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Recent Advances in Grinding Technique and Crushing Behavior of
Some Kinds of Coal, Coke and Sintered Ore
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Fig. 1. Classification of iron ore deposits.
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Table 1. Work index of iron ores and iron minerals.
. " By Bond
Deposit Type Wi (kWh/t) Py (um) Mineral
Mineral Wi (kWh/t) mean Py (pm)
Magmatic Orthomagmatic 19.6-24.1 74 Magnetite Iron ore 12.7 74
Contact 12.5-14.1 74 Magnetite Magnetite 14.6 74
Iron sand 18.7-19.1 74 Magnetite Hematite 13.2 74
Metamorphic Brazil 6.5~ 7.2 74 Hematite Limonite 11.5 74
do. 19.2-23.8 44 Hematite Taconite 12.5 74
Krivoy rog 15.0-19.0 74 Magnetite - — —
Goldsworthy 10.8-14.9 74 Hematite — s —_
Sedimentary orgin Sedimentary 6.8-14.0 74 Hematite — — —
Robe river 10.9 74 Limonite — - —
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Table 2. Work index and reposed angle of agglomerates.
By Bond
Material Wi (kWh/t) Py (pm) Reposed angle { dgree)
Wi (kWh/t) Py (pm)
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Fig. 2. Relation between K and D,
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Table 3. Classification of = ultra-fine grinding
machines.
Grinding machine Characteristc
High speed | Pin mills Fed particles are ground by pins on
rotational rotating discs.
impact and | Hammer mills Fed particles are ground by swing ham-
shearing mers rotating at high speed.
mills Axial flow mills | Fed particles are conveyed by axial air
stream and ground by rotating shaft hav-
ing plates for impact.
Tumbling ball Ball mills in a narrow sense including
mills pot mills, tube mills, conical mills, rod
mills, etc.
Ball mills | Vibrating ball Fed particles are ground by vibrating
mills cylindrical mill with grinding media.
Planetary ball | Ball mills with centrifugal force intensi-
mills fied by revolving and rotating mill pots.
Stream suction | Fed particles are sucked in and ground
type in an ultra-sonic jet stream in a nozzle
or in an ultra-sonic one circling virtical-
ly or horizontally.
Collision type | Fed particles are acclerated by jet
Jet mills stream and ground by collision with
plates or other particles accelerated by
another stream. (Nozzles are faced each
other.
Combination Combination of stream suction type and
type collision type.
Media Tower mills, mixing tank type of mills, flow tube type of
agitating mills annular tube type of mills.
mills
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Fig. 3. Relation between Hardgrove grindability
index, HGI and volatile matter content, VM of coal.

80—
- . |
60} 8 ]
R o &L l
=~ 5 [} 4
g 40 o &p
20t O
Fa 1 L 1 1 1
Y3 0.1
H/C

Fig. 4. Relation between Hardgrove grindability
index, HGI and a ratio H/ C of coal.

Table 4. Properties of coals.

Vw FC

Samples HGI %) % FR H/C
Miike 38 38.4 39.3 1.02 0.0828
Taiheiyo 40 40.1 49.8 1.24 0.0777
Bujun 22 57.2 39.7 0.69 0.0943
Daido 52 28.1 61.5 2.19 0.0592
Yarrabee 67 8.7 83.5 9.60 0.0405
Daiyon 38 36.1 57.9 1.60 0.0653
Bays water 42 34.8 59.4 1.71 0.0651
Ipswich 51 29.6 52.6 1.77 0.0670
A 53 31.1 52.6 1.69 0.0690
B 63 26.4 59.0 2.23 0.0573
C 60 26.8 62.3 2.32 0.0570
D 43 40.1 54.8 1.37 0.0773
E 38 39.5 47.0 1.19 0.0808
F 41 35.1 56.7 1.62 —

N, HGI Lt ARILE* X THDEOBBR LR L
Thb.

2-1 3BH, SRR ESVICKREZE
BRALEOR 2% 2EEOEMNKE 12 EEOHE
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Table 5. Mechanical properties of coals.
Ss Sc Y v
Samples HGI (Pa) (Pa) (Pa) (=)
Miike 38 3.03%x106 3.19x107 1.28X10° .37
Taiheiyo 40 8.94X10° 6.52X10° 6.12%X10°  0.39
Bujun 22 6.41x10%  6.99x107 5.73%10°  0.39
Daido 52 7.20X10° 7.68X10% 2.38%x10°  0.29
Yarrabee 67 1.22X10%  6.27Xx10% 4.77x10°  0.29
Daiyon 338 1.62%10% — — —
Bays water 42 2.39%x 108 — — -
Ipswich 51 8.72x10% — — —
A 53 1.43X10 — — —
B 63 1.25X10% ~ 2.28x107 4.80x10°  0.29
C 60 1.47x10% 2.29%X107 3.63x10°  0.31
D 43 1.44%108 — — —
E 38 1.70X10%  3.90%x107 4.27x10°  0.37
F 41 1.83%x106 3.95x107 3.94x10° .0.33
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Fig. 5. Relation between Hardgrove grindability
index, HGI and sphere compressive strength, S, of
spherical specimen.
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Fig. 6. Relation between Hardgrove grindability

index, HGI and compressive strength, S, of cylin-
drical specimen.
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Fig. 7. Relation between Hardgrove grindability
index, HGI and Poisson’s ratio, v of cylindrical
specimen.

Table 6. Correlation between HGI and mechani-
cal properties of coals.
. Number of Coefficient of Inspection
Properties data correlation level
log HGI-Ss 14 —0.795 0.01
log HGI-Sc 9 —0.798 0.02
HGI-Y 9 —0.345 —
HGI- v 9 —0.884 0.01
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Fig. 8. Relation between sphere compressive

strength, S, and volatile matter content, VM of
coal.
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Fig. 9. Relation between compressive strength, S,
and volatile matter content, VM of coal.
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Fig. 10. Relation between Poisson’s ratio, v and a
ratio H/ C of coal.

Table 7. Correlation between mechanical prop-
erties and VM, H/C.
i Number of Coefficient of Inspection

Properties data correlation evel
Ss-VM 14 0.687 0.01
Ss-H/C 13 0.636 0.02
Sc-VM 9 . 0.762 0.05
Sc-H/C 8 0.738 0.10
log Y-VM 9 0.317 —
log Y-H/C 8 0.485 —
v-VM 9 0.840 0.01
y-H/C 8 0.914 0.01
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Fig. 11. Comparison of Hardgrovq grindability in-
dex calculated by using Eq. (5) with measured one.
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Fig. 12. Variation of sphere compréssive strength,
S, with particle size, D, of coals.
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Table 8. Properties of samples and raw coals.
Specifi BOND’ Hard Young’ Poisson’ Drum Volatil
Kinds of glr):frlitlyc work indsex ai[;ndg(:: v m((:llil:lgu: O;:tsic:)n ° index n(l)a:t(;re Refle}_(%:ance
samples A . Wi GI, 1 v prid (VM)g .
) (kWh7t) ) (Pa) ) (%) (%) (%)
Coke A 1.78 6.27 171 4.73%10° 0.177 93.9 30.0 1.07
Coke B 1.76 6.35 169 5.47x10° 0.185 93.4 18.8 1.57
Coke C 1.81 5.23 203 3.15X10° 0.181 92.2% 28.1 1.12
Coke D 1.85 3.06 333 2.71x10° 0.205 83.6 39.8 0.80
* Calculated value from DI}2°
Table 9. Properties of samples.
Coke Raw coal
Kindsof | Specific | Hurdgrowe | Yowws | Pomers | Do - Volatle | Reflectance
gravity GI Y v DI}? (ddpm) (VM)g o, B
(=) (Pa) =) (%) (%) (%)
Coke No. 1 1.86 69.5 7.35X10% 0.195 87.9 87 27.9 1.15
Coke No. 2 1.84 68.4 6.79X10° 0.196 93.4 403 29.2 1.15
Coke No. 3 1.83 66.7 6.62x10° 0.211 94.1 710 29.7 1.15
Coke No. 4 1.88 66.7 6.50x10° 0.198 93.6 1151 30.1 1.15
Table 10. Contents of samples. No.1 & No.4 &V, FAFEHROY SHE LERT
T T 21 51 1 BHROR%L S Casel~4 1220 T b RO %47
Water contents of charged coal (%) 7 11 7 11 2. FILL YTy 7 A o)A*ﬁ%:f 21 Coke A~D &
Bulk density (t/m?) 0.85 | 0.77 | 0.85 | 0.77 Coke l_qo- 1~No. 4 ® 8 DAL L H 7.
Coking temperature (°C) 950 | 1050 | 950 | 1050 3-2 HBRA i
F——— BT O E & FIRERAB (< & 0 IRESME
Peak down [ N S i R %, 3 7-MAERERERF I & ) EMRE 2R 2. FURHR
Ko B0 0 RS EEES LTS L RLERE L -
Kai 10 10 5 5 = - 2
Kii e 01| s AORREOBRERET 201G, REORRK
Ve ™" o | BB ek BB 2 1 6 OO BIRBR &
Miike 0 |10 ) w0 |10 L < 6 FEO~THEO AT REBH & 8 L7z, B
Content of volatile matter (%) 28 28 35 35 %mﬁ‘g‘ z ﬁi‘ﬁf(%?ﬁt%}}l. iz Coke A~D 22T i /A%I—E‘_
Reflectance (%) 1.12 | 1.12 | 0.87 | 0.87 f% 0.6~3.0cm @%itgﬁﬁ/ﬁ.}gf 1143 1’ Coke No. 1~
Maximum fluidity (ddpm) . 500 500 550 550 No. 4 l22oWTit %g—_‘_ 960 1@' th}:ﬂ;géi%}é‘_ it Efé < 'E

FBEOBRAFEER»SREL 20— 2 2120 S FERBRLIT
of. EBRICM L 8RO — 7 AKX OWHEY, M
FHFEHWE & FRROWILEE Table 8, 9 (Z3BiF 7.
Coke A~D RS EAFE L RFFEOZERT OO
DFRET, Coke No. 1~No. 4 138k binREME O FEWKRET
HAoRETHAH, Coke A~D IZ2WTIZKEEAZEIC
LD FRILBERESMOUEL 7. a2— 7 ZFAAE & FE
R SHE, BROEAEROPERIFETA-0ICHY
74 FEEDa— 2 X, Casel~4 OFEHR OBLEIREE,
SHE, BROSHERR EDOME% Table 10 1218772,
a— 7 ZRB T -7 AFRMEIC KO T, PEEEE
(88, Head), %t (&, Foot), & ZDHHEE (B,
Body) 2437z, BT LEEEIC X 5 RILBEED
O— 7 AR RITTEEBICIERKOERSEAEL
Kt ERAE L CHRILEMEEEIKRECE RS Coke

E% 1X2 &L, Coke A~D IZ2oWTidAFTE 0.5
X 1.0~3.0 X 6.0 cm &&F 1056 1], Coke No. 1~No. 4
oW T3 AEH 939 HH#EMm L 72, BHEREO > ST,
BRSSERZOTICa— 7 AFAMNEL -7 2A0H
B oBBOBFICEIAFHTE 1.0 X 2.0 cm OFEER
BF % 443 B2, REBF ORI 4541 HTH Y,
105 7 0 3 42 O REBR % v CESEL RO
2. XY TE, KT VY ROBEIC AT E 2.0 X
4.0cm H»AH\ix 1.5 X 3.0cm ODHBEEREBEF * HwW
7o, Ba—2 2860 BRI LoAEE S ¥ 5 A
L7,
3-3 RRFTE

EBRICHWERBH ILE JIS 28 (JISK
2151-1972) IO TRAPATEE 2 HE L TRA» 6K
ILEErkD7. a—27 2A0HEFEEIREO—FH % 400
Ay o (37Tum) UTFICHBELTESY ) XA—F—ET
kb,
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Photo 1. Sliced sample of Cylindrical Specimen
possessing higher strength.

Photo 2. Sliced sample of Cylindrical Specimen
possessing lower strength.
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Photo 3. Sliced sample of spherical Specimen
possessing higher strength.

Photo 4. Sliced sample of spherical Specimen
possessing lower strength.

LR OFEBEER PM, 4) AILBEOFIRGRE SF. =
ZTRILBTH ORRME S 2 R TRRERE L TR XX
(7)cRShA2ALEEZH .

SF=(PM)%/(4 7rA) +rveeerrerrerererisnriircunnens (7)
CHRIBMHDOBER/MED 1 LY, FERSEREIC RS
B KM% & 5. Photo. 1, 2 RMAHERERE 25
Yo - R AR DOILKEE, Photo. 3, 4 XIREABRA
P olEo - EREBOILKRERET, Bniisida—2s 2
DIEE, BB IR THAB. X2 Case1~Case
4 D4RBEFNREFNRTI— 7 AFOFERMEICL DT
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56, A, Mico a8 2 EEORXML»L, Thth
WOV THEDOKXWRER LS WA 2 ETH
L, BRI BT L CH/sT A — % — %KD/,
% BRARBEIC 2V TREILA/DN S WIHE I HIEREE
PETTAHILEEELT 120pum LTORILEZBRS L
AW THMllERZITO 7.
3.4 EHROBRSESEELSUVICRHEORE
S IO BHEME O RILBEAFM ISV TBIEE TIC

BESATVLERROTTE L OFEENLILFICO W
CHEATETHY, roRILFOEHERIROLVE
Vib b D3 Rysukewrt DIRE L7252 T 5.

S:SOexp(—b¢) ................................. (8)
T, S ik 6=0ICBITHME, bZIENERTH A,
— %, MHoMBEORBRAGRBEKER I XD
WeBuLL?® OxX(9 ) TEEI D,

So =KV VM i ( 9 )
S 2C, VIEREBR R, m 1 Wesu, O¥—HRECT,
MEOBELNY 32 RTETHD, KEERTD
5. Lot HAaabEs & LILKOMEDORILE
A2 & I ERBRA R 2 R TR(10) 2 6
5.

S= KVﬁl/'"exp(-— b¢) ........................... (10)

FEEBROERIREEMBE S, JEMBE S, L RILEKOH

Bz T XK 0) KL L, K, m, b OMEZIEFEH
ROBRSEEE (VM) 4oy 72 & FICRETE R DB
ELTRFTIEMNTEL 25 ERN1D), (12)ITR

+ 3.56 X 108
m=4.23R,— 0.49 + 0.074
b=3.86R,— 0.128 £+ 0.170

0.238 < ¢(—) =< 0.748,
0.113 < V(em®) < 14.1

18.8 <( VM) 4as(%)<39.8,
0.80 < Ro(%)=<1.57

S=KV ™ Vmexp(—b¢)  (Pa)

K=—3.74 X 107(VM) 4, ;+ 1.76

X 10%+ 2.73 X 107
m=—0.691( VM) 40+ 32.1 £ 0.64
b=—0.146( VM) 40+ 12.4 + 0.04 -+(12)
K=9.56 X 108R,— 4.20 X 108

+4.46 X 107
m=19.3R,— 10.1 £ 0.32
b=3.86Ro+ 3.71 £ 0.10

0.238 < #(—)<0.748,
0.125 < V(em®) < 39.5
18.8 < (VM) 40 s(%) < 39.8,
0.80 < Ro(% )< 1.57

(E/M),, (E/M). bR (10)DERKTET Z LA TE,

3. K, m, bOMEGFBCERRD (VM) 4o, %\ Ry
S,= KV~ V™exp (— b9) (Pa) DOEABE LTETIENTERDY, ThOITHEBTS.
3:-5 FEHROBRLEZAEOREE
K=—2.05X10%( VM) 4.+ 9.32 - e B et BN |
% 1074 2.63 % 10° FERHR OBALERMED 7 — 7 2 OME I RITTREC
0 155('VM) 885 4 0.1 onTit, F(10)DFEBOHRTEEOREEIZEE L 24k
:}n_— , i51(VM) d.a.fJ.rs.% Tod (1) BEKCHTIRBORERIA L. ThE® 1R
T dof T ' ROBILBMEREEORE CHCHEBTHLEERXD
_ n, %2 CHEHOFILEOHBEA IRV D THK(10) DFRE
K=15.08 X 10’R,— 2.47 X 107 ] # - .
bOEXRBEILRODBIENTELVW OTHS. £
Table 11. Properties of sample and parameters of pore measured by image-analyzer.
Cylinder Sphere
Sample
No. 1-1 No. 1-2 No. 1-3 No. 1-4
Strength S (Pa) 7.55%108 2.89x107 8.72%x10° 5.76 X108
Dtrength “""%5?{,2‘? by empirical 1.04x107 2.05% 107 2.11%108 2.76X10°
Porosity ¢b(—) 0.490 0.407 0.452 0.392
Fraction o croe estonal s o yos 2.1 18.3 .2 10.
Cross sectional Average 3.69x10”2 2.07X10”2 2.59%x10"2 1.45x1072
area of pore (mm?) s. d. 1.65x107} 0.98x1071 0.88%X107! 0.32%x107!
Perimeter of cross Average 6.07x1071 5.20%1071 5.12X107! 4.46X107!
section of pore (mm) s. d. 1.21 1.00 0.75 0.60
Shape factor of cross Average 1.52 1.54 1.47 1.51
section of pore (—) s d. 0.84 0.95 0.61 0.82
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Table 12. Properties of sample and parameters of pore measured by image-analyzer.

Sample No. 1-1 No. 1-2 No. 4-1 No. 4-2
Compressive strength S, (Pa) 7.55% 108 2.89%107 7.74%10° 3.09x107
Compressive strength calculated by 7 7 7 7
empirical formula S, (Pa) 1.14X10 2.05X10 1.24X10 1.7$X 10
Porosity ¢ (—) 0.490 0.407 0.509 0.464
Fraction of cross sectional area of pore
at cross section of specimen (%) 26.7 2.7 37.9 33.1
Cross sectional Average 2.57x1072 1.56X10:2 2.51x102 2.27X1072
area of pore (mm?) s d. 1.19%107! 1.01x107! 3.10x107! 1.32X107!
Perimeter of cross Average 4.81x107! 3.81x107! 4.86x1071 4.60x107}
section of pore (mm) s. d. 8.59%107! 2.20x107! 9.64%x107} 7.09%107!
Shape factor of cross Average 1.42 1.40 1.41 1.42
section of pore (—) s d. 0.58 0.59 0.59 0.63

Table 13. Young’s modulus, Poisson’s ratio, compressive strength and porosity of samples.
Porosity Young's modulus Poisson’s ratio Compressive strength
Sample é Y v e
(=) (Pa) (=) (Pa)
Head 0.47940.0286 1.53x 1010 0.205 2.20X107+7.44x 108
1 Body 0.47540.0311 1.79X101°0 0.216 1.97X107+7.15x 108
Foot 0.494+0.0748 7.19%10° 0.218 1.60%107+5.27 X108
Head 0.515+0.0336 1.11x1010 0.310 1.67x10746.89x10°
2 Body 0.494+0.0253 8.08%10° 0.211 1.88X107+6.26 X108
Foot 0.531+0.0336 4.94%10° 0.274 1.23X107+5.52X 108
Head 0.499+0.0224 5.81x10° 0.219 1.76 X107 +7.50x 108
3 Body 0.506+0.0282 8.10%x10° 0.273 . 1.67X107+5.40x 108
Foot 0.52040.0272 5.62X10° 0.209 1.49X107£5.66x 108
" Head 0.510+0.0320 4.72x10° 0.216 1.70X107+4.77x 108
4 Body 0.499+0.0320 5.33x10° 0.181 2.09%107+7.16Xx10°
Foot 0.546+0.0289 3.36X10° 0.202 1.32X107+4.96x 108
TR b, m DEERIETRO - EBRA 2 EHL S %
bOLLTEERD (VM) o, H5\V i3 Ry 2 HEHEIC 50 o o '
Lotk S, S, (E/M), (E/M), L#ibiEaE 40r oo ° 1
% (MF) oBFLR(10) 0 EBRR CEM-+5 2 LA & 30f 00 o 1
. . (o)
TE2DT, —PlE LTS, OPa Ed~<D £ KR (13) Z Ll © |
DEHIThHA. “ o
10' (@] (o] 0 o-
®
S,= KV~ Y™exp (— bp) (Pa) 4+ .
° P % 0.05 0.10
K=16.86 X 103(MF)+ 2.84 X 107 (Cross sectional area of pore)/(Porosity)?’?
+9.60 X 10° {(mm?)
m=—0.155(VM) .+ 8.85 £ 0.10 . . .
(VM) . Fig. 13. Relation between compressive strength,

b=—0.151(VM) 4.+ 8.68 £ 0.10

m=4.23R,— 0.49 % 0.074
b= 3.86R,— 0.128 + 0.170

0.238 < ¢(—)< 0.748,
0.113 < V(em®) < 14.1
18.8 <(VM),,;(%)< 39.8,
0.80 < Ro(%) <1.57

87 <(MF)(ddpm) < 1151

...(13)

and (cross sectional area of pore)/ (porosity)?>.
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Table 13 {213 12 BEHO R ORI THIE
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Fig. 14. Size distribution of average diameter of
the three dimensions of specimen.
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Fig. 15. Particle size distribution of fractured
products under conventional rate of loading and
under impact loading.

Table 14. Comparison of the experimental results
under impact loadind with those under conventional
rate of loading.

Under Under
impact conventional Ratio
loading rate of loading
A B A/B
Loading rate (N/S)  7.09%x107 1.64x10! 4.33%x108
Ss (Pa) 3.18x10°% 1.03x 108 3.10
E/M (J/kg) 7.73 4.08 1.89
Pa (g/ce) 3.98 3.99 0.997
Pb (g/cc) 3.04 3.08 0.987
# (%) 9.90 9.73 1.02
& (%) 23.58 22.73 1.04
d (cm) 5.08 5.27 0.964
E/M=1.03 X 10768,199+ 0.30
(J/kg) ) -++(19)
2.55 X 10°< S,(Pa)< 2.41 X 10°
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: (g/cc) } -+(21)
0.0447 < ¢,(—)=< 0.264
0p=4.03 —4.204,+ 1.45 X 102
(g/cc) l --(22)
0.132 < ¢o(— )< 0.289
Pp=4.30 — 3.75(d + ¢2_)ir 1.88 X 1073
(g/ce) J -+(23)
0.182 < (¢ + #2)(— )< 0.493
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