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Calibration of Discrete Elemental Contact Parameters of Tobacco and Its
Breakage Model Construction

LI Guang, LI Zidi

(College of Light Industry Science and Engineering, Tianjin University of Science and Technology, Tianjin 300457,China)

Abstract: [Objective]ln view of the lack of discrete element contact parameters and breakage model of tobacco in the particle
simulation, the contact parameters of tobacco were calibrated, the breakage model of tobacco was constructed, and the breakage
parameters were calibrated.[Methods]Adiscrete element contact model was constructed taking tobacco as the research object. Plackett—
Burman test design and Box—Behnken test design were combined to determine the physical parameters of tobacco. The optimal values
of Poisson’s ratio of tobacco, coefficient of recovery between tobacco, coefficient of static friction between tobacco, coefficient of rolling
friction between tobacco, coefficient of recovery between tobacco and equipment, coefficient of static friction between tobacco and
equipment, coefficient of kinetic friction between tobacco and equipment and the shear modulus of the tobacco were 0.35, 0.35, 0.49,
0.03, 0.35, 0.44, 0.12, 5.75%10° Pa respectively. The breakage model of tobacco was constructed, and the main parameters were
calibrated using heavy ball drop experiments, including a bond radius of 0.216 mm, a unit normal stiffness of 4.62x10"° N-m™, a unit
tangential stiffness of 1.62x10" N+m™, a critical normal force of 5.10x10'" Pa and critical tangential force 1.89x10'" Pa. The validity
of the breakage parameters was further verified using uniaxial compression test. [Results]In the calibration of discrete element contact

parameters of tobacco, the average relative error between numerical simulation and test results was 2.9%, and the calibration results of
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discrete element contact parameters of tobacco were accurate; in the calibration of breakage model parameters of tobacco, the average
relative error between numerical simulation and test results of heavy ball drop was 0.82%, and the average relative error between
numerical simulation and test results of uniaxial compression was 4.53%, and the tobacco breakage model was reliable. [Conclusion]
The research can provide an effective model reference for the exploration of tobacco breakage.

Key words: tobacco; discrete element; virtual calibration; breakage model; numerical simulation
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Figure 1 All levels of tobacco screenings (left) and its long axis length distribution (right)
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Figure 2 Statistical results of similarity based on SIFT
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Figure 3 The true shape of five kinds of tobacco Figure 4 Hertz-Mindlin discrete element models of

after SIFT matching Tobacco
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Table 1 Plackett-Burman test parameters

5 28 IR =K
Symbol Parameter Low level High level
A K 22 UL HE Poisson’s ratio of tobacco particles 0.30 0.40

S0 22 JUL 08 22 JSORL W S FR 2
B . . _ 0.20 0.50
Tobacco particle tobacco particle recovery coefficient
00 22 IR~ R 22 TR P 142 2R 8
C Lol - . . 0.30 1.00
Static friction coefficient between tobacco particles and tobacco particles
R 22 UL 08 2 JSUIL VR 1) e 2 R
D . - . . . 0.03 0.10
Rolling friction coefficient between tobacco particles and tobacco particles
S0 22 UL~ BRI S R AL
E .. . 0.20 0.50
Recovery coefficient of tobacco granule—aluminum plate
R 22 UL~ B A P R
F e _ . . 0.30 0.58
Static friction coefficient between tobacco particles and aluminum plate
SR 22 RO~ SR AR Sl R4 2R
G Lo . . . 0.01 0.15
Dynamic friction coefficient between tobacco particles and aluminum plate
H B4 Shear modulus/(X109 Pa) 1.50 10.00
I BIISE1 Virtual parameter 1 -1 1
J JERISEL2 Virtual parameter 2 -1 1
K JERISHL3 Virtual parameter 3 -1 1

1.4 (AR E T RARE
1.4.1 JRLBARBEA It 2R AR Y 3 3 Bond 385 45 B 422 BRI BRIA , XY PRITERIAR FT 52 41 1 K F Bond 1Y
I S0 B e 5 B T 2, SR & A R . Bond B84 (R B R P RE BB T 54 S 80 B A5 2R R, BN 3% 1) 5o i



14 B ORF ML B ROU R SR RS A g - 63—
S, RIS, G PR o, W R S, 0 B0 R i S

E
S = 1
T (1)
S,=vS, (2)

A v IR E s £ S AR A I B el g T IR YD 1) R T ) G (L e B R I . P i A
A S R HAE R 0.375,

1.4.2 JAZBAARR 0k ML) R AT 90

SRR AR R T S B AR ([E15) o %R A L

A MR , AT AR A 22 0RE ) — SR, BAOTER (A ES MREmmRE
#°450.15 mm., Figure S Tobacco broken model
143 ErRkZHEXE  DEESEbRE R T 9T U) | =R R P SR A EOR R R A

— FE W BE B nT e, 7 TR0 Hh & BN 22 3R X AT 2 DRI B0 R e 2R R W 7% BR vh i i R ALtk A 7
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1.4.4 MRLBBRREBAFE  SHLLBEREBIR G ILR 2 fh 2503 O R AR 25 58, Hoth ARk i 22 fioh 2 50
F2, MY HR I ZE A AR S E R AR AR, XRS5 AR AL 1) W EE i Bk ) ) R AT B R R A3
Bt LA i Ay o) 1oy (247 ) 17 T 0 ATT L AR A5 AR 22 AR S B S AR i
1.4.5  BUABERL 69 3 4 R 45 B4 JE O BV R AR I X 2 A S EGE T IR o R 22 9 HE AR R BE 40 mm, JiT R
0.08 kg, &EWINEAAT1 N, HUINZE)E K B 80 mm-min™' . JE4E I K & # 60 mm - min™', % & it K& AT A7
35 mm, AT IRFA TG, 0 M AR

F2 EHBEERBNHESH

Table 2 Simulation parameters for heavy ball drop experiments

{5024 B Experimental setup ZKUFE b5 Parameter indicator ZHUKF Parameter level
#1 K} Materials 478 Bearing steel
% % Density/(g cm™) 7.8
224 Radius/mm 12.50
K Steel ball
JFi i Mass/kg 0.065
FibEAL i Elastic modulus/GPa 208
IFH L Poisson's ratio 0.30
A} Materials KB Mild steel
% % Density/(g- cm™) 7.9
i M Impact plate RS Size/(mmxmm) 450%450
PR Elastic modulus/GPa 206
THFALE Poisson’s ratio 0.28
HEE Y U Static friction coefficient 0.30
HER— A Steel ball-impact plate TR BNEEE 24K Coefficient of rolling friction 0.01
PRIZ Z 4L Recovery coefficient 0.56
R 2K Static friction coefficient 0.44
i A — 4 22 Tmpact plate—tabacco TR BNEEIE ZBY Coefficient of rolling friction 0.15
Wk ZE Recovery coefficient 0.35

2 HRE59WH
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Figure 6 Repose angle image processing
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2.1.2.1 Plackett—BurmaniX ¥ %3+ 454 Design—Expert #£ 17 HEFL A 15 B %) Plackett—Burman i 56 1% 31, i 58 77

RPEERANFRS 13225 R S e W A HE AR AR 2Z 1) A 2200 — R M3 5 FE D -
0=39.52-2.14A-0.28B+7.87C+3.38D-0.48 E+0.36 F-2.92G-0.57TH (3)

%3 Plackett-Burmani® i it & &R

Table 3 Plackett-Burman experimental design and results

523 28 Parameters B o/(7)

Number A B C D E F G H Repose angle
1 0.4 0.2 1.0 0.10 0.2 0.58 0.15 1x107 45.30
2 0.4 0.2 0.3 0.03 0.5 0.30 0.15 1x107 2341
3 0.4 0.2 1.0 0.10 0.5 0.30 0.01 1.5%10° 51.11
4 0.3 0.2 0.3 0.10 0.2 0.58 0.15 1.5%10° 36.91
5 0.4 0.5 0.3 0.10 0.5 0.58 0.01 1.5x10° 36.41
6 0.3 0.2 1.0 0.03 0.5 0.58 0.01 1x107 48.75
7 0.4 0.5 1.0 0.03 0.2 0.30 0.15 1.5%10° 39.45
8 0.3 0.2 0.3 0.03 0.2 0.30 0.01 1.5x10° 33.33
9 0.3 0.5 1.0 0.03 0.5 0.58 0.15 1.5x10° 43.32
10 0.3 0.5 0.3 0.10 0.5 0.30 0.15 1x107 31.24
11 0.4 0.5 0.3 0.03 0.2 0.58 0.01 1x107 28.62
12 0.3 0.5 1.0 0.10 0.2 0.30 0.01 1x107 56.43

Plackett—Burman {55 7 22 43 A 45 SR QN 3% 4, SRS IR 1Y fE R 45.26>1, P<0.01, RIS BRI &5 Hirr,
C (R 22 J50kr — R 22 50k R EE 8 2R 50 D (R 22 350k — MR 22 00k VR Bl BE 8 R 80 L G IR 22 b — 40 M sh EE 2 22 %80 3
AR R F P<0.01, At B2 1. AGARA ) P<0.05, i — B & K. B.E.F.HI P>0.05, % LM H AL
EE. BRI R 99.18% , T B R), 4 96.99% , 15 S R KN 4.30% , FWI )T PRl 43 BERC U
2122 R XIERT PR AR ET = R R T R CY IR T . KPR S EOUE S Bl %
ey LK RS EEE BT LK R BENEYR IS T 58 M A5 R NSRS , Bifi 75 1 22 JoUkr — A 22 Uk ¢ BE 458 22
BN 22 5500 — MR 22 F5ORL R 3 JEE 458 22 5035 MBI AN BI85 1 , AR 22 5507 — 45 M 3 JBE 488 22 BB S T T 5, HE R
BB, Hid 524 (IR 45 -5 W PEME R B AR AR 25 /N o
2.1.2.3 Box—BehnkeniX 3%t HEHFRSH A9 58 24 156 2 B0V by o 1oz 1T 0o ZKF-(0) , T FIBEHAE R (1)
(+ D) ZHUKF#E17Box ~ Behnkeni i i35 5 11, 1050 77 22 4N 26 , #2421 13056 J7 28 40 ol 4 7 M R AR B A
P4, A2 T 150X R ) e R A 4

il i Design—Expert 24X} ¢ 6 111 Box—Behnken 5 45 K 317 2 T BIH LG F-ULfe, 7 20 g R an
7 45345 R R S b E MR 0 AL E B9 B R TR
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Table 4 Results of the analysis of variance for the Plackett-Burman test
HeU -7 A K H B ¥y s P A
Source Sum of squares df Mean square Significance
3] Model 1046.35 8 130.79 45.26 0.004 8 *
A 54.96 1 54.96 19.02 0.022 3 *
B 0.93 1 0.93 0.32 0.6103
c 743.24 1 743.24 257.20 0.000 5 * ok
D 136.82 1 136.82 47.35 0.006 3 *E
E 2.80 1 2.80 0.97 0.397 3
F 1.57 1 1.57 0.54 0.514 5
G 102.20 1 102.20 35.37 0.009 5 **
H 3.83 1 3.83 1.33 0.3330
%24 Error 8.67 3 2.89
A Total 1 055.02 11
R?=99.18% R},796.99%

FE RN ZE TR (P<0.05) ,* +FR 2 TR % (P<0.01),

Note: *indicates significant difference (P<0.05) , * *indicates extremely significant difference (P<0.01).

x5 RBERKABARRITRIM

Table 5 The steepest climbing experimental design and analysis

R 22 J50RE — M 22 50k

R 22 55U — 40 22 JUhL

JH 22 Uk~ R AR

WA 0/(°)

K R REL RENEE R EllEx¥ 3 Repose angle
Test Coefficient of static friction of Coefficient of rolling friction of Coefficient of kinetic friction of
tobacco—tobacco tobacco-tobacco tobacco—aluminum plate
1 0.3 0.030 0.15 18.27
2 0.5 0.045 0.10 32.17
3 0.7 0.060 0.05 43.57
4 0.9 0.075 0.00 48.58
%6 Box-BehnkenitIE A RR LR
Table 6 The Box-Behnken experimental plan and result
‘ il*lﬁ%ﬁ*ﬁ—flﬂ%%ﬁ*ﬁ ﬂﬂ%ﬁ*ﬁ—‘k‘lﬂﬁ%ﬁ*ﬁ il*[&%ﬁ*‘ﬁ—fﬁﬁi R 0/(°)
W R R AL RINEH R B R Repose angle
Test Coefficient of static friction of Coefficient of rolling friction of Coefficient of kinetic friction of
tobacco—tobacco tobacco—tobacco tobacco—aluminum plate
1 -1 0 1 17.28
2 0 1 -1 42.05
3 0 1 1 45.90
4 0 -1 -1 44.45
5 0 0 0 28.33
6 0 -1 1 28.24
7 -1 -1 19.75
8 1 1 41.08
9 1 -1 41.35
10 -1 -1 0 18.12
11 1 1 0 44.72
12 -1 1 0 21.90
13 1 -1 0 41.81
14 0 30.77
15 0 29.94
0=29.68—1.89G+11.49C+2.74D+5.02GD+4.35G°-4.17C*+6.13D° (4)

P A E = Uk [T SRR B A 1 P<0.000 1, B iE B EL R 19 98.37% , FARE R HL R, M 96.74% , F AR AR 4241
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%7 Box-Behnkenid &AL EHIEFEE F E ST

Table 7 The analysis of variance of optimized regression model of Box-Behnken test

SR SEA F ¥Jr A ; P
Source Sum of squares df Mean square
T Model 1530.095 7 218.585 60.287 19 <0.000 1
G 28.501 25 1 28.501 25 7.860 834 0.026 4
C 1055.931 1 1055.931 291.232 8 <0.000 1
D 60.225 31 1 60.225 31 16.610 54 0.004 7
GD 100.600 9 1 100.600 9 27.746 4 0.001 2
¢ 69.988 21 1 69.988 21 19.303 21 0.003 2
c? 64.166 68 1 64.166 68 17.697 6 0.004 0
D? 138.575 8 1 138.575 8 38.220 12 0.000 5
5% 9% Residual 25.380 1 7 3.625 729
AT Lack of fit 223019 5 4.460 38 2.898 044 0.276 2
4[5 2 Pure error 3.078 2 2 1.539 1
JEURT Sum 1555.475 14
R?=98.37% R},=96.74%

FRAE 3R B IR 5, DL 6=28.94 °Amia W AE HEA TR A , S ASHAR 22 Uk — (R 22 50 R EE 2R 8 (C) (MR 22 IR 24
WORHR ShIEE A5 250 (D) R 225Uk —ER AR Sh BE 82 22 80 (G) BB A A 535914 0.49,0.03,0.12,

X EA S AT HERR AL IE | 3 YIS U7 B g0 BT I HE AR A 43501 29.02 © 12769 © .30.12 °, AH XS 15
42.9% , A5 I B I BT i S 800mT FH T AR 22 19 05 B9 o
22 MWHLHBRESHRE
221 FHH BRSBTS TAL  E AT N 220 6 A PRV R B TR R S R R R BB . R R A 2
e BBk 2 32, LSO mm =g B —2H 064 7 B 7 TS0, 0 e A o B3 T AT R i A SR e 8 kTR v
/NTF50 mm T, M2 FEAR K A W2 . SRS = KT 50 mmst, SRR 00 4 T 4G BB AR TR 8, K 22 £F 4k 1) 5
ﬁﬂﬁﬂlﬂ#ﬁ KT ERIMB WIS (E7a) o ETE 5K T 150 mm s, 57006 22 3R 22 52 4 Wi 2 (&

o MAWRVE R R T 250 mm, M 22 ST AN G2 o Fh TR 22 W7 S B ORE R AR B S, B TR B LA 24

T 158 W S A TR 22 TR 1) R AE

RS ERBEMABIZITRER
Table 8 Experimental design and results of heavy ball drop pre-test

k7% =5 B Drop height/mm

AL Nmber
<50 50~100 100~150 150~200 200~250 250~300 300~350 350~400
Wi Falls 10 10 10 10 10 10 10 10
H1%4 Broken 0 2 4 6 8 10 10 10
a SRR RIBT TR S8 TR b. MR 228 S Wi
Tobacco squeezed but not completely broken Tobacco completely broken

E7 EXRBFREPELEWRES

Figure 7 Breakage patterns of tobacco in heavy ball drop experiment
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Shy 2 s 0 BRI v R 22 A P R B B R B, DA B 5 50 mm = BE G BN 1 mm AT 2R
RIS, B Z RS = B A B 350 mmo ICSEBFRERTE J5 A AR 22 52 501 0T e IR 22 57 TR 24 R AR I v Bk, 245
AN 9, M2 WA A AR BRIV o B (BRC> ) A 225 mm, V&A% 212.5 mm,

R TRBFESETHEKRRZFRBER
Table 9 Results of heavy ball drop experiments with different drop heights

MR L AR A AR 8t R A 10 U PR BE(BR L )/mm
Degree of crushing The number of tests for the corresponding crushing degree Mean height (center of sphere)
2235 %
KL R I 119 214
Tobacco squeezed
HH] 22 i 24
Izl 88 225

Tobacco broken

R38R 22 BUERAE O AR B K 9 25 B2 225 mm , TSRS B R S KO 0 0 B AN 28 10, e Hp B2 95 1) 7D 1 P AR
P2 e i F ik 1) 1) 1) JI AR LR AR K 0.37 e e

R0 SALBFFEE P Bond SH AR EVE

Table 10 Initial values of Bond parameters in the tobacco broken model

s ExT, IR
Symbol Parameter Initial value
A Fh45 2142 Bond radius/mm 0.20
B B % 1] ]I Unit normal stiffness/(X10'N+m™) 3.88
C BT 1] W EE Unit tangential stiffness/(X10'°N-m™) 1.36
D IIfi #L3%: [1] 77 Critical normal force/(X108 Pa) 9.44
E I 541 15] 71 Critical tangential force/(x108 Pa) 3.49

222 ATHERZXBGAFTABCRAA LT NiE—2L i Box - BehnkenH 22 % i 55 19 S EURUE , X 45
AR BNV T WIEE I Ak 1) D AT B ZE AT 0 SR RS R [ UORLRAS o ZEEE I B AR S A
VEBC %S 5 5 BB AR A A B A Bond BN FRUE | DA TT 5 BV AR 22 B 1 o (AR 25 242 M 101, el 2 A Kaliad /N, 4B
2 PEUSERUATRN K A e, AP 8) o AR5 2 8 v 4 BRI 7 143058 P A, 25 76 K50 mm (14 B v BE R4 T 5 IR)
BB, M 22 T 2 B AR, M DL LA A i PR B R AR, I S A U B IR B k% v B . PRLUE,
A B AR TR AN R S 8 T4 L A0 mm Bk 7% 125 8 R4 T B PR 25 B A5 4D,

% % - -
e )
a. Bt R b Jigh /N
Excessively large particle bond radius Excessively small particle bond radius

E8 SHARILASHAERRE

Figure 8 Model fragmentation caused by parameter mismatch

ARZEEEs A PR URCIR S IR 110 HBZ5FA/NT 0.15 mm IF, J0RLJC L A2 A, 12 T Rh4h il
N, TCIEE R E 1) Bond 2544 o MBRZ5 LR KT 0.2 mm &, JIURLA & A, 2 26 ) Bond BERR E , 5 9 21
TR R AR REAAT . M BE 45 2R KT 0.3 mm B, J0URE - UK 03 AR A, 3 J2 B T A 1A% Bond 266 405
TR, B OB A: UG R4S AT, TCIE DR R IR A ORI AR

AN TR] B, M JBE 7K PR AR B ORI S A1 3% 12 B3 1] WIBE /N T 2.59X 10" N - m™ B0 U] i) Wi E /)N T
9.07x10" N-m™ i}, W BE B S BUMURL A2 1) i A1 FS , I AR 22 i) )42 floh 2L FE2 K, UL A8 L B )
Hh, DT S BORURLAR R o it I AR 38, AL PR A0 B Dl I , ORI S TR RS
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Table 11 The influence of different bond radius on the particle state of the model

BN 1] W EE AL 1] W E i 54161

'/r 3 % 2+ NS .
21 ) Unit normal Unit tangential . _Im L1 Critical tangential Hair 1_1 kR A
. o Critical normal force Bond radius .
Group stiffness stiffness force Particle state
- - /(X108 Pa) /mm
/(X10"°N-m™) /(X10"°N-m™) /(X108 Pa)
1 3.88 1.36 9.44 3.49 0.150 TJoi A Al Ungenerate
2 3.88 1.36 9.44 3.49 0.175 -4 Semi~broken
3 3.88 1.36 9.44 3.49 0.200 ¥ Unbroken
4 3.88 1.36 9.44 3.49 0.225 ¥ Unbroken
5 3.88 1.36 9.44 3.49 0.250 KW Unbroken
6 3.88 1.36 9.44 3.49 0.275 A Unbroken
7 3.88 1.36 9.44 3.49 0.300 JeHE Y Ungenerate

R12 [N AE 7K T X S B BRLIR 25 89 7

Table 12 The influence of different unit stiffness levels on the particle state of the model

BT 1] R FAAAT) i R

Il #0151 71

I Lk g Fh ok 22 .
20531 Unit normal Unit tangential . .Imﬁ(ilujjj Critical tangential H Fd:{,l LUTE TRy
. . Critical normal force Bond radius .
Group stiffness stiffness force Particle state
/(X108 Pa) /mm
/(X10"°N+m™3) /(X10'°N+m3) /(%108 Pa)

1 2.59 0.907 9.44 3.49 0.2 W Broken
2 3.24 1.130 9.44 3.49 0.2 M Unbroken
3 3.88 1.360 9.44 3.49 0.2 AW Unbroken
4 4.53 1.590 9.44 3.49 0.2 A WE Unbroken
5 5.18 1.810 9.44 349 0.2 K Unbroken

ANTRTIIE S0 3 A AR A URDIR S N6 13 21l 53 1] T3/ T 9.44x107 Pa I U0 18] J3 /T 3.49%107
Pa i, AL A AR R, 23 T ORE ] RS2 A BR ety s/ ZEAR /N el /R (8 8 A e . B T 5
JI R T URE BT RGN o T I i 1] 7B 5 9.44% 10" Pa I SV 1] 1B ik 3.49x 10" Pa i, UKL PR
TSR, SR T IS A DL BB 7K 52 DR el 0 7, B0 32 il i AR I R, o 1 B0 58 BT BRAR 19
HAR, B EOCTTR IS, 5 A BRI
R13  AEIE 5L 17K T X R BY BRAR 25 B 7

Table 13 The influence of different critical stress levels on the particle state of the model

V73 o I ) 1] W s I 41w s
) SALRRRE IR ) NI T Bk e
ZH 5 Unit normal Unit tangential . . Critical tangential . kLR A
. . Critical normal force Bond radius .
Group stiffness stiffness force Particle state
- _ /(X108 Pa) /mm
/(x10"°N-m™3) /(X10"°N+m™3) /(%108 Pa)
1 3.88 1.36 0.944 0.349 0.2 I % Broken
2 3.88 1.36 9.440 3.490 0.2 K¢ Unbroken
3 3.88 1.36 94.400 34.900 0.2 KW Unbroken
4 3.88 1.36 944.000 349.000 0.2 K HE Unbroken
5 3.88 1.36 9 440.000 3 490.000 0.2 TR Broken

ARG 1136 12 R 13 PR S AR R 93 6 2 0 o R 2 A B IRV BT (3R 14) TR IZ S BGIE I N AT
Az JRRE AR 22 e R, i) T iR LR S BT
R4 BHSHGRELRPESHTENERELE

Table 14 The value range of each parameter variable in the crushing parameter calibration test

RISH 7Kl Range of level

Test parameters -1 1
Fh45 21242 Bond radius/mm 0.2 0.275
BN 32w [ BE Unit normal stiffness/(x10'°N+-m™) 3.24 5.18

IIfi #4322 /] 7 Critical normal force/(x10% Pa) 9.44 944
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223 A TBox—BehnkeniX 3 69 s A S AR & MRPEFE 14 PP B RE S 000 UL YO BBl 45 e 5 00 e b7 T 3 46
BEE, R RN 15, 44 BB AR IR 2243 B HEA T B BR B BB, A5 31 1 520 190 A e e o 2 BB
R15 HLHEEER S HFRERNBox - BehnkeniX i F RN ER

Table 15 The scheme and results of the Box-Behnken experimental for calibrating parameters in the

tobacco broken model

B 1] W JEE

. %ﬁiﬁﬂfﬁ .fiifﬁ‘?js“ ] W.'JTE Unit tangential - f|ﬁﬁ‘7§ﬁﬂﬂ Ny Il 5401 Fﬂ.JJ Wﬁﬁﬁa%—fﬁ
Test Bon;imr:lildlus Um/t:fgrlr[l):;\ll .s::lfir;ess stiffness Cr1t1c/ezlxr11<())2n£)z;l) force Cnucal/(tjil(%:;:;l force Crush/llrlllgmhelght
/(X10'°N+-m™)

1 0.200 0 5.18 1.81 477.00 176.00 375

2 0.2375 5.18 1.81 944.00 349.00 362

3 0.2375 4.21 1.47 477.00 176.00 368

4 0.2750 3.24 1.13 477.00 176.00 221

5 0.2375 5.18 1.81 9.44 3.49 160

6 0.2375 3.24 1.13 9.44 3.49 680

7 0.2375 4.21 1.47 477.00 176.00 166

8 0.2750 4.21 1.47 944.00 349.00 43

9 0.2375 3.24 1.13 944.00 349.00 620

10 0.200 0 4.21 1.47 944.00 349.00 305

11 0.200 0 4.21 1.47 9.44 3.49 247

12 0.200 0 3.24 1.13 477.00 176.00 185

13 0.2750 5.18 1.81 477.00 176.00 167

14 0.2375 4.21 1.47 477.00 176.00 585

15 0.2750 4.21 1.47 9.44 3.49 750

i 1 Design—Expert X} & 15 1) Box — Behnken 1545 #5172 7T [H1H A, 45
I AR 8 v B H B — B Rl 7 2 h

H=368.33+259.874-25.88B+12.00C+39.504B+14.25AC+42.75BC+99.334>-114.17B>-20.92C*

RANFE 16, 754355 [ 2% 5

F16 HLBEBREESEARE N Box - Behnkenit 3¢ B 345 75 2 53 #7

Table 16 Variance analysis of the Box-Behnken experimental regression model for calibrating parameters in the tobacco

broken model

(7)

KR S5 B ¥or f P
Source Sum of squares df Mean square

7 Model 6.50x10° 9 72 260.72 185.43 <0.000 1

AZ25 4% Bond radius 5.38x10° 1 5.38%10° 1379.8 <0.000 1

B HA5i 3% ] W B Unit normal stiffness 5356.13 1 5356.13 13.74 0.0139

Cllfa =16 /1 Critical normal force 1035.13 1 1035.13 2.66 0.164 1
AB 6241 1 6241 16.02 0.010 3
AC 676 1 676 1.73 0.2449
BC 7310.25 1 7310.25 18.76 0.007 5
A2 35975.39 1 35975.39 92.32 0.000 2
B 47 600.16 1 47 600.16 122.15 0.000 1
c? 1713.39 1 1713.39 4.4 0.090 1

5% 2% Residual 1948.42 5 389.68

T Lack of fit 1 863.75 3 621.25 14.68 0.064 5

4li{522% Pure error 84.67 2 42.33

B Sum 6.52x10° 14

R?=99.7% R},=99.16%
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ALK P<0.000 1, F IR B 3% . P RBR N 99.7% , 4 ZEL R, M 99.16% , KNI P>0.05, %
BRI, AR S R BN 5.66% , F WA B R L& B e

FIH] Design—Expert RIFBFEREIISE A S AUAH N A 142 0.216 mm FRALETRIEE 4.62x 10" Nom™  FLA7 H] [1]
MIBE 1.62x10'° N-m™ Il #1777 5.10%10" Pa I Y] 77 1.89%10% Pa, TEXZSEA G T #H4T 3 kg S ik ik
B, R i B4R 210.5,214,212.5 mm, 5P BRI A X 1R 25 0.82%

224 AT ARG K AR SKIE 2L osr ST Control experiment
— A ER1AY Control experiments
}j_:‘{éﬁi E‘J%}Eﬁfﬁﬁiﬁyﬁﬂ@mﬁ E/E EHE] g£ ﬁu [7§]9o EE @9 ==} FLR 5 Simulation experiments

AR BRS04 ) B ETA B4 0 g RE
IR — B I 4 B AN BT K M 22 A
(1 FL B3R A0 Ul I, IO 728 4k g I, R 22 )RR
JEB AR, BB M 22 38R B AR R o eI B
& H Sk R — APt T, L D B 3 A S e TR
TEIK B HH 22 19 B KR AR 288 35 mm ], Py PSS T 52 28k 0

E

2710 008.6 N, BUE AL T 52 2 faf 4710 462.54 N, 0 01 02 03 04 05 06 07 08
PR H4.53% 5 W UE T A4 TR B HB M s
RE LR AR B9 £ S AR R RS- R T
NN . Figure 9 Stress-strain curves of tobacco model under
3 1-‘-]- .l'/b\"—ﬁ z:é':l/l’-\' uniaxial compression

A SCHRARAE T, S T 3T RROR  JH 22 B A ST 5% 1 A R FH 7 B B B0 AR ORI T, 288 T
M2z 7 B R 853712 sh g T3 [WIR, B BOTA L) R 1 SRR S 808 BAHG (B 7E — 28 CFD-
DEM W3¢, i FHI 2K AR FE K 5 PR Sk B4 4 B S5, 0 22 A58 1 B IO 2 B B AR, A5 S 500t 4 i
Z RSN REMbRE SR . AN, R L2 i RS LD E T 22 ) SR 2 T, A AR 22 1 DL B LS ) I
3 AT R I HE RN 22 (1 1 PR JEE | e 2 A 22 B 0 3 R ARSI i o TR, 1 X B [l R, AR50 2% 1 AT 2 R
JEE R HUIU IR 25 04 AR 22 5 F e SRS 8, 5 3 T 3 R IR 0 IR A T B BT M S B AR o [RIER, A AR 22 i e
B $5E 8 LA Bond B Y T 4 7F Ay 0 22 1 0 (R BB ASS AU A L I 98 B R S A AR 2

AHIE 5T F FH SIFT 2546 AF (U572 DG JE 45 0 22 2548 A ARARUK ST, R AR DLURE 25 SR HE e 0 22t H 1) 22 EL 508
MRBEST T 452 MR 22 B0k B BT A . LAMER A R UEAT T 00 22 B HOT R R Y J S0P A2 , 45 & Plackett—
Burman {5 50 5 22 T 5% Wi 05 24 19 1 250k S 800, R do B T 33 36 6 8 T e P (L %) BB S 181, B J ) A Box—
Behnken M 3 [A] 73 AT 3R A% 1 d 250 R 2R Z (] i 22 BAE AR DL AL IS 00 Z 0 1A 5 72 B T 22 B Ot S 40
(R B AT A B < R 22 UK — ) 22 JUR 5 B 48 2 50 AT ) P VR oy JBE 48 2 K TR 5 R R o0 R 4 R B e I S B
53974 0.49,0.03,0.12, 3 3 UCEATIR I S0, S E S 80 & I HERRUA 550 1R 258 2.9% , IESE T 4 22
Hertz—Mindlin & ST R AL S8 0bn @ 85 BT S . RIS 25 & SRk I IR 00 001 T S 80br a2, ARERY: /25 1
212.5 mm NWARAE , SKAS T HH 220 AL 1) e A S B B W BG4 4% 0.216 mm R 5 [l I 4.62% 10" Nem ™
BALF D[] WIS 1.62%10" N-m™ IIfi B9 1] 11 5.10x 10" Pa I FLHI ) 77 1.89x10' Pa, I F] FH B 0 fit 2 BOon M 24 7k
HEAT T AR 45 50 IR 5, TESE T 08 22 Bonding T T4 28 R % S 500bR o2 45 SR 0 AT 557k
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