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Shape Parameter Optimization of Bead Mills Using Interface Capturing Wear Model

Kazuki Shioiri!, Tsubasa Nakajima!, Mitsuteru Asai’ and Naoto Mitsume>"

Received 17 June 2025; Accepted 21 August 2025

Recent advances in bead mill design have been achieved through optimization using the Discrete Element Method
(DEM). This is because the impact energy of beads calculated by DEM is well correlated with the actual grinding
performance of bead mills. However, wear is inevitable in bead mills, leading to a decline in grinding performance and
making it difficult to maintain the effectiveness of the optimized shape over time. In this study, we propose a shape
optimization system that accounts for wear. The proposed system integrates the Design of Experiments (DOE) for
analyzing shape parameters and the Interface Capturing Wear Model (ICWM) for accurate and robust wear simulation.
The effectiveness of optimized bead mill is validated through comparison with actual grinding experiments.
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Fig.2 Schematic figure of pin rotor of dry bead mill
Table 1 Two-ways layout of shape parameters
Diameter of pins
Slim Nominal Fat
(8mm) (10 mm) (12 mm)
Few (3 per round) SlimFew Few FatFew
Number . .
foi Nominal (4 per round) Slim STD Fat
of pins
P Many (5 perround)  SlimMany Many  FatMany
SlimFew Few FatFew

&
& &

Slim STD Fat

¥ &

SlimMany Many FatMany

&
& ¥
&

Fig.3 Rotors of each design condition
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Table 2 Calculation conditions

Parameters Unit Value
Timestep [s] 2.0%x107°
Particle parameters
Diameter [m] 3.0x107°
Density [kg/m3] 6,000
Beads weight [ke] 2.799
Coefficient of restitution [-1 0.9
Coefficient of friction [-1 0.2
Number of particle [-1 33,000
SDF parameters
Grid size [m] 15x107
Rotational speed [rpm] 1,208
Coefficient of wear [-1 -1.0 x 10*
Averaging time interval [s] 0.1
Wear time interval [s] 0.1
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Table 3 Orthogonal array of shape parameters

Time section

Diameter of ~ Number of
Cas . . Shape name 7 T,
pins pins
1 Slim Few SlimFew Yio Yy,
2 Slim Nominal Slim Y0 Yo,
3 Slim Many SlimMany Y3, Y3,
4 Nominal Few Few Yo Ya,
5 Nominal Nominal STD Yso Ys,
6 Nominal Many Many Yoo Ye.u
7 Fat Few FatFew Y0 Y7,
8 Fat Nominal Fat Yso Yg,
9 Fat Many FatMany Yoo Yo,
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Fig. 7 Line charts of rotor volumes for each time section
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Fig. 8 Line charts of rotor wear volume losses for each time section

Table 3 I[Z/R 95 Table 3 Ift> THREN/2TRTHOE
R 50— & R Viger B L PE—ZADFH
BHRIANVF—ECHTAY I ab—v 3 VER% Fig. 7,
Fig. 8, Fig.9 |Z/R7,

Fig. 7 (3R X FIICx§ 20— 7 AR 2% L2 b
DThHbo EVABDPELE UV EPRVLDIFEa—%
WO MEME (7,=0) K& %2579, FatMany
2h o HRKEL, SlimFew 23 o & /NS Rl Fro
TWb, BEFEIC X AL Z I3 5 912, Fig. 712
B A &XMOMEE OO ES ZFHHET L2 L THS
N2 EEFER % Fig. 8 \IRT o BEFER DKM (T, =13) &
5L, FatMany %% o & 3 K& <, SlimFew 2%b - &

Vol. 62 No. 12 (2025)

0.5

[ e

02 e

Mean collision energy [J]

—e—STD
0.1 —e—Few
—e—FatMany

—o—TFat —e—Slim

—e—Many —e—FatFew

—o—SlimFew  —e—SlimMany

0.0 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 8 9 10 11 12 13
Section (Time)
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Table 4 ANOVA for the slopes in linear regression for mean collision
energy

Ss df  MS F P

Total ~ 452x107° 8 565%x107"
Num. of Pin 3.96x1077 2 198x107 133 694  8.8%
Dia. OfPin 3.53x10° 2 1.76x107° 11.88 6.94  78.1%
error  5.94x1077 4 149x107 13.1%

SS: Sum of squares, df: Degree of freedom, MS: Mean squares, F: F
value, F’: One-tailed critical F value, Contribution: Contribution ratio
of main effects.

Contribution

Table 5 ANOVA for the intercepts in linear regression for mean
collision energy

SS df MS F F’ Contribution
Total ~ 327x107% 8 4.09x107°
Num. of Pin 3.86x10™* 2 193x10% 253 694  1.2%
Dia. Of Pin 3.20x 102 2 1.60x 1072 209.92 6.94  97.9%
error  3.05x10* 4 7.62x107° 0.9%

SS: Sum of squares, df: Degree of freedom, MS: Mean squares, F: F
value, F’: One-tailed critical F value, Contribution: Contribution ratio
of main effects.
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a)

Crrorg Number
1137) 9%

Fig. 10 Contribution ratio of main effects for mean collision energy.
a) The regression slopes. b) The regression intercepts

Table 6 ANOVA for the slopes in linear regression for rotor volume

SS df MS F F’  Contribution
Total  3.08x10' 8 3.86x107°
Num. of Pin 6.57x107% 2 328x107% 333 694 21.3%
Dia. OfPin 2.05x10°' 2 1.02x10' 10.73 6.94  66.3%
error  381x107% 4 9.54x10° 12.4%

SS: Sum of squares, df: Degree of freedom, MS: Mean squares, F: F
value, F’: One-tailed critical F value, Contribution: Contribution ratio
of main effects.

Table 7 ANOVA for the intercepts in linear regression for rotor

volume
SS df MS F F’  Contribution
Total 1.67x10° 8 2.09x10?
Num. of Pin 4.54x 10> 2 227x10* 1921 6.94  27.2%
Dia. OfPin 1.17x10° 2 5.84x10° 4948 6.94  70.0%

error 472x100 4 1.18x 10 28%

SS: Sum of squares, df: Degree of freedom, MS: Mean squares, F: F
value, F’: One-tailed critical F value, Contribution: Contribution ratio
of main effects.

770%)

'Diameters

Fig. 11 Contribution ratio of main effects for rotor volume. a) The
regression slopes. b) The regression intercepts
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Fig. 12 Main effects plots. a) Rotor volume. b) Mean collision
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Table 8 Experimental conditions

Parameters Unit Value
Material of beads [-1 Zr0,
Diameter of beads [m] 3.0x1073
Density of beads [kg/m3] 6,000
Amount of beads [ke] 2.786

Rotation speed [rpm] 1,208
Raw feed for grinding [-] SiO,
Feed flow rate [kg/h] 1.16
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Fig. 14 Comparison of particle size distributions between each
condition
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Fig. 15 Comparison of grinded median particle size between each
condition
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Fig. 16 Line charts of mean collision energies with wear for each

time section under the STD and the FatFew condition
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Appendix

RHEFED 3 B TR L7270 BT RO R & TR OF
BIZOWTHRD,

Table 3 \ IR ERRICHE SV T I 2 b—T 3 VRER
IZBWT, PR E 4,2 RS, AT ROFT
HEdild2, THERZTEn IEREOEMHFTEE
L, 1559 FTOl%EE S, Tables 4~7 IR 555
MEDOFIHEH IR % 28 SS, 4l MS, 4 HUL F,
BERUE P, FEREFHET 5. £5EE OFHRMEICIEZAT
JHH % D4AK Total, ¥ » %% Diameter, ¥ ¥ A% Number,
M= error & T ERAFICHG, LED/NT X =5 DY
A121% Parameter % 5T 5o

ZEEFHRIC B 51EIH CF 1

(&)
CF—§( Y An) (A=
n=1

L% b,

YU RO LAV Slim Td HHI A, 1

Ains = Ay + Ay + (42)
E%D, EVEREDOLNRVH Few THAHH 4,1

A=A+ 44+ 4 (A-3)

Lo FMORHET/NT X =5 OF LNV O Z A
T %o
SR I TEES N B EEE) SSp, 1

9
SStow = Y, A;—CF

(A-4)
n=1
k 7:“; V) y l:u :/?%L: E@Té ?Eﬂ SSDiameter ci
~ 2 ~ 2 ~ 2
(A123 + Ayss + Argo )
SSDiameter = 3 - CF (A_S)
k z;f O N E yz"‘;&c: @Té%ﬁ] SSNumbcr ci
~ 2 ~ 2 > 2
(A147 + Aass” + Azeo )
SSNumbe:r = 3 —-CF (A_6)

El b PSR SSy XEEE NS KINT A —FDE
CI ] NRVAR XN

SSerror = SStotal ~ SSbiameter ~ SSNumber (A_7)

TRD D,
FNZENDOEE SS13/8F XA — ¥ DOHME df THRT 5
CETEFHPEHMS 2 ROBIENTE, £135XA—%
2B % T MSameer (&

SS Parameter

MSParamctcr = dfParameter (A78)

L b,

EEIE 8T X — & DI T5 & SR DP9 TR
THIETRODDLIENTE, £237 X =¥ D4l
FParameter ‘i

MSParameter

A-9
Mserror ( )

Parameter —
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Ee b,

SR AT A 72 DI FEREE R T 5, BERE
F'% A BKHE 5%, %759 X — % O HHE (s )
D F 5345 F(dfpameiers Afrors 0.05)DEE T2, ¥V FEDH
HELEVABOHBENSLL 2 THY, REDOHM
B 4ThHsbILr»OEREFOMEIE

F' = F(2,4,0.05) ~ 6.94
W %35 A — & O F 2B 5UE FI2 X5
L THEADHREZBI ).
NG A= DEBEESVEFETLH ) —DODIRE L
LT, £39 A—F DEL5EE

(A-10)

SS Parameter

Contribution = (A-11)

1 9 13
STotalzﬁz z Yn,m (A—IZ)
n=1m=0
E¥5, 22T, MATm INERBOETEZEL, 0
7513 TTOMEER S, ¥ V1% Slim P S, &

1 13 13 13
Ssim = 3% 12 14( D Yiwt Y Yout Y Yg,m] (A-13)
m=0 m=0

m=

L, ¥UARE Few O S, 1

1 13 13 13
SFew = 3 x 14( z Yl,m+ z Y4,m+ z Y7,m) (A_14)
m=0 m=0 0

m=

L% b FBDFHRE TN X =5 DKL NV OFI %5
ﬁj_zﬁ)o

S EHREELETYE ORETERT 572012 5/55
LA LA A =5 DEME MEppeer &

Fig 121K L7239 A= 8 DA ME DFERI My — L0 (A-15)
%o Table 3 \R T FFMMHREEY, , (0 LT, 2Ty foul
Spou & & L7,

Nomenclature
A : slope of performance indicators [-] Y : performance indicator [-]
B : intercept of performance indicators [-] o : coefficient of relaxation -]
D : differential operator [1/m] p : coefficient of wear [s/kg m]
E : collision energy [7] 0 : relative overlap [m]
e : coefficient of restitution [-] 6 : collision angle [rad]
F : source force [kg m/s?] 1= coefficient of friction [-1
h : sign distance field grid size [m] 7 specific time [s]
I : moment of inertia [kg-m?] ¢ : sign distance function [m]
m . mass [ke] Q : region [-]
N : number of particles [-] o : angular velocity [rad/s]
N, : number of collision particles [-]
n : normal unit vector [-] Subscript
Q : impulse [kg-m/s] ij : relative value
r : arm of moment load which work particle [m] n : normal direction
S : stabilization term [kg-m/s?] t : tangential direction
t : tangetial unit vector [-] ¢ : sign distance function
t : time [s]
V' 1 volume [m?] Superscript
. velocity [m/s] t : time
X @ position [m]
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