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Analysis for Effects of Collision Velocity and Angle of Grinding Balls
on Particle Grinding Behavior during Wet Ball Milling
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The simulation using the Advanced Discrete Element Method-Computational Fluid Dynamics (ADEM-CFD)
model analyzed the motion and breakage behavior of particles during wet ball milling in order to investigate the effects
of the collision velocity and angle between two grinding balls on the particle grinding behavior. The analyses showed
that the particles were more damaged when the grinding balls collided with a faster collision velocity in closer to a
normal collision direction. The degree of the particle damage was quantified by the release energy, which was defined
with the potential energy released by breaking the internal bonds of the particles. The release energy was strongly
related to the normal components of the impact energy calculated from the collision velocity between two grinding

balls.

Keywords: Wet ball milling, ADEM-CFD model, Simulation, Collision angle, Collision velocity.

1. #

R = IWE, BRI ERRE T A AT —HT
WAKR — U 2 728 S8 % T & CHERRL T 2 i b 5 % 8

WHEO—FETH ), HiHEED T E D KBRS T
&, Wb T %2 B um BE OR £ F THEETTERE TH
LI ENHMTH D, ZD2H, T I vy A1), HE
[2], BEFEM[3]7% CWRIA VRESE B O R, I, &
B OBEITH SN TV 5,

L Lah s, BaAR—V IV, BARR—L, R
BT, RO S E B e B XIZTIRT
W% L, BEOHEREHE L W EPRETH L, £ Db
O, R =V I NI BIT B ERR— VL, i EE
HIWKTH B720, ZOWHRLIEED 5 I3 H 22N
P B LT ERT A 2 &, R —13
VICX 22 W 2 L CTRETH 5,

BEARR— VO ERHERE, FTEHEEZ EOEMD, B
A=W INZIEHBECB LI TEEIIOVWTE, Ch
FTRHBE K OEBRNIRETH 5. 728 213, #Il

il

HALKE: £ T H R0 7EiT
(T 980-8577 B IR T 5 2 X )~ 2-1-1)
Institute of Multidisciplinary Research for Advanced Materials,
Tohoku University
(2-1-1 Katahira, Aoba-ku, Sendai, Miyagi 980-8577, Japan)
* Corresponding Author  kizuku.kushimoto.d2@tohoku.ac.jp

258

5%, BRAEER— VI NVIZBTABAER—VOMES
L OEREDPES OIS KT TR O W THERNIC
fRIT L, R—NEEL R—VEEI/NE L %5 & e
BN bl b2l Lz4]. $72, BHSIX
RIEFR— NV I NI X BTV I FHIROBHEE B &
TR — VR & Ry bR ORE E EZBIC
AT L, BWEEEA R K & 7% 2 Mlin U AR — L S

W DRI EZWE L5 —H T, EBoEK
RNV INHOBHEEZDE, BARR— )L Ok
RZEMPE L Vo IR O BB T L L EZ D
NbH. LLARDS, KK — VO 2R A B

JIFTHEBICHT A HEEAY ALY, Shg, BEo
RPE, FREDOMETHARRN — L 2 H22 872 L & ORF
W OB & TR HINTT 2 S LD L Wiz &
EZbNb, TOX) RMENS, BARR—LOMmZER
WA B LT EEI OV TR AT TETY
BVONBURTH 5,

9 LB TIEMAT N EE 22 LG L AR 2 Tk &
LTy Ialb—a YL addb, ¥Iab—s
Yidarv¥a— ECTEBROBRLEERETLTETHY,
A=V INVHNOBERR =V, 5, Wbk o %8 %
THALTE 27200 Th <, AR — U B Wi - (2 )
CHBRMMZIREE LA VF—2MlT4528 5T

&%, FRIC, BMREFIMEMT 2467010 56 & iz
DEF XA ZOUFT LISV TERYISHL LT

IR T4k



i B B F2 B o0 i B & Stk 97 % Discrete Element Method
(DEM) &, UifRoEE) % itk 3 % difn o & EB) )7 2
K& I fF X T3 % Computational Fluid Dynamics
(CFD) %l & 7= F TR -V IV OBARAR —
WEBOFNTIHHBIH SN TWA, 72& 213, Beinert
HIEDEM & CFD Oy I 2 L—3 3 X2k D, &k
K=V IV OBARR — VB 2 RKBLL, BAARAR—VIH
T O ZEm TH U 5I5J) = & )V F — % Normal impact,
Torsion, Shearing & Rolling ® 4 DIZ5JHT 5 % fi%s
L, TNORIEIC L 0 B oME, HERRE, BRR —
VORI AFER DT 5N D T L2 L7z[6]. F
7z, Carvalho 51, DEM & CFD O# ¥ I 2L — 3
XY, EHROBEEERR -V IV OBRR -V
DEF 2L, I VO EEE T ETHRARER — L Of2E
OERRR LR BB LA[T. 2OLHITTIa
L= a v 225 & THEBRTIIIUS 2 2 15
LI LENTED,

—7, BfFOYIal—va oL 3EER—LV0
BEOARZRIL TW5E720, SHREE LTSI
A DB RZEEOWTUE, ERY R IEEE L, Z
I L7, FHEFLIE, X7U—¢Tﬁw+—w IS
N VRN T OB B X OBIERF 2 LB T 50 I
L—3 3 &7 & LT, Advanced Discrete Element
Method-Computational Fluid Dynamics (ADEM-CFD) &7
VERFEL, 612, WP THEET 2 BAR—VEY O
WERPRL - O E B & RS EN IOV THERE IR 5 2 &
T, ADEM-CFD €7 WV OZU4 SR L72[8]e L7zA%->
T, ADEM-CFD €7 VEZHWAZ LT, ZhETIIELA
ERW ST Z 7% 20 o 72K AR — v Ol 22 IR A3 PR
T OB B T THELMITELEERT

Z T CTAWIETIE, ADEM-CFD E7 VA #MH L7z
Jalb—vayilky, A7) —PTHET L 2O
AR =NV ORERL 28 2 KBLL, 20 & & OBAR—
IV DE GG RME LML & Vo 722K E VT A —F
1295 28T, BARR— )V OmmZEIRIE AR - O By i
BEB KT THBEMNTT 5,

2. BAER—IEORMNFERNEERET S
L—>ar k&

WA= IV TR HUE, BARR -, Wekbk 123
MEAEM L A5 #E LTwb, ADEM-CFD €7 LT
&, AR =V IV OBEARR — VTR S TS R
WTEHESI2L—3a v ICEYVERET A2, &K
D6 ODOEY LM EAEHE ETNMET 5o

A) 7 E &)

B) SRR — L D 1EHY

C) ekt DBy 35 L OIS E)

D) R T & R AR — v D EAEH

E) 7Bk & AR AR — v oA HAEH

F) 53 U & Weokbhs - O M AR H

A) 43 ik i @ 38 B 1X Computational Fluid Dynamics
(CFD) 12X b E£H L, #4EMLIZ I Finite Difference

/II

Vol. 61 No.5 (2024)

Method (FDM) % Fv» %, B) PARAR — L O #EE L Discrete
Element Method (DEM) [91iC & DB#F L, C) Bk 10
HEENB X O éﬁiAmmwmmM(mmM)ll%L
W35, %8B, D) R T & AR — v oMEERIE
DEM 2 X 0 5159 %, E) 7l & KR — v oM EAE
AR PR D A RBEFNE[14,15112 X D 3R, F) 41
Ik & PRk T O M HAEH 1X DEM-CFD E 7V [8]% R — A
WCHER T %, DLFTIE, AR — Vv oESE), Rk o
YEE) & E, SEUREOEBONEIC, VIl —YavE
TV OF A FHHT %,

21 EER—-ILOES

BEARAR — L OFEF) X DEM[9]IC X 0 B %, DEM T
&, BEAARR =V 1R BRI 1R & v o o SRR
WCAERS 2% Ko, bk & mizoEE) R 2 EHED
CASLTHERMICIFE L Z & TR EE OS2 5tk 3
%o SWOYE, BARR—IVIHERT 2901, BARR—
VLo, BARER — OV & kbR OB & i
KRR = VDB S Z T 2R EEZ 5o BRR—
WASHER 3 % SR 7] O 5 ARAE ) B @ 5A A B 5
[14,15]% @A T 5. HREIITI D AR R TIE, 221
XY B EERT (FAEL) CBIT S, BRKDED
R G % KD, TORMEGIIN LT, maARICHRE )
VR S, ZORIER % BARIRWE IS5 2528 T
A& BERIRWEOMEMEH 25532 FETh 5, [
PRYE % BEARR — V-, Fifk % o ioiE~iE &3 %, i
RAR =V D35 HIED B 520 B AR O FHE RS ) Rl
DIAARIEFE R M 5 &, BRR— VoS X O
froEE BRI E N ZNRA T 26N 5%,

d ; ki
Attt S (W) [ )

Voall
kl
Z (Foat,i ¥ Fi)) + Ro=pr [ 16 froandV

Viall

d(Iball i wbau D

2

ZIT, AT JEEHTERZOF T L ZOUBEI
T HEROFTEENENRL, KIEML T2 R
BaEHT, B, TITOERIEMAR—VELEHBLRT S
PR T 2 RER T 2R T O 2 L 2 BT b0 mpld
ARR =V ORI, Ly (3R R =V OMEEE— 2~ b
F UV, IR =V OIHEEE R PV, @yl
BARR =NV DOMEERZ F )V, F e FU3Z - EnEi)y
i) & B M OS], RAZHZDS Y BT, roy SRR —
WV HL 2 & il ST 2 9 A E R 27 BV, rpld A
A=V HLH 5 GO FHER T (Gt ) dulizrm
B MIRLE N2 bV, V3B R — L OFRRE,  peld
DB, foalTEARR =V 255 WU S 20T B i
Kz EenNETNEKT, B, HAER—IVOEIZIRI A
BHRL T OB EEICE XIZT BT T 572010, &
T ORETER L TV b,

BT OBDFNI N R & &y 2Ry - 25
Bt L7z Voigt EF V&M L, BEMAFIFICIINRE S

259



VaRy MIMMAASA S —ZBMNLZEFVEEHT
HIETEBBEORELEE L CVE, ZOXHITETIV
b33, FPFEFIZENZFRRATH 26N 5,

n
e A 3)

t t

K'(L'+ |roaulp) + ﬂt(% + |rball(3_(f)‘}%[|
4)
2T, RATn tFFNFNERE B E LT KIEN
FEE, i3y v aRy N ORERE, L3EHEE AN
7 MV, @l ZENARZ MV, 3B E T hEhk
To B, EMATNONIERKIBARR—NV DY~
FHREERT YV Hvd S Hertz OBMEREMBLGR101122ED
5.2, B MONFERKIET XA B0 ER LK

Po5 258, KEKEENFIVRATEIETE 5,

F'= min{,u|Fn\,

2\—1
w4 [ (1-92 17V
K= 31 r,-+r_,-\ EiT[ * EJTE (5)
t_ K"
K 2(1 +Vi) (6)

SO, KRB I NN A E B Z IR ARE L 25 &9
R TH 2 %,

n=2JmK @)
F72, \ADIPIRIZKATEZ 5N B[11,12]0

R = bl ®)

ZIT, wldHmAT) PR, pldEANE O e e
NET, BRI ZRITL2ETVITHEBGEAEL TS
D, M—ENLET VI SN TV RWD, Ky

TR =V IV OBAR AR — V3 8) 2 KB L 72948
[121D0& 5 ETFNERH L7,

AR R — )V & 5B DM EAE foad, AR D
SAARBEFE[14,15112 D X RAHD HEHET 5,

O\Vpall — U
=2 ) ©)
Voall = Upatl + (@pgi X Fpqit) (10)

ZZT, aldEHTEMME NP TEAER -V D2
BREEE, w3 R OEH RS T (fRE V) oG
B DBER -V ORENT S v, w37 BIEDHLAN
7 MV, AEZ A LDAT Y TEENEFNET,

BAKAR — v OIEE) L, Eqs. 3)~(10) 2 53RKD SN L
ER=NV~ADOERITEE—RA Y M EZFNEFNEq. (1) &
Eq. ) MUA LR E, BARR =V OfriE & g 2 Bk HE
FT a2 L THRFT B,

2.2 BHRNTFOER S LUHIEREE)

Wk 1 OB 3 X OBEIEZSE) X ADEM[ 1112 L ) &
B4 %, ADEM T, 1 OBERR T % B E DM 24
JRRE TS A 2N R & RIE I 2 ARBE I 22 3 4 TRE B L 724
HHRTH B ERLRL, WK T I L oER) R % Bk

260

2 & T, TOREGETD B MR OISR 2 Flabk
bo ZOX) AR ZIRD &, RERCRL T O AN
ADEFA L) R DL PRI TE 2 L EHIT,
C DERNA DD B BMELL AT L 7R I3 5 &
IIIRET H & TR F ORI KBTE L L9 12
ko L72ho T, FEHORLFH % (26 RN A DS D
TEWT1 & 2D DI 170 5B TR % I 4 Z] 4 < 2
& TR O, A, BEEsRBEINL, Sho
Y, VNI B & oW L B3 < 2 &
ZEET AL, WK 1 R L FERIFRKATH R
bNb, ZI°T, MR IR 2§ 2 —# T
HoZ L OHBRTHYOMNRIIMHTEL2d0E L
TWwb,

ta

d . . i Si
jﬁ%?&Q: (F+Fp)= Y (F"+ Fy) + Fr, (1)

j=1 m=1
Z 2T, sldAE N A TER S MR TR, midE H
T AR T & A N A TR S NIRRT O 5 %
HIRT Bo FO"E FSUIZNZNERENID S 2T 5T
PR L B R R L, EneEhkXTHZbN5,

Al
FS,n _ KS”nlS,n+ 7/S,11At S,n (12)
S, nS,t»AlS,t
F tzKS’tlS,t"‘ At (13)

ZZTC, K3HEAENAER, nld ¥y v a Ry otk
B, AlGEHEAE N A DB VR RS, HA A E
KK IPERR T OMPEICH YU § 2R 5 TH b, Hif 5
fiiER 2 5/ o N BN O T AREOABAE D L) I
PE SN Do HAE NI BB D ERI ST & B3 5 7
HERFEDIITTH B0, TNONAERDIFEIZON
TIZPRETESHELENT WSV, —HT, RS0
TG 2N B PR 3 DTS N R 2 B 1/1000 FEPE F
THELT B ERELLFITEPERTE 2 2 LR
ZbhroTWAH 2D, AIENIHEMT 0 OGS 4 Kg (D
R 1) O A S A BB K WK T B (Ks /Ks ) &
/1000 ICREET B Z &2 L7z BB, FyyaRy M
FHEORENDIZDITEAESNTZHDTHY, SHOY;
G, ¥y TaRy baZBE LR THTHIl%E LR
BAERTE 2 7-OBE LTV,

JAE N R ORI, RN O BRRITHT 2 5
FI OO AREBRL TR LD D — D DT Pl
FETLHEERGEZLZDDE LT, kX TEHRT S,

S,n| — > €max
(Its,l = )/d, > & (14)

CZT, LIXHRETH ) WHIBEICBIT 5 2 DOREK
RO R BEBE D KD, d\SHERORL T2 T o e ld
PRLRL 7 ORI AR Y L, BURL PR R DR N5
)1 O3 AR OB E S ) £ 9 ICHRES NG,
BEARAR — WHEH§ 2 5K 012 0w TR ) B D
ARBEREZHCTHER Lz LOLAYS, ZOkik
% ADEM CEILSN LR FIcZ0E ML L9 &

LIRS



T5E, MR T 0 b IS Wik Vs nEE L
hiz8, FHRAMDE CBEN LR THELZE TS
5 ZEDH LV, —75, ADEM-CFD &7V ClIHEBOR 1
FEAFHIE L AT LT, DEM-CFD A v 7)) ¥ /&
FI6DOFHMAFIEHTE L LIICLTWA LD, fif
Bk T & D b KE REARE VA X & T SRR T
RS 50N 25580 5 2 LA TE, KIFIZEHERE
HZHIRT & %0 £ 2T, MR IMER S 2 WA Fy,
& DEM-CFD #1 v 7V ¥ 7 EF VIV RA D s
T 5,
_afﬁVp
o= —&
CIT, VKT OWRL, w3 0 O HE NS b
WV, g3 AR DORREEIA, PROBIBEOENTH S, T
7o, pIEMBERERETH Y, I S[16] & FHARIZ,
Wen-Yu[17]& Ergun[18]D % gt U TV DT, kD
L) IEHR T %,

(&) (I —ep)ue 1
Té{lSOZ—V: + 1.75,0{8pr

(s —u,) = V,VP (15)

zﬁvﬁ 1 (g = ”p)‘}
p
b= when & < 0.8
Zi\;p 1 (”f B "p)’

3~ pil—e) 271
1S i T 1

when & > 0.8
(16)
S IC, rpHEOR TR, pe S OREEE, ppld 3k
BEOEHE, N IR —Hef X VI AEAE S B R T O 3
Thbo ColdiIEHRETH ) kL Y KD B,

0.687
M when Re, < 1000

Cp= Re, (17)
0.43 when Re, > 1000
TIT, R KT LA/ VAHTH Y, KA THET %o
N,
. 2rppeer . Zijl(”f_”p)‘ (18)
P He Np

PR - O BB 35 X OB H) X, Egs. (12)~(18) 2*H
KD SN B F~NOVER I % Bq. (11) ~MUA LI
RERORE T O E, #EE, WAk DR A IREE % B R
THIETRHT S,

Z Z°C, ADEM IZ#RHRL T % B O R BOR T O AR
(ADEM K. 1) & LT 720l HEAM I KREL b,
—/i T, MRRTOEECHIEL BT 2L BN H LD
(&, WeRR 283 oWk & s B L 72 B 5720 T
BCTHEH, I THENZ, WEMA ML SN D F TR
FHRLT-% DEM TEB SR 2 1 o BEEKBIROK T
(DEM K. F-) & LTI ETNVEEAT S, HIHAREEIC
BWT, §XRTOWFR T3 DEM K1 & L THbh,
ZoL ZOEEHFERR, TOFRKEM L OILEL
TR R B 20 & 20T B AR & 2.1 i Tl R 7 R
A=)V EFBRICLCRMET 50  2°C, DEM LT Tl
BHRL T ORI 2 NSRS L2 2L 3LV
DD, WUNEERTHNIZE, DEM T/ D ) AR
IhFEBEEND, T TREFNTIE, DEM KL o

Vol. 61 No.5 (2024)

DY AR D DEED MM 52, ZOBfE%E
R ICHfASHE U7z DEM Fif % ADEM i1 L, —
FEZE I X N7 R T 138 12 ADEM R T-& LTI &
T, BRLBIEEZZBT 2LEDD DR TI2onT
DH ADEM KT & LT/ £H12F %, %, DEM IZ
BOTH D ARRIOHFHE SN L RKREIIRTED 0.1~
0.5% & FEERIIZH SN TV D Z E D B[19], Opax (S TR
FHE0.44% (HERORTHED 3%) \ZRE L7z,

2.3 DEUEDEE)

RO O EE) X, Anderson & Jackson 2825 L 72 JFHT
I S N7 AR E 7V 201D R EK D W,
Akt & EBYH R LR % kb 5 2 & TR
T%., UTo2Rxzhen, KRR FEY % it L 728
HeDX LEE R TH S,

[o

a;+V~qaf=o (19)

Oesup ( 1 J2) )
+V. e = el —Lyp+ 2L + +
o V- epup - up = & o VP Bt Voue + fr—p| + foan

(20)

CTT, IR, el 30 HUEOREEEIE, w3
HENRZ NV, PROBIEDOTEN, w30 HIEORE, pe
ESBIEDOBETH Do fr|lIHERRIT 2 5 5 B~ D
ERITH Y, FH—oimkoitak+ Gkt r) ho
HRBORL T30 WU 22 & 520 B/E ) Fry Gt iid S5
ENbo foald Eq. (9) TR SN DA ORAEH )T
HY, T, FEIEOEEZBEARR— L OBEIE
Ed 2Bl ez oND, T2, #HEEONX (Eq. (19)
EEB TR (Eq. (20)) 1 Hirt 5 9 Highly Simplified
Marker and Cell (HSMAC) ERINICE D #ERK L, Thbd
W R OB PRFEET R R 2 AROKRE S 2 FpoOHE
T+ (k) TXE)) Z5ENT 52 L TRD 5,
B O FHEEIIZ Fig. 1 ISR L2 ER L & LT,
Hith, A, ETHIZTNTRAY v TREBRE L7z, it

O
O O
0O O O O
Filled up with dispersant (water) | | |
o © 0 ©
O O Grinding ball O g
O (Zirconia) =
O o~
O
@imdbin bl O
O (Zirconia) Particles
@ 250 pm O (Alumina) O
O ® 17.0 um
Particles place
O | | | at random in 3-D space. >
D
™
710 pm

Fig. 1 Calculation system for the analysis of particle grinding
behavior during wet ball milling
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Table 1 Simulation conditions

Relative ball velocity

Viball 4
r ~ Line through
Grinding balll,,"'l' two ball centers
Collision angle 6,
,
- \ ,,r"/Collision
& point

™ Collision plane

Fig. 2 Definition of collision angle
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Dispersant (Water)

Density kg/m? 1.0x10°
Viscosity Pa's 1.0x1073
Fluid cell size pum 7.5
Particles (Alumina)

Density kg/m? 3.95x10°
Diameter D, pum 17.0
Volume fraction % 25.0
Friction coefficient 0.5
Rolling friction coefficient 1.0
ADEM parameters

Joint spring coefficient K , N/m 1.2x10%
Diameter of constituent particle d, pum 2.5
The number of constituent particles in one particle 177
The number of joint springs in one particle 982
Maximum strain &y, 0.007
Grinding balls (Zirconia)

Density kg/m? 6.0x10°
Diameter Dy pum 250
Friction coefficient 0.5
Rolling friction coefficient - 1.0
Young’s modulus MPa 1.0x10?
Poisson’s ratio - 0.30
Normal spring coefficient between two balls N/m 5.8x10*
Initial velocity m/s 0.50, 0.75, 1.00
Collision angle 6, deg 0-90

in 15-degree increments
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Exp. (N=10)*) === Sim(e,,,=0.007, Kg,=12x10*N/m)
90 . . . . . . .
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Strain [-]

Fig. 3 Comparison of the simulated stress-strain curve with the
experimental curves: the red curve is the stress-strain curve
from the simulation using the best-fit condition, the green
and blue curves only change the joint spring constant
and the maximum strain from the best-fit condition,
respectively
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The number of broken joint springs [-]

0O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(b) 45 deg

() 90 deg

Normal

Tangential

Fig. 4 Broken behaviors of particles at different collision angles;
(a), (b), and (c) are the collision angles 0 deg, 45 deg, and
90 deg, respectively (Initial velocity of grinding balls is
100 cm/s.)
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Fig. 5 Relationship between collision angles and release energy:
where the plots are average values, and the error bars are
standard errors
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Fig. 6 Snapshots of particle motion and breakage behavior when
the collision angles are (a) 90 and (b) 15 degrees,
respectively (Initial velocity of grinding balls is 100 cm/s.)
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Fig. 7 Schematic diagram of the particle grinding behavior
between two grinding balls
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Fig. 8 Relationship between the impact energy and the release energy: where (a), (b), and (c) are normal component,
tangential component, and summation of normal and tangential components of the impact energy, respectively. The
plots are average values, and the error bars are standard errors
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Nomenclature
b : Radius of contact area [m] t : Time [s]
Cp : Drag coefficient [-] uy,; : Velocity of grinding ball [m/s]
d, : Particle diameter [m] uy  : Velocity of dispersant [m/s]
E : Impact energy [1] u, : Velocity of particle [m/s]
E® : Release energy [J] Wwan : Grinding ball velocity at the center of fluid cell [m/s]
Soann : Interaction between grinding ball and dispersant Vivall : Relative velocity between two grinding balls  [m/s]
[m/s?] Vian - Volume of grinding ball [m?]
Sfrp : Interaction between constituent particle and dispersant V, @ Volume of constituent particle [m?]
[m/s?] o : Volume ratio of grinding ball in the fluid cell [-]
F : Contact force [N] s . Interchange coefficient [kg/( s'm?) ]
Fy, : Fluid force acted on constituent particle [N] & : Volume ration of dispersant in the fluid cell [-]
FS : Joint spring force [N] Emax - Maximum strain [-]
I,y Inertia moment of grinding ball [kg'm?] n : Damping coefficient between two contact elements
k : The number of contact elements [-] [N-s/m]
K . Elastic coefficient [N/m] s . Damping coefficient between two jointing particles
Kg @ Joint spring coefficient [N/m] [N-s/m]
Iy : Natural length of joint spring [m] 6.  : Collision angle [deg]
Iy : Relative displacement vector of joint spring [m] u : Coefficient of friction [-]
L : Relative displacement vector between contact objects e : Viscosity of dispersant [Pa-s]
[m] L Coefficient of rolling resistance [-]
My : Mass of grinding ball [ke] pr - Density of dispersant [kg/m?]
my, . Mass of constituent particle [ke] 0 : Rotational displacement vector of grinding ball [rad]
Ny @ The number of broken joint springs [-] wy, - Angular velocity of grinding ball [rad/s]
N, : The number of constituent particles in fluid cell ~ [-]
P : Pressure of dispersant [Pa] Subscript
- Relative position vector from grinding ball center to i . Interest particle
contact point [m] i . Particle contacting the interest particle
Ty . Particle radius [m] n : Normal direction
re : Relative position vector from grinding ball center to t : Tangential direction
fluid cell center. [m] m . Particle connecting the interest particle with joint
Re, : Particle Reynolds number [-] sprint
R. : Rolling resistance [N-m]
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