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1.3.2.1

Box—Behnken AP AE 0] L3 AHAFH)

=& T U HH3 AT

#11-1-9: HH3 A7 A% A= 24

A 2
T
[e} ]:ﬂ/‘*
X, & (%) 30 70
X, £33 % (rpm) 15 25
X, E &A1 min) 9 24
RS (Y) g =%
S alIo] ahak
Y, L%E((;) w 90.00~110.00 | 95.00~105.00
ForE o] SrertolA ] ]
Y, AT 15.00 o] 3} 10.00 o] 3}
E3Eo 524
Y N — o]
g (Carr’s index) 20.00 elst
s3tEe ARU|UE
Y, : - -
(g/cm”)
v TR By B B
o (g/cm?® )
¥ 1I-1-103 #o] Box—Behnken A@AAE o]g3slo] JHHLF7} ZHHS
of mX= @& glstr] 9lsked @@%%Eiﬂ &3 ¥ dist 1239 A
Slol AR 3315 FUtete] T 163 AYS et ol sigets AY

e oty 2¥ II-1-10°] AA =T} %f’—%

B o
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%
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AA Bl

A

e A3t Algeold ®

0%
it
ru
=

T

e
e

# 11-1-10: #HA3 Ao ot AFEAR

Bzt AT
AREA z6 Xz X5
A& (%) 3455 (rpm) £ & A|ZF(min)
1 70 15 16.5
2 70 20 9.0
3 50 25 9.0
4 30 20 24.0
5 50 25 24.0
6 70 20 24.0
7 70 25 16.5
3 50 15 9.0
9 50 15 24.0
10 50 20 16.5
11 30 25 16.5
12 50 20 16.5
13 30 20 9.0
14 50 20 16.5
15 30 15 16.5
: @

X; 25 ‘ ?

. 3@

5

Eoe S — v

i |

S5

X; E&AMZHmin)
X; 15 ¢ X; 9
X; 30 X; 70

Xr EEE%)

19 11-1-10:Box—Behnken A3AA 2] A3 A
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AP 07 AHEE= VY 2375 o
g =387l o 5T

3 AR obge] & II-1-
113 o] AAISSATH

B I-1-11: AFJAFRe &3 Z

5 HZA 3 ATl AHE EF A
FH . e weT 8%
(Capacity)
30% 50% 70%

3.46L 750.1¢g 535.1¢g 321.0g
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AA 2 -2y A5 AlEdold W E AT
Bz
1.3.2.2 Box—Behnken AFHAE o] AFATEY EF T4 dist AZsg AT
A3}
Box—Behnken AHAAE o] & HA3 AFHA Ao4E % OI-1-129 %
th 23tEo] shaF U AU (RSD)S> e AAo wet Aghel] oist b
ok Qo 53 @Fel A% Adgel ohal NF BEH f7e Aol glon
2 AN WEe] Wb fo% JFS W Q% BUHEy EFEY BF
e A% A w2 Ak 18.00~19.50% g3 HJHzke 2olrt 4
Shvl W BEGQl 2000 olSHE UHATE YW WEE BT @
A Row wHagrh w@ EgEol PR/UE @ PUsE 747
0.39~0.40 2 0.48~0.49% H%#3 A9 2ho)7F 0.012 24317 Y&
TR W] FF TS WA Gt Qo puHd,
EI-1-120 WAEY F2EAEAN g =3 A%
A E e = EAEA
Y; Y, Ys Y, Ys
.
S s el | EwEs | Ewes | SEED
o “msp) | B8 AwEE L oo
% %) (Carr’s index) (g/cm?)
1 96.77 6.90 19.50 0.39 0.48
2 92.86 6.19 18.00 0.40 0.49
3 92.21 9.01 18.50 0.39 0.48
4 95.70 2.58 18.50 0.39 0.48
5 94.56 1.67 19.00 0.39 0.48
6 94.41 7.13 18.50 0.40 0.49
7 90.04 5.18 18.00 0.40 0.49
8 94.70 2.26 19.00 0.39 0.48
9 95.36 7.45 19.00 0.39 0.48
10 94.13 5.08 18.50 0.40 0.49
11 95.62 4.18 18.00 0.40 0.49
12 94.42 5.14 18.00 0.40 0.49
13 93.86 6.15 19.00 0.39 0.48
14 94.13 5.05 19.50 0.39 0.48
15 92.87 4.02 18.00 0.40 0.49
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1.3.2.3

Box—Behnken APHAE o] L3 AFAFEY EF T s HF3 A+9
SAEY 437

O Ed=9 &%

Add4A ] wet Az BE e dES 90.04~96.77%%0 0™, V=
(95.00~105.00%) <= "=3HA] Zshs Ad o] EASATE 28 A4 A
Ast mgolgtal AAlHE 2F1 (Two factor interaction) X3 o]&3fo] Akt
A& AAletglon o]E 3 [1-1-137 Zo] AAlEitt 2F1 B3 2714 <2l
kel wsAgol] e A4 Awdes e EYoR, AN S S B
el ot p—#Yd X,FYE), N(TFHEL), X(EFAIBHO Ta3 2
XX YE-SFSFDY LGETSEE-3A7H 9 nsd8o] Foshs &
Qakdth 3 g R* gho] 98.29% =2 80% oldolnz F3H 3 74do] ¥
TAbole] #AE # AYdvta ddsieltt dxpe] IEsE FEs o] &3 3
AAGAE T3l 59 ATE Ze X, X, XX Jbgel g8 29 a34& A
Ues As dlskion 4o ATE Ze X, XoXee dbgel dia e a3d=
zZb= S gl =8 A kol 7B & XX wESell thst ol
7 etttk As glegith. ol st A= a9 [I-1-11¢ AAE A=
o A aezel dAsY. EFES g e R B4 AdRE I
[I-1-12¢%} Zo] AAstAtt. E3=2] FFel st = #4 A3 1S E%
oAl Zx7F AME o] FEE AL AR EE WmEsS AS & o o
THAEHFH 27 dAs gHE BolA] e RS Hol AME Ado] flas
golst 4= Qlt}. Perturbation Z5oA4 BE A7} vks-of tial] & HAS 2z
e 2 5 At ol & X, 9 Nk gl oel 89 718718 AR R o
Al grol AdFE wgo] Aoluniy ANT & Yo WiE N W)
el kel 7l&71E YERpERE QAL gho] 45 wEgo] Axlval A
St T3 Interaction &% &3, Hbgol st F <Qx} 7] A ES A
APS wl TS e F3 AANE 2 X X9 e Ego] s ow ¢
et AALE ZheE X 9 XGe S FgH T vEge) gt oJgko] Aty et
3
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AA D FA-2dg-H A5 Al Egold PHE AT
1%
EI-1-13: ELTEY FFl @ 23EY 2%

. Sum of Mean

=4 Squares e Square F-%k P—gk
Model 36.88 5 7.38 103.25 < 0.0001 significant
Xi—3E 1.97 1 . 27.58 0.0005
Xo—TTdE5E 6.61 1 6.61 92.48 < 0.0001
X3—E A7 5.12 1 5.12 71.67 < 0.0001
X1 Xo 22.47 1 22.47 314.50 < 0.0001
Xo X3 0.71 1 0.71 10.00 0.0115
Residual 0.64 9 0.071
Lack of Fit 0.59 7 0.084 2.99 0.2734 not significant
Pure Error 0.056 2 0.028
Cor Total 37.52 14
2y 9%

XFH2HS) R—Al& R—AF (5=4) R—AF (%)
0.27 0.9829 0.9733 0.9274

QIAte] ZE3ZA

2= O
To=E

o] &% 3A8F4

(%) = 94.11-0.50X7 —0.91 X2 +0.80X5 —2.87 X7 X2 +0.42X2 X3

2K (%)

X Xz

A3

XXz

XX5

I" M-1-11:3%e] g A= Al 1=
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Nomal %Probability

EgEe g (%)

EgEel =wEF (%)

Normal Plot of Residuals
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Residuals vs. Run
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200 —
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AA B -2y -H A5 gl e AT

o

1%
EI-1-14: EFES FFAYY RSD) (%) ol st FAHEA A3
. Sum of Mean
=4 Squares e Square F-%k P-&t
Model 56.20 5 11.24 43.68 < 0.0001 significant
Xi-ZdE 8.97 1 8.97 34.84 0.0002
Xo—TTd&E5E 0.044 1 0.044 0.17 0.6906
X3—E A7 2.86 1 2.86 11.10 0.0088
X1 Xz 5.09 1 5.09 19.76 0.0016
X2 Xz 39.25 1 39.25 152.51 < 0.0001
Residual 2.32 9 0.26
Lack of Fit 2.31 7 0.33 157.28 0.0063 significant
Pure Error 4.200E-003 2 2.100E-003
Cor Total 58.52 14
U‘% _g_o
XFH2H(S) R—Al & R—AF (5=4) R—AF (%)
0.51 0.9604 0.9384 0.8673
o S

1218 ZESE FEE o8 ALY

e
ot

U3 (RSD) (%) = 5.20 + 1.06X: —0.074X2—-0.60X5 +1.13X7 X5—3.13X2 X3

RSD(%)

X

X3

XX

XoXs

Y [1-1-13:3FFFLA (RSD) 9l thst QAo Al 8=

35




AA B -2l -H A5 Algeeld W N

re
M

Normal % Probability

EEE YT LERSD) (%)

ETE0| HEILERD) (%)

Normal Plot of Residuals

H
TR

Internally Studentized Residuals

Perturbation

I
1,080

0:500 0,000

Deviation from Reference Point (Coded Units)

Interaction

Xy EZAIZE (min)

-
H —
"

X EESEL (rpm) |

3k
=]

Y II-1-14: &9
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Residuals vs. Run

100 2
in 200 —
m
=2
=]
3
m 100 —
]
g A /\
c aso 2
L]
H e
= 100 —f
g
% =200 —
ae =2
T 1T * T * T ~ T * T 7 1T " 1
1 3 H T a " 17 1%
Run Number
Interaction
10— Xy EZAIZ (min)
—_ &—
&
[a)
e .
%0
ol
el
R
o0
ol
ol
ol
b
0 —

I I 1
" © £ & L

X YR (%)

| =go BLBYHRSD) (%)

Xy EEAIZE (min)

"% i L n o =

X; ZEEE (rpm)
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AA L FRAY-AAS ARdold PHE ALAT
IeF
@ =329 ZE5A (Carr's index)
=& A Hgk BAREA S Ao o % 1I-1-159 #Zo] A
Aletelth, A3 Al g EES a7l dist A3 18.00~19.502
2 HEgy AR o)zt 158 248 HEZ 20.00 o)dE w33l
o 2= sEd ek FARA Ay, By gk p—#tE oby e X, (%
AE), L(EFEE), LEFAD Y Fa3 9 2 Axe] s 2-gof tfsh p—
gtol 00501407 EEel s8¢ foshn %ee sl Wiy &
TFEO TEAS EF Y NS e dFS TA de Ao= Adst
Ak,
E[I-1-15: EFES sFA dist AN A7
& samres | ¥ | Sume | PR | P®
Model 1.44 6 0.24 0.72 0.6459 not significant
X3 E 0.031 1 0.031 0.094 0.7671
Xo—Ed&5E 0.50 1 0.50 1.50 0.2552
Xy—23HA17E 0.031 1 0.031 0.094 0.7671
Xi1Xz 0.56 1 0.56 1.69 0.2298
XiXs 0.25 1 0.25 0.75 0.4113
XoXs 0.06 1 0.06 0.19 0.68
Residual 2.66 8 0.33
Lack of Fit 1.50 6 0.25 0.43 0.8227 | not significant
Pure Error 1.17 2 0.58
Cor Total 58.52 14
7y Q9
BA SIS R—Al5 R=A (+74) R—A] 3 (A=)
0.58 0.3506 ~0.1364 ~1.2560
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AA g - mlY-H A8 Aladold W e
I #i
© TdE] ARV|d=
A A wE EFE FrIVUEe] A#gk(g/em®) S 0.39~0.4002 H3:
3 HHAE Aozt 0.01% obF A& P"*‘?‘r T3 % II-1-16°] AAE &
HEo HRV|dEe gt BAEA Ay, REe g p-gti obuet X (]
), LEFEE), LEFAD e Fad 2 ZF Ao ws Ao gt p—at
o] 0.05°1e® EE HFEIIWAE FoatA gae st webA
THE dEVdEs £ 349 dARTY] HEel & dFe BA 4= A
o=z ettt olgs Ay ¥ II-1-7°A AAE A8 H7te Al
oA =] ghet,
®11-1-16: EEES) 2RI|UE(g/cm?) ol dig £1HE4 A5
& smares | ¥ | squmre | FE | PR
Model 0.00 6 8.333E—-06 0.21 0.96 not significant
X4 E 0.00 1 0.00 0.31 0.59
Xo—E3r&EE 0.00 1 0.00 0.31 0.59
Xy—23HA17E 0.00 1 0.00 0.00 1.00
X1 Xz 0.00 1 0.00 0.62 0.45
X1 X3 5.421E-20 1 5.421E—-20 | 1.341E—15 1.00
Xo X3 5.421E-20 1 5.421E—-20 | 1.341E—15 1.00
Residual 0.00 8 0.00
Lack of Fit 0.00 6 0.00 1.28 0.50 not significant
Pure Error 0.00 2 0.00
Cor Total 0.00 14
7y Q9
EFHRH(S) R—Al# R—AF () R—Al% (1)
0.0064 0.1339 —0.5156 —2.7320
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AA LW F-2Ag-HA 5 AlEHelH WHE ATAT

e
® =FE iU x
e A g EE9 "dx Aygk(g/em’) S 0.48~0.497 HZ:gy 3
gkel Zpolzb 0.01& ofF AT Esk % [1-1- 179 AAE EFE2
Ao sk EAREA A3, BEef ek p—3E olyEt X, (I E), Xo(EF
E5), X3(EIAM e FaE W 7t axte] wd Ao tidk p—gke] 0.050]4
o7 E3ES yULo {o5HA A2 Tl mEtA E3Eo Yur+
&3t ¥4 FHSF] HEo & IS A = Aoz #TSIGY o] st
A= F [I-1-7°4 AAE 84 F71e] dye dX| sty

E1-1-17: EFEY FUE (g/cm®) o thet BAHEA Az

#4 smares | % | saumre | F % | PR

Model 0.00 6 8.333E—-06 0.21 0.96 not significant

Xi-ZdE 0.00 1 0.00 0.31 0.59

Xo—E3r&EE 0.00 1 0.00 0.31 0.59

Xs—ZFA7h 0.00 1 0.00 0.00 1.00

X1 Xz 0.00 1 0.00 0.62 0.45

X1 X3 5.421E-20 1 5.421E—-20 | 1.341E—15 1.00

Xz X3 5.421E-20 1 5.421E—-20 | 1.341E—15 1.00
Residual 0.0 8 0.00
Lack of Fit 0.00 6 0.00 1.28 0.50 not significant
Pure Error 0.00 2 0.00
Cor Total 0.00 14
7y Q9

EFARH(S) R—Al# R—AF () R—Al% (1)
0.0064 0.1339 —0.5156 —2.7320
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X EE BE (rpm)

Overley Plot

X 2LUE (%)

(A) EZAIZHX,) 9222 1

15 -
n

Overlay Plot

]
EL 3
0
.r’_/_,d_,—
| /I *
0 E @ 1
X HUE (%)

(B) ETHAIZHX,) 1658222 17

X 28 &L (rpm)

Ove rlaly Plot

Xp ZEUE (%)

(Q) EEA|ZHX,) 24222 1 H

I [I-1-15: 33} AgdA o) gt AT
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Xi BEEE (rpm)

AA FZke s A

2ol A AT Monte Carlo simulation< oJ®H &3]
i AlEEol s Tk ZIjolth. At wE 7—}*
nekRl o5 ERIskitt. o= ofdf IRl 2FA

(A) EEAIZHX) 9222 1

L (rpm)

MA@k WS d538t7] $18ked Monte Carlo simulations F7}4]
9
Z 10,0001 9] A]

et ez g

A4 Fe] S,

(B) ESAIZHX,) 165222 1F
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o) — 3 [e} ]:_1?]_:)1—]:_
é_a_(g/cm) 1:]—-1—1__ (ﬂm) - ;1(111—_4__7_1]_/"\_
AR Forg ul (Pa)
m LR A4 Dio Dso Dgo
EX-001 0.28 0.44 1.36 2.74 10.50 28.70 0.25 le+07
F3F A 0.36 0.43 1.61 29.71 106.48 | 223.88 0.30 le+07
23l Al 0.47 0.66 1.61 23.39 50.48 118.28 0.30 le+07
A A 0.45 0.54 1.21 22.51 62.62 119.75 0.30 le+07
ZHel A 0.20 0.25 1.11 1.09 5.52 24.99 0.30 le+07
g o] 7] A~
Eﬂ;ﬂ“ 7.8 A 0.30 7e+10
[e)
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; 200
37.3° o
HHEF 0 1 2 3 4 S 6 7 B 9 10 11
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209 159
AlEEeIA 215 1.54
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oxts AastRS w 1 el 4z 2.98% W 3.38%% UElWth AdA o
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T 30 > g
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¥ [1-2-6: B3Ag A48 9 AlEHo)A EEEA A vl

37 447 57 447 i
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e 0 1 z _\ 4 : b .r s 9 w 1I1
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A& BFE#t® FRIFHS AlE# oA BFE# Y FRIgtel dial nlaste] 4
extE ASIAS W 1 ogtel A2 4.79% 2 0.87%= JeEbstth AdA S
2 A7EA Al uis Ay A 9 AlEdeld A Adeats BF 5% ©]
b2 AAl dEAgL FARE S Kol AEAE wiEse] 239e =E5
Ak,

l

of
e
il

¥ 11-2-8: 9419 43 9 A& EF5A 23 vla
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HHE+ 0 1 2 3 4 5 6 7 8 95 101

BFE (mJ) FRI
16.70 4.62
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AA g S 2AE-H A5 Aol W E AT
I BE
A Az AR, FH A7 AY, 39r wiE A 9 Rheometer £73&
F8l 1% 11-2-2%F o] KA (Calibration) A2+5 F3qs Ay}, EX-— 0011}
2+ A7 Alg Aol Alsdlold A3 AreAts EF 1% olU®E whbg
At AzAE W E EEdvs e & g ook A9 d¥e el A
A FxAE WS obe] & 11—2—9011 AA AT P-P& dAF 1He)
FEAE WSS sk P-Gi dxkeh Aul ke A AE wiiNaE
s,
¥ 11-2-9: 22 4 33583 wi/iis
oz P-P E;{ P_E_,F_) P-P P-G %_Z? P;S P-G
= 2= = > =
T g | mras | R YT aaas | aeas | KR
EX-001 | 0.2 0.5 0.5 - 0.2 0.5 0.5 -
534 0.3 0.5 0.2 - 0.5 0.4 0.3 -
AEA 0.3 0.4 0.25 - 0.5 0.4 0.3 -
B4 0.3 0.4 0.35 - 0.5 0.5 0.3 -
g4 0.3 0.5 045 | 0.02 0.3 0.5 0.4 -
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Hertz—Mindlin + JKR ]

— Cohesive —_— Linear Cohesion
—[ Hertz—Mindlin ]

Hertz—Mindlin + RVD Friction
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Hertz—Mindlin + Heat Transfer
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I

i

FHFAN dF AgA 4 23

%3] DF SS MS F P
5] 7] 1 32.2730 32.2730 19.84 0.021
o=F 4.8788 1.6263
27 37.1517
ko] ojst 2y Qo
¥EFHA(S) R— A+ R—A % (4)
1.27 86.9% 82.5%
FAd Aol dis A £4
=4 DF SS MS F P
3] 1 19.3227 19.3227 39.63 0.008
o=} 3 1.4626 0.4875
el 20.7853
SgFadddel ds 2y Q9
EFHARS) R—A55 R=A# (274)
0.70 93.0% 90.6%
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Hi =] 271 WAl wE AAFHY] HEAds A5 WAYUSFIN 2] oA
A& FgHsk7] faEl 10L VY EF7]elA Al &3 43S F3ssict ot

% 1I-2-29+ 10L V& Z37]elA Fad AA =3 Ade] Aot} 7|&
AP AAFIE Aol e 19 [1-2-262 Zo] 3= 95~105% %
FFT AN RSD) 5% olsks RbHeh= WA AlZto] 24 Eow yehmtou
10L V8 &g7]o)|xe 4 A= 156 FoZ AT olgfst A= v

A kel A
S
AUZTE BROA ST BFAL WED A Bk

Al £k Mot APl B

(min) (%) HEDIR)
0L vE ET7|0Me A= 5 10258 522
105 -] 10 102.58 6.81
——rsorg |, 15 100.31 38
20 90.52 423
° s 25 97.63 6.92
- 30 93.41 3.18
o 35 95.1 5.51
X 40 914 8.12
45 91.48 9.19
! ! 0 50 91.12 474
5 10 15 20 25;\::3(,;?“)10 45 50 55 60 P o491 301
60 93.28 497

¥ [1-2-29: 10L VY 37|99 s 9 SFadA Ald A3

L

A

10L V& Zg7lelM o] AlEdold A5gt 3 A5% o #AMd= SA8 2
lst7] flste] ofbd 3 11-2-183 o] 7= Aabgh Afolo] A7} Hol=

A (#2~#6) W A 7H5 min~25 min) oA A3 BAS A A6k}

¥ [1-2-18: 10L V' Ef719M Al <158 R 4589 vla

10L VE Z&2|0lA Al 80| A o X4t 10LVE Z&7|olAM H =gt

&M s ae RSD (%) {ﬂﬂ:) 4 aeg RSD (%)
#1 106.05 8.64 5 102.58 5.22
#2 100.31 561 10 102.58 6.81
#3 101.48 6.21 15 100.31 38
#4 98.15 3.24 20 90.52 423
#5 92.16 447 25 97.63 6.92
#6 96.13 7.18 30 93.41 3.18
#7 97.17 6.48 35 95.1 5.51
#8 92.77 485 40 914 8.12
#9 95.1 72 45 9148 9.19
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AA D FH-2LH-H A5 AjEdold e AT
I e
10L V& Z3t7]oA &5F 2 dFaddAded st AlEgold oS53 2 A5
kel AgA B0 A= ofele] 19 11-2-30 9 3 11-2-199F 2ol AA]
Folek AaA 2o Bk B4 A P-gle] BF 0.05 olst® ¥ Adgk A
olel BAH FAMFYol FH At Eg AEA BAlo] AHgE 57 YL @
% o gl Us R—AF L R-AF ) gol ZF 80% o4 @
& vehdel 10L V8 E@7)0lA Ageold o=k o AZghe] m5F Age
tha geelolnh mekA A WAUEI 2ee wA A7)0 @] A
3 W= &3 3 ARG W A dA)E dSske Aell ol i
a Alg|do] SErE e wx] 77 WA st ¢S Zhetha #dskd
=
A) B (B) & UM
Fgrd 22 g 23
- g,
a0 100 rk
5 2
o5 T S
g =
L £
90 as%‘?‘y g : issé@\
90 92 a4 Mxiﬁﬁéi“(gg] 100 102 104 4.0 45 a\.=l;(1|5-2£§akl(§;;ﬁglg‘;ﬂ 6.5 7.0

9 11-2-30: 10LVE E§7)|oA e &= 9 35

Ol

FUY dE ATH B 19

FE11-2-19: 10L VE EF7NA Y T D FFa Aol et A 24 23
ol g EAF 4
=3 DF SS MS F P
3] 52.1991 52.1991 69.73 0.004
9=} 2.2458 0.7486
el 54.4449
FFo) i 37 2y 9%
EFA(S) R—AF R—AF (&)
0.86 95.88% 94.50%
FFF LAl A A 4
=3 DF SS MS F P
3] 8.44701 8.44701 27.09 0.014
o=} 0.93527 0.31176
el 9.38228
FFAAg ) de A 2F qoF
EFA(S) R—AF R—AF (&)
0.56 90.03% 86.71%
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o] AR}
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e
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kel

8
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i
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pal
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21 7}
Avtolt}, wheha ol
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s}
o
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i

k)
gl
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o 7141
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R
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5
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S

e
pis

[e)

ol

mAY

Ptk

°©

obef 1 TM-13} #o] AA|
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n
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FAMCE

= A=

dA dofA

(Scale-up equations)

HEEA A

- A

- AMHILL] ARt 29 (IV-IVC model)
- 8|24 (Regression model)

- A58t (Chemometric)

St

t

7|

(—]

ol

AEH
(Discrete element method)

. o
- g8eAsY

A W)

- o
(Property estimation)
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T4 Ed¥o] F8H

- Cps2r el (Mulivariate model, MV)
- 8H@7|¥t (Probability based)

a9 11I-1:

(linite element method)
(Computational fluid dynamics)
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AR7INE 2l AA AF dolg e 7 &xste] ¥ Y-S £y el
A T Q-] oA Agol stAZE ot wmEbA Az FH] Es HjX]
A719 WgE x3st ¥ WHgido]l BAsE AIAF W AR FA
A Agst A3} o So] ofHrt

stolB g Rdex dptd oz ALHE AAY o WAL AR (&
M)E A e AR OTR) Y 2EE 35 stolRels Rdl
o|Zo] Wz 7]8}8td, %58tA = FF FAAdol EAEtE B9, E oA
TTRE Fgol &ds] FAbettt L oA oleld A x4 stellA, 3L
FEE AWeted des FAarde] 5 s e 2tA doh FArde] =

),

number (Fr)& 2838t oo WA 4 S Fato] Aitdnt. b g 2elr P=
o

Qo] oF @, pi= QA MF ne AAe] K, di AAele] 47, g A
Foulope BH AEE gt oled PN Fal, BAR TAL £E 2
st v 24 42 A% PSS FAT 5 vk

N, =P/(p xn3x d®)
Fr=n?xd/g

Re=d?xnXp/n

S ol|d WP T PR ko] J18etE, 258 W A fAo] £
A gk Aol Agol AFH QA FA @) AvE SHE DA o

of

= AxE JHE AFgete 348 AEAME @AV sl

AAUSE7INE B2 34l tig AAA oJsiE VINter A3E AlEEHelA
sh7] wiZell A7INE ®el gl slo]H = Fdlo] zh= A weksty 3
WHEdo] wAske AIAAE B AR 3] A S =8l d 5 3
o WAYSZINE RS dRbAow 1A 9% d e B4 A9 9 fA o
St 22 =9 349 FA AlEdUCIACE AARNY. WAYSETINE RS
A TG e =ddte] ddo o g e T 2 2 ¢ vy
7S mEbA whket A 71 e 485 Fl ddgks Alate AA A9
atak wlasie  HISHTh ol Hﬂﬂbl%ﬂﬂ& o= A fA o
O

(Computational Fluid Dynamics, CFD), 49 (Finite Element Method,
FEM) 4 o]xF& A~ (Discrete Element Method, DEM)o| *g-#c}
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AA B -2l -H A5 Algeeld e AT

I wAYF7IRE ZEe] o] &

1.1.1

0] At 2 A9 (Discrete Element Method, DEM)

o]2FQ AW Cundall®} Stracke] A|gkst A} AFS s WHO=Z, &+
A e BHY 2ol AR HAFHE =49 A, FE 2D 59 22 VA4
Ass e TA4 Bolt. o]t ARl A AFe A skt 3o
7 8% AALE]

]

.
o % Q4 o] AEolnh A AES o £
A
4

_L by 0]:? o orle

W, A% 29S Boel B A4 ) FA AdE S50 dxel F85E
& At ol F, FHY A 284S B A4 €09 S D A&Est 2
Ak ol % Bal Ty 0] AR AT oA ARSAH 3, o HHL
Bato] 11 AR F QA FHUL FAs] AAH AR AFS B
ol i olibeiel AA AT ARdold BAE 1Y HI-29 2ol A
shtet.

1. YAt g oA

}
Y2 xjol A3t
CETE
}

2B/ 2
M

ra
=
o Jjt
o o

o I
o

3. R0l EEste gk ESo| A

9 [MI-2: oAt A4S B3 AR AF AlEH IS B

At oz oAt AHE JAe] Aws MAske WHel Wk, cellular
automata (CA), Monte Carlo %, Hard sphere d+% % Soft sphere

o7 BFRHA. o] T CA2 Monte Carlo 2 4#e] Ao it 2814 &
A A dS5S A e bds BHol AR A FE oSl Aol
QQormz 53] ALy =t} H¥bA Hard sphere HH 2 Soft sphere H
M ¢ke] 7 RERT fFdst xR 543 2dl mi/fHg Alo]e] A ARl
HAE RolFomx Axl Ay JFA<l vlurt 7hsstths deola &3] At
&5 Qloh oAt A E w4, A5, 38 ol sl

FHTols gEoIY Aok ok S o® FrfEo] theket TokelM ARE-EHAL 39l

o)

oh B3], el RAR ohel PA mi s 2 AN ARph Bolshs Aok
Aol HEF 34 2uY 2rE 4895 ot



AA B -2l -H A5 Algeeld e AT

I wAYF7IRE ZEe] o] &

1.1.1.1

1.1.1.2

Hard sphere &

Hard sphere A2 A7 wHY 5 WS =2 AS 7|4k
thooly sk AIWelA 19 HI-33% 2ol = ot 23

o] HFL £tdolgtar AAXY. Ape] HFFel digtk olygk 7Fg> Hard
sphere FHlo]l =& £E52 uRtEAY FHo] gle 2 Afsittes A&
AJAFETE. Hard sphere <2 AFe] Aol el Ak %4:194 AW ANAE
Eetste] bl FFelA v JFoE A7k

o Aol g Alzto] F7hghe] wet ALY a8 Aot :LFH‘Jr Hard Sphere
AU A7 12 EASte] ©@A|ke] B2 HFo] dAsh= A, HAF
o] MAE wimith ] £ 9 ARF Y Ze FRE Juo|Edoksty] ol
A A gto] EAskA Dok w3 mAe YR Bx 33 dx U v
Ay 2 vAl b Fxel| A Eer]ele FAES PE‘r. Ak FAolA Hard
sphere FTH & A &3ste] fFosolA dAHY 28 e AAR 3d §& FE
(Chute) oAl AP =9 &S A A7E R of OW‘r

CaVIO00RVIC,

B o SER
2Hs,

4
=
o HEe
= us)

e
i

q u:o*' Hm

-IHI
H> o
- It

I Ly

g

719 I11-3: Hard sphere B oA A2 2

Soft sphere &

Soft sphere HHL 19 [11-49} #o] Hard sphere HWH ¥+ 28] A9

A%o] £2AQ el FHEA vk webd Ao fAFo]l o A%HE
SRE AR e dE A A5 2Asd s, old® e
e Az

U Aoz ANEHoIHS Fys7] uito] AZF T AAL B &
otk whEbA ol st HIHAA ALY Azl dist JEst AyS QA E F
2 AIZF 7¥AS Q5] wEel st Alal e Alzke] @ FE T

T~

2

o
It
=
A
bt
o
It
ot

H&H)

1% 1I-4: Soft sphere FZHNA YAt HE
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AA B -2l -H A5 Algeeld e AT

Soft sphere A9 &1

A, dAE AR =AY G BA ]
oste 1Ak A7) wx, dE, AZ S4=
ol%, AlEHoIAS Hdsto] PP W dx=Fn] o] HEFES FHA
ojwj 7} {ixel AGsl= P& AHT HS EdE A &5t AdEY. H=E
S 92 2 SR 2 AMER YA AEHE AL & wEe Al 2HA S

o a5

E}.i 2Ly ﬂllﬂl

>,

AFE-EFo] Qlxte] FtEEE AAStE dets AdyE J8 o) Al EFolHAE A
28 4 A5S gA sk 3t #A4o] HkEE T} Soft sphere H2HS A<k

AANA 7 dRtA o2
1A A3, 79 W F
Qq%q?k%)

B
5= Nt o3 I olgst &%
T dA Ass AR AbEZE Wol B

> YR 2t HE ZR A BHO| Al KA

A4

NEe 1| ZUE ALSSIO 2 YR A8t
&of A4

L 4

Hol M 28 & AF8SHY YAF 75 2o 23

A0 SEE EEF 7HSEE ALSSHY YXte
M22 <Ef 9

oo NEEEI i

=7

19 III-5: Soft sphere AZH9Y S5
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I WAYS7|9 2dle] o] &

1.1.2

A& 29 (Contact model)

ojpte Aol A YA Ass A sk P AR RS T dAF 1
Aotk F dA 9] dsAges EEEFoEN -2 @ A
Zte| &-gst= 5 At ¢ itk ANt oz QIR HFo| #dojks P
a9 HI-63% o] A Normal)®WaFe o (F,) ¥ A (Tangential) Wake] 3
(Foo = wrojAm, T2 yAuae do] iate] Aol A3 ks v A
A At ol ¢,C, H—*}EP: W HE ek onjst= Wi, ¢, WE £4
A AL HA AHS BEe njsith. 7 4A Abele] HH(6)> 6§ =R1+R2-d
£ AbE-sto] ALk —)F ATk Ri# Ro= 22 4k 13 29 ¥HA|FolH, de o
21 28] FA(C T CyAbel o] Agfolth, B3t §lAtel] #&-st= el YA
AFol #olst= A=Y ool F YAIE vy 3o] 2AbEE= A H
(Damping), "}#9 (Friction), & A} FE3t+= 9, A7 A8 &
74l &5 Arele uel 8 So] EA1E 4 Q)

-ﬂ‘!“ﬂllo

UXE 1 UXL 2
a9 -6 F 4R Ao Bolste HATY R AAEEe ¥

Ty YAbel] ZAEstE F2 w2 Tlekshd W =84 QA (S, dAEH, =4
54 2 dAF olF) ek BHAEY] wfol 7 HFHFeol et ¥ dEskA A
et AL ZEuh webd tE A AlxEed H83 £ Qs A4 15
RdS MdAste] YA-dA 2 JRp-AH] kel @Agst= S Alileke Aol
st gt ow HE wue ofdd ¥ II-13 2ol I &, 24w
22 Wy S met EREnh 4R S we ohekst JF5 Edo] Ak
HAGE ARbR 0w Aok FAA = B HF Edo] Hol AgHT v A
% wale QA 2k PRL AP ks 4F v mda AR e 1
HE& g o7 FF5h= A d B mdle Us 5 Qg
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I #AYF7IRE 2de] o] 2

LD EER
Hertz—Mindlin
D ]IAF Abol o] HFell m11E A (slip) o] #oIskA] vl My sk BE
Hertz—Mindlin+RVD Friction”
DoY) HER A QA A £E9 WP Ao 3 TEURS AYes v
. Hertz—Mindlin+Bonding
MR qxe Ae W@ A4 9% U 43 279 AFA AROR A4S AT S bs
Hertz—Mindlin+Heat transfer
Dol AR WAF YA Aol HE 2
A ——
c Hertz—Mindlin+Archard Wear
DAty vhE Zolg Bk A% A 2
Hertz—Mindlin+JKR”
DAY S maRA 54 S EE SRl Ak v U] A M geht wa
. Linear Cohesion
B | Hertz—Mindline]l Qubzel S48 tate] £ mel
Liquid bridge
D A AR ATS 0 AHgEE A 4% wa
. Hysteretic Spring
SR g vy W g MRS woh AR ARAAT 5 e BE 2Y
A
e . Elasto—Plastic
AR mag mazA e By 0 24 25N 95 999 AE AYss 2

a) Hertz—Mindlin+Relative velocity dependent (RVD) Friction
b) Hertz—Mindlin+Johnson—Kendall—-Roberts (JKR)
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AlA 2

37 Rdg-H A3 AlEdeld WHE T
I WAYFE7IRE 229 o] &

1.1.2.1

Linear spring—dashpot (LSD) 22

LSD ®2¥2 Cundallo] o]Ate A& AQEe wf A5 AREHE A A5 Zd=E
A, a2 IMI=-73 o] WA vk 9 HAH ek BFoa 3 A A9 #
AE Yetdl= 71 destar 718490 HS5 Rdolt, o]gst 43 A= ofd

Fn=—Ky- 0o _

Ft == _Kt' 6t
1ol AelM Fo3t F= 2bz AaAwEe] 9 A ds vehde 6,9
6= 2 A 9 Aol F iAk gk HAolv Ky K= LSD
ndoa AoEE A nEs = g Qo] HE Todt= WA
2 e Axw Aol LSD Edlo A AEEe] e 919 A&
Sl AALEXRE AR gL ofef o] Ale Fal AAtEn ou, x+= LSD
BdoA doju = wuE 4 wiries R npEAsE r et

t

ojdgo =N = (hopper) oM A 25 H-HE AFsAY T ¥
5743kst] #1all LSD RS Ag3 A77F 3 EH 3

Force |

-

/7

(X) Ovrerlap

1Y [I-7: LSD BdoA 33 #F o A3+
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AA B -2l -H A5 Algeeld e AT

I WAYS7|9 2dle] o] &

1.1.2.2

Hertz—Mindlin 22

g HHo #wAZE AF<l LSD B2 H@Aojn whest wdojxuk §x}br}
TEJA Ae AgetA %= 7 Atk wEbA vAdY B EdEA Y YA
et AL o=37] Y8 Hertz—Mindlin Edo] 7%t} Hertz—
Mindlin B9 o]t ~¥olA 71 HHEA o7 ALg¥= Rz 717 [11-8
v ol gy HAH Atolo] #AZE vlAdF A Bdolth, 7 YA 1o HF e
A Yetdes AS F7I7F A8 PE fAbsite 540l lom A e
glo] sl A= Hertz ©]&& 7|Hto = s WA w3k 3o tjsA = Mindlin
7} DereiewiczZ} #|QFst o] && 7|HFO 2 Sy,

|

O

Force

-

W/,

<O~

-
~

@ Overlap

1% I11-8: Hertz—Mindlin 22X a3 AFQ u|A3 A

Hertz—Mindlin 222 A3k 4l v X =gk o]
HA #oh 3 HA= ARl HA
T+ WA= Aurgke

o ol 9

A W g BT s Aot T A7 durA o w2
ojpte A o] &3 AlEHlAANA PA-HHY HBAE AAtstedl AEET
Jeivk Al A el e AN 9 AR HAF Y B 29 E 2
shat7] witoll sl Hdstth webA] ALl Aol g&o] "WolAu oo 9zt
5 X3 He A AR AFke] A Y ol AR ES S5 fs
o] Hertz—Mindlin 292 AW3gke| A Mindlin® no slip &S 7|Hto 2 &
o] Hertz—Mindlin (no slip) 9% FA =t} o] o Pagae] 3 (F,)
I AR dF) > otgle] Ao AikdEn

4
Fo =3 EVR - 8)/°

Ft == 86*—\/R* " 811 " 8t
A8 AeA RS HFeoll #oJst= + AAE F7F vEAFolH 6,7 8.+ 27
HAeE 9 AR e el = Qdx} 7he]l HAS olw|sit} E'¢} G'= Hertz—
Mindlin 2ol A== 24 wiZiHF= 242 7 Ao 57F dol (A7) &
A (Young's modulus) & 57} A& &4 A4 (Shear modulus) & 5c3Ht},
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AA B -2l -H A5 Algeeld e NS

[
-

I wAYF7IRE ZEe] o] &

1.1.2.3

Hertz—Mindlin+JKR 24

A Aw¥E LSD E&€3 Hertz—Mindlin 222 URbAQ A5 =2 Yxt9
0% Sgeld g AEAe Adenh Tl ool el Qe Age
P& A= dolle= ASE ¥ ofyzt T8, 9, 11E Tol Aon dAe
2700l ek welaloksi @ e ebd 4 Atk 59 Ael o) e 4
Sl 2 A% e T9 M-93 2ol kel EHelA sk QA
st YF= aelEfof s

29 1M1-9: YA ¥He A=ty

Hertz—Mindlin + JKR ® 2 Johnson, Kendall, Robertsel 2]&l] #|QtE o™,
G2kl '3 HFe gisiA= 71ES] Hertz o2& 7|WFOR AR FUA 0w
AAFe] mHe] EAgkE ®mHolUAE olgstel wWo HYE auydith
Hertz—Mindlin+JKR 2@ A] ®mw Hzg2 ofgfel 2 2oz Aitxr, o
oAy BHAUAE guletr] aE HEF WAHS Ko

4E*

Fikr = —4/TYE* z+ a3
JKR mykta 3R*

71 9] Hertz—Mindlin 22 3% 2] Hertz—Mindlin + JKR g2 3ol Azt
Goz Qi ¥ WA WEG F weld u ARE Teluvli o] WAL

=, 29 [-103 2ol AR D9 #AZ VEge W F 9% 219 g3
o] 45E W Az Zolgrlt Pol Ages] wRel Hol Wrlz A= 2
S o % 9tk

Force

‘:\\;-/{,CC:} Overlap
&0

1% I11-10: Hertz—Mindlin 2 2oA dz B@AH2 H|AE BA

95



AA gl

79 R -H A3 Aol e N

22
2,
-4

I wAYF7IRE ZEe] o] &

1.1.3

o]g |7} ¥S (Input parameters)

A48 miAATE 2 AV 2 Ahe SACE JF Rl YA HEY
= Axtd w F23% g a0ty wEbA o]Ake AR oA zg 3 Qlx} 74394 A E
golds flalAds A A5 #dd ] % 8}

g a® II-113% 3ol =4 wiyfHse) Asz§ UH7H%¢ ErﬂXl TRoE
L] Al o

o

— s

- R o

o7 mj7j 2 opEr g
FOtS H

-E

S2AT T orEAs

Y II-11: 98 uj/fdde B
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2

W,
ok
o
}n
i)
o,
A
)
o
>
i
o,
o
2
o
rk
rh
=
e
e
-

I WAYZ7IRE 2de] o] &

)

1.1.3.1  EA ui/ies: E4 wiES o8 9 38

=4 mi7fHsE Aol 77), ®Bek W Fols v] (Poisson’s ratio) % Atk
ATE st} 7| & dyA Qe dAe A7), B W UEE AL
Uz 24 wHse Aol s = I11-29 7o}

¥ [II-2: 54 w749 A9

=4 iy A9 NE=

20| o1 od 1 WO R Sold w I W
3Fol4 o] HPYE (e'=d—do/do) 2} F W& HIZ (e =1-1o/lo)
Aol HlE(v= &'/ )& 9n|3it}

E94 (A WY —% 7HE @) s v 5
(F/A)el2 st Wao] wasty] Ael 271 ol (L)
ok % EE tﬂOl (Axu Hla Adk wig (ax/L)olet &

QAo Z7], B W A APA FHH 532 5G] BRe] B ¢
g el el gre Bt Golsth ol F Sol, 44 Ar)e we]
A A BAE ol getel Y QIEREE AL 5 gor], QA mae SEM
& clgsiel al Absshat el st 4E sl AGsle] 54 )
SarT Aok 3ol AHEEE QA A7) Ao oA Ly )
Hol wsloleh, olele 2] WAE QA4S AT E AEdelas] A
L OAgE AA Are] 2T R oldd BAE SR A R sl

o

|

S ek ER, A% B

=
Hom fFol 47 FAHY ST PFAE =4 g FA A

E]%]l— =] = el =1

a8y Aok ¥ AgEH= B4, I35 W AAL} 2 EAS FAo A
A kom g sk aF BoFS HAFSH] fgt AlAE Fo] AX A Hr) o]y
st A%, “J&¥ G (Gluded—sphere) FH'S A E35o] 19 II1-129F #9]

dsts AR FuE P9F 5 ok e oled Aol xe] P
geatr) fsted U we FAZ A RS AN 4 L T o
B R U@ PRH AR 2AT 5 Ak



I wAYF7IRE ZEe] o] &

L of2C Hef

239 M-12: 458 7 ASEE B8 A% 299 39

A AFE A A7), B g AR g Fobd iy duAlee A4 =
i v}t‘r%t} upebA] o F7HA wiZfi g ghee A8 AZEC VE #
e ARE UEshs 54E UNteR 9 gler AR 5 vk AlkT el
A Oi AR E = §IARE] Fobd Ml 0.1~0.3, A AFE le6~1e9 W9
o & zhevh w3, ¥ MI-13014 AAE AA™ ol st W9 AtolelA Sl
Aol Age AA GEAA et

» i - £ » i

1e5 |1e6 1e7 1e8 1e9

YAte| T EHA == (Pa)

—
~d
=< 1e7 Pa  1e9 Pa

I II-13: YA AdAsol wE A5 st
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AA B -2l -H A5 Algeeld e AT

I wAYF7IRE ZEe] o] &

1.1.3.2

43AE MR AEFE s ol H S

AAF—PYA L A=AngE HEFe] A5 #Bojotes FSAE mHTE v
T (Restitution coefficient), A »F&A = (Coefficient of static friction) % -
= vl A5 (Coefficient of rolling friction) & 383t} A28 w7yl of
A= oo & I-33% 2o

¥ I11-3: A52-E wi7/fdae] 49

<] =

F B ASED) T W Hel ke 3=
JehlE FAR FE AT A 59 )

of ] gt}

3
27 4

FA] wAeA @r el W wEeole.
= Sol, w 9le] Fol 9wl Bdo] 9ol

2
|

31 Wk T Byeta o)A ot
Ho] gy 7717 o wgEo] Wil FA| whz
o] Agot Aojry, FA wpEHE o HYgS
o AA wpEEelgr sty Hdl A e
Fra) @l 2715 54 &89 A71(F) & 3A mg sing
nPEAF (o) 9 FOZ YERGTH(F = F - 129).
o] §-o] o] Ho FA wpRERo A o 4
& S0l At 1 o)FeE &% npEy

o] Agch

I
o
'
o

mg cosé

=
=

w27 5

3 2o e 2do wd oA +E o A .
e mpEe oudt, dwdow g v
22 glefA F2 W A7 wdRe 277 &
onw Uz £4% Zo7] $la ol 7]
AZ AT W A7 gt

motion
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AEag A Rss AAA 40w F83 @e g Ro] Brhsa
debd old@ W W gEe olateawel AEdolde oF 1A
(Calibration) 222 Fa@ste] 48 4 Stk AAow wg Axs W3
=43 A¥g wow FaEy, A4 WA =43 48 Avel §Abe Ay
H

om B3] AL WHE , 2
steirh el @7k M S48 gl /e By AR EAE
)

Foke s A YA WA S0l E olge] JEAE wWARSE 3
2P0z RAHY) gE] JFEs} "ol & vk webd P 354G o)
AdE g B AL T olgel A wpge] Be st

¥ II1-4: A3FL wi/iEs 2 39S 98 24 (calibration) W4 ¢lA]
AA 4927 Al Egold 23
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1.1.3.3 48 ui/i¥s 38 A& $st 1»A (Calibration)

ol el A I iAW gkl Folg % 1A W ol 5] 4
Asti, 7t w19 #H F AY AR wA Pl v
ol skl AbalEA g AT

o

i 19

TS
strhal whdE

D A3 28s uFes 349 AEdelde 91k Mz 574 (Contact

parameter estimation for DEM simulation of iron ore pellet handling)

e A%
A9 wARE fetol WAL AAD ¢ AH W B FAR dehhoLe
w ol 19 III-149F £}

A%E 7 gE 9 w9 A Fejelq A4 AeAse A% A 24}
at7] $lato] ofdl ¥ II-59 ol FA A7 vl FA A7 AP A
A&,
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AA B FR-maY-H s Agdold PHE ApRdr
I #AYF7IRE 2de] o] 2
®IM-5: AA AR 439 7 Py L 9 A Y A% vl 24
AA A28 A EE A 23
234 29 JH H&E 7 I 94 74
4
a9
3 3t
F4z | A
A

dejeln A A Bz
2 o Aok 2ot wel Az U

B A9, T AelA] BE gold A%S dehigith wepd B o
FAAE wel FAL FAE w3 WS Besd duin wusglon
2 #9347 Astel AAA T FHE A
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AA g -2 lY-H A5 AlEeeld WHE NEAT
I wAYF7IRE ZEe] o] &

2) o 738 JAIHS AFESE 9FF HER AlEdolds 1% DEM uwiZfR S
9] w4 9l &4 (Calibration and interpretation of DEM parameters for

simulations of cylindrical tablets with multi—sphere approach)

M IA® 4% 1}
EFEE 31 A Age] fis 23S 2 A ° v AlEEEe

Aoz sty el Q1Y /s B 342 =Y HAE Y

ol o = iul

= =22 1 o 1 =X - 1 == gr=]
sttt o] AF o= Herz—Mindlin+RVD Friction 29-& %3] 4A—<
A RS Q- A sl A8k s ngdEe
v g wAATE T4 A AEE T RAS AAE 5 R
TE QA A APE T BAST F5 WHEAQ AYow w1y vt
AT E 5 S T AF AR Agweld Ao Azl et
7F 5%v|wtold KA g whEldt ofef o i IMI-62 F4 qkAZh 3l 54
bAZE Aol AFEE Y DEMOA ] -5 whaAlF () 3 v11§ #HE)
F(uy) =4S AA S

¥ [1I-6: DEM oA ¢ 75 vF2A S (w) 3 v 1 vldAISF (n) 22

A3 ol 7 S x
aa ot | M (AU 9 (A 0.01, 0.10, 0.25, 0.40 =3
S (A=A E (A 7} 0.76% 0.63
= olAl 7k ur(‘?JXP—?JZP) Uil (?:]x]-_t_lﬂ) 0.35
O T (IR A 9 (1 AF— ) 0.50, 0.63, 0.76 &3
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AA B &g -ElE - A8 AlE ol W E e
I wAYF7IRE ZEe] o] &

) T 7HA 39 EFECA AS5E EElel dist dxe] 9 (The effect of
particle shape on predicted segregation in binary powder mixture)

g thekdt o]k 24 (DEM) Al oldg ol §ate] WA EatE

oA WA= el E TAtsta Aol s ST Ad S FUbste Atdlol
‘:‘r. /\Hﬂ] o] AHgH e Hertz—Mindlin(no silp)o]™, 3-¢0&= % A%

QAL HHA2 F A HSUE ASET SHA0R B ATl R
'4"1‘1310“ of 3t ’bi;—%% M7 S T ehEAS, EAs 9 ey vt
A e nYe AN o)A@ HEAE WANFE A7t 27
o %a) wAgsgen oge 1% N-158 wgel AgE B 54 2
3 gulek AlEYold Aujo|t,
27| (Funnel) ==
- HE eAf(Test Box)
1ol A58 312 o o a0

29 [-16: 7109 wHaASe 398 2=
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9 2A-mde-A A5 Agdold e AudT
I WAYZ7| 9 Zde] o] 2
Tt ge-do gt 5 nEAFE ok A4S o] &ty I e FY
AT 5 vhEASF Rl tiste] ofge]l 19 II-173 o] A
A&+t
45
Ay oA Zt=36°
. hic A
T . "
a-J 30 --A,’ A
25 | A
20
15 .
0 002 004 008 008 0.1 0.12
TE O A%
Y9 [I-17: 7% v2AF 233 B4 I3 =
ka7t H4& o]l &3 HAS Tl AA-UAN JA-HH tist Az g
W 7| ZES obef o] E III-8of| A A] gt
¥ I11-8: A5&g v7fds 2k
X
JNH S — —
A7 s =g 2542 Wall
ul 719 wpEA = (FEA2-X) 0.69 0.20 0.42
719 A= (FEA1-X) 0.76 0.69 0.36
HEEA 4= (F-F A2 - X) 0.30 0.20 0.28
WA = (RS A1 - X) 0.32 0.30 0.36
T5 vEAF(FEA2-X) 0.073 0.064 0.064
= A (FEA1-X) 0.082 0.073 0.082
AEZA o7 o] Al oM &Y AZFE wiHS: 3 F A EF &
gholl W& B AlEo)Ad AHEste] 1 FRE s ATHHES A
Nhkia=s
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IV AAUSINE REe) HgAlE 24
SCIit #8& 53l thaat Aok 2o dAUZ M 2D A g8 AHS
Astaict. ol Aok FAHS A3 IH, B, X, £ ¢ 2 o=
wrEer, 72t FAE £ T wAYUSIIN RdE AL B0 Bdettt
TR Rl ojshel Abd B4 AAsheck
1 A3t FAQo A dAYUSZI6E F A 24
¥ IV-13 o] SCIF 3L 7Hto g 19939 o] FRE 33} ol v
S/ mae 488 IS 247 skt
® IV-1: 3453 FA3 dAUSZIH 2dS 835 59
AAUZ % .
% =gy i A% ng Adm AR
An
investigation of Population
the kinetics of balance Powder .
1993 granulation models Technology P.C. Knight
using a high (PBM)
shear mixer
Numerical
simulation of
particulate flow
bri\gltehbheqtl\l;fceien Powder Yoshitsugu
2000 & . DEM Liquid bridge Muguruma et
particles Technology Al
(simulation of '
centrifugal
tumbling
granulator)
Empirical to .
mechanistic SOhd. Chemical Ingela
.. mechanics . . . . .
2005 modelling in Multivariate model | Engineering Niklasson
high shear model, Science Bjorn et al
i PBM '
granulation
High shear wet
granulation
modelling—a SIK (Size
2005 mechanistic PBM Independent Powder Ar.lders
. Technology | Darelius et al.
approach using Kernel) model
population
balances
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2005

Solution
technique for a
multi—
dimensional
population
balance model
describing
granulation
processes

PBM

Powder
Technology

Charles David
Immanuel et
al.

2008

A three—
dimensional
population
balance model
of granulation
with a
mechanistic
representation
of the
nucleation and
aggregation
phenomena

PBM

three—dimensional
model

Chemical
Engineering
Science

Jonathan M.—
H. Poon et al.

2008

Experimental
studies on
distributions of
granule size,
binder content
and porosity in
batch drum
granulation:
Inferences on
process
modelling
requirements
and process
sensitivites

PBM

one—dimensional
model

Powder
Technology

Rohit
Ramachandran
et al.

2009

A mechanistic
model for
breakage in
population
balances
granulation:
Theoretical
kernel
development
and
experimental
validation

PBM

three—dimensional
model

Chemical
Engineering
Research
and Design

Rohit
Ramachandran
et al.
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2011

DEM-CFD
modeling of a
fluidized bed

spray
granulator

Coupled
DEM~-CFD

Hertz—Mindlin +
Bonding,
DPM model

Chemical
Engineering

L. Fries et al.

2013

Multi—
dimensional
mechanistic
modeling of

fluid—bed
granulation
processes: An
integrated
approach

PBM

Heat and Mass
model

Advanced
Powder
Technology

Anwesha
Chaudhury et
al.

2014

A mechanistic
population
balance model
for granulation
processes:
Effect of
process and
formulation
parameters

PBM

one—dimensional
model

Chemical
Engineering
Science

Anwesha
Chaudhury et
al.

2014

A reduced
order PBM—
ANN model of a
multi—scale
PBM—-DEM
description of a
wet granulation
process

PBM,
Coupled
PBM—-DEM
model,
Hybrid
PBM—-ANN
model

Hertz—Mindlin

Chemical
Engineering
Science

Dana Barrasso
et al.

2014

A mechanistic
population
balance model
for granulation
processes:
Effect of
process and
formulation
parameters

PBM

one—dimensional
model

Chemical
Engineering
Science

Anwesha
Chaudhury et
al.

2015

A multi—scale,
mechanistic
model of wet
granulation

process using a

novel bi—
directional
PBM—-DEM

coupling
algorithm

Coupled
PBM—-DEM
model

Hertz—Mindlin

Chemical
Engineering
Science

Dana Barrasso
et al.
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Compartment Chemical
based
based .
. population
population .
modeling of
balance multi—dimensional | a high shear Anwesha
2015 | modeling of a PBM & Chaudhury et
. model wet
high shear wet . al.
. granulation
granulation
; process
process using }
. using data
data analytics .
analytics
Multi—
dimensional
population
model Hertz—Mindlin +
development Powder Dana Barrasso
2015 and validation PBM Johnson=Kendall~ Technolo et al
. Roberts (JKR) Y '
for a twin
screw
granulation
process
Multi—scale
modeling of
granulation multi—dimensional .
. D Chemical
processes: Bi— Coupled model, Eneineerin Dana Barr
2015 directional PBM-DEM | Hertz—Mindlin + gmeering | ana barrasso
. Research et al.
coupling of model Johnson—Kendall— and Desien
PBM with DEM Roberts (JKR) &
via collision
frequencies
Model—based
analysis of a
twin—screw Computers
9016 wet granulation PBM GSD model anq Ashish Kumar
system for Chemical et al.
continuous Engineering
solid dosage
manufacturing
Impact of
impeller design ) ) Powder Matthias
2016 on high—shear DEM Linear Cohesion Technology Borner et al.
wet granulation
Compartment
based
population
balance model Chemical .
development of multi— Engineerin Anik
2017 -oP PBM g € | Chaturbedi et
a high shear compartmentmodel Research Al

wet granulation

process via dry

and wet binder
addition

and Design
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2017

Development of
a multi—
compartment
population
balance model
for high—shear
wet granulation
with discrete
element method

PBM,
DEM

multi—
compartmentmodel,
Hertz—Mindlin

Computers
and
Chemical
Engineering

Kok Foong
Lee et al.

2018

A process
optimization
strategy of a

pulsed—spray
fluidized bed
granulation
process based
on predictive
three—stage
population
balance model

Three—stage
population
balance
model
(TSPBM)

Three—stage
population balance
model (TSPBM)

Powder
Technology

Huolong Liu et
al.

2018

Analysis of
mesoscale
effects in high—
shear
granulation
through a
computational
fluid
dynamics—
population
balance coupled
compartment
model

CFD-PBM
compartment
model

one—
compartmentmodel,

Particuology

P.J.
Abrahamsson
et al.

2018

Regime—
separated
approach for
population
balance
modelling of
continuous wet
granulation of
pharmaceutical
formulations

PBM

Aggregation kernel
model

Powder
Technolgy

Saeed
Shirazian et
al.
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—

) 1L A F2 ggle] dHAy AHACl YT (Impact of impeller design on

high—shear wet granulation)

o Ateliz i ek F4 el Fohe] ERlel=2 e A ek A

sHol=E FAE A=Y Hese AT A Hlwd oA Aol
AR EElelER FAE dlee w2 3 SRR Q] #Y Astel
el g olou A EkA ke 4 Y HE AEES FTHA
Atk meEbd Bu Augt 3 fd Y = 2
T Edol=R A R AAV AAEE AT

o 2l

A3 ¥4 F, dZel g3l JApel A &= S g<lstr] 918 DEM
= o|&3% *]%ﬂ]ol’}i% 3l FAEAT. AH7] HelA AA-AAH(pp) Z
AR (pw) &) HFHS EAHs7] f8] LSD R4 (Linear Spring—dashpot)
o] Ak&Eglomr *]Eﬂﬂol’}ioﬂ Agd Bl viyides g5 3 IV-29
A A = o] L T

¥ IV-2:DEM Al&E#o]AS g3t A48 mi7fdse A3

| 7] 4% o
YApe) &= 17,823,551 [-]
DEM A]3F ©&A| 5:107° [s]
g2 A7 0.0035 [m]

A 1570 [kg/m®]

Eau A 10,000 [N/m]
pp2l YRE wbEA S 0.6 [—]
pwo| AHt WA 0.8 [—]
ppe] HA wbEA S 0.3 [-]
pw AA whitAS 0.3 [-]
pp2] mFEAF 0.1 [-]
pwo] mREASG 0.3 [—]
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AA B H-EDY-H A5 ABeold e Ay
IV A Ak 24

DEME ol gato] Fas AFdold A79 Fo 24 £¢ 34 £ ¥
el dwee BE glow, 289 % 23
IV—13} o] A4 ik,

=
il
it
r)

(A)

¥ IV-1: 3 Kl = dg2y 4 B) 2

a8 V-lol dehd A, b 2 deEe AR Hep) 2 ARk o
(pw) Atole] Hi &= Aole] o8] Yelbn] Belo]= mE fAld Avd
S ol Ao AA ] W A LTRSS 8 [V-2°] A
Pk 7 IV=2(A)ellA gk Zel, Al7le] Sdeltr g% el
A4 & e e TY @xol wAsel g7 vt 039194
T UATE AAS] Ads BEE 5 ook ol 94

1% Fals vpF 2 gy Bdsle] FEl B EA Aol oS
A ®ek vl Fo 9 ‘:"EHOIEE TAaE e 29 IV-2(B)
AMACRE ve YAt &5 AUAE Foiste] A &5 ey

Nl Hr >
10 XN rlo 01'

Hfﬂm

l

dleti mass 782005

g

L}

ddF o) wE 5 ouyx9 EX (A) 3 EglolE ¢gdy ¥
(B) 2 EHolE 947

a3 1V-2: 3

defor & oﬂ?Oﬂfﬂ—E 4 B8 T T olataays AEste] T
o] BEfol= 4@ A7je Edol=r FAE dFdert A ne Ay
= Bluston FI1e Egeoltr A E dFert 1 A F2 3R ol A
Hoh dusty g&84< AAE Zteve AS dFslth weka ojaka A
Hol Hslst 342 A a&do= AHgd = dSS AASTY
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2) 1 A st gt AP REHARH wWAYUSIINe] Rd¥

(Empirical to mechanistic modelling in high shear granulation)
o] Atell= Aok AFY AL ksl SRS T 2 Aw E3T]oA A

of AFEE 7 Slv tFE Bl digk e Awsh] fd FAE oA
Oﬂ?olﬁ‘r al % 7 e 73? A A €] 7H‘ﬂaL ‘%l Xﬂi 1

4 mag AASErh 3 wA 2
WA male thad dele] B4, A WAl =

g__,"
rlo
N

AAd A 9 A FHO w9ES olssty] sl 3 HAR 1A o B
go] A gHrt. 1A o8 wd FAle]d Bri o= qdy 37
of et wel nhekal ) Alolo] HE-oE HES B Aotk w
9o i) 2o Hus npekelA FHAsh: B9H Polel} sk £, i) o
9 Uelq g7t s dsh=d st EFA dojxm] A ALE] ol A
olelg Bt Btk ;A 935 R olgstel A S48 E29 o
Z¥ EI7F % V-39 AAFHoId o HA7E oF 59 wwtoZ {AFSE 4
7= HojFEr)
¥ IV-3:d87z oz #Fd JdH9y EF U 34 g 2doA o=d =y
B3
Ag] | A2 | A¥3 | Ad84 | A5 | A6 | AY7
s
a2 169 | 247 133 172 189 183 180
(mNm)
A5 & 174 252 126 167 179 179 179
(mNm)
At H %
o BA oo 50 5.3 2.6 5.3 1.8 0.5
(%)
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T Fo% Fo] 1Rt ¥ Y(d2RAY E3)E Aisted /g #4
Atk Q1o gzl AAE AAH ey 4 T T, YA EE
ol A WA FAE FFPSD, T1), NIR AFEHo|A A wa FARE A
T (NIR. T1) ¥ X7t 57F4 8] 7Hd 53 Wolt, B3t 3 3%, 3
o 42 271 9 9] A o REEES AR PSS o, NIR &

Z AEE gt webA NIR 23717 4%@ 349 BEYE

Sk

vk wgisel A8 A oaA mde Aw 79 mae A 2 A4
R A MAEAR Sl E B 4

A71 Nz 271 i8] Ak 5 sl gy #4 Adolvh #4 AdS
oo T 24w vE F drh

B, t) = Bo(t)B1(L.))

Brapt EHHAOZ FT= PR A7l gEete & gEolA Bop
AWl o&EstE 12 gEolth. By S5A4o] Algtel wet wstr] o
of Bop AIKE &&EA] vt & 4 itk I8y & AgdAe= /‘]Z}
I FEA ) A NE ZAFSFER AR HAt Fk Bowol AREETH FF AY
of FAWMF (YA 471, 9] £5, & A7), HAUF AR F24 Folg &4
AZE H Al A5) 7t vl A= @ %T% erotH 7] flete] F 7HA & AVE
zh= 371 olA F 1939 AAAAZE 3T

P
Jo
™ Md of

FA B4 axEdd)E AHgatel pool thd Aold BYWFY F2AL
b Az, 2 A7), A7k AR D w4 "ol A9 Agtel AR 3P
& AR 2] S ), 9E S 0 AR el das A2
S olvha vebeh w9 919 AelA Fold g 2EY 8 94 2
7] EES ZHE A 27 BE Al FEd Xz #RFY 2w
e @l Qol7 QA A7) BEE 19 IV-5el AAHGeR, S48
4 27] REG RAYH YA A7) RE ] AAE BB 5 Aok

116
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IV 2 A 4
(A) 1600 (C) 1600

- 1400 q = start distribution & 1400 + ?I — start distribution
E E
5 12004 | ==modelled final o 12009 | - modelled final
o R - elled fina
2 ]| d'S‘"b‘““;"ﬁ | =, l| distribution
= © measured nna c
& 10004 Fj e S 1000 - o measured final
E | distribution = I l distribution
€ 800 4 'l t 800 A I ‘
o ]
o I g |
§ 600 § e00q |
) bt |
o o ] o
Q J o 4
2 a0 £ 400 | | .
a o |

200 - 2004 |

0 A T — —— 0 A T — —
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Particle diameter [m] Particle diameter [m]
(B) 1600 (D) 1600

= 1400 - = start distribution 5 1400 - — start distribution
<§ ' ===modelled final E 200 l == modelled final
ek b distribution 2 12001 deibuson
c o measured final c ] ed final
2 1000 4 I distribution £ 1000 I ’ :R::iizuurtion -
s < ]
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o o
=  —
S 600 g 600 -
£ ] 2
o o
£ 400 4 £ 400 -
& g
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0 - 0 v
0 0.00025 0.0005 0.00075 0.001 0 0.00025 0.0005 0.00075 0.001
Particle diameter [m] Particle diameter [m]
. ° 5 3

JR IV-5: 2E¥E YR 27 2 (A) /2 EEHE 2), B) & 2HE

13), (C) & E(AE 16), D) &2 & (AF 18)

AgRow ¥ AL, 1 Ad B4 A4 EF G QA
g0t AHow d3at wA os e AR Y 0 A
4 Y B F Y9AY EAZ SdE AFH dus 5dY 9 RF
Ado] Qe nA= FPAST AP QA A7) BEE IS A
o 7Y 2o A melFolvh mebd HYa $99 mUEY L Ao
o AET F Ae A wBL AN A
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AAYE]

L3
Coating mass

2d

distribution from
a spouted bed
seed coater:
experimental and
modelling studies

1993 PBM

Powder
Technology

A A3

L. X. Liu, J. D.
Lister

1995

Computer
Simulation of
Tablet Motion in
Coating Drum

DEM

Coating mass

Research

Pharmaceutical

Kenji Yamane
et al.

1998

distribution of
seed particles in

a tumbling
fluidized bed
coater Part II. A
Monte Carlo
simulation of
particle coating
Simulation of

particle

Monte Carlo
method

Powder
Technology

Hiroyuki
Nakamura et
al.

2006

movement in a
pan coating
device using
discrete element
modeling and its
comparison with
video—imaging
experiments

Monte Carlo

DEM

Hertz—Mindlin
contact model

Powder
Technology

Preetanshu
Pandey et al.

2006

simulations to
determine coating
uniformity in a
Wurster fluidized
bed coating
process
Inter—tablet

Monte Carlo
method

Powder
Technology

KuZilati

KuShaari,
Preetanshu

Pandey et al.

2008

coating
variability:
Residence times
in a horizontal
pan coater

DEM

Hysteretic
Spring+ sliding
friction model

Chemical
Engineering
Science

Arjun Kalbag
et al.
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Inter—tablet

coating Hysteretic Chemical Ariun Kalba
2009 variability : DEM linear spring Engineering ) ot al g
Tablet residence model Science ’
time variability
Local lysis of
ocal analysis o CED, '
the tablet coating . Chemical . .
. Discrete droplet . . Daniele Suzzi
2010 process; Impact - Engineering
of operation method Science etal.
. (DDM)
conditions
Study of tablet—
coating
parameters for a
2010 pan coater Monte Carlo _ Powder Bhoja Kandela
through video method Technology et al.
imaging and
Monte Carlo
simulation
Intra—particle
coatin .
. .g . Monte Carlo Chemical ..
variability: . . Ben Freireich
2010 . method, - engineering
Analysis and DEM Science et al.
Monte—Carlo
simulations
Intra—tablet
coating variability Hertz—Mindlin Chemical Ben Freireich
2011 for several DEM (no slip) Engineering
. . et al.
pharmaceutical contact model Science
tablet shapes
Effect of speed,
loading and spra o Chemical
& p . Y Hertz—Mindlin . . Atul Dubey et
2011 | pattern on coating DEM Engineering
e contact model . al.
variability in a Science
pan coater
Modeling the
motion and
orientation of o .
IVZriolus 0 Hertz—Mindlin International William R
2011 . DEM (no slip) Journal of )
pharmaceutical . Ketterhagen
. contact model Pharmaceutics
tablet shapes in a
film coating pan
using DEM
Experiments and
numerical International
modeling to Ek hni
2011 aeting DEM - Journal of neet Sahni
estimate the . et al.
. C Pharmaceutics
coating variability
in a pan coater
Understanding
granular mixing
to enhance latching spring
2011 coating . DEM f'nodel and Powder Ekneet Sahni
performance in a incrementally Technology et al.
pan coater: slipping model
Experiments and
simulations
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DEM
investigations of . .
2011 | fluidized beds in DEM — Powder Pirooz Darabi
Technology et al.
the presence of
liquid coating
DEM simulation
of continuous
Etézlcitscoofatt;%it Linear— Chemical Daniele Suzzi
2012 . DEM Spring— Engineering et al.
shape and fill .
. Dashpot model Science
level on inter—
tablet coating
variability
Spray models for
discrete element Chemical Gregor
2013 simulations of DEM - Engineering Toschkoff et
particle coating Science al.
processes
Inter —particle .
¥ Fabilit Chemical Rahul K -
2014 | COaHne vanabiuty DEM Engineering ahut Buma
in a continuous . et al.
Science
coater
Comparisons of
intra—tablet
coating variability .
using DEM Hertz—Mindlin Chemical Ben Freireich
2015 . . DEM Engineering
simulations, contact model . et al.
. Science
asymptotic limit
models, and
experiments
Modeling of an Journal of Gregor
2015 active tablet DEM - Pharmaceutical Toschkoff et
coating process Sciences al.
DEM—
compartment= | o ined DEM— .
population o Chemical
compartment— Hertz—Mindlin . . Rahul Kumar
2015 balance model for . Engineering
. .. population contact model . et al.
particle coating in . Science
. modeling
a horizontal
rotating drum
Simulation of a
tablet coating European Journal P Boehling ot
2016 process at DEM - of Pharmaceutical ’ al g
different scales Sciences ’
using DEM
Analysis of
large—scale tablet linear sprin European Journal P Boehling ot
2016 | coating: Modeling, DEM pring of Pharmaceutical ’ g
. . dashpot model . al.
simulation and Sciences
experiments
Effect of particle
shape on flow in
2016 discrete element DEM Hertz—Mindlin Powder Mehrdad
method simulation contact model Technology Pasha et al.
of a rotary batch
seed coater
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Asymptotic limits
on tablet coating
variability based
on cap—to—hand Hertz—Mindlin Chemical Chunlei Pei et
2017 thickness DEM Engineering
. . contact model . al.
distributions: A Science
discrete element
model (DEM)
study
Comparison of
video analysis . . European Journal .
2017 | and simulations of DEM linear spring of Pharmaceutical P. Boehling et
. dash pot model . al.
a drum coating Sciences
process
Int.er—par.tlcile. Hertz—Mindlin Ch.emlcgl
2017 coating variability DEM Contact model Engineering Mehrdad
in a rotary batch Research and Pasha et al.
seed coater Design
Discrete element
method
simulations of
mechanical Voist model Surface & Renata
2018 plating of DEM 18t mo Coating Khasenova et
. with a slider
composite Technology al.
coatings on
aluminum
substrates
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AHE olgs 25 =
= o]’f%k 299 (Modeling

pharmaceutical tablet shapes in a film coating pan using DEM)

g

Mo A thekst okA|ErA A A FE o &z

the motion and orientation of various

o] Atdl= AAY T2 FH SA ddes 25 A" dIdHS AS5EH]
flal] olate Aae ol &ste] WIHA AR ofAlshA] HAl FH wAd 9
WS AdAor RAYE oAl Aot o] AbgelM = 3 AY Wl
A A Y s Rd™str] 9@l DEM= A &stdlom, Ak 3+ 2838t
© A5YES Aitstrl 98 Hertz—Mindlin @S ARE3FQITh AT-ollA &
T 7 7HA AlEUCIA AEZE 3 EHAT A vA AEREE A M=
DEM =¥ #HFe HHo= A% dHelget /i%e DEM RS wlas]
At A7 FFHAT. F AiA AECSE AP elds A W 2 A
rol " wtdAdel Al FEvE viAle ddFe 2AFSH] Slal 5709 Aol
H 7 2 59 AAlE EdEets A7 F3EAA GAe] FEel sl
M okt vk Wk e 9l SRCVF E9EW T FElE HuE 9e
AFZ 22

A AT 2 ®g d7E Sl F3E AlEdelde VR #ANs, =4
54 3 AS 7w o] "l obdl & IV-58F Zo] AlAEoql A
d AS AlFdHelds 9% 3T E Adde o 23 sdsA A
Atk W A= Ss AlEelde] A-g Lo stee Agst A4
el WoelA veket=s A9 s

E IV-5: A EF OIS 718 F4¥HS, EF 4 4 AS v/l 3k H9
A% A5 HE A
A Value Baseline Range
value
# %% (RPM) 22 22 (16, 28)
71 TS A 355 (kg) 0.7 % 1.0 1.5 (1.0, 2.0)
A ~875 4 1250 ~1168 (778, 1539)
N g A 1.0 1.0 -
AT MP) = e 3.0 3.0 -
b o A 0.25 0.25 -
A5 | Foke el 2 0.30 0.30 -
1 g A 1500 1500 -
(kg/m?) 2HE A 7500 7500 -
o} 2 A = g A 0.5 0.5 -
() 2H I A 7 0.5 0.5 -
A= HERkA 4= A 0.5 0.5 -
7 ¥ (e) AHAE A 0.5 0.5 -
3| whEAS g A 0.0 0.0 -
(#r) AHlg A 7 0.0 0.0 -
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AA o] Z® HEAS 5 7Y9S S@eke 3, 5 7oA AATt
2HlekE AIZE W A IF S ZPEAC dist ghgrolt), o]y d HapEe
A2 Algdeld AAgeoA 2 ZA e SAE st AT A
U 78 HeAS 5 795 4 o A wEke spolnh A=A W
2o 7 A FHYAFAAS Astr] f18l e A4 (Orientation index,
OD & AH&stion b33 22 2o=w oyt

W3 A 4= Gigea1— Orablet
T oA AFetAl Aseke wEks g2t AA FHl= 2 W A4 ik
7 o]l H sk el At A | Y WHeAdS 2 9o didE B
TANA MG WS 2] o o=

Okg 2 0.7kge] #A
Atk Zbzrel A-s-ol disl], A% dolE e}

7]
DEM E® o= 3te] A= +5% o= 7 DEM RHo] fasirhil
aekal o),
¥ IV-6:43 dlo|g] & DEM 22 o=9] ulm
A DEM 29 21o] (%)
9]# 314 (1/min) 30.6 30.0 -2.0%
LOKE | o0 goo) st 281 A7b(s) | 1.92 1.92 0.2%
9 35
23 G FHd AF A (s) 0.082 0.080 -2.9%
21 34 (1/min) 39.5 37.4 -5.3%
0.7kg | o150 aolo) |t 8 A7) | 151 1. 0.7%
9 35
23 G FHd AF A7 (s) 0.090 0.087 -3.6%
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2)

e A 9o 4 2", AlEgold 2 A3 (Analysis of large—

scale coating: Modeling, simulation and experiments)

B4 =9 stks, 3d S5, A S5
% B (Cy, imer ol PR FF2
= ¢ DEM= Fd8stlorn, 345 Al §
3l LSD EHs A&stilvh. AlEdeld
2k Fow F AHPAZFE 300w 0= At AlEd oA
= 98 e B4 54, A4S wiHsE E IV-83 ol A E AT

E IV-8: A1 EH o]0l 288 &2 iyids 2 43&E W/ds

w7 H zt
o A AR 2500 N/m

AA] EHEA o 1150 ke/m?
Wk A 5= 0.78

AA -9 A E A wpEA S 0.45
314 wpEA 0.01
Wk A 5= 0.78

AT A A wpEA S 0.39
314 wpEA 0.01

AEY oA A ZE A Ao 4:107° s
A 371X, Y, 2) (0.0061, 0.0058, 0.0061)m

Algdold AgS AlEFHolA  AF  AA (Design  of  Simulation
Experiments, DoSE)2} &# X A AA wel Pt 34 Hof
el st 9 ostskglo]l FoEglom AR Hxe HAA ¥EES sty
HAo TAWEZ I Aot A ngl A gwe 747}

rpm¥ 230~290 kg Atolel| Al wgletglon ojgf st sk 4 3| &kol

I o)
sl DEM AlEdolde] Fasgith(E, 7719 AFdold). $7o e
DEM AEdeld ¥ F, $Az #H3e4 29AUt o714 =29

T 46 9 8ol FAH ¥ FLEE 240g/minclA 160g/min %
360g/min® % W3ty wEhd FAd= 97k 8 FHAHFE
Z 79(63) M9 A Ed o)A A7t LS
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12

B;: - Bl Experiment
-g 10} I Simulation -
- [ Constant
® sl
-5 —
=
Y=l
H 6
2 _
: =
-
(8]
o
)
4
® 2
(=]
o

0

A B c D E

TR 1IV-8: A 2 A EHoIAY 1Y WHFA

of thgt gf 2=

O™ V=89 gzl AAE AAY Be AlEdeld dyt= AF Aot
=2

FAH A2 SAT 4 Uk wekA DEM A
%8 et Aow Ba
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-

DoSEE &3l 637H419] Aol tigt :% AlEdolA
'}l:‘oq %%O] CV, interoﬂ U]jlli‘ Ogﬁg:% %ﬁ]@g—i T’lf'_‘}%]
Aol AAE RAAH, Cy e 8708 =53 1

ki

Og/min®] #AH% % (7}

I
& AT BBl 7HE 2 dhe WERdieh B 4719 =3 F
HEE(LEZE ofd) oAM= 7HE F4 &2 s vEride whebA
ZTHA71 3L 5 SEE AAaAT]E Aol Cyiners FF3L A9
TEA

ME e

b 4
9
9

Off F K1 ot off

o, N
o

o~ =
T=
A

A

o[\

2 % gk

i
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o ©
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o ol

Spray rate in g/min

Drum Load in kg

Spray rate in g/min
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By T dg dAUE7IEE 3 AL 24
¥ IV-9¢} o] SCIH £33 7|Wvto = 2004 o] FHE el ¥4l wAY
7 Rag 488 AIE 117 gaskic
EIV-9:8 FA wAYESZIN Zd s FE3 3
A =% HAUE7IW 24 £ 24 Adg AAg
Distinct element analysis A
2004 and experimental evalgatlon DEM Heckgl Powder Technology Hassanpour,
of the Heckel analysis of analysis M. Ghadiri
bulk powder compression
DEM simulations of die Chuan—Yu
2008 filling during DEM Elasto—Plastic particuology Wu
pharmaceutical tabletting
. . William R.
Optimizing the design of Hysterstic Compute}’s and Ketterhagen,
2010 eccentric feed hoppers for DEM Spring Chvemlcgl Bruno C.
tablet presses using DEM Engineering Hancock
.. . PBM,
Mechvar?lstlc modell{ng of PBMs, European Journal of Severine
2011 fluidized bed drying CFD, Hertz—Mindlin | Pharmaceutics and | Therese F.C.
processes O_f wet porous PBM~-CFD, Biopharmaceutics Mortier, et al
granules: A review DEM—-PBM,
Discrete element method
modeling od bi—convex .
2012 pharmaceutical tablets DEM - . Chevmlcalv Madhusudhan
. Engineering Science Kodam, et al
Contact detection
algorithms and validation
Daniel
Particle size segregation Mateo—0Ortiz,
2014 promoted by powder flow in DEM Linegr Powder Technology Fernando J.
confined space: Cohesion Muzzio,
The die filling process case Rafael
Méndez
Size—induce segregation
dgring Phgrmaceutical Journal of Drug Ryoichi
2016 particle die filling assessed DEM - Delivery Science Furukawa, et
by response surface and Technology al
methodology using discrete
element method
Srikanth R.
Numerical simulation of Gopireddy,
powder flow in a Claudia
2016 pharmaceutical tablet press DEM - Powder Technology Hildebrandt,
lab—scale gravity feeder Nora A.
Urbanetz
Simulation of particle size " Computers and Claudia
segregation in a ertz— K .
2018 pharmaceutical tablet press DEM Mindlin+JKR Eggiiziiiig Hlld:tb;fndt
lab—scale gravity feeder
A hybrid approach to
predict the relationship strength— European Journal of Ann—Sofie
2018 between tablet tensi}e DEM prevssurev Pharmaceutics and Persson,
strength and compaction relationship Biopharmaceutics Goran
pressure using analytical model Alderborn
powder compression
Compressibility and tablet
forming ability of bimodal Multi—particle International Josefina
2018 granule mixtures: DEM contact model Jouranal of Nordstrom et
Experiments and DEM Pharmaceuticals al
simulations
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Q@ By ¥4 T tho] T DEM Al&EdHolA (DEM simulations of die filling

during pharmaceutical tabletting)

WAS AgE EAHolh ¥ AFelAE Yae] 5
NRE AT, 4 Fele IF A A pROE
Pk ohdel & IV-10& neHE uANSE Add w58 Qg o)

A58 A Al gt

F IV-10: A EH A wi/HEs

w7 H EA () #*
Ha YA fi 9
At ] Wik An 3
Rk 7 (mm) 0.3
qh7g o] W3} A7 (mm) 0.2
Rugosity T 0.1
EEAEEA K, (N/m) 1x 106
A 57 K, (N/m) 1x 108
AL = o (kgim3) 7.85 x 103
b 7F whz - 05
A=}F o mp - 0.15
k] 5 1.2

tholi= % 5mm, Z°] 30mm, 7+¢ Z7]+= 60mm X 3bmm=E 1389 T
AR JA = obEle] A H SEo wet o]F sk tholo & A A,
tho] Ho]=2 50~500mm/s®] AFE HE2 v 19 IV-102
DEME Aldstr] 913t Bawolw 17 IV-112 tho] 3 F 3949
&5 100mm/s, 400mm/sollA ZF &% ¥ dxte] TA Al EHolAd A=
HoFET

Tr(Shoe)

CtO| H| 0|2 (Die Table)

I CtOl(Die)

I IV-10: 44 s7-0]F4 to] ZYE
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(B)

7% TV-11:100mm/s (2% A-B-C), 400mm/s(2.E% D-E-F) 9 AlE#Ho|H 47

IV-119] Ao W, 3o 4
$OR thold] Eojrte %% S5k W
QFO =

49+ A9 Aol & el pold] A ATIHE AL F - A

o Ael wek el M AAE ot tol A U
A% ke A9E ANAT £ A R4 o

A SEAA PolAE S ¢ 5 A o] BE
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1) oJAF e a¥E ol &3tk vkg EW W Eel & A o] FH F A7
of 9%t H2] (Size—induced segregation during pharmaceutical particle
die filling assessed by response surface methodology using discrete
element method)

AT E vhg ZHUHERSM) 3 A3 € oAt AW (DEM) & T4 0%
Aol SRATL B FHOE Aol TholZ AbgetE Aok FA o
Aol B 7] tho] T ok A EEAES TAFe] 918 3 H oA
ZABl = AR e dRFe EFELY dZFsE 2 271400, 300 ¥ 200 x
m), thol& % (500, 1000, 1500 2 2000 mm/s), A UF-< a3E5 A
71 8 F 7HAS YAE EFeks EFE DEM AlEHOIAS Fsh
obg] ¥ IV-11 9 1% 1V-129] A EHoIAS Fqst7] fst 71+ 1
BALE AA ST
FIV-11: 49 w79 =4
o 7 H #
2ol g A4 (GPa) -
ol =kl 0.1
T 210
dAFe] Fols H
el a2 0.3
9 0.3
AAA L (kg/m3) 1500
ok e AlEHel A 24 -
AIZE (s) 1.0x107¢
A& AF (m) 800
A & 30000
=9E (MPa) 7
SmmI = SHE x|
80 mm =g
(A) (B)

J" IV-12: A0l A4 AR (ASHEE, B)BFHE

A2 " V=133 o] volE 3709 391, 3748 A A= Yol
et AlEEOIA 2 X IV-12¢ AAEoH, tho] Hri A
& BV Smgk dA g

[

=
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AA B -2l -H A5 Algeeld e T

=

IV A8k #4

¥ IV-12: F 7FA E8E dist Al EH ol A

w7 H P4y
A7k (s) 1.0x107"°
Z UA Atel= (pm) 500
& 49 15788
Z+-e Qla} Ato]l = (pm) 400 300 200
2k Jare 30836 73093 246690
A (X) e ¥l
1 R -1 0 1
2 T2 21A -1 0 1
3 Z+-e Qlx} Ato]l = (pum) 400 300 200
4 tho] &% (mm/s) 500 1000 1500 2000

(B)

g Ae), kA7, WA, TE RS, A4 BASE SHs] oty

¥ IV-13: 483 DEM wi7/j¥4 Q9F

HESA o] A z}—A =} 2.362t1.111
(cm) AR -4 9.238+1.543
& A" AR -2k 4.19%+0.54
(cm) z}-Y 6.03*£1.65
)z} — < =} 0.336
A
Hid 7'1]T o‘:]z]_—t_ﬂ 0.677
A z}—A =} 0.112
= gl
L[_Ltz u]‘azﬂ‘l‘ O,JX]-—‘E‘-E,' 0.075
AR -2k 0.4
A2
AR wp@ZA S AR -9 02
QA1 Z} (degree) 6411
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IV A 8Atd 4

Aoz w7 ¢ A SEATS TAISEI] AlEE o]l &gt o,
O AyE AP Alsdold o A g AToE dHluskdth. 1 Ay

=

=

obelel 1 IV-14e] olu 4% AAseict,

(A)
B

Y IV-14: 92 to] $xdA F4 33 F 1% JhvEl #32 9 DEM Al Edo]A
olu]x] (A) ¥ (C) 100mm /s, B) ¥ (D) 500 mm / s.

o] W37l doe Ay 500mm/se S+ Fito] AT E AS Ho
w o] FIFE A9 Eddd FAWMIE opr|et 4 rt o] AlE{
°1z7F 100mm/s =2 =& &% 7 tho]o

o

JAE ol F Y& nolFrh.
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A9 AdS T g YA iy sE A gsto] T 7R YAbe
d AEYoldS Haystlom ofee] 1y IV-15% &2 A} 2o
st DEM A3 & HojFu

o
o

o®
o

¥ IV-15: FL2 e £ g DEM A Ed o)A =243

9 WV-15(8), B), (OF 7ol4 && 9439 of3t, ol 9] ol o &
A Felz oo e P FF, toldl ek FH WA A
o A& U9 ol3hE welzrh Ak ow Fol Seih eldel ol
At olv] Ao qxe] Rzt wgstgon o WEe] gAY A3 @
g7e] WAT F Ytk 919 19 IV-159 A%E Fo 9AAE B

_

Afel & 93E T ow ST g B ATE @U@ AS D)
S WA slonl QA A FAE el dole) St 3
of JHL A4 Feths AL wolEth AEHOR B ATelME B3
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