T Python JT % i EDEMpy X5 HL 45 R SCHF#EAT
Bro JU SR S M — MR A T 2 2 [ 57 5 LU 2 1 i o i 1ol PR OB 5 PR o /N — 3
Y XX BERTURL FR U AR AR BEAT R MU 5 R AR B 4R 5 /KR R e A B AR A, AR L A 00 5 7 ik
ANEEUE 3 FiR. A TR BB R a2 DL O FRBRR E B KA T 047 , AR SC P e B4 X
AT FRME D, 24 10 mm, FFR{E D, 2 40 mm, & SCAARHIEAE Dy 29 6 mm, MANET AR J7 1 # i
AT, AT AR R AR A R R AR U s RN 4 BT R o

D,

2

D, — ¥ T RRME ;. D,—/ it EFRIA s D, —E A BRIEARS; 0—RibAr; 6—UR Jrafi.

B3 fiERMETETER
Fig.3 Schematic diagram of testing method of repose angle
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Fig.4 Schematic diagram of multiple measurements of angle of repose

% 3 Plackett—Burman X3 E & 57Kk F
Tab.3 Factors and levels table of Plackett—Burman test

U AES BkT-(-1)  ®AKF(1) B EE BkF(-1)  ®AF(L)
HEARIARALE A 0.2 0.4 EOR-WRE R 0.1 0.2
AR IR B/MPa 1 2 AR R G 0.2 0.4
EAR-EARKIREL C 0.15 0.3 EOR-R S BE R B H 0.1 0.2
AR AREEER D 0.2 0.4 JKR RHAE J/(Jom™?) 0.01 0.02
EOR-EGRBNERE R E 0.05 0.1 HEMSH K, L - -

%4 Plackett-Burman i H R B LER
Tab.4 Scheme and results of Plackett—-Burman test

LGS
FE Rk (°)
A B Cc D E F G H J K
1 1 1 -1 1 1 1 -1 -1 -1 1 -1 33.86
2 -1 1 1 -1 1 1 1 -1 -1 -1 1 33.92
3 1 -1 1 1 -1 1 1 1 -1 -1 -1 16.08
4 -1 1 -1 1 1 -1 1 1 1 -1 -1 32.20
5 -1 -1 1 -1 1 1 -1 1 1 1 -1 43.36
6 -1 -1 -1 1 -1 1 1 -1 1 1 1 30.75
7 1 -1 -1 -1 1 -1 1 1 -1 1 1 23.69
8 1 1 -1 -1 -1 1 -1 1 1 -1 1 31.23
9 1 1 1 -1 -1 -1 1 -1 1 1 -1 22.66
10 -1 1 1 1 -1 -1 -1 1 -1 1 1 21.28
11 1 -1 1 1 1 -1 -1 -1 1 -1 1 30.77
12 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 24.72
13 0 0 0 0 0 0 0 0 0 0 0 32.85
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Xt 4 FRKIREERAEIT I Z 0, BAKRESHBEENER S Frm, R, A6 K-
HEAARRSHEESR R B P <0.01, X5 EASRAEMAER B2 ; JKR RERE, £ A K-WIKE R &
A RIARA Ho B A A IR E R R AU P < 0. 05, Xl AR B35 ; HARSH P HY AR T 0.05,
Xt EAE R MR/ o

%5 Plackett-Burman XIS # B ZE 4 44

Tab.5 Significance analysis of Plackett—Burman test parameters

H#& LA oxill MR/ % P B
A -4.66 65.05 10. 82 0.028 3 4
B 0. 96 2.78 0.46 0.3520 9
c -1.40 5.85 0.97 0.2232 8
D -2.44 17. 86 2.96 0.092 9 6
E 8.51 217.43 36.03 0.008 7 1
F 5. 65 95. 65 15.85 0.019 5 3
G -4.32 55.99 9.28 0.032 7 5
H -1.47 6.51 1.08 0.207 1 7
J 6.24 116. 69 19. 34 0.016 1 2

3.3.2 mRHXE

Hx M3 6 RN VHE 3t 5 R 1K 6 PR 3R K PO, (S0 i O X SRRt 2 o DL O I dge AR
WS HOH PRI EER, EBR 5 R EMHEAET 3 WIRR (E, F. J) BT RBEESIRL , FrikidinS
Rd% BRI RE B IES P KRB AP, HARS ROk B p 1)K (LEARIARA L 0.3 L AR AR BT IR 5.5 %
10°, A A IR-H A RARAZ R0 0. 45 | HE T IR-H IR PR R R A0 0. 62, AR A IR R 2R 40 0.6 A
IR-R BN EEFEZR%00.3) IRNIN LR ANK 6 P iR AT AN, IR Lk A Bl 1o PR 3R 850 {EL #4043 ¥ 4
n, AR DR 22 2 BRI/ NG I RS, Kb 3 SRR IR ZE RN

®6 REEREHAEARSER

Tab.6 Scheme and results of steepest ascent test

R %
F5 ik () HAXTRE/ %
E F J
1 0.05 0.1 0.01 32.42 33.51
2 0.10 0.2 0.06 43.62 10. 54
3 0.15 0.3 0.11 46.39 4.86
4 0.20 0.4 0.16 52.41 7.49
5 0.25 0.5 0.21 55.18 13.17

3.3.3 Box-Behnken X3

R TRBURIEA S BEEWRER (CEA R4 A BB SNEERE R A A R-FIKE R BN JKR R
AB) FECF [E RS, SR ] Box—Behnken {547 Me I 006 AR 98 B BE QSR I A0 45 2R, YEEER 6 1 3
SR SHUE A HE K4 5 5 SHSEUE S AR MR K #EA TR B, 356 7 38 e 45 3R
mzE7 Fim,
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%7 Box-Behnken RIEHFRRLER
Tab.7 Scheme and results of Box—Behnken test

B HEE B HEE

5 Rikf 6/ (°) 5 RIEf 6/(°)
E F J E F J
1 1(0.20) -1(0.2) 0(0.11) 49.81 9 0 -1 1 51.36
2 0(0.15)  1(0.4) 1(0.16) 52.83 10 -1 0 -1 42.29
3 -1(0.1)  0(0.3) 1 50.07 11 -1 1 0 47.28
4 1 0 1 52.53 12 0 0 0 48.44
5 0 -1 -1(0.06) 44.60 13 -1 -1 0 43.87
6 0 0 0 48.23 14 0 0 0 49.08
7 1 0 -1 47.68 15 0 1 -1 45.23
8 1 1 0 49.33

T 365 A BB K P B B B HL S5

TWIENIAREL T 22 AR ANER 8 FR . i ERAT, LB AALEY P <0. 001, KR AITE) P >0. 05,
RYIBRIR B3, B R R AL A PR BRI JUE R R =0. 993 7, KEIERTE AU Ra® =0.982 3,
ISR S PR RSB P ] S AR 55 o

R TREEARBEHTESN

Tab.8 Anova of quadratic regression model

g3 75 H B WEE P
A 134.080 0 9 87.15 <0.000 1***
E 31.360 0 1 183.47 <0.000 1 **
F 3.160 0 1 18.50 0.007 7*
J 91.060 0 1 532. 66 <0.000 1+
EF 3.780 0 1 22.13 0.005 3*
EJ 2.150 0 1 12.55 0.016 5*
FJ 0.176 4 1 1.03 0.356 3
E? 1.740 0 1 10. 18 0.0242 *
P 0.388 0 1 2.27 0.1923
N 0.223 1 1 1.31 0.3050
R 0.854 7 5
FRAUT 0.462 7 3 0.786 7 0.601 7

TE: R e AW B E KT (P <0.001), ™ RRIEH BE/KTF(0.001 <P <0.01),
* FRBEKT(0.01 <P <0.05),

TEARIERRL B 3% | RRINM R T, 2R BIR ch R BET(FT . F* L ) 3 280 WS R R i —
WIEH 572
0=13.57 +211.91E +35.46F +111.43] - 194. 5EF —293E] -272. 43E” | (17)

3.4 RS HATHHESHIE
LUREG SR | RS N AR, AR LR /-5 SE ok AR A A iR 22 e/ B AR, TR
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fi# Box-Behnken iX 30 3RAG B2 [ ARERY , BBV RAESTA G . O KA IKIRBIBEE R ECNO. 165
A IR-AAPR A Z B0k 0. 215 JKR R AEN 0. 113 J/m’ . RARMKSBHAHTHERE, B3k
£k 48.39°, HABRAKIEf AR 22N 0. 76% - B 5 Mtk ik M ff B IR 45 1 5 Y B 16 45 1
HOXTEE, NIRRT LA t, 3 SEARAE R 0 A AbL, 2 B r fih 2 KRB A5 3R B U A 0 O G 3 R
i

(a) P A EE R (b) Yyt 45 R

BS5 #hERHERESYERBERITLIL
Fig.5 Results comparison of simulation test and physical test of repose angle

4 g

1) R BRAG A A KA T B RO AP B AR A AE 2 8, 38 oy B s A5 A OB Y o B 2
H1.127 g/em’ PRI R 0. 126 mm, 4RI K 48.76°, LIBSHOUTHT B4R/ EDEM Sh#ifd , AR 4 50k
AR TRUR B BURCRLAR R 2 2 mm FHAT RS ERE

2) @1 Plackett—Burman 56 7347 il 2 8O0k A A0 OB PR L A RZ MR B9 31, DR AR 0 A 45 SR 1B B
T 3P BEWRRNSHEAT RBEEHHXE I Box-Behnken {58 , B LK 11 5 4 40 IK-A 1 IR IR B e
AR A A IR-RE ZEA K JKR SR BE A HC [ AR,
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