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An Analytical Solution to the Batch-grinding Equation

PR ORI M R

Yoji Nakajima Tatsue Tanaka

Abstract

The authors understand that the significance of the comminution kinetics consists in
the application of the basic knowledge and theory of grinding mechanisms to the design of
milling equipments or circuits, and not in the computer simulation of a given grinding
system, For this purpose, some analytical solutions to the batch grinding equation are much
more convenient than numerical solutions. A few analytical solutions have been seeked by
assuming the selection and the breakage functions, but the solutions have defects in applica-
bility or in theoretical background. In the present paper, another type of analytical solution
is derived by assuming reasonable forms of the breakage and the selection functions. The
solution is readily calculable by a small digital c‘omputer, but an approximate solution is also
derived for practical convenience. The approximate solution has the same form of the well-
known empirical equation reported by Andreev; this shows the applicability of the solulien,
As for theoretical background, the breakage function assumed here does not always agree
with the experimental forms of breakage function reported hy several investigators. However,

judging from difficulty of the measurement, it is concluded that those experimental results _

cannot invalidate the assumption.
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C; FUNCTION G (ALPH; Z)

C; =F (ALPH, 2.0;Z)/EXP(Z)
G=EXP(—2)
AG=G
[=1

6;AT=1—1
PI=1
I=I41 ]
AG=AGx(ALPH+AD/(2.0+AD+Z/PI
G=CG+AG
CR=AG/G-1.0E—9
IF(CR)7,7,6

7:.G=G

C;QUTPUT=G

Fig. |

Example of computer program of the
function G (¢;Z2) :

GlaZ)
o
o
[

0.031
0.02

001

i Loyl | Lofocbdilt]
0.10.20.30.5 1 23 5 10
A

0.005 5530 50

Fig. 2 Graphical representation of function
"G

BT 50T, Zhb bbb THH TR A
R,

4, GEAUAER & RERRO g

o, @RI, RESELTY S a L~
5 TR & D Lk A I M TR b S, BES
FHEARCEHIEE R 2 2 2IETE T, PMROBERSY
EThA, bobd, ZOFBICHERATYEE00E
b BT tah o, (ENEFEENRoEDoE L
WRIET5EEI R LRSI 4 Biaw, L L
R o B0 d ORI ZhEkFo = 2H
THOERETHD L, fEkoit ki s k)
FEEchsd., €2 Ch - R USRS R TH
7.

TP, (RORYE RN Te 5. B h SR
WA IRIETE y&ym EBEFHTTECHA .
SHFEBS RO xR T A ErEET R L, 1-m—
Imim1, 2—vmsl Fvb, Ro(x) LIAAOEREIHTE

— &

XAY b ynizlflo THEHRTHE2NAFECERETS.
L7 = TI4E0 Ro(x) # Ro(y) CHRBL T a0
Pl nid, T35k

R(y9~Ro) | srer

(n—m)Ky®= (7, xr—m-1dx
- (S—I—Kx")2-"} e
ZoMgE v=E s LRI TE, R
i '

1 Kymym" ™
R(Y,S)HR()(Y){E— S(s+Ky“)”(S+Kym“)1"’ }

TOWENE (1—v) BEQES, (0BG, A0RE
i TETT 2 0ERD 505, B R i
CE B8 GHEO—FE Appendix tiR L7, )

Ryt T (5 &)
Rely) F(%)

0T I, D) W oSy v~ BE L T,
W2 BSOS TIRE 00fW D Ic Z TRER 2 LD
Tha. Thbb

ey, 7= S:u"—lexp(—u) du

=) —exp(—2) EUWGT—FE‘)“'

()= Szou”*lexp(wu}du ...... (34)

BN Rk A iuiFE e S 58, Bflific
b oo HIERRGROR, & Andresv OEERNTIE
EheE 018,

ROD omot- (b o .

LETCOk Ak m/n CEELERCH T, Fig. 3 »
BRRAG LB EVTES, EMOLME Lo R
FIFEEETRLTWAER, mine=] TRFHA LR
LRbhs,

PRAE] o . | 0.04
B e e (PR =B
1: 51\—:0"@;“-'& =eap {~ (K" L)%} | A g
e =
BRSSO ERE e
‘;10 \\ e }Le i i ;‘;0.02:
[ T 2t
e e e
0.5 5}\ @%ﬁ/ ::mea
f— _LA{//
0.0 { } TG } } ‘ 0.0
0.4 06 0.8 1.0 1.2 14 1.6 1.8
lTl/n

Tig, 3 « and g as a function of m/n

- W




SEC T (D LR (020D A
LCH%, BRoBESHE LTI 10008 ESEE
Ro(yy=exp (—0.001y) » Rosin-Rammler 4340~
BHEAEEL, B —Fonid 1, mit 0.8 2
12E0%Tﬂﬁbk.%ﬁﬁ%&ﬁ&4~?ﬂﬁtt

, EA BB k5 RS BT o B E

M< b LENESCIEl L & vl o L e

LT IR X o T T 8. ZoRArE
B bBRBERTWAZ LT H 51, Ll Ki=
0,014 L FEEERA LG, RiEiE LR BMEO BTk A K2
{mb, LEMAR AP0 Ko 0,001 41
min~ YRR A0, 1043 P Lo CI B B v il
R vtz e B = %A, oE D, Yk
fmi £y Harris OEREEE L TR EREZH
LA, £OMEERNS Andreev DEERICIEiE—
WP B LT DI CED, EBTEERO S
f~&Iinlnaﬁ&%tﬁﬁﬂmﬂaﬂ~¢®%ﬁ

, OIRE Fig. § WL - THLBC D TH D,
_h & TTRENRBET — 7 b DRTPSEERO 2
A= FEEET S 2 L SRR A A o TERBEERK
i,

1.0
o 0.8
8
wy
E 0.6
[=]
@
£0.4
o
=
502
0.0 [ |
L0 20 30 50 100 200 300 500 1000 2000
particle size g
Fig. 4 Comparison between tigid and appro-
ximate solutions for n=1.0 and m=
0.8
1.0

(=1

=)

cumulative oversize R
=

0.0 Ll ot ST
100 2030 50 100 200300 500 1000 2000
particle size p
Fig. § Comparison between rigid and
approximate solutions for n=
1.0 and m=0.8

No. 19 (1074) —

L1 Lyl [
0 20730 50 100 200300 500 1000 2000
particle size g
Fig. § Comparison between rigld and appro-
ximate solutions for n=1.0 and m=
1.2

=
)

=
o

=
[\

cumulative oversize R
fan)
WP

=
—e

S T O I S e - > 1 eV, O
0 -20 30 50 100 200300500 1000 2000
particle size g

Fig. 7 Comparison between rigid and appro-
ximate solutions for n=1,0 and m=
1.2

ZIEEEENS L O Andreey 0@k FEIE oW T
BT . WESATA Ro(y) DB S 1o IMTREL
T—HINE b, TERfRE 2oL LCHE
ote BER—o I AR L L LS, 2ol
BRI B B S A

R(y,t1-Fte) =Ro(v)exp{— (AKy i)}

exp{— (FKy™ta)®)
=Ro{y)exp{—{(FKy )" (t1"+12%)}
L ZABIAFTEPTRDENWT B (bitta) B
WL e FI T

Ry tit+t2) =Ro{y)exp{— (FEy"® (t1+12)"}
EEIDH, LY HEERNER{F—0FaLrk
BT aichhdb b, B2 FRECENER
LORFECHL, COFRERREFEETLIOEHN
TSRO D ETE LD ThoT, BT oK
LomReEHoBRE 2R 0REET b5, (F
WEHEBEOROFVE ) Lieh-T, #MidFa—
3 AE BRI L CEET S SR E Ui,
IEEE AR R LT b i hidie b, Af,



BB CH AN E AR o X 5 B D.0E
v, LRI FER Harrls 2582 (0stic 125,
e FEE i SRR — Y BhT Wi O
¢, nORE, -Harrls oEEOASECFRESD L
255,

5, WERIRICEAY AR

U0 CRE LA iR e Bl L T B B S b7
W, SRORBHERIC SV TRESERBLETHS
5. —iRicEERRBTHRERNS D B2 &,
Fig. § ORHRERLEZL 5 ICWEER EoTic i
BUciz B I EREn, EIARIREERLELT S
LACERN OTHELORO Bly, x) PRESHLTY
B, FhHONERNEEIE

ull

Fiym .
B{y,x) = 1—(1—‘-}?) (Gaudin, Meloy*?})

By =TSR D, () )

BETIE 7 A 5 BERRIC BEIh L bOT b
T, m=10L¥3 L EE0oBETHEWEM LS5 2
ARG B, Ll Austin® i rofBEiEy <
Holk T2 EEHLTWS L, BEKTFoRRER ok
Biehk Uo <A TL RN, —FNRE a=1

P LT Calleott Blz ko THW BRI Z LG o758,
Fig. § OO L 54F —Fied LTk ga=—1~—2
REBRE I E-TLA0, ddo ok 0 k-5
JCHERE & By =y/x &R0, A1 ciE
ENAHALOOEMRLELTZERTES, LitkoT,
ok A AR EERES LTI 2B 5 &b, IRafLD
CREFED TR ER bRV W I EHRL 2O T
C BB, FLTHRORLTHL BN T ORRERN E
OFREIERE R IR & B 2 5 0 & A FHE R 3R
T A,

i AN T o Ky 1<t~ o O s TR 1S
HHI & 5 & fe i R S TRFRE & da X B i N
L, FEEORERES TR TO B0 Lo w»
FRESBMGE R0, o RTENE SRl LT
Byx) L+50Chs, Do, EFIECR30E
FEBHE—B TR b3 MoREFEREE> L L,
TS 2 ER N bhipn o T B, D0 EER T
R B T~0mesh (2796~1081 ) (23R,

) ORE LORBEO R a=—8~d bR TV BN,
HOBHCRBEY 23350, Tofibsh
B () BREEELLOLEERL TV S,

m=1.2, n=1.0 & LT8Rz HAL, 2, 30 Ktz
DWTHHHE L, TORROKESfE Table 1 42,
FI BT RO ERTLE LT, BEL TSR

Table 1 Calculated particle size distributions
after short periods of grinding
The original size range is from 2798 to 1981

microns (7-9 mesh). The breakage function
is to be backcaleulated from the data.

particle size | Kt=0.000052"1 | Kt=0. 0000142
mesh s Ri%) 4R(%> | R(%) 4R(%)
8 2362 | 47.93 47.33 | 42.09 42,09
g 1981 | 90.58 43,25 | 82,31 40.22
10 1651 | 92.61 2.03 | 85.74  3.43
12 1397 | 93.90 1.20 | 88.15  2.41
14 1168 | 95.06 1,156 | 90,31  2.1§
15 g9l | 95,910 0.850 ; 91.98  1.65
20 833 | 96.863 0.653 | 93.42  1.48
24 701 | 97.276 0.613 | 94,61 1,19
28 B89 | 97.782 0.506 | 95,60 0.9
32 495 | 98,195 0.413 | 96.40 0.8
35 417 | 08.527 0.332 | 07.088 0.658
42 350 | 98,800 0.273 | 97.588 0.540
48 295 | 99,024 0,294 | 98.044 0. 445
60 246 | 99.214 0.190 | 98.422 (.378
66 208 | 99.356 0.142 | 98,706 0.284
80 175 | 99.476  0.120 | 98,947 0,241
100 147 | 99.575  0.099 | 99.144 0.197
115 124 | 99.653 0.078 | 96.301 0.157
mesh
1.0 A5 80 B0 42 32 24 16 12 9 7
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Fig. § Calculated breakage function from
Table 1
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Influence of the Total Volume of Silica Sands and Balls inserted
in a Mill on Variation of the Particle Size Distribution of Silica
Sands by Ball-Milling

G¥ EE* W HF

Nobuyoshi Kaneniwa Akiko Ikekawa

BT BB AT

Nebuko Nitta Hisako Iizimé

Abstract

Various amounts of silica sands of the vparticle size between 11904 and 14104 were bhall-
milled in a ceramic mill containing various amounts of balls, and variation of the particle
size distribution of silica sands by ball-milling was investigated.

Tt was considered in all the cases investigated thai it became more difficult to:obiain
the particles below 454 with a decrease of the vparticle size. When the ratio of the apparent
volume of the balls to the capacity of a mill, Ju, was extremely large and the ratio of the
apparent volume of silica sands to the capacity of a mill, Js, was small, the amount of the
particles between 454 and 5004 obtained by ball-milling was little, )

At the first stage of ball-milling, the rate for the original particles 1o be crushed into

the particles below 1190x was small, when the apparent volume of silica sands was larger .

than the space between balls. When J. was constant, the rate incressed with an increase of
J» and reached maximum in case of Jp, of 0,65.

At the first stage of ball-milling, formation of fine particles was a little remarkable,
when the apparent volume of the silica sands was larger than the space between balls, or
when Js was éxtremely small. Formation of fine particles was also temarkable, when J»
was large enotgh to prevent the balls from free motion.

- The ratio of the rate for the small particles to be crushed to the rate for the large
particles was larger than 1:0 and became larger. with the lapse of the ball-milling time.
This fendency seemed to be a little remarkable when Js was small. When Jp was approx-
imately 0.65, this tendency was remarkable and the rate for the particles to be crushed
wasg the largest.

When Ju was constant, the rate of an increass of the surface area of silica sands by
ball-milling was independent of J,, When J. was constant, the rate was large .in case of Jp
beiween 0.4 and 0. 65.
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Table 1

The Numerical Yalues of o and kx (Jb=0.408)

I. 0.028 Ts 0.042
t{min) Particle size (u) o Ky t{min) Particle size (1) o ky
2 1600<x’ 0.77 2 AB<Tx! 0.81 | L.7x10°%
2007 %/ <C1500 0.50 1B/ <45 2.1
40<Cx'<] 200 1.1 9.0%x107% ,
A5 <C1T0 0.73 | 4.8x107%
4 1600’ 0.74 15<x!< 45 0.4
200<Cx/ <1500 0.51
45K 200 1o | texigt| 7 B0’ 0.66. | 1.3x10°¢
15<X'<, 45 .| 3.3 15’ 50 2.4
7 1500£X’ 0,74 10 IIOSX’ 0,55
60<Tx'<C 200 0.98 | 3.7x107 1555's 45 2.8
'
15=x'<C 60 1.6 15 180<x! 0.55
10 1500 % 0.48 45X 18D 0.76 | 2.1x10°3
200=Cx/<01500 0.43 160x/<C 45 2.3
¥ -
55£X’£ 200 1.2 1,9%10 20 f60<x" 0.53
15<x'< 55 2.0 A< K60 0.80 | 1.8x10-
20 1500<Cx” 0,62 15X 45 21 -
200<Cx’ <1500 0.37 '
A5 200 0.86 | t.7x10°®
B/ 45 1.1
Ts 0.063 Ts £.098
[{min) Particle size(s) o kx t(min) Particle size (u) o« kx
2 450! 0.70 | 4.6x107* 5 BO<x’ 0.79 | t.2xic*
AB<Tx! <450 1.3 1.3X10°% 3560 4.7
15X/ 4B 2.3
4 B5<x’ 0.79 | 2.1x10-¢
4 450! 0,78 | 5.8x107* 20 %! <EB 3.1
40! <450 1.2 9. 7X 1075
10<x/ <45 2.2
7 200<x 0.68 | 1.2x10-%
AO<CRI <00 1.5 | zaxips| 10 6x 0.76 | 5.3x107
zogxrg 40 ’ 3.5 4£X’£45 2.0
< . . .
FBXI00 1.5 | 1.8x10°% 15<x'<40 2.1
z
1BxI< 85 2.2 20 A5<x 0.76 | 7.4X10-%
20 208’ 0.67 | 2.5x10° 1p<x/<ds Lo
6=Ix" <200 0.84 | 1.1x10-
~ 14 — % e



Je (. 140 Ts 0.210
t{min) Particle size(w) o kx t(min) Particle size(a) o kx
' 2 210<x! 0.88 | 6.5x10°5 2 400<x’ 0.94 | 2.9x1078
' TBIx' < 210 1.6 300K/ <400 2.1
3BLHI< 5 5.1 80<T%' <2300 0.96
15 60 4,2
4 300<Cx 0,99 | 4.6x10°°
BR<Cx/< 300 1.5 4 300<x’ 0.87 | 9.5%x10°8
W', 58 2.6 90=Cx' <300 1.7
_ BE<Ix<C 90 0.94
; 7 200<x” 0.83 | 2.5x10°% 15X/ 55 41
100<%/<C 200 1.2
5 45T 100 2.1 7 300<x! 0.95 | 5.3%10°%
15=x'< 45 2.8 180<C /<300 1.5
: 40! <180 L1
10 1800<x" 0.84 | 2.5%107* © sew< 40 A0
A5 <C1800 1.2
0L 45 3.8 10 200<"x" 0.94 | 85x10°5
140<x/ <2200 2.5
20 300<x! 0.83 | 5.3%10°% B0 <140 L1
40<Tx'<C 300 1.1 15<x< 50 9.3
10<x'<C 40 1.7
20 200<7x 0.01 | 2.1x10*
80200 17
46X 80 0.74
15<Cx/<C 46 9.1
Je 0,280
t(min) Particle size{u) « kx
a log{—logR)} Scale ) J=0,028
2 60<x/ 0.90 1,92 1075 "| Ball—milling time  Jz==0.408 /=4
300x/ <60 2.9 1 2minutes ey =
0.7943F e
4 180<x’ 0.85 | 4.6x1073 gl
45:<x/<130 0.81 Sel
15X/ 45 3.1 0.9772r ,f:("
7 130/ 0.88 | 4.2x10°5| v
' 45T/ <180 0.78 9.9977 /
B<K'<C 45 3.1 f’
10 160 0.90 | 6.2x10°8 0.95977
45CRI<IB0 0.74
15<Cx’<45 1.9 0.99908}
20 140=Zx’ 0.81 | 2.5%10"4
AB<TX! <140 0.81 0,999698 ‘ , . .
I5cx'e 45 g 1 10 100 10060 10000
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Table ? Numerical Values of £ (Ju=0.408)

X%;) 0.028| 0.042| 0.063| 0.098 0.14 | 0.21| 0.28
1190 | 0.370| 0.572| 0,556( 0.595] 0.682] 0.720| 0,668
1000 | 0.483 0,629| 0.630| 0.651| 0,785 C.890| .06
840 | 0.547 0,668 0,625 0.667 0.795| 0. 895| 1,08
710 | 0.450, 0.783) 0.630| 0.611| 0.780| 0.839| 1,06
590 | 0.563) 0,799 0.608| 0.860| 0,787 0.833 1,11
500 | 0.514| 0.747] C.510| 0.668| 0.760| 0.805 1.16
420 | 0.580( 0.821) 0,645 0.644| 0,753 0.810 1,16
350 | C.595| 0.876 0.660] 0.603 0.750] 0.820/ 1,21
297 | 0.638] 0,910 0.684] 0,603 0,777 0.818 1.18
950 | 0.644) 0.918 0.725 0,627 0.752] 0.895(1.14
210 | 0.675! 0.924 0.828) €. 650] 0.756| 0.960[ 1,17
177 | 0.756) 1.01 | 0.878 6. 667 0.798] 0.962(1.25
149 | 0.716| 1.04 | 0.875 0.715, 0.755| 0.758( 1.21
125 | 0,740/ 1,09 | 0.878] 0.660| 0,733 1.10 | 1.03
105 | 0,837 1.16 | D.892| 0.595( 0.830{ 1.05 | 1,03
88 | 0.836 1.09 | 1.15 | 0.660| 0.887| 0.860| 1.00
74 | 0.644) 1,08 | 1.17 | 0,669/ 0,925/ 0.929| C. 988
63 | 0.774) 1,15 | 1.37 | 0.876| 1,01 | 0.946] C. 974
53 | 0.870) 1.15 | 1.40 | 0.837| 1.43 | 0,958 1,02
44 [ 1,05 |1.24 | 1.36 | 1.01 | 1.58 | 1.19 | 0,980
401,37 [1.23 | 1.89 | 1.15 | 1.93 | 1.43 | 1.25
35 [ 148 | 1.22 | 218 | 1.12 | 2.02 | 1.58 | 1.37
20 | 1.61 [1.26 | 2,509 [ 1.84 [ 2.11 | 1,78 {1.48
25 | 1,77 [ L2l | 2,21 | 1,06 | 2,13 | 1.90 | 1.61
20|2.00 1,16 | 3.95 | 0.018 2.18 | 1.86
15 1.18 | .54 | 0,500 1,97 |1.45
10 1.38 | 3.62 | 0,892 1.92 |1.80
8 1,35 | 3.95 .81 [1.43
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Table 3 Numerical Values of re (Je=0.408)
Ball-milling time

x(p) 2min | 4min | 7min | 10min | 20min
1190 | 0.52 | 0.45-| 0.88 | 0.30 | 0.19
1000 | ©.67 | G.B2 | 0.41 | 0.40 | 0.32
840 | 0.70 | 0.55 | 0.47 | 0.48 ! 0.32
710 | 0.7t | 0.62 | 0.5 | 0.80 | 0.42
590 | 0.79 | 0.72 | 0.68 | 0.54 | 0.60
500 | 0.76 | 0.76 | 0.68 | 0.77 | 0.68
420 | 0.93 | 0.82 | 0.83 | 0.85 | 0.74
350 | 001 | 0.84 | 0.8 | 0.8 | 0.77
297 | 1.06 | 0,97 | 0.92 | 0.97 | 0.83
250 LO7 { 0.97 | 0.98 | 1.03 | 0,94
210 | 1,15 | 0,98 | 1.08 | 1.11 | 0.95
177 | 112 | 1.02 | 1.01 | 0.94 | 0.04
49 | 1,14 | 1,14 | 1.18 | 1.13 | 1.10
125 1.06 | 108 | 1,13 | 1.18 | 1.12
105 1.04 | 1.18 | .26 | 1.28 | 1.20
88 | 1.01 | 115 | 1.32 | 1.44 | 1.28
74 | 1.06 | 1.21. | 1.29 | 1.33 | 1.28
63 | 1.28 | 1.82 | 1.27 | l.g2 | 1.28
53 | 1.84 | 1.33 | 1.31 | 1.33 | 1,35
44 | 1.13 | 1.38 | 1.33 | 1.27 | 1.27
40 | 1.89 | 1.48 | 1.48 | 1.48 | 1.8l
35 1.36 | 1.54 | 1.54 | 1.48 | 1.34
30 1.55 | 1,51 | 1.48 | 1.59 | 1.39
25 | 1.74 | 160 | 1.80 | i.62 | 1.38
20 1.87 | 1.82 | 1.88 | 1.39 | 1.73
15 | 1.82 | 1.84 | 1.66 | 1.66 | 1.72
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Table 4 The Numerical Values of o and kx (Ja=0.14)

Jo 0.167 To _ 0,238
Ball-milling| Particle size | e Ball~milling| ™ Particle size . i
time(min) (i) * time(min) | - () _ il
2 1600<x<3400 | 0.78 2 240k 0.58 | 1.4X107%
200<Ix<C1600 | 0.56 1,0%107% BA<CX<C240 0.79
140<x<C 200 | 2.8 x< 54 |14 ‘
SOx 140 0.82 6 3B0<x 0.79 | 5.8x10°
} X< 80 - B6<Cx<C360 | L1
6 52000 - | 0.83 | 2.8X1075 - X< 56 86 |
*< 58 | B 13 390<x 0.72 | 2.1x10°
13 BACRACOD | 0.83 | 4.6x10-° 48<Cx<C300 1.3 ;
x£ B4 | 6.3 : il 48 4.8 ‘
23 B6<x 0.86 5.8x 105 23 30<x 0.54 | 3.0x107*
x< 56 | 6.6 C 4B<x<340 0.0
38 BT<x 0.87 | 7.4x10° x< 46 | 5.0
< 57 | 5.8 28 240<Cx 0.67 8.8x107*
58 e 0.91 | 1.0x107¢ PSXS240 | 18
x< 52 | 5.3 X< B4 2.9
58 280<x 0.74 | 7.4x107%
54<X<C230 1.5
X< 54 2.8
To _ 0.328 Ja _ 0.489
Ball-milling|. Particle size o Kk Ball-milling] Parlicle size @ k
time{min) () x time (min) () x
2 1540<Cx 1.1 2 AR 0.8L | 7.4x10°%
165<x<C1540 | 0.43 | - 8,7xi0~* x<] 74 4.0
S6<xs 165 | 1.0 5 100<x 0.80 | 1.1x10*
X< 56| 8.6 IBEI0 | 2.5
6 Ne<x 0.85 | 7.8%10°5 _‘ %< 46 3.0
6<x< 12 | 1.4 ' 13 147<x 0.85 | 3.0x104
=< 56 | 6.6 x<147 -
. 4 .
18 350<x 0.85 | 1 1.5x10 03 154<Cx 0,79 | 8.3x10°%
48<Cx<C 850 | 1.2 <154 L8
3L 48 2.8 ) .
T o : 38 ©152<x 0.72 | 2.5x10-%
28 14<x | 079 | s.oxi0t X152 L3
B3<Cx<C 114 | 1.8 _ L
x< 53 | 3.5 58 156<Cx 0.60 | 5.5x10
x<156 1.2
38 146<x 0.78 1 7.Ax10
x<< 146 | 1.9
58 152<x C.73 7.5% 107
x<L 152 1.3
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T B X NS 0,815
Ball-milling] Particle size Ball-milling| Particle size
time(min} ) - . @ ks time{min) () _ o kx
2 78X 0.75 | 1.5x10-* 9 66X 0.65 | 2.1X107%
x<l 78 4.5 X< 66 | 7.1
6 83<x 0.87 1,2X1074 6 118<x 0.87 | 1.1x10%
‘x< 88 4.5 5E<C¥<118 1.5
13 130<Cx 0.93 | L7x10- X< 55 6.3
%< 120 2.1 13 168<x 0.97 8.3x 1078
23 160<x 0.91 | B8.5x10- 4B=x<168 2.0
x< 160 | 1.8 <46 | 385
38 443 0.85 | 1.1x10°° 28 s 0.96 | 15x107
x< 144 13 Bd=Tx<C120 2.1
‘ : . < 54 3.5
58 130<Cx 0.81 2,.4%10°8 A
%< 130 1.1 38 110=0x 0.91 2.8%10
1427%<0110 2.4
58 94 0.83 5. 3% 10-¢
14<Ix< 04 2.2

X8 EED 7 77V A v ORF ORI
S=Z{1Wi(6/ﬂs'xmi) L e (13)
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Figs. 10, 11, 12 R RICH3 R~ 300 ASRO R
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NCE, Je 45 0.5~0.6 R T (=logR) FkE
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iz, (—logR) it I #50.3~0.5 OGO log
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Table § The Numerical Values of f{Js=0.14)

xioy | 0.167 | 0.238 | 0.328 | 0.480 | 0.652 | 0815
1160 | 0.474 | 0,855 | 0.679 | 0.833 | 0.773 | 0.474
1000 | 0.715 | 0.814{ 0.851 | 1.12 | 1.23 | 0,638
840 | 0,717 | 0.810 | 0896 | 1.18 |1.28 | 0.680
710 | 0,698 | 0.854 | 0.892 | 1,29 | 1.35 | 0.680
500 | 0,678 | 0.842 | 0,960 | 1.30 | 1.42 | 0.650
500 | 0.797 [ 0.817 | G.998 | 1.30 | 1,40 { 0.627
420 | 0.807 | 0,779 | 1,03 | 1.82 | 1.43 | 0.597
350} 0.841 1 0.860 [ 1.07 | 1.27 |1,44 | 0.504
297 | 0.830 | 0.863 | 1.08 | 1.38 | 1.48 ‘| 0.655
250 | 0.77% | 0.835 | 1.10 | 1.46 | 1.48 | 0.657
210 | 0.760 | 0.880 | 1.22 | 1.38 | 1.54 | 0.675
177 1 0.880 | 0.927 | 1.27 | 1.39. | 1.62 | 0.675
149 | 0,773 { 0,025 | 1.27 7| 1.48 | 1.61 |0.798
195 | 0.726 | 0.884 | 1.28 | 1.62 | 1.73 |0.930
105 | 0,683 { 0.846 | 1.38 | 1.69, |1.79 | 0.885
88| 0.645 | 0.850 | 1.57 |1.80 | 2.06 |1.04
740,600 | 0.983 1 1.65 | 1.04 | 2,15 | 1.05
63| 0,567 | 0.778 | .72 | 1.88 | 2.18 | 1.13
53 0,700 | 0.837 | 1.76 11.90 |2.19 |1.18
44| 0,830 | 0.780 | .81 | 1.82 | 1.86 | 1.25
400977 [1.23 | 2.46 [ 2.07 |2.26 |1.58
35 11,54 | 1.49 |2.83 |2.15 |2.40 | 1.7
se| 173 {212 |3.30 |2.41 | 258 |1.78
25 2.32 | 8.88 |2.55 | 2,75 |2.14
20 3,24 2,61 | 2.92. 2,41
15 12.65 |3.11
10 2,76 | 2.96
8 2.8% | 2.81
6 9.16 | 2.78
log (-~log R ) Scale
. Ball--milling time
0.100} //ﬁ\\\k (min)
58
oo
0.7943
0.9772 J .
0.10 0.32 1.0
.. Ju :
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Fig: 10 Relation between R and Jp



log(—logR) Scale
0.7943[

\Ball—milling time -
{min)

0.9772

0.9977

6107 0.3 10
o Jy :
- Je=0.14, x = 149u

Fig. 11 Relation between R and Jo

‘Ball—milling time
4y min) '

log (—logR ) Seale

097720 ////f

0.9977;

0.98977

¢ TR 1.0

To=0.14 , x =44p
Fig. 12 - Relation between R and Jy

WFIBZS 2 53 BA OB Ao, To 2506 BUFICR, M
A AR P sl e

R=exp(—ky,eJ,ve) Lo a4

K7y, 7o ¢ RIS R 5 49 A — &
Table6iz 7o OMWEETRT, x 241008 LT OIESIE,
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Table § The Numerical Values of 75 and 7Tso

(Js =0, 14)
7o
Ball-milling time

x(#) | 2min | §min [13min|23 mini38min/58min| 7o
1190 { 1,06 | 1,10 | 1.16 | 1.45 | 1.59 | 1.82 | 1.0
1000 | 1.33 | 1,51 | .74 | 1.80 | 2.12 | 2.14 [ 1.1
840 | 1.46 | 1.50 | 1.67 | 1.82 | 2.02 | 2.45 | 1.0
710 | 1,28 | 1,47 | 1.66 | 1.09 | 1,07 | 2.50 ;1.1
590 [ 1.80 | 1.48 | 1.74 | 1.97 | 2,16 | 2.40 [ 1.1
BOO | 182 | 1,451 1.73 | 1.92 | 2.21 | 2.85 | 1.1
420 [ 1.82 | 1,51 | 1.83 | 1.96 | 2,36 | 2.43 | 1.1
350 [ 1.00 | 1.49 | 1.79 | 1.93 | 2.41 | 2.54 [1.0
297 [1.30 | 1.49 | 1.85 | 2.06 | 2.87 | 2.40 | 1.1
250 | 1.24 | 1.66 | 1.69 | 2.07 | 2.62 | 2.70 | 1.1
210 1.70 | 1.82 | 2.00 | 2.50 | 2.70 | 1.1
177 1,60 [ 1.81 ] 2.10 | 2.55 | 2.77 | 1.0
148 1.27 [ 1.67 | 1.76 | 2.54 | 2.66 | 0,69
125 1.42 | 1.47 | 1.97 | 2.71 | 2.92 | 0.68
105 1.33 | 1.44 | 2.03 1 2.36 | 2.77 | 0.86
83 1.06 | 1.87 | 2.84 | 4.30 | 8.14 | 0.49
74 1,03 | 1.18]2.38 | 3.26 | 3.63 | 0.32

83 0,98 [1.03[8.43 | 3.48 | 3.48

53| - |1.08]|0.92(2.703.40}3.30

44 11,27 | 0.86 | 1.06{2.10 | 3.25 | 3.30

40 12,21 | 1.66 [ 2.82 | 4.16 | 4.26 | 4.14

35| 2,42 | 2.44| 2,22 | 3,98 | 4,14 | 4.34

7o : The value of 7y for silica sands ball-milled
for one mintite obtained by exitapolating
the straight line of the logarithmic plot of
(—log R) versus Jp
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Table T The Numerical Values of & and ky (J4==0.028)

Tb : 0. 167 Tn | 0.238
t(min) | Particle size(u) a | Tty t(min} Pér"tik:_]_e size(s) o Ex
: 2 100=%" 0.60 | 7.4x10- 2 1800<Cx 1.1
: 45Cx'<C 160 1.7 250 %/ <C1800 0. 68
i X< 46 3.2 MUESX'< 250 1.9 .
i 4 1500<x’ 0.97 il?éié 133 gi 28 T80

470<Tx/<1500 0.38
BO<Cx’ < 470 0.80 3.2x10-% 4 1500<x’ 0.94
16=x'< 50 3.6 i&zo%x:élsoo 0,44

BC®< 250 3.0
7 1500<C% . 0.8 45<x'< 145 0.70 2.4x10-%
480 x/<C1E00 0. 42 Ui<x'< 45 4.4
45=Tx/<C 480 0,83 3.8X10¢
x'< 45 4.6 7 . 1500<x/ 0.86
. 200< 3/ <1500 0. 52
10 1500 %/ 0.80 ORC X< 200 2.2

4B0<C %/ <1500 0,42 ‘ 45<x'< 05 0.92 2.3xX104
B6<x/< 450 0,87 3. TX 104 0<x'< 45 | 2.2
5 66 0.55 -

®'< 45 4.8 10 1500<C%’ 0.75
- 300=Cx/<C1500 0.50 _
15 1500<Cx 7, 89 95<Cw/<C 300 2.9

420<Cx%" <1500 0,42 4h<x'< o5 0.50 8.3x 104
BB<x’'<l 420 1.1 3,0% 10"t B<x'< 46 .6
45<x'< 68 0.39 .
0<x'<C 45 4,8 15 1600<Cx%" 0.89

. © AB0Z % <1500 .53
20 1500<x/ Sl 0,78 200 %' 450 0.92 _

380=C%/<C1500 0.53 88=<Cx/<C 200 2.0 T
88=x/< 380 0,85 4,8X% 10t ' 45X’ 88 0.30 9.2x1078
4% 68 0.37 x'< 45 2.1
e L 48 S

20 800<x’ 0.72
300=x'<C 800 1.3 :
45<x’< 300 0.58 1.0%10°3
1<’ 45 2.9
Jb . 0.328 Jb .. 0489
t(min} | Particle size{s) d kx t(min) Particle size(s) o kx
P 1500 %’ 1.2 2 250<Cx’ 1.1

135 % <1500 0.78 1.9%10°* 110<<x'< 250 0.81

2T/ 135 3.6 4-5§x:§ 110 1.2 1.8%10-8
19X’ 45 4.2
4 300=x! 1.2

115<x/<C a00 0. 24 2.1x10-8 4 | 280<x’ 0.93 h

10<x"< 115 2.8 10X/ < 250 0.53 "
7 350K’ 1.1 fg_%é 1};5) 411 ; R X

116<x/< 350 0.17 .

LR 116 2.4 7 45<Cx! 0.91 20X 107
Bx< 14 | 0.61 3.5% 108 13<T%/< 45 2.7 !
18x'< 45 3.9 _

10 160<Cx 0.89 :
10 1800<Cx/ 1.0 A< %< 160 0,73 5.6 10

300<x/<C1800 1.5 ®< AT 3.8
03<Cx’<C 300 0.22 . : _
A%< 93 0.68 3,8%1078 15 140<C% 0.91
19w’ 45 L4 48%&:% 11;0 0.61 | 1.6%X10-?

15<x 3 3.1
15 1900<0%/ 1.2

2500/ <1800 1.4 20 1500<x’ 0.64
45<Cx/ < 250 0.18 3.8%107% 19003/ <71500 0.33
20=x'< 45 3.5 45gx:§ 120 ?.82 4.6X107°%

, X 5 1.5
20 130=x 1.1 :

©dbeix’<] 180 0.27 3.2X1078

19<x/< 45 4.9

24— w 2



Ts 0652 T | o815
t(min) Particle size(u) lv4 kx t{min) Particle size(ﬂ) ‘ o | kKx
2 500<Cx" 1.1 2 | Isoosx 1’3
250’ <C 500 1.8 b 220<x/<(1500 0,98 ‘
105<x’< 250 0.15 45X 900 | 0,42 4,5%10%
41<x"< 106 0,99 8.0X 1075 17<x'<C 45 3.1 A
16=x'< 41 3.3 o
, 1 8O0 1.5
4 500k : 9,99 : 250K/ 600 0.34 :
250<x"< 500 1.9 45<Cx'<C 250 0.08 4.6X107%
106<Cx’< 250 9,13 M<TH 45 2.9
45<Cx<T 105 0,85 2.5X10~¢ SR
15’ 45 - | 3.4 7 1800<% 1.1
BO0<CX/<1800 2.2
7 50K’ 0.84 3R0<TK' 800 0.68 | -
ZB0<x! < BOD 1,7 45<%/<C 880 0.11 | - 7.4x10-8
BE<x'< 250 0.33 8,2x10-8 15X 45 3.2 '
18<x’< 55 2.5 ‘
10 1900<Cx/ 1.3
10 800<Cx’ 0.83 730<C%/ <1900 2.1
240<7x"< 600 1.8 4B 730 0.0% 1,5% 102
45T/ 240 0.20 15X 1072 3<% 45 8.0
x'< 45 2.8
15 1800<Cx _ i.0
15 800<Cx 0,78 . TRO=x'<C1800 | 2.0 _ 1
280’ < 600 1.4 480<x"< 780 0,49 :
453! <C 230 0.13 4.5%10°2 SE'< 480 9,13 1,9%1072
18=x/<C 45 2.5 - x'< 58 2.9 :
20 250<"x! ©0.70 20 | 1000<x 1.2
45<Cx’ < 250 0,190 6. 1x 1077 800=<x'<1900 2.0 | ,
13<x'< 48 2.7 400="x'<C 800 0.33 : _
AB<TX' T 400 0.08 3, 8% 102
. < 45 2.8
Bhedd, B—-ARTARNKE WS Fig 150 5 310"
X S ARERNE LR, Tr==0. 652 DIBETE ¥ =4A5~050u Cor
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Table § The Numerical Values of 8 (J.=0.028)

Jo
x{(1) '

0.167 | 0.238 |0.328‘ 0,489 \o.saz | 0.815
1190 | 0.246 | 0.440 | 0.414 | ¢.545 | 0.810 | 0.895
1000 | 0,435 | 0.378 | 0.484 | 0.769 | 0.837 | 1.02
840 | 0. 440 | 6.674 | 0.835 | 0.993 | 0.960
710 | 0.428 | 0,645 | 0.806 | 1.07 | 1.0
590 | 0.416 0.650 | 0.801 | 1.09 | 1.10
500 | 0,498 1 0.640 | 0.848 [ 1,11 |1.25
420 | 0.396 | - 0.872 | 1.12 | 1.24
350 | 0.438 0.960 | 1.16 | 1.07
297 | 0.431 0.985 | 1.39 | 1.30
250 | 0.472 1.02 | 1.50 | 1.34
210 | 0.438 0.967 | 1.74 | 1.35
177 | 0.436 0.943 | 1.72 | 1.49
149 | 0.394 | 0. 647 0.820 | 1.80 | 1.32
125 | 0.2908 | 0,567 0.874 | 1.71 | 1.30
105 | 0,314 | 0.558 0,946 | 1.82 | 1,30
88 | 0.319 | 0.561 | 0.605 | 0.952 [ 1.76 |1.28
74 10,395 | 0.510 | 0.751 | 0.985 | 1.79 | I.31
62 | 0.400 | 0.568 | 1.01 | 1.12 | .80 | 1,30
53 | 0.461 [ 0.585 | 1.03 | 0,95 | 1.85 | 1,34
44 10,730 1 0.613 | 1.20 | 1.19 |1.88 | 1.33
40 | 0.716 [ 0.917 | 1.38 | 1.51 | 2.04 |1.64
350,910  0.920 | 1.43 |1.75 |2.14 | 1.76
3010.960 | 1.02 |1.24 |1.75 228 | 1.65
25 | 0.809 | 0.800 | 0.828 | 1.82 | 2.44 | 1.75
20 [ 1.08 | 1.08 |0.560 | 1.99 | 2,71 | 1.81
15| 1.25 | 1.5 | 0.455 | 1.74 | 2.66 | 1.57
10 | 0.864 0.342 | 1.85 | 1.85 | 1.38
8 | 0.815 0.352 | 1.84 | 2.45 | 1.40

fog (—JogR) Scale

Ball—milling time
0.100f 20min
10min
0..398F
(21
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0.10 0.32 1.0

Jy
J.=0.028 ,x =11904

Fig. 1T Influence of Jo on R
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On the Residen.bé Time Distribution of Particles in a
Laboratory Continuous Wet Ball Mill

HMH  EE* AH ge¥
Yoshiho Tomida Hajime Ohta
e w4 A5 ?‘%%’IE*

Toshio Inoue Teunemasa Imaizumi

Abgtract

A mathematical model of the continuous ball mill grinding operation can be established
by combining the residence time distribution function with the grinding functions. -As
regards the axial flow through thé mill, the diffusion type model is-generally accepted. The
purpose of this research was to identify the axial flow characteristics of the continnous ball
mills for specific sizes undér varlous operating conditions,  This is necessary because,
depending on the operating conditlons, the difference in the behaviour of particlgs with
different sizes in the contintous mills should significantly influence the efficiency of the
operation as well as the size distribution of the product, whereas it can nof be identified by
the conventional tracer technigues on zccount of the grmdlng action simultaneons with the
transport process through the mill, ' '

Quartz particles were ground in a continuous laboratory wet ball mill.  After steady
state conditions were reached the tracer (KCl or specifically sized allumintm particles) Wag

added to the feed end of the mill instan:taneous]y. Since the alluminum particles have the -

specific gravity very close to that of quartz particles to be grou.nd_ a_md are not breakakble in
the mill, residence time characteristics could be estimated 'indepéndently of the gfihding
phenomena,

Impulse response tests were conducted under various condltlons Calculated residence
time distribution function F(¢), indicial response function F(qﬁ) and residence time function
F’{¢) were obtained as exemplified in Figs. 2 through 5 and Figs. § and 10. Standard
deviation o and mixing coeffient D were calculated and the in’zénsity of mixing within the
mill was estimated quantitatively as shown in Table 2 and Flgs 6 through 8

The results obtained summatizes as follows ’

(1) The residence time distribution in the wet ball mill ean be closely represented by
the logarithmic normal distribution.
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(2) Simpler description of the flow characteristics in the wet ball miil can be made by

regarding the systems as a setial combination of dead time and perfect mizing.
() So far the influence of various operating conditions of the mill on the residence

time function has not been established.
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Table | Experimental conditions

' Sdids dénsity | Mean residence| 117 ]
. Water Quartz g ; Hold-up ; Mill speed
Test No. (mi/min] | (/min] ‘ % ; Cicg) t%?n%n%l‘ Crpm] Tracer
(1) 65 0.76 11.69 70 KCl
{2) 70 0.76 10.86 70 Kl
(3} 82 0.76 9,27 70 KCl
() .0 0.76 8. 44 70 KCL
(5 52 0.74 14.23 80 RCl
{6) 55 23 29.5 0.91 11.62 80 KCl
7 52 62 5.4 113 | 10.06 80 KCl
(8 53 118 69. 4 0.92 5.37 80 K<l
(9a) : Al 2. 0mum
52 52.4 50.2 1.48 15.38 80 "
(o) Al 1, 0mm
(10a) ) Al 2,0mm
_ 52 56.2 52.4 1.48 16, 54 80 —
(1oc) ‘ ‘ Al 1. 0mm
(11a) Al'2,0mm
52 48.8 48.1 1.46 19.27 80 -
(11b) L Al 1.0mm
(12a) 7 Al 2, 0mm
(12h) 4.1 45.9 51.2 1,17 13.01 80 Al 1, 0mm
(12¢). Al 0.5mm
{13a) Al 2. omm
(13h) Al 1, bmm
(13e)y | 5.7 37,1 30.49 1.23 16,9 80 Al 0,5mm
(13d) Al 0.4mm
(13f) Al 0. 1mm
(140) Al 0.5mm
52 44.4 48.1 1.47 19,23 80
(146} : Al 0.3mm
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No Ot g E 7 ty uw D PeB
(min) (=) {min) (min) {min) (cm/min} (cm?/min) (=
1 11.96 0. 4041 2.99 7.1 10,95 1.8%5 25.16 1,451
2| 10,88 0. 4559 . 2.83 7.0 12.14 | 1.646 33.12 .| 0.994
3 9,27 0. 4087 2,54 6.15 9.58 2.088 29.76 1.403
4 8.44 . 0. 3805 2, 44 5,48 8.21 2.413 30,82 1.592
5 14.23 0.6102 1,13 8.15 21,87 0,914 55,84 "0.222
6 11,62 0.4224 .3.18 8.20 13,16 1.520 28. 96 1,269
7 1. 06 0, 4096 2.64 .42 10.01 1.998 o865 1,305
8 5.37 0. 3198 3.17 ¢ 5.45 7.15 2,799 20,15 2,778
9a 15,38 0.5184 2.08 . 12.8 28,09 . 0. 766 24,21 0,633
10a 16.54 0. 5086 3.13 12.2 24.09 0.830 24,07 0. 689
iz 19.27 0.4514 4.11 12,1 20, 76 0.963 18.75 S 1087
122 13,00 0. 4624 3.81 10,8 18. 16 1.101 23,24 0,948
13a 16.90 | 0.5345 3.08 13,9 29.64 0,675 23.95 0,564
gh 15.38 0. 4953 3,32 12.2 23. 38 0. 856 22.86: E 0. 779
10h 16,54 0. 44¢8 4,11 12.0 20. 52 0,975 18.75 1.040°
11b 19.27 0. 4679 4,97 15.3 27.33 0.173 16,04 0. 912
12 13.00 0. 4542 4,87 14.0 24,18 0,827 16.43 1. 007
186G 16.9 0. 5824 3,23 19.5 47.91 0,417 21,04 0. 304
e | 19.23 | 0.5331 5.48 15.7 33.35 0. 601 21.07 {1, 570
15d 16,90 0.5382 2.39 11.0 93,57 0.848 31,49 0,556,
e | 19.23 | 0.5256 2.45 ,10.6 22.04 0. 904 30,19 0.599
iaf 16.90 0.5768 2,06 12.0 28.98 0. 691 33,38 0. 414
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Mixing of Pharmaceutical Powders Examined by Use of Colored
Particles : Discussions on Coloration Difference
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Abatract

A three-componental mixing of antipyrine, lactose and lactose colored with pigment
{tracer powder of antipyrine) in the twin-shell mixer was carried out in order to invest{gate
the relationship hetween the mixedness of active ingredient (antipyrine) and uneven colora-
Hon of mixture. The color of mixture was measured by colorimetric method using the Lab

" system and, color differences between samples and these complete mixture were calculated

with Hunter's color difference formula. A new mixing index, eqn. (§) based on color diffe-
rence was proposed and it could be used as the criterion for complete mixing of the active
ingredient. Good correlations between the behavior of active ingredient and tracer powder
in the earlier stages of mixing were recognized by separate determination of antipyrine and
pigment,
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Table 1 Characteristics of Sample Powders used

Materials Antipyrin Tracer 5. D. Lactose

Mesh size 65/100 —~100 —~100

Mean particle size (u)®) 84 a1 19

Specific surface area (cm?2/g)b’ T : 1826 1097

Density (g/cm8)e} i.251 1,528 1. 526

Bulk density (g/cm%)4) 0,600 0.548 0. 418,

Repose angle (degres)o’ 48.5 49,6 58.8
a,h) measured by air permeabﬂity method

¢) measured by Beckmann air comparison pycnometer

d) measured according to JIS Z 2504-1966

e) Table diameter=28cm, Dropping height=9cm
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Table ¢ Colorimetric Data of Lactose, Tracer Powder and Complete Mixture containing

124 of Tracer

L g b Hunter brightness
Lactose 99.33 0 (R 9.3
Tracer 55,01 60.13 —16.28 23.2 .
Complete mixture 04,89 6.29 —3.57 81.1

Cell diameter: 30 mm, Measuring condition: 45-0F
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Monte Carlo Simulation of Solids Mixing Process
with Segregation due to the Difference in Solids Density
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Keijiro Terashita Hiroyuki Chifuku

Abstract

Solids mixing process showing segregation phenomena due to the difference in solid
particle densities is simulated by two mathematical models, which can be computed Ly Monte
Garlo method.  Based on simulated results, discussions are made for the way to mix well in
segregated process. - "

One model (Model I) for the process in which the direction of gravity force acting on
particle layer does not alter while mixing proceeds, and the other model (Model II) for the
process in which the direction alters in every half tumblmg of the mixer are proposed and
directly simulated by random numbers generated in digital computer

The ratio of particle densities Rs and the lowest value of final degree of mixedness
Meo, 0 are found to be correlated by the expression Mo, o==1.0-0.4 log Rq, for both Model
I and . Segregation due to the different densities should be limited by this M, 0.

It can be said that, in order to mix well the particles having the tendency to segregate
due to the difference in densities, mixers should be so designed as to subdue the mixing
parallel to the direction of gravity force, while the mixing of horizontal direction to gravity
force is kept vigorous, and that mixers having Model T process are less influenced by the
difference in densities than the Model I type mixers.
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Fig. 2 Tllustration of Model I as the most '
simplified segregation model of Process

I.

C GENERATION OF RANDOM NUMBERS IRI AND IRZ

[R1=RAND 1 (IX1)*% 2499.0+1,0
IR2=RAND 2 (IX2)* 2499.0+1.0

C SKIP

IF (M R1).EQ M (IR2) GO TO 30

C SEGREGATION

IF (IR1, GT. IR2, AND, M (IR1). EQ.0, AND. M (IR 2). EQ.1} GO TO 25
IF (IR 2, GT. TR1. AND. M (IR 2), EQ.0. AND.M (IR 1), EQ. 1} GO TO 35

- GO TO 38
35 IC=IC+1

“TF (MOD (IG, ISEP), NE. 0) GO TO 30
C ISEP IS DEGREE OF SEGREGATION

36 MX=M (IR 1)
M (IR 1)=M (IR 2)
M (IR 2) =MX

30 CONTINUE

c RAND 1, RAND2 ARE UNIFORM PSEUDQ -RANDOM NUl\‘ABER
C GENERATORS, WHICH CAN GENERATE RANDOM NUMBERS
C UNIFORMLY DISTRIBUTED BETWEEN 0.0 AND 1, 0. i

Fig. 3 Fortran source list of Model L
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Zi=237;_1 Molulus 1084-1
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Generator 1
Zi=28Zi 1+ Zi—e Modyulus 288

Method 3 | Multiplicative and Additive
Generator 11
74=48898195Z1 1+ 219
Modulus 2%

‘Method 4. | Multiplicative and Additive

Generator 1T
2i=257411-- 1234556701
: Modulus 238

Method-5 | Mixed Use of Multiplicative and
Additive Generators

Ly=Zi1+ g
Modulus 2%% for IRI
Yi=23Yi.1
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5.
Nomenclature
g . experimental constant - [—]
D - diffusion coefficient [cm?2/sec)
dp I particle diameter {em]

" Tiotall iotal nurnber of parucles to be
" mized 7 R
Ix,Iy‘ . number of partzc]cs for x and ¥ C

axes in Model IT - [—]
M 'degree of mixedriess defined by Eq (4 )[ ]
My final degrec of mixedness ]
M. o7 lowest value of My due to
segregation‘ . [— i
n ¢ number of samples SR -1
1’.]5-,. ¢ sample size ‘- ' — ]
Ni : number of imterchanges in Model [ [—]
Ny number of inferchanges in Model Il [— ]
"TRq -1 ratit of particle densities of two
components R
S : degrée of segregation dafined in
© 7 Model T I
x;y- . distances rectémgu]ar and pafaHe] -

to the deirection of gravity force [cm]

a . standard deviation of sampled
concentration in fraction X =3
ga @ o before mixing ) -]
gr . o at completely random mixing [—]
g standard deviation of relocation
distance x in Model TT [cm]
o6p . defined by on/dg [--]
¢ . coefficient of mixing rate (—]
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Correlation of “Flowabil.ity Index” défined by R. L. Carr and
Shear Properties measured with Ring Shear Cell.

AT S A1
Tohei Yokoyama

THEE s

Fumio Nakagawa " Noriyeshi Kaya

Abgtract

A ring shear cell has been developed for measuring the flow characteristics of granular

materials,

Internal friction coefficient, coheslon, tensile strength and shear index are obtained from

series of shear tests on various powders using the ring cell and the characteristic data are

compared with “Howability indices” proposed by R. L. Carr which have been messured on

the Powder Tester.

From the results, corh,p'ressibilityl an_d cohesive force which are factors of a flowability

index, are correlated to shear index n and cohesion C and so flowability index is related to

shear index n and cohesion C.
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Fig. 1 Photograph of rin‘g‘ shear cell
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Fig. 2 Schematic section through ring shear
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Flow Properties of Particles on Air-Slide

FEEOMK* FEHE FuE* mMd ERY

Kunio Shinohara Kazuo Saito Tatsuo Tanaka

Ahbstract

Analogously to homogeneous fluid, flow properties of particles are evaluated as a trial by
making use of Air-Slide. Then, the residence time distribution of particles is readily described
by otie-dimensional velocity profile in the direction of solids stream depth.

As a result of experiments and calculations on the assumption of a Bingham-plastic
fluid, it was found that the apparent viscosity of particles decreased and the vield stress and
the slip velocity between particles and the porous plate increased with increasing superficial
velocity of air, Further, the slip velocity increased with the .inclination angle of Air-Slide
to the vertical line,

Tt should also be noted that there is a limit to fiuid analogy to particle flow on Air-Slide,
Two kinds of particular flow re_gimé emerged according o éir Vé]Ocity. At comparatively
high air velocity néar]y constant maximum velocity of particles is attained due to channel-
ling effect of air along the vertical sides and the inclined filter, and at certain lower velocily
of air the particle velocity becomes small rapidly which is maybe due to partial formation
of stagnant region, ) : '

These fundamental informations lsad to a design basis of Air-Slide in co-operation with
the residence-time distribution characteristics of particles.
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Whey powder 1.1 10| 6.6 —
Flour 25| 2.0 3.4 0.46
Green tea powder 3.2| 27| 2.9 —
Cream powder 27| 2.3] 6.8 —
Instant cocoa 2.2 1.4] 6.1 —
Instant milk powder! 1.3 | 0.9 | 17.5 —
Bean-fiour 26| 20| 23 —
Instant juice 1.8 1.6] 4.9 -
Instant colfee 1.6 1.6 6.0 —
Salt .9 0.8] 5.2 -
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Table a0 # v v JIEHR

Nutting ga=(p-Agkis
constants.

e=volumetric strain, f=compressive stress, t=time, ¢, x, A=

/N Bs—Pn=(p:—po)e k0 po=initial apparent density, fn=apparent density at n times

tapping, £¢:=final density, k=constant.
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& =porosity,

C=relative reduction of volume, N:tapping number, a, b=
y=ratio of volumetric strain, N=tapping number, z b=

N=tapping number, V=apparent volume, p,q=constants.
m=mass of a single particle, g=gravitational
acceleration, H=falling height, X, n’=constants
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Table { Samples and their pore volume

Samples Particéin %ilejtmeter Spec.ific _gravity | Péggn;rap/lgﬁne
Haematite 4 ~ G 4.53 0,349
Limonite 2 =~ g 4.43 0.0752
Magnetite 2 ~ 5 4,39 0.0143
Sintered iron ore B~ 9 3.41 0,0118
Iron ore pellet (A) 8 ~ 13 4.99 0.0601
Iron ore pellet (B) 8 ~15 4,91 - 0.0789
Iron.ore pellet (C) ) - 3.4~ 40 4,54 0.0593
Dolomite brick before use 8.4~ 40 8.12 0. 0106
Dolomite brick after use 3.4~ 4.0 3.40 0.0064
Alabster brick before use 3.4 ~ 4,0 2.60 0. 0659
Alabster brick_‘after use 3.4~ 40 2.58 0.0629
SiC brick before use 3.4 ~ 4.0 2.75 0. 0281,
SiC brick after use 3.4~ 4.0 2.66 C0.0802
Graphite brick before ﬁse 3.4 ~ 4.0 1.85 ) ' 0. 0706
Graphite brick after use 3,4 ~ 4.0 1,97 0.0578
Isolite brick - oad o~ 4.0 2.72 0. 0643
Schamotte brick . | 3.4~ 4.0 2.58 0. 0458
Hydrogenation catalyst (A) 4 ~ 10 2,38 0.387
Hydrogenation catalyst (B) 4 o~ 10 2,48 , 0.382
Hydrogenation catalyst (C) 4 ~10- 2,10 0,389
Slica alumina 1.5 ~ 2.2 .20 0.0268.
Silica gel 2 ~ 5 i el - 0.0124°
Activated charcoal 3L~ 40 .18 0.507
Charcoal 3.4~ 4.0 1,83 _ 0,493
Caloidfn éliloride (A) 5 ~ 3 — £ 0.0262
Calcium chleride (8) 3.4~ 4.0 — 0.149
Calcium chloride (C) 2 ~ 3 — 0. 227
Graphite electrode (A) 3.4 ~ 4.0 1,06 0. 0899
Graphite electrode (B) 3.4 ~ 4.0 1.97 0, 0770
Silica sand R AR 0.2 ~ 0.8 2.64 0. 0600
Lime stone 3.4 ?4_ 4.0 2.73 0,038
Serpentine 5.4 ~ 4.0 2. 66 0.0014
Sulphate dregs 1 ~ 2 4,27 0,174
PVv.C. 0.1~ 0,3 1,37 0.288
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THIALOBBN TR, FrREoiitic 7 e v bhh
¥ Fig. 1~3 Xk, -
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Characteristic Constants in Kawakita’s Powder Compression Equation
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Table 1 Various compression equations

Walker

JIdE Ak*

Kimio Kawakita

Kawakita

(Vo—V)/Vo=2abP/(1+bP)

Konopicky
Sapiro-Kolthotf}
Torre

V=V  Vo~Voo ociop

Murray v Ya
Kunin-
Yunckenko
Heckel V—\;/m - VO;(Y«: et
. Veo Voo
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Ballhausen
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N
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Vo—V ooz

Cooper-Eaton

oV = Cise~3*+ Caoe~g

Shapiro

v
— C
Balshin IP=—Cs Vo o
Jones 111P=%Cg,(vV )2+C4
Nutting Vo
In[22}=CsPes
Nishihara 2(3) e
L 11 . pus
Smith v CrP
A V—Ve VoV ¢
Athy 7= sP

Terzaghi

va_v = Cz2e’%+ CMB’%;

T e Caatn (P +Car)
—Ca(P+Cag)
—C30P+Cay

Ackil

VooV _ o peas
7o Cas

* ITOA ST E TR
(T184 FRAEAGIHIRIFT 3-7-2)
Tel (423-81-5341

1) BRI R BT SR,
2) i B R
a) iy RS L Lich o
b) EFAEZELZ NI VEMNLZ LD

— 112 —

3 e




o) AR X v B b o

d) ol
PIBEOR & ORI R0 Bz 11-80)

ZHODENRNOBRE CHE R, EANNER2hF

OIFERE BTN FROSFE B CHRL, FiE7 e
ERADEELE R ER RS LTWS - kg
53, FTEOKBTBWCEREOEY Lo Py
LNZ LR Etedin,

2, %EE%%@%%

BHROERRZ 2Tk, EAEEEE oGy R
WA BRI OWTHERD 505, REBELELTHS
OT—IFHEL P X 5 e fi— L RE tRE L en
2¥Table 1 ¢& %25, Murray, Konopicky m3s Athy
DHEABMZF L TH Y, B4 EhoR)ilion
EMUETHD, MAORTE Nutting oL FL ©H 2
LiedoT, ZHBOREHRNEED s onT, &
BRE e 2o, B E A SRR 2 1 Y Sk Rs
L Table2m X 5icns, Table2 XDk 5ic
Xk LTHEENT, FHEORVOIE Athy 2 IHboRT
BHo., —RCERNLHT 2 boofnRe LTES
%E@&é%w%&éme,é@%ﬁmwbwofmﬁ
AP E WG W & e,

MRS OF 2 ¢ 2IEH 0 Lo EREREE X

LT, T e=Xo OBERAHE T2, WM
FHE oW T O BRI R 5 BB T8 ToiEER,
0= K-E(“’a) """ (1)

@ﬂ%ﬁ%%ﬁ.tﬁLK,amﬁ&,:@ﬁm

. E:K—l:}!-_a.' al_-:ltfi ‘ o 2)
LEEETZLATE 200, Nutting oIgfs L R
LTHB,

D), RO X5 SRR Sk B 2 TR
BRI B BRI T, DFlsRE, ), K
FARDHERO L 52, Bk 37 v g Rk e £
T4 ORFOFCALEMED 5 W2« OB D EREE
P b BEER L LToBKO ISRSEHy B8 LT ¢
RS B :

W L5250, — RO IO R ST BT &
mw#m%gamakmﬂ%féﬁt '

P— KMVmﬂO+NK(V I (3)

mELP  EHR, mn%%ﬁﬁ,V-ﬁﬁ,N:ﬁ
%@fﬁ’é&, Ko LKIEE hs, GXohungE1E
LT R ANEOETEH Y, SECATRITE L E

FEELT,
Yo—V {(Vo/NKYP eeld)
Vo =~ 1+(Vo/NE)F ‘

EBEBLLIERTEDING, JIHOR L FE I E

Table 7 Comparison of porosities derived from various equations,

Anthor Porosity(s=) Pesp Pooo Neca‘ssla ¥
. condition
. ¢y .
Balshin 11— cg—lnl’ 1 1 C1360
. —ea{ca>0) : :
Smith £p—CaV o P18 éo foen (ea ) c320
lihau e b L1 oped
Balihausen TTererp et ooy 0 e3¢l
— 4] 12 . S
Jones 1 (—cTi‘u—-lnP) 1 1 Ca=¢l
Athy gpee—tn’? £g o} e11%50
&p {c13<70) :
Nutling ’ i— (“;—m) o’ 0 £ — (010, C1520) Emjg
Li}
1 (exe<0, c48>0) 1o
Terzaghi | {— . 1 e 1
1—¢17ln (P"i"Cm)*Clg(P-I-Cis) +ca, 1—cirlncis—ciacig-kcot ) B
_ VealVe) TCes |, ceei0
Caoper L P expl—ca/ES ‘o (Ueu) —czz’ cradel)
Kawalkita £o A
o T Vool ViscasP s O] a0

_e=porosity, eg=initial porosity, C1~Cy=consian{s

No. 19 {(1974) — 113 —



LTho.
2, BRI EROMERABEATLT,
S;%log% ““;'(5)
wﬁ%%ﬁbfw&.::ﬁS:EZFV@%&:A:
R b v BEE, Po UMANE, P ES, BIE
BThs, ZORTLRELL 0 AR
dn  Ve(i—m)2

dP *4(?*_@5““’ ...... (6}
AL S RTESLRE, Terzaghl oREFE
HIC B LR R B E ML 2 e

BB L EO SRz 578 TAERERDTH
TR DT 0 = doL KRR BRI R 7 v v
PEEAL, HFHATF vy A OBBE L THAN
BEEFELE T Lk, Athy 3, Balshin =, L
ks E R TREL Tn 5,

KEARS) (T R 4 DR ORIV, T
DETFOHEENE & LT OO /0B L & RS
5oL bROERREB TS,

o= Lo 1 (21 )

2

T ot QL EEHAOTHEN, ¢ BN, & HO#H
iz % £ TOERR, 0RO 1/8 BBy s
HORETOR, 4 PR NEERERCh S, (T
F €2 ©IF (e<1) EMET T,

Vo—-V (1/a)P

Vo —it+G/@P o - e t)
LRz BhSh 6, ARERIEIHLOR LR TH
D, el o i3E (Tl HIEMER ¢ B E At
DAY 5,

FAR B0 FEETRREHRAL, KUA 7T oH
A, BEEANYT L, 7FAT v e BIES 1~1600
kg/em? o T HENE L 7=4, DBalshin, Ballhausen,
CGurnham, 'JIHE, Konopicky 3 X ¢f Smith 7 v » -
OFEET 2w R AREREBEIC S T ER 2 L &4
EBLTWS, ZTOLEPHP/CEMBER T ey b
T8 L REER, Ly --EEREREELRE T
B, THIZEREE Y & AR BIE L O L i,

C::£;§§§£;:apﬁ ...... (9

PEBIFERA LS TWR TR Z L EFRELCHWS, I

T CHPERDE, cldbhaThoL F0ERE, «

FHREHRTLS.

PR i tE O BRI RO I BTy, ETHEO

e IR E R L,
p=(1-+bP) oo/ {1+ (h—ah)P}

TRHUEEE, ARLEM T/om? 2enFEhAelL
IWEREEED TS, a,b oo 1)IHEoRG e,
O ENEBETHS,

ThbOROE { DHA, BEIC Lo TERERE
2R o TWA. F LT O WA -C A
oW, 0B LEE i ERERBES R ST
W, RO R Vo o8k, BElS hieE i
B35, SEKTHEEE B CREERTE T ARV
R CAD BEILEEL 2R LnEE® 2258
ZHAZ ST ERR L,

ETHERRCBIEETHEB, Thbide Ko
B LoEESPERCES bhEEEC L 2L 0T, &
EOEESHE L ORREREE S 2L b RERTRVWE
B AL,

ARBTIE T A B D A GRS F o RN i
L R A b R0 R ERE T B e
FirnbERirEL bR, b REIRIC LT
TRETERET AN TELOTILICRETS

3. iR a
Vo—V __apP
C="v =ttpp 1

IO Cuk ko RN SRR, Vo, V, P EEne
DERYTHD, WEPEERICKRIZ LSS, Poo
E2BL, VoVokind, bPi+bP L2,

Vo-Veo
Coom—p™=a e i

AUELE V&S, i Coid s Pooliz LEHD
DPESHETHSH, 1em? Hy i+ boEHEN
AT LIERECHEMTHL 0, Vel ¥ kT
LEOLTeoBELTHE, L LERNEEL T, By
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Wi IIFTWETHA 5, Tabled Rk, #
&, BRER 55 oeFEoRRE B L v A TEE
Bolldt"rey Mz ks a, b ofF (i HRE
LEIMER R LA SO THES, Tl D akmiiEeR
EL—ELCwWa T idbhd, ZOZk,
C— Vo=V _0-00 (1—&)—{1-ea)
Yo o 1—e

__ €p—¢

= {12

OFEBIC>WTHHE U BRS, 1IicisnT, LS
POk &0 EEE, Po3 P& EE, edELPO
L EOMER, o PHIERETLE, & Poodk
&, ThbB Cole 2N TRTRE, b0 DEA
L2 DREEREEEE L0 THhE L L ERDELEE
72, Tabl 3 & REHE R4 8 O sEHE: Table 4
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Table § Characteristic constants 2 and b in Kawalita’s compression-equation

(M. Kishigami)

Isostatic pressing Ordmary pressing
Value obtained from Value ob‘camed from
' graphical method measured value |20 Picol method measured value
Powder | L/D — —
. o | Initia] E;Séiént . e | mitiel | Al
: potosity | géngity POTOsity | gensity
1 0.57 1.9 0.B5 . 4.5l 0.65 2.1 0.568 2.5
FePM 2 0.57 7 0.55 3.51 0.67 2.6 0.68 2.5
3 0.58 1.9 0.56 3.43 0.64 3.2 0.68 2.5
1 ©0.861 1.8 0.59 3.15 0.66 1.5 0.69 2.4
FeNC 2 0.60 . 1.5 0. 58 3.24 0.64 _ 1.8 0.69 2.4
- 3 0.62 1.6 0.60 3.12 0.61 1.7 0.69 2.4
1 0.55 1.7 0.54 3.57 . 0.70 1.2 0.63 2.9
I'e AHC. 2 0.54 1.7 0.53 3.69 Q.68 1.2 0.63 . 2.9
3 0.55 1.7 0.54 3.63 0.67 1.4 0.63 2.9
Cu 1 0,50 4.0 0.69 2,79 | *gheP \/ralue b obtained from Kawekita's
plot,
MO 1 0.66 1.7 .67 8.33 " L : Height of powder head.
W 1 0.65 1.3 0.68 6,15 D : Diameter of powdered mass.

Tahle 4 Particle densities of metal powders

used (M. Kishigami)

Particle

1254

125

1254
1954
4,21

. Symbol Particle

Kind of dowder of powder| density size
8

Enectrolyzed g/cm
Copper Cu 8.91
Elactrolyzed >
iron FelPM 7.85
Reduced iron FeNC 7.71
Sprayed iron FeAHC - 7.83
Molybdenum MO 10,22
Tungsten W 19.3

2,94

iy, Tabled & 4 pBRIc o T—F 9

Vo—Voo Poo—FPo E1—Fco
Vo' 7 Ofe 1€
BN, e 0&T3 L,

Boo—Po ;.

Coo=:

(o)

LY Pt

& SR
4, NEHEERD b E)ldEsy w E v aRo

(=% B3 &,
P/C=1/a+h+P/a

%mm‘ﬁhi}'ﬂ.

No. 19 (19743

CCTI R HE B § 25T
Y, Table3 & 4 OMMBBIRS L SHPITE 5.
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bz Xk
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/by e 13 i B B TEgK

AT e 2y 7RAPESDE (Creo)
ATog e F v T EBE

ETap e F oy PIRAERRR

BEETHY, B EREE R X olE

PRSI EZLBBETHS S,
L br iz 2w T,

G _ No—=Vr arebr-N
TETV, T i+beN

W Thhrs ki, ¥y e aE8HARsE by
EHEHETH), EHEERSTEERHELTWS, Fy
E ORI, ER ERESEREERES L Sk
BHERTOEHLREAE TR IR VWEELEND
b, FyFRE-2TE bz AF—3FEEL LT
PHERTE O F TR BT il Sh s Th s
5, toksicHind 1/br, Thabbihiksiyy
IRTREND R OT, ZOEOSE L OREHR
KehsHHLEL NS, TSR LY,
1 N{(Ve—=Vrg)

by (Veovo e
ﬁs;}t‘g:é V\E VT VTm:VO—VT @E%J ?@b
H Fig Lok oz 2 &,

Wg\l """ (21}

LD, 1/br BT OSHERFEMET v 7R
B0, 205 N/Cr L NOBEBBEROER B
1/br BFHCRD BB,
wr A b g ik Bok EEREOB S w0 il
floEds X UM B R ORI EP B,
p V=V 1 Va—V

Ve °b Ve T @
Bl L CRoOBHlEOA b E S,
Moo=V __BP_ . ha)
Vo Ve = 1+B0
(prd) (v-vey=FoFed o8

*%ﬁmﬁwrﬁéo Ve 0@ X5
- 3 W
PV=—g@E
LARE, EFOL RS EBERTRAEARE
RS, eRBERTORy FofEEY e Y
REEFE%L, BEHFCLOBAR I os
W2 Tbas, ThhbbIOBAOIEBHEL
HEERCLEERTATHEH

g B A

Al

by

— A

Tapping numbers

at this place

Vewsr Voo Vo

Fig. 1 Graphical representation of eguation

(21).
1_POU-Ve) L "
BT (Vo—V)

Pz BT, WRIIIRORE, EEDh, THREME
B Vo, BHEBERDLOEHE Ve b 5 —EDERHATHR
F ol s, MR XS EE,E bR,

(Pri) (V-Ved=—l i

WL T, E#io> van der waals fRIESICERELL
T, FOEEOPIINERL Sl Ty, B
MRz BT, AL & bEMERITFRIOFFE O RER
BT 3 BERETSTh 552 A HHELLL
BF H o S OEEbE FRE L D,

(N+ )(VT —Vre )7"910_1)\1{—’1‘00) ...... o

BESRN, P zoRD 1br RTINS
FHHERTLA EHLTLRERNTES S, @~
ARFPORIENEREbIAEZ v 7ol LT
LSy (N
DTERTH BN, vE
(i) bP Bl L THERERIVWETH LG
i (Vo=V)/ (Vo—Vo) i LIGES{ThHA
5, ¥z
(iiy bP B 1ML TSl th I BEI
[ (Vn Y/ (Vo—Ve) i3 bP 2554 ¢h
55,
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Vo—Ve 1
Vv —wp Tt e )

ASE L, 1/b R ORS G,
1 VoV
=P (Fmv 1)
iz T, —Bicit
Vo=V o) > (Vo—
BESEF S, L (Vo—Veo)/(Vo—V) =2 DIBEIC

N B L AR T
L.
Ly o e .
V-V
T
VHB Vo V—V.
v
V.
¥
V_Ve
Px Vo

"=Applied pressure
Apparent volume remained
Tnitial apparent volume
=Applied pressure
X Compressible volume fraction for mmal
volume
= Applied presstre
X Remained compressible volume fraction
V-V
Pb VaO*V;‘_
=Applied pressure X Compressibility factor
Apparent volume remained
Initial pore volume
=Applied pressurex Compressibility factor
X Traction of remained pore volume
VaD*V
VaU*V;
.. Decreased pore volume
Initial pore volume
=Fraction of reduced pore volume
Fraction of remained pore volume
+Fraction of reduced pore volume=1
THg. 2 Graphical representation of equations
(22} and (85)

SCRRTHBEE, KB P oW

B2, Zhid Fig 2 ik bhd D3 e X
Wi BEFRSSheh Y, —EOHFDEREEREL &

wzé.P-V}?°a V%ﬁ DREE T ey b

F5 Lk Fig.3 0X 5wk s, Fig 3 o®Em Table 4
DERME X o TiT o b0 Th 5, Fig 3 LW
BT B, Fe, Cu i sifto Tiha
B EBR0.45~0. 62HHIIC W I EMR D B AT S,
mi_@%nimbééfaa%wmémbg&w
0.5 i, e=2e0— 1 LU, FUATLMEER 0 %0.6
~0.TDER L L, E0 L EOEHTOEES 10,2
~0.4 L7425, IO ERBTAREELELTES
REBICESWTWB EEL b5 (Table 5),

Fig. 3 mEMES LD 1/b %k % & Table 6107
TiELRSB, 2o Tables offik Table 3 ic5Ft b* o

NVNVeo
Vo

WEOMEEHRESR, 2o P/C~P olif

BFESEEO S vy b Ch D, ERNC BTSN
Tifgé%’ﬁ[ﬁ]i%&"ﬁﬁi#%@rL:\:—/a VR b
BTl shemberg“> LHAR B‘”’) SRR oL

0, ¢
o TV T V¥
0.8 Vo b Ve
e
01 ¥
/!I
0.6 17
g &5 / M. N
T>°0.4 V’

> ' /
0.3 ' /IFeAHc
‘ épr...é‘}&' eNC
0.2 %#é; :
peL ePM}x

0.1 ]
.,/,n/ Cu
0
6 0l 02 0.3 0.4 0.5 0.6 0.7 0.8
Vo=V
Yo

Fig. 3 Relationship between (Vo—V)/Vo and
P(V—Vw)}/Vo (M Kishigami)

Table § Packing characteristics,

Type of packing Number of | Porosity

contacts
Cabic 6 | 4r.64
Qrthorhombic .8 39.54
Rhombohedral 12 26,95
Tetragonalsphenoidal 10 30.19
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- Table§ Characteristie constant 1/bin Kawa-
kita's equation (M. Kishlgarm)

Powder used |Cu [FePM [FeNC [FeAHC| Mo | W

1/b{kg/mm?) 5,42 5,80 | 6.08 | 6.81 |L1.94/27. 99

TWS, p/e kPR ey MIYLETH EENREO
WHEMEEL LToERShB S ERn s mnod
OT%. TRIEHLT Table 6 DR b A—EfiE &
SEEMH, ok Fig. 3 OMERAD B bERDT
WEDTHD, SR b 5\ o b ISERE - 7
FEME & THBRRR S Th 5 5 L, BT O
AR 0L B IR  BTSCIRE E 5 il L L
TOEEME L TR - T b O F L Ehotl
FTRAEBTHAS 2B ONE, &ETREATED L
e b o (Table 3) kMo EfERe BT 5 T
EShEEEFRTILEEETH LY, bORKGEEE
W s PRI EY CA {, Table 5 DIz >V iR
TRFBL BN TE S,

4.1 [BEREBE (yield stremgth)
Tmhea>ub®ﬁﬁ,wm%hﬁﬂ$ﬁ®74ﬂ
YarkboTRD, 2h-Eho&BolRREolE
L—BLTWT, & B EOEE—B0SEFERCSD
hABRRRE o IFRIRENELR- TS, &L
b EBIRIREE L IR R LB Th S LS D LT E
5.

2R D 4 B OBRO B T A & i Bockstiegel 2,
59,82~G6) GCJ:A’}’LH‘

N
P=toywr )

CTi d=@RORRRE
V =SHBIEP e X5 MET o hzsko (57 °F
SHERNEROEL £ 1)
Vu="12E5k 0 &3 oA
Fig. 4}z Bockstiegel o= F kiR Lin,
— 5 AL
Vo—V © ok
Vo 2T {+BP:
No—

a=

VM(VM Vb BLE) o 59
Falbal T w1 1R LY T

V

—

VulMetal giart)
) Ya
Vo (Total initie] volume).  V(Total volumo under.pressure)"

Volume of pora(V,—Vy) =we Dore volume un(ler‘prcssure(V—V;.)l

Tig. 4 Compre'ssion model of G. Bockstiegel
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Vo—Vu
T

JAE

1 vo—v
P= h v N

Bockstiegel Fix

. P:Un %?

Z 2 ¢ Bockstiegel UL HESEAREE L 220 (K —7)
EROWMEM L VBN L0 ThEE0E, w § oV,
V) TEbTE,

P=olve, V)~ e 4
LLUTHEMTED,

HBDE MEET S LA TS T L5, JiHE
Fm 1/b 13 Bockstiegel o0 a(vo, v) 3B L, Bk
TFI BR S § BRI T i R T R T
by, EeT)y b AR ORI R BRT S

B CHDLBLH L LRBYTHEL D,

4.7 BEBECEHS b ERTAM

Fig, 3 oliRe 5 HIEMRE S & T L Ol & 0388
T AR FER RO BT L RNTES, CORE
PR © R 0 ofEE LB 5T LRTE
. ok Vae &L, 0 Vao Bl T Va—V,
Vao—Veo ZEHHEL L Tolo L o HEEL
7. '

VeV Vao V
P G " Vo Ve

ORI LT, BB IUEIRMZ LT R

L33 TJIHEER & Bockstiegel
NEHMETS L,

1.0 T T
. b YV —V._ Vao—V
Yao—V., \’l'\o Va
Yoo, Apparent initial volune A
)8 J —
(i - ]
*
%
L4
0.6 o
LR ™
T
LB ¢
s
Eo0d -
@ Cu
o My
LI
0. 2]- - @ Tel’M
s FoNC
® FeAHC
’ |
] 0.z 0.4 0.6 08 Lo
You—V
Vao—Vo

Tig. 5 Relationship between (Vaa—V)/(Vao

— Vo) and Pl (V=V )/ (Vao—V )
(M. Kishigami)
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v b Lin®A Fig. 5¢h%, Fig 5 XML RLS
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Lo P BB L, (Vao—V)/(Vao
~Voo) T bl aMEc it s 2o Blotis
Lo UTHBEAE T A LELLRE,

Vao—V p—py  (1—ey—(1—¢p)
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Ph S =P e 58
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Ph -t =Pb = )
ZTaFRENRS.

Fig. sofir sl eri ko, 2F Vaa=V)/
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Fraction of reduced pore volums

Vao=Apparent intial volume (cm3) obtained
graphically from Kawalkita's equajion.
(227,
V=Volume under applied pressure.
V o =Net volume.
P=Pressure (Kg).

The figure is plotted on the same line hav-
ing no relation to (1) the kind of powder, (2)
the particle diameter and (3) the particle size
distribution.

Fig.§ Schematic representation of compres-
sion process,

No. 19 (1974

0.3 Wi & e L CEBEAR: bRE {-ShT 5,
WE MBI e %0, 6~0.7TLT B L, 6130, 2ED
HEhy, EEHEORIROEERTARZENEE A
% (Table 5), ftoT 1—e/eo DEN0. TELLOHEE T
SR TSR R T L L BB, vE
TOBREEFENICRTE Fig. 60X bicis,

5. % i

1) FESBEHOFKEEERER» bR )0
2l A ORI T A0 b & oZemhE kR LEE
RLTWAEDT, B#Hark Vi—Ve)/Vo TRSH
%, THhbb, :

=C No=V  DPep—Po E0—Eg
BN =TT T 0 1=t

I e (PoooDBEHOERE) T¥e L FHEXTSL
RN, a=d BT S,

(2) Tableg @ 1/b B ER FFh o & RO BRIRE
DI 22T T, EOEBEEbEROERMEDEC
EWEEERLTWAZ b b, 1/b (XHERIREC
EEE b2 TWB LD LRTES,

3 Wb oEEEEC R B L ERAsEo S
$0.7, ThbB (Vao—V)/(Vao—Ve) =07 2TD
R C 1 220 PR e Prr e ATh D,
0.7 BA_oo VR EESHRR Gl AL T- o I 2R Tk e
BB ACHBTTL2ELL0S,

Hen o, ST OBEEM BT S ARSI
N TEMER R SO TSR E (1969), RYEEE)R
ABEOHIER ¥ LED T AR EESEHTE (1974,
AEI— R ORISR s e B L B B
(1972) W8 Uie, BAMREAL, R o H
LRSS, ARG, & RERER (BERE),
P s (TP, e RESOEL R
REHER) ik U ESBER0&LE, 1) HBBHETY
TEHEITAEE O MRS — L, B LSrR e, BEETA
L&y B FOREIRE L TR o e
HEER DR BB ERT ARG T
W, )b SR LR, ER B s
RN OFMI N LR E MEEFRTIRBET &
T : b

5l B X M

1) B. E. Walker, The compressibility of powder, .
Tsana. Faraday Soc,, 83, (1923);

23 L. F Athy, Density, porosity and compaction
of sedimentary rocks, Ball, Am. Ass) Petr. .
Geslsgists, 1~24, (1930,

—119—



3} M. Y, Balshin, On the theory of metal-ceramic
processes, Vestnik Metalloprom, 124~137,
{1938).

43 G. B. Smith, Compresmblhty factor, develap-
ment of a general formula, Proc. Metal Powder
Assoc,, 29~35 (1648), '

5) L Shapiro, I. M. Kolthoff, The compressibility
of silver bromide powders, Journal Phys. and
Colloid Chem,, 483 (19473,

6) C. Torre, Theorie und Verhalten der zusam-
mengepressten - Pulver, Berg-u. Hiittenmin-
nische Monatschafte, 62~67 (1948),

7) K. Konopicky, Parallelitit der Gesetzmissig-
keiten in" Keramilk wund Pulvermetallurgie,
Radex-Rundschau, 141~148(1948).

82 P. Murray, E. P. -Rodgers, A. E. Willlsams,
Trans, Brit, Ceram. Soc., 474 (1954).

9) G, Ballhausen, Beitrag zur Theorie und Praxis
des Pressens pulverfdrmiger Stoffe, Archiv fiir
das Eisenhtittenwesen, 185~195 {1951, '

100 ke, #2426, 149 (19586),

1) K. Kawakitd and Y. Tsutsumi: Bull, Chem;
Soc. Japan, 39, 1364 {1966),

123 JIFkassk, Hia REEY {ﬁﬁtk%liﬁl%ﬁ EARHR,
No. 5 (1988) 5.

13) IR, By RHE L TaE, 32, 750 (1958),

14) NEAEAR, v R | EEoP T RinT e e,
No. 5 (1968) 1.

15) fildkases, . f%#ﬁ.&ﬁl (=
443 {1967).

16) K.-H. Lidde and K. Kawakita: Die Pharmazie,
7 393 (1966).

17) K. Kawakita and Y. Tsutsumi: J. Appl Phys,
Japan, 4, No.1 56 (1985).

18) JIHEASR < #0818, 421 (1964).

16) NWHEAK, Eee B #4814, 707 (1965).

200 ALK © PRIIAIEAEE, 8, 83 (1958).

21) @k 8, 87 (1956).

22) W1 1 8 92 (1958,

23) Wk <10, 93 (1958).

24y JIHIEAZ s ZUMRAS, 10, 71 (1963).,

25) Ak 10, 236 (1963). .

26) R. E. Colling: Transaction American Geophy-
sical Union, 45, No.l {(1964) 161.

27) LA, e RESCE AN, 34, 360
(1985).

“20,” No. 5

28) JHGAR, Hex REESC « A, 35, 260 (1966).

20) N, Hte RS | SRS TR 5RIR,
No.. 3 36 (1966). .

300 JIFbATE D #ME L TE, No. 1 44 (1969),

310 )bz < 4 13,427 (1964, )

82) JIFLas= e v UM R AE, 10, 242 (1963).

33) Al : 10, 73 (19683).

34) K.-H. Liidde and K. Kawalnta Die Pharmazie,
7 (1966) 39. .

36) JHkdsk, Hex RS : %ﬁﬁ%ﬂiﬁ‘%ﬂ ek,
No. 3 (19688) 43.

36) NHudAske, Ha REESC A, 35, No 4 263
{1988,

37) i, B RACT  IRBORSE AR,
No, 3 49 (1965)

38 H. Shemberg Los Alamos Scientific Laboratory
of the Univ. of California, UC-g5 Metals,
Cetamics, and Malerials TID74_500, U. 8 A,
(1967).

30) MRER—RE, AAAER], vk %11 LI}%F AR
= WEWEES po8s, (1969). .

40) JREB—ER,  AnAEER], RSP L HAMRRE,
5 6 [FIEIE R MU T, . 14, (1969).

4 wEER, BumE, BHms b rsEaes
FEOTIERBRRFES (s 4)4) BIUHME

{IBFL44E12 5 10 B ALY,

42) FIES, MR, AT FE, 14, (1965)
764 ; 151 (1966).

43) H. Kuno: Proc. Fac. Eng. Keio Univ,, 11, No.
411 (1958). '

44) Nk, MEE—G
p. 116, (1973).

45} JARAFR, AR LG L PEEER T, ik
#, No. 247 (1985).

46) NHEAZR, e REEDT  RErkg T
No, 5 5 (1988).

47y WHALATR ik L UMEES, 10, 71 (1963),

48) JHeade, MsE—  MERELS: (75 I
#), (1967, p. 71

49) BEREER T R LUWIRTES, 10, 83 (1963).

500 JIHbaATe, B REET @ BRI, No.7 51 (1967),
(435).

51) WEA, MR 0 Bk 13, 237 (1964).

52) B bilhE : AETIEMAY, 3, 168 (1949).

53) T. Mogami: J. Fac. Eng. Univ, of Tokyo, 28,
65 (1985); Trans, Japan Seoc. Civil Ergineers,

DR, BREE, HEE

SR,

— 120 — B



128, 53 (1966) ; 129, 39 (1966):

B4y RFARS  BOABTRMRE, 4, (1950) 87 &if
3, 409 (1565,

55y RRIBSFE Rl D USRS, 13, (1966),

56) MEFUFFH, DA EEHIR, 20, 045 (1083).

57) FARAR, EBFILE, 490 : AR Aa o,
20, 208 (1954),

88) ks, MERE&RE CHISA, <V 7 vy, &
= SR RAFTITIER, 9F18H, 1969,

59) G. Bockstlegel & mfiis

60) FRME— b, BT RS, 10, No. 5, 271~
275 (1973).

B1) ik, ¥k, 45, HEEE, B, 20, 024 (1971,

Era’Ed

aFkAvTdoo LEE
' (P L 0)

@ Fan@p -4

YA T LD D S EESO— D BT S
LWADNRE DT, CORETETH L BERTETE
SEERSETIORE RN, BB THTF SR E L.
& A TEERINS LRI T B 2 L CHRILY
ATERLS->TESTRWTLLE S, BHISEL S
B ABITTIAESE, BREOBRESNERE Bbh Ty
o b n U (AT SESEEE, B
ThEEHEMTCTFR SRR BEL, Foih [
E~Aﬂﬁjfvw:7ﬁEJEEﬁ$%$%ﬁEb
ELEASHTHET, '

LarL, $HETE G OEA L LT [INEEY ©
B, GSBROTME R < ERNe T ©
BHEE R B RO CLE AR D

® K ® '

MEdifh s, BETRZST S5, £ I 0#
TS ] T, 20X 9 e o R Lot
DRI RN 2 O T L 2 B s PIRENS
w@&ﬁb%ﬁy&ukﬁb?ﬁ%bﬂﬁﬁﬁgja
B LT, ArvS LHe R UTHB £ 5 FRes
CHET D b R0~ R S, HL, &
ORI BEERBR L CRAED 5 WIS IR A
BT Lo fn BT _

T HE M E R T — 42 OHE TSR )

PeE R BT ORY F 52 2GR0, eSS .
. AT, BEON 00 T MREME RERE (8T
THOCBLEFELROCLLEY. L L, ToRHIEE

RERHATEN TS - ThESMLL, BETHERC
Advd LIEPRPE BRS ZBv R Shil, ik

62) G. Bockstiegel, IV Intern. Pulvernet, Tagung,
Sept, Dresden (1969). - '
63) G.Bockstiegel, J. Hewlg. Archly. f. 4. Eisenhiit-
tenwesen, 751 (1965). ,

64} G. Bockstiegel, Int. Journal Powdes Metallurgy,
No. 4, 13 (1966).

85) G. Beckstiegel, Int, Jourhal Powder Metallurgy,
No. 1, 29 (1967).

66) G. Bockstiegel, Powder Metallurgy, 3, No. 1,
17 (1971). .

67) BEEPSAE, MHERTEES, 21,1 (1974).

68) b4k, MMIEW, ), 22, 624 (18) (1973).

T2 &Y [HBRATIEH ] 23S 8A LY

BRI ThY T E7) e, AN L TR
{ieoh THEFE] PRt s L,
ki T 5 B ot B A G A T3

WERERZR b DT L & D gt
OISR T v b, TEHEC, a sk

L TRWROBMEETT. Lirl, HEiEoRE
BT BAE R ER L LTEBR RO — S Th
5 [ BRHShThs0TT, @ETSDLED
s B o, HABGEE) :

EThid, T EARRs o ThhEEo T Fr
T~ D PS4k SRR OB .

& T EFE@m—-4

S6H, HEBOMHEERNE R TyIz HEsk, “Journal

of Mathematical Psychology” 2 15 @8- T

Lk, THIE TFELEE] Havid s
| LERYotE, DRI A HER O
b0 EEAD, FLT, ZOEREOAITIE 196445,
2% D E TR AR F LAER 0T,

ET, wLESBETESE, YoM R
ERABTLIOHN?

— S HhBTHEFEWRL L O E o L
TS B AT D B, (N+K)

WWMMMWWWWWM
No. 19 {1974) — 121 —



1. B L®ic

R MERMUEE | S0k TME%r%, Sas)
B BERRTREA TS L S RBRNRE L, Thaih
BES), M T RIROBMASTARS ShTwnd, Lik
KON G T 045 R & 0 ATREILE T,

PR rE— 4 |Lﬁ®%ﬁﬁﬁ%
b SRR
[EkFES
AR 2 2 e N
. TRRR R OV Rk
TS R (EE
vy Ry~ | EYSEEL
Yy Fzy— R R
MR e
2SR B R
2rFram—f— | 1S R A
S RF g R B HER L
(Wﬁﬁwiﬁ%%@%
sy R

&5 T, EEOER S REERS 5o EESE L Fa

e SN O TN Tl o (T AW Y- g g = e

WL,
2. SREBEE

SR L AR & E AR S A, &S B
RICiREh s Mic BB S W 2 BB 6, JBRElat 92
B LCWTEYE S O RAE Gl S sha X541
OTREEREE, “hXbSoaBMLiinhoT
R RN, il s s b o
RS T TR A B S TR, Cheo
LV b PRSP BEL & 5 U A BN AR R T,
PMEfsR S hoa i its TR L, BEcamsit Ly
RGICES ECOWEBEEHE S5 chobn L&
ATh I, i B S R e LORE LTk
e bFHlO R —F — v BB o THnE 0T, WS

* pEE et g TR
(FB73 HAEMBIEMIEL —9)
Tel 0720-55-2221

- -
FES T EST TS &

A L i S T & 5 0 TR IR
HaBEboTrnabna ks,

1. mBEERER

AR CIILE R 2 LR O R RERDIEE &
D LEic e 0 B L, bR kSodnERO L EiC
MEVBOFELE A L Ol 5 b o T, RE LHE
BT O WAL 1 2095 ~60% DB T2 B, N
B, 7006, kg BE 100mm OMAEEND 5, 4
BAREEMRE e SRR BT 57 b, R R
L L B & AEEATRL, DT AL TES,

§, 2002 FSAF—

Lyem AT R, RERERS TR Ry s
ek s, ATl 10X 5 AR TEE B
SO 3 T E—3IC T 5 e, TROMSLRATE S
Lz, ERES HIRERSO bor AR ARG 0.5
FIREE T, R TR b R 545300 A v i
=2 PR, ARE CHETERE L oo~
OEAZF LTSS, FoofonicER, BIE Yo

EL kil

il

Fig.{ 37wy [T v—0fhdE

—122— # e



i I haMRofE Ly b0, g
P g L EREEYEEr s s b o0 Eh S
iREECH Y, ORBOBERTCHTTEESHTWS,
A LT, BPEIBRRAMEFEREI70E T HE
[E AR ER A OB | el 02T
NHOTIERSECHEL

[ AR E % I 2. Tl e AR TR oS A R i 1R
ML THBERY, FREEEEEcFE Ll g
RIS TR BERER S hTh s b0 Ths, i
FHICHTERE L LTAS L BE LS IR
ZHEEEFEL TEES T L5 LznEndE
R flifEs 2 hokni ks, -
e RE BN AL 2 OPHHHEEO & LR
UUT T, RS L OB A R WEIL, RiEL, HE
FL, Jo—HEHER LB TREMNESEEHE
P2 DEREE AFRMIT A T,

b, YUy Fx7-

AL I v oA ¥l a Bic 430K
HLTIW Lo THREFel 2Rt b o Th s, BiR
BRI G & I T -To R o0 G REE D & RSN X B
LD CHEM D, BRI AR YD AhEERIEE
e, R B AN R B A S R
T =T TR S, AR AR RIER O YIAS
ET 2 R RSB L, WARET L THR{E

Fgi. 2 Y )y F=7—

ILHE S ez b eEs L, FEEDEMEs 25
B LR F S5 0 &NEIEE O EIE & T BRI TSR
wHLAD G5B,

AHS & D TFIRERE L DR A, 0 —
& — RS AR Th B, BEO DO ERER
i BEREEAETET Mg nite L M S 48, Al
Batifie, FEEAHEERSEC SIS EZO TR
FaE e iR S T o L VT E, i R
A A IR NS B, B EA SIS
Willg, Z7A »rImnnyBEThs,

8. aAvFZaT—F— _

ATV )y Py —LBY, BE#Mc iRk
R S TR 5 ORI TR S 5 X D i B s
ADTHBM D, FEONERES CHEOEEOE b
OIEETS. AEoBREFe. 3oL 5y )y Fe

R e T

Fig. § :yﬁ‘-;:.:nﬁé.?m
7L RN, B DRy, R
F BT AIERTERT, TRAMEEEIE TR B
F%, St RSN GRIMIE, Ty A v LA
WACHB,

. b—=F3RFsRY

AR PR 5 U o Foe 7 -k 507
mum—g -0 PEE S5 L S BEshi L0 Th
D, BT A2 BFRET S, AR HR
EREMERBENG, EAURET A VOB DO T
b5,

8. 0 IC

P ooflc SR ol iAo il T U
WS D, FhEhOBERC REORELREL, Hh
BHLE LT MRS R BENAA LTV B, R
B, AR, MBRBREZRTOHECE LS R
Ml 0o B A, HIOSIC X0 SRS R UTREHIGE
BORE kLD C, FEREM S D ERELHoME
Lg%, WMESERSBEOFR 75 - CORRT R
Mz kDR BIERE LT WA OARRTh S, £
ALOEHEE, BN BT A RETE S :

Fig. | RRESWHSD 2 —F
FHi ovFman—4
#whE VY yF=7—
VY FF7OERFICIsr s o1 v

No. 19 (1974) -—123 —



HEREE

wvnv/~4rm ACM <A A~NF 45—

1. L&

FAE, BB CETRRE R U — n o o e I
FED A CMANL5 A P D ERBWER DR & Kot
v 2 sV OEIRR A 0B EEL, S EtokE
T D RHHE ORI BHE £, T CIRTEE RN
ALTWS, B TE0FE L EER TR oW
W5,

Photo. | YW v/v4 4 a ACMANLAT A F—

7. HELEE

2.1 & i

ACMANAT A F DR Fig 1 icpd, #E
R IME T e F — G IR TR C
BRS¢ — A X D s R o h, n -4
—FR Y RO R BTV A H e o T
BeEins, ERBERBHE S5 1 oF v e — & DB
Fie X 0 RO G4 Ficik il Sk, & SICBTME
EIh s, RICHRSFERNL, SRcXoTyq 1
Y Z o AlER s TeorSr—g —~3h 5B, Bl

Rl eV I S
(T573 HAFEBHIEL—0)
Tel 0720-55-2221

R R R

TDEBC LY e — R R B L, REMTHE
Eha, wlv—F THMES R RRE T A FY v
DR TE D BT~ 20, EERBSNS, BUEH
BR77AvFrdn—s—oREE £ Av—%—0
ElER, IANORER YIZL 8 iThhs,

Fitriiyyu

Fig. 1 ACM VAT A ¥

IR B
(1) sl s s s 2 T s, T
EAEME{EE s,

(1) HERo R ariliig e s LTy 570w, B
[EROFER A, AR TR - T

T,

(L) RO INE, U o REHEE o gr
X DR RS,

(v) ZERo BV R EELED 2%, RAD
TRBEAYE -,

(v) BHE CRFCIdisin e v b o TG ) 23
BAEL s TWa Tk, HRIAESTHS

(vi) FATHDS. (1 mBEiinBETe 80k —
-3 A CM-10i THIE)

3. EEEEI(MH
Table. 1 icmsi.

— 14— _ B I



Table. 1 ACM LS5 1 PIEMEI R

T e ——-E % acww ACM—30 ACM—60
TOE % h (kW) 7.5 22 45
A — & E R (W) 0.75 3.7 7.5
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oA — & EER (rom) B00~3, 200 700~2, 800 600~~2, 400
2 71 |29 1 2.7~3.2 5. 4~6.5
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H OB W OB 23t X 20° FREE 77 m/m FREE 3~5" m/m T~8* tm,/m
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300M5@f311§) ass % Pass Pass Pass
20~27 % 15~20 % 88~00 %
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