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Fundamental Studies on Impact Crushing
By
" Yuzo NakaGawa* and Kunio MATsur*

(Received March 26, 1960)

When calculated by means of Rosin, Rammler and Sperling’s Equation R=
¢~/®, the residue of the crushed product R is equal to 1, in the case x/2=0,
and becomes 0 in the case x/x==co. Whereas, the actual particle size of the
crushed product must be always smaller than the initial particle size x, of the
raw material, or R must be equal to 0 in the case x/£=x,/% < . Therefore,
the above equation does not show good agreement with the measured values of
extremely coarse grains. The authors have presented the following equation as
an expression for the size distribution of the crushed product and to represent
the relations among the net work input to crushing, A,, the surface increase 485,
and the size distribution of the crushed product:

R= e /A"
where 1/x =1/x—1/%,
and 48 = kA, = B, Wo/x
R=e ' AN" = g-ka, /wphs'?
They presents also

z-1

A, = ?.A,, = Arl.éz.e—q

as an expression of the relation between the net work input to crushing, A,, and
the number of blows, 2.

They have confirmed that these equations give good agreements with the
corresponding experimental results.

1. Introduction

The so-called laws of crushing used generally, namely Rittinger’s, Kick’s
Bond’s and many other laws, have been discussed for many years. They were
derived from different points of view and led to different forms. Certain experi-
mental data are found to be in good agreement with Rittinger’s Law, while others
seem to support Kick’s Law, and so on. The product obtained by a crushing
operation may be expressed generally in terms of the new surface area produced
or of the size distribution. Most investigators always carried out careful measure-
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344 Yuzo NAKAGAWA and Kunio MATSUIL

ments for finding the surface area of the crushed product and utilized different
methods for measuring the work consumed to get definite amounts of surface
increase. However, there still remains some question as to whether the value
obtained by these investigators gives the net work or the actual work done.
Measurements of the surface area of crushed products and of net work input are
always accompanied by countless difficulties. At the present time, there is no
method for absolute surface measurement and not even an abproximate method
for measurement of the net work input to crushing.

Most laws of crushing hitherto used give relations between the work required
for crushing and the magnitude of the increased surface area of the crushed
product. But it is to be regretted that the work required for crushing is not
yet distinctly defined nor exactly expressed in any form. Strictly speaking, we
can hardly apply such laws to any practical case, in so for as the defined work
is ambiguous.

In the law developed by the present authors, the surface increment is con-
sidered to be directly proportional to the net work input to crushing, and their
law may be considered to coincide with Rittinger’s, if the work described in his
law be defined as the net work input. The authors assumed the proportional
work as the net work input for crushing by drop weight impact expressed in the
equations in this paper, and derived the equations showing a relation between
the net work input to crushing, the surface increment, and the size distribution
of the crushed product.

2. Relation between Net Work Input to Crushing,

Surface Increase and Size Distribution of Crushed Product”

(a) Size distribution of the crushed product

Rosin, Rammler, Sperling and Bennett® proposed an equation for size
distribution

R = g~ /®" (1)

where R is the residue of crushed product, x the particle size and ¥ that in the
case R=1/e. If this equation is plotted in a log—logvslog paper, it shows a
straight line where constant » is the slope of this line. By this equation, the
residue of crushed product R=1 in the case #/X%=0, and R=0 in the case x/X=oo.
As the particle size of the crushed product x is, of course, always smaller than
the initial particle size x,, and R=0 in the case x/X=x,/X< oo, it is clear that
Eq. (1) is not suited for extremely coarse grains on account of the properties of
the equation.

Therefore, the authors have adopted the following modified equation as an
expression for the size distribution of the crushed product
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R = /3" (2)
where 1/ = 1/x—1/%, (3
.From this equation, we obtain R=0 in the case x=x,, and Eq. (2) becomes

applicable in the case of extremely coarse grains. For the fine grains, x<x,,
x’~x and Eq. (2) becomes nearly equal to Eq. (1).

(b) Relation between the net work input to crushing and the surface increase
The surface of the particle is generally expressed by the relation

S =p-G/o-1/x

where x is the representative length of a particle size, G the weight, o the density,
and 3 the shape factor. In this paper, the authors assume the value of 8 to be
constant. Let dR be a part of the residue at a particle size x, and dS be the
corresponding surface area, then we get

dS = —B/0-W,dR-1/x

in which W, is the total weight of the powdery sample. Before crushing, a
group of such particles possessing a uniform size x, has the surface area
dS,=—fB/0- WydR-1/x,. Then, after crushing, the surface increase due to crushing
may be shown as

ddS = d(S—S,) = —B/0-W,dR-(1/x—1/x,)

(4)
45 = S—S, = —B/0- WOS (1/x") dR

where 1/x'=1/x-1/x, by Eq. (3).

Let the energy absorbed in the unit-volume of material possessing a particle
size x by crushing be «,, and now we assume the relation @.oc1/x. Then, the
value of a. may be considered to represent the energy absorbed by crushing from
an infinite size to a size x.

The energy absorbed by crushing from an initial size x, to a size x may be
shown by

Ax_x, (l/x—l/xo) = l/x,

If we represent the net work input to crushing by ‘4,, it is given by the follow-
ing equation

Ay = — 3 (@rs, WodR) = — Sax—xo'WodR
oc—WOS(l/x’)dR (5)

From Eq. (4) and Eq. (5), we obtain
AS = k]'.Ar ( 6 )
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The surface increment is directly proportional to the net work input to
crushing, and this relation coincides with Rittinger’s law, if the work required
for crushing in his law be defined as the net work input to crushing.

(¢) Relation between the net work input to crushing, the surface increase
and the size distribution of the crushed product
Eq. (4) may be written in the form
2/l (1/®)nextnt (1/R)m.gr3n ]x’max
n-1_ (2n—1)-11 © @n-D-21

Let #'min=0 and &'n.x=a-%, so that

4S = B/p- Wo-n-<1/x'>"[

x’min

7n—1 2n—1 7n—1
45 = B/p-Wyn-(1/2) {2 - 2 o }

Tl GroD-2l

and when B, o, » and a=const., we obtain

48 = k- W /X (7
Hence, combining Eq. (6) and Eq. (7), we get
48 = kA, = b, W/X (8)

By means of Eq. (8), Eq. (2) may be written in a different form
R = ¢~/ — g KA /W' (9)

In the range where Eq. (1) may be used as an approximate form of Eq. (2),
Eq. (9) may be written in an approximate form as follows:

R = B~/B" — pm k(A WO 2" ao

The authore present Egs. (8) and (9) which is some respects are similar to
Rittinger’s and Rammler’s equations.

3. Relation between Net Work Input, Drop Height,
Drop Weight and Number of Blows

(a) Relation between the net work input, the drop height and the drop
weight in case of one blow>?

The crusher used in our experiments is shown in Fig. 1. When a ball
possessing a weight W, falls from height % on a plunger W; which rests on a
cubic sample W,, the momentum of the ball is expressed by W./g-v2gh. Let
the velocity of the plunger and ball moving vertically at the instant of collision
be V. Since the momentum before impact is set as equal to that after impact,
the velocity V is expressed by

V =2Wa"2gh/{2(W,+ W,) + W} 1

The authors assumed that the work dissipated in the crusher, and the work
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due to rebounding of the ball, are negligibly small. Let the
work delivered to the sample by impact be A and the cor-
responding maximum deflection 4, then we have

A=V (Wi+ W)/ 2g)+V2W,/(6g) +6(Wi+ W2 (12)

We denote as ¢ the maximum stress produced in the sample
— in the ideal case where it is assumed that the total applied
work is stored as elastic energy in it. The stress ¢ is not

=,

actually produced.

Then the strain energy of the sample is o*-f+//(2E), and

G BE{ this is equal to the external work A stored in the sample. Let
0=¢l/E, we obtain

c'x

2> )
=

Fig. 1.
o = (Wit W) /f+ QU OL(W, + W)+ VEEF{3(Wy+ W)
+ W,}/ (3lg) 10+
Let WK W, and W, KW,
0 = o1 +V1+2E fWEh/{I(W+ W,)'}] a3

wnere oo=(W,+ W,)/f is the stress produced by a static load, f the cross sectional

area of the sample, / the cubic size of the sample and E modulus of elasticity.
The ratio of the net work input to crushing to the external work A4,/A varies

according to the various kinds of crushing conditions. The authors assumed that

the ratio A,/A was directly proportional to the ideal stress ¢ above mentioned,

and derived the following equations.

From the assumption

A,JA = d/ca, (14
we have

r=Ad/co,=[1+V1+2EfWih/{{(W,+ W,)*}]-A/e (15)

where c¢ is a constant. When o/, »2, Eq. (15) may be written in an approximate
form

A, = Ad/coy= BWH W, + W) "25(2Ef/1)*® ¢ (16)

in which ¢/0,222, 1>=06/06,=>0, 1>A,/A>0, c=0/0,»A/A,. The value of ¢ is
assumed to be far greater than 2 in ordinary cases, but the exact value of ¢
cannot be easily determined at this stage. By Eqgs. (15) and (16), they calculated
the value of A,-c, and obtained the relation between the net work input to
crushing, the surface increase and the size distribution of the crushed product.
The authors have found that the value of ¢ is constant in an ordinary range of
impact tests.
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Strictly speaking, as Eq. (14) is an approximate equation, it is not adaptable
to extreme cases in which ¢ has an extremely small or large value. When the
greatest stress produced in a specimen is kept at a value smaller than the limit-
ting stress, crushing will not occur, and A,/A will remain at zero. As A, cannot
exceed A, even in the other extreme case where large stress occurs, the ratio
A,/A remains in the range (0~1). The authors have adopted the following
equation as an expression for the general form of Eq. (14):

_o-7

A, JA=1—¢ % an
where ¢ is the lowest stress which causes crushing or rupture of materials. In
the range o<, crushing does not occur and external work changes into elastic
energy, and net work input to crushing does not, consequently, appear. Therefore,
in the case of the range o>, the ratio of net work to applied energy lies
between 0 and 1. For the range 0£o—0<co,, Eq. (17) may be written in an
approximate form, namely as Eq. (14).

(b) Relation between the net work input and the number of blows®

The authors presented the following

6 30 equation as the relation between the net
work input to crushing and the number
5 125 of blows of the drop weight:
_z-1
A,, = Ay -z-¢ % 18)
~ 54 ZOTIrE 2z z 21
s S A, =314, =A,-3lze = (19)
W I L T 1
" “
§G 3 155  Wwhere A, is the net work input to crush-
£ g ing due to one blow named number z.
W Let A,, be that due to the first blow, then

}f_-:Arz is the sum total of net work due

to z blows and z,, is the number of blows
when A,, becomes maximum. Egs. (18)
and (19) are shown in Fig. 2. As the

) initial net work A, , we may take the value
o0 101 20 25 30 of A, giben by Eq. (15).
Fig. 2. Variation of A-,/Ar or Hence combining Eq. (8) and Eq. (19),
SYAr,/Ar, relative to z (Curve cal- the relation between the surface increase
1

culated by means of Egs. (18) and of the crushed product and the number
(19)). of blows is obtained as follows:
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z-1

(48), = S =S, = kA, Slze” =

-1

- {(AS)zm/zé: z¢ ) $1e ¢ (20

where S, is the surface area of the crushed product after z blows have been

applied, S, is the initial surface area of the sample, (4S), is the surface increase
in the case of z, and (4S),,, is that in the case of 2z,

(482, = Sepy—So = biAy, Size *m .

Further, combining Eq. (9) and Eq. (19), the relation between the size dis-
tribution of the crushed product and the number of blows is obtained as follows :

_1-1
—k(A4,-22 ’m/W ", /8
Ro= o FAwFTe /W @1)

Let W, and »’ be constant, then we have

_z-1
—F A, . Zm\n
Ro=o FlAnFze ™) (22)

Now, if we denote the pass-through D., we have

T3

|
ofl
Magnet @/ ;
5l (&) |
Gu/de@X

I‘l

LT

Fig. 3. Drop weight crusher
apparatus.

z, _2-1
Dx’:l—‘Rzzk/(Arl';‘ze Zm )”
’i i 2z —z=1
D,‘”‘zk”"-A,;?ze Zm

L
1
I

= {D.,"/"/ zil.m‘ ze ) }j_,‘ 2 (23)

4. Experimental Results

(a) Description of the apparatus®

The drop weight crusher apparatus used by
the authors is shown in Fig. 3. Before testing,
the ball is held in position at a given height by
the magnet and, when released, it strikes the

L cylindrical plunger which rests on the sample
in a cylindrical cavity in the mortar. As the
blow is repeated several times, the height of
the sample gradually decreases, and the position
of the ball should be regulated to have an exact
height of fall. No permanent deformrtion was
detected in any part of the crushing apparatus.
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A slight degree of bounce of the ball is observed after impact, but it may be
assumed to be negligibly small in this experiment. The base, mortar, plunger
and ball are made of hardened tool steel. The base is 9.69 Kg in weight, the
mortar 4.01 Kg, the plungers 3.27, 2.11, 1.68, 094 and 047 Kg, the balls 4.41, 3.11,
1.80, 1.39, 1.04 and 0.440 Kg. The five plungers above mentioned are 62mm in
diameter and have different heights. The hammers used in the drop hammer
crusher are 5.73, 3.90, 2.87, 2.60, 1.44, 1.30 and 0.67 Kg in weight. In the case of
multiple blows, the plunger is withdrawn after each impact, the sample is agitated
and the size distribution of the crushed product is measured by means using
total particles of the sample. It is then placed again in the mortar, and is the
sample again on next blow.

(b) Effect of drop height, drop weight and plunger wcight in the case of
one blow™
Size distribution curves of crushed Hakuun-stoneware 15mm cubic and
#10/20 mesh/inch powdery samples in the drop ball impact tests are shown in
Figs. 4 and 5 expressed as a function of the drop height and the drop weight.

(meshyinch)
Tyler Sieve No.(mesh/inch) ; 1501060 35 20 "
150 100 60 3'5 28 20 ?'0 40/" & [ Hakuun Stoneware *95, et ] &
@ Hekuun Stoneware 15mm 50 :0 L Powaery Sample M{,=/JX/0"/ry' 1 %
N | «wp=da414 Cublc Sample, | 3 | xne=d.41kg .~ 13s0
% [+ 3 160 » W,=1 80K ’D/ Ly
L * 1 ,\\ - 170 X 02+ +W2:1'O4kg//0‘ f Q,, 460
o £ o SRS A
01f 180 3 ,\y‘ 7 e
; N 01F 48 7 180
L E Q C R/
005 190§ oosk  a
r S) '05: 00 190
] 2 A 1
0.02 1953 P70
‘ 1 3 0.021 10 1%
3 0
0.01 b A
& 001195
0005 99 g /10(4) i -
0.005 h’o. 1/ / 499
D5 T 0l%
0002 O_OOZJ”O‘Z 1995
m
0001 010 |
00010 O|2: it 1y
Porticle Size x [mm) 1 0z 05 ] 2
w1 () (Where xo~15mm) ' /fart/c/e Size x{mm)
-1 o ' =L (o) (Where x,=1.651m)
Z
Fig. 4. Size distribution curve of Fig. 5. R vs x, R vs %'.

crushed product (R vs x, or R vs
x’) (Impact crushing condition :
Drop ball weight W, [Kg], plunger
weight W, [Kg], drop height
k [m], number of blow z=1,
crushing chamber or mortar cavity
62 ¢ X 65 mm).
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In Figs. 6 and 7, the residue at a particle size corresponding to # 100 mesh/
inch Tyler sieve is plotted vs the net work input to crushing calculated by means
of Eq. (16). It will be seen that Egs. (2), (9) and (16) give good agreements
with the results of the experiments. In the range of our experiments, the value

01 %x
" F Hekuun Stoneware 15mm Cubic Sample | S
0.05E-No. 1~14 : W, =168k x15 2
S o 15.20: 327Ky 17 4118990 §
N pNegel19 2r: Z1IK <6< 1 S
% 17, 22" G54 103 7+ 1 8
& Mg ' 3 4% 8
1 8
{1 &
0011 I §
- 3
- o
0.005F <
L ':99 B

- 1. kg 1 %8
12 : 139kgr 9958
00021 114 No.13 ok 1%
0.001L Lyl /yo'jfl'.l.... 044787 ] 3
003006 01 02 05 1 2 Bxc' B
<

Net Work Input to Crushing Ar=h"Wy(Wy W5 C’ (kgm)
here C=( 2EL/1)% . C'=const.

Fig. 6. Variation of residue relative to net work input
to crushing, R vs A, (Impact crushing condition:
Fig. 4, No. 1, 6, 9, 11, 13, 15 16, 20, 21:
h=2.00m, No. 2, 7, 17, 22: h=1.00, No. 5, §,
12h0400No3h0880 No. 4: £=0.690,
No. 10: k=171, No. 14: = 231, No. 19:

h=0.200 m).

-

S Ol

S - Hakuun Stoneware#10,7) mesh/icp

B 0_05_Fbwo@/y Sample, Sample Weight  10g x

= n,<>1\/7zoo h=2.00

¢ S

S 002

f% Xt h 200

& oo

N3 Lx W Ldlke
o Wo=1. 4

X 0.005 s Wo=104 g

¥

el ool )
0002001 00z 0065 01 0z 05 1 7 3%

Ar=h™ Wi (Wi + )€ (kgm)
Fig. 7. R vs A, (cf. Fig. 5).

of ¢ in Eq. (16) is taken to be constant, regardless of the varieties of crushing
conditions. The index n in these equations may be constant for the given
material of the samples regardless of their shapes, cubic or powdery, and # is
0.7 for Hakuun-stoneware in our cases.
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Figs. 8 and 9 show the results of impact tests on unglazed porcelain speci-
mens, Figs. 10 and 11 of tests on brick specimens, Figs. 12 and 13 on porcelain
insulator specimens, and Figs. 14 ¢nd 15 on bakelite specimens.

" (mestnen) )
100 3% 20 10
@ T T T T
N L Unglazed Porcetain / .
\%" 15mm Cuble Samp/é; / x
0.1:_ h&\“%/x
L WA /
005 el /.
F oA S
| WA A
3’*‘*\&0&%““"w 1.68k
vao e WEL
002 A%ﬁ/ h=G40m
o =
ool > L2
01 02 05 1 2
Farticle Size x (mm)
Fig. 8. R vs x.
% b Unglazed Porcelain
~=2 [ 1 b
£005~ 5mm Cubic S‘amp/.; 1
=N
g
0021 q=
/x5 | i
0015tz 008 01 07"
Af:h]‘5W23/W+M/2)_25C'[/(gm]

Fig. 9. R vs A, (cf. Fig. 8).
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% [ @6\ 140
< b 0 \n’/o' .
0.2y /éw /4 ?
RZ;«\ ///
01 WO
C '0“0/‘ A
0,05} ﬁi{@%'%m -
DOT «fhiz2d 2=5.73kg]
I ,/5:,02_/ Wi=1.68kg
-c/ z=1 195
0.02bd P
01 02 05 1 2

Particle Size x (mm)
Fig. 10. R vs x.

YRe100)
o

log

0.05

002

Brick 15mm Cubic
Sample

N y

@)

006 0.1

here C=W2{W,+ W)™ (2617)°CL const
Fig. 11.

i 1 I3 ‘ il
02 05 1
Ar=h**C* (kgm)

L Xc”

R vs A, (cf. Fig. 10).

mESh/inch
N 15'0 IIOO 6p $2820 10
X L Porcetain Insutator B o;%
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- Cylindrical S‘amp/% ) 8
02- y “60
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0y X7 180
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L SASA M/
005 /7", 6\’/ /- 90
A A ]
L 7O o
72058
0.02} //@V g 1%
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001: }\/ ’ W1-168/(g
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0! ! e ol
0.005 0707 299
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Fig. 12. R vs x.
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Fig. 13. R vs A, (cf. Fig. 12]
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Fig. 15. R vs A, (cf. Fig. 14
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(¢) Effect of the number of blows

353

The relations between the size distribution of the crushed product and the
number of blows is shown in Flg. 16. In Figs. 17 and 18, the experimental
values of D.'” are plotted vs number of blows 2z, where the value of » is deter-

mined from the slope of the curve in Fig. 16. In these figures, the calculated
curves may be drawn by means of Eq. (23). The relation between R. and 3] A,,

may be drawn as shown in Fig. 19.

Tyler Sieve No.(Mesh/jnch )
2190 60 3528 20 4 01

0.05
0.10

0.20

Q@
0.40 §

o

o

S
(o

[S)
o)
S

[=)
& 8
Residve of Crushed Prod

Ho.
4.41kg]
¥ Wil ogke
0.0i T f F0.490m ) g0
01 02 0406 1

Particle Size x {mm)

Fig. 16. R vs x (Drop ball type impact
crushing, mortar cavity 92 ¢ X 65 mm).
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3 .
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o
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RN NN I N
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Fig. 19. R, vs élAr, (cf. Figs. 16 and 17).
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Figs. 20~24 show the experimental results for bakelite specimens, Figs. 25~
27 show those for brick specimens and Figs. 28~30 for porcelain insulator
specimens. We see that Egs. (9), (19), (21) and (23) give good agreements with

0.06
, 0.04
Tiler Sieve No.(meshsnp) @
100 60 36 2 AN
T T T —
05 gakelite cuic /1 40 & 002
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02 0.60 0.01
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\86 01 080 g 0 006] 2 3 5 FXAr:
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Fig. 22. R, vs 3} Ar, (cf. Figs. 20
002 0.9 and 21).
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0wz /) JWe=5734510% NS RS
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0001~l\/ Lt lendpos ~ 0002k i,m
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these experimental results. The value of # in these equations may be considered
constant regardless of the differente in the number of blows where the same
materials are used in the impact compression crushing.
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(d) Comparison of the results experimental obtained by other researchers
(i) Experiments of Gross and Zimmerley,’ and Koster’s study
It was recognized that the new surface area of a crushed material produced
by the crushing test of Gross® and Zimmerley was proportional to the work done,
in accordance with the results of Rittinger’s Law. But, it was found, at the same
time, that the proportionality constant of Rittinger’s Law might be determined
by the distance through which the force acted in breaking, and the nature of the
fracture surface. For practical purposes, it was desirable® to know this constant
for varjous substances and to know how it might vary with the speed and method
of breaking. The work done as noted down by Gross and Zimmerley was not,
of course, identified with the net work imput to crushing. According to Koster’s
study®, the proportionality constant of Rittinger’s law might be dependent on
the rate of load application and the necessary work for fracture might be
decreased by rapid loading. According to Gross®, instantaneous loading due to
the explosive shattering might be considered effective. These results are similar
to the authors’ concepts in Eq. (14).
(ii) Tanaka’s experiments
The experimental values of energy required for crushing described in Tanaka’s
paper® are directly proportional to the number of blows, or to the enternal work
as shown in Figs. 31 and 32. Owing to the variations in the circumstances of
the materials to be crushed by repeated blows of the hammer, the work input
to crushing may not be considered to be proportional to the number of blows,
as a general rule. The energy denoted in his paper does not, consequently, cor-
respond to the net work input to crushing, and his formula® does not express
the relation between the surface increase and the net work input. But, his
experimental results® concerning the surface increase and the number of blows
give good agreements with the authrs’ equations as shown in Figs. 33 and 34.
(iii) Honig’s experiments
According to Hoénig’s experimental results®, the surface increase due to
crushing by a small drop weight with a high drop height was considerably larger
than that due to crushing by a large drop weight with a low drop height. Also,
the surface increase due to the work 15 Kgcm/cm® by one blow was larger than
that due to the total work 20 Kgcm/cm® by four blows®. Such results were also
confirmed by the authors’ experiments.
(iv) Other researchers’ experiments
Andreasen’s experimental results!’> sometimes do not doincide with Rittinger’s
law, but they are in fair agreement with those of Reytt. According to Reytt,
the fineness of the crushed product will sometimes increase more rapidly than
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the energy expended”. By the authors’ eqﬁation, we seen such feature only in

the first stage of the crushing process, and the curve of the surface area is

concept and Kick’s law are tenable only in these cases, at the beginning of

crushing. The surface increment per one blow increases with the number of

blows and the curve becomes nearly straight for medium crushing and tends to

become convex upward with successive crusning. Since the work input to

crushing is taken to be proportional to the number of blows in Rittinger’s and
Kick’s Law and even in Tanaka’s formula, such formulas do not correlate with

experimental relations obtained in a wider range.
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(e) Effect of the particle size, the weight of the sample and the number of
layers of particles in the crushing chamber”
(i) Effect of the cubic size
Under the condition of constant values of 4, W,, W,, E and ¢, and assuming

the initial particle to be a cube, and putting z=1, f//=I/ and W, * in Egs. (8),
(16) and (21), we obtain
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Figs. 35 and 36 show the experimental results on Hakuun-stoneware cubic
samples, Figs. 37 and 38 on Hakuun-stoneware hexhedronic samples, and Figs. 39
and 40 on bakelite hexahedronic samples. Figs. 41 and 42 show Honig’s experi-
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mental results® on brick cubic samples. The authors have found close similarity
between these experimental results and the authors’ equations, and the value of
¢ in Fig. (16) may be considered constant in the range of experiments.
(ii) Effect of the weight of the sample, or the number of layers of particles
in the crushing chamber
If we consider that the sample set under crushing consists of cubic particles
possessing a uniform size, Egs. (16) and (21) may be applicable to this case.
Since the cross sectional area of the crushing chamber is constant, the number
of layers of particles in it is taken to be proportional to the total weight of
sample. Putting 4, W,, W,, E, ¢ and f=const., z=1 and /o W, in Egs. (16) and
(21), we get

A4S o< Ay o< W05, AS/ W,y A,/ Wy o WyL8
R= e_k(Ar/Wo)"-x’” _ e_k/. Wy 157 4/ 28

When the weight of the sample is extremely small and there remains only
one layer of particles, the number of particles may be taken to be increased in
proportion to the weight of the sample. In this case, fo W, and we obtain

dS o< A, oc W5, AS/W,oc W05
R= e—k(A,/Wo)"-x"‘ — ¥ Wy=057 g% (29)
The results of experiments on Hakuun-stoneware #10/20 mesh/inch powdery

samples possessing 0.1~100g are shown in Figs. 43 and 44. Eqgs. (28) and (29)
give good agreements with these experimental results.
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5. Conclusions

The authors have presented Eq. (2) as an expression for the size distribution
of the crushed product, and Fgs. (8) and (9) to repesent the relations among
the net work input to crushing, the surface increase and the size distribution.
Also they have assumed Eq. (16) as decribing the relation between the net work
input to crushing and the impact crushing conditions, and Eq. (19) the relation
between the net work input and the number of blows. Other equations in this

paper are derived from the equations above mentioned. The authors have con-

firmed that these equations give good agreement with the corresponding experi-
mental results.
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Nomenelature
Work delivered to the sample by impact Kgm
Net work input to crushing Kgm
Net work input to crushing due to one blow named number z Kgm
That due to the first blow Kgm
The sum total of net work due to z blows Kgm
Constant 1
Pass-through of the crushed product 1
Young’s modulus of the sample Kg/m?
Cross sectional area of sample m?
Drop height m
Height of sample m
Inclination of the size distribution curve 1
Residue of the crushed product 1
Initial surface area of sample m?
Surface area of crushed product after z blows m?
Surface increase m?

Velocity of the plunger and ball moving vertically at the instant

collison m/s
Weight of sample Kg
Weight of plunger Kg
Weight of drop ball or drop hammer Kg
Particle size of the crushed product mm
Initial particle size of sample mm
Particle size in the case R=1/e mm
Modified particle size by Eq. (3) mm

That in the case R=1/e¢ mm
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Zm
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1
2)

3)
4
5)
6)
L
8)
9

Yuzo NAKAGAWA and Kunio MATSUI

Number of blows 1
Number of blows when A4,, becomes maximum 1
Maximum stress produced in the sample in the ideal case where it is

assumed that the total applied work is stored as elastic energy in it Kg/m?
Stress produced by a static load Kg/m?
Lowest stress which causes crushing or rupture of materials Kg/m?

a, B, k¥, b,k Coefficients
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