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Preface

Particulate, or powder, technology is a fundamental engineering field that deals with a variety of
particles, from submicroscale grains and aggregates to multi-phase colloids.

The applications of powders and particles are rapidly expanding into more diverse technologies,
from the information market—including mobile phones, copy machines, and electronic displays —to
pharmaceuticals, biology, cosmetics, food and agricultural science, chemicals, metallurgy, mining,
mechanical engineering, and many other fundamental engineering fields. Fueling some of the latest
developments, nanoparticles are the focus of promising research leading to more effective applica-
tions of various particles and powders.

Drawing from the recently published third edition of the acclaimed Powder Technology
Handbook, this book concentrates its coverage on powder/particle handling methods and unit oper-
ations. This independent volume examines the purpose and considerations involved in different
processes—including planning, equipment, measurements, and modeling techniques. It focuses on
integrated strategies for finding the optimal solutions to problems in any context.

Substantially revised, updated, and expanded, this volume highlights new information on com-
bustion and heating, electrostatic powder coating, and simulation. It also reflects recent data on
the health effects caused by the inhalation of fine particles, along with ways to minimize harmful
exposure.

While the book consolidates some sections from the last edition for ease of use, it also incorpo-
rates the innovative work and vision of new, young authors to present a broader and fully up-to-date
representation of the technologies.

We hope this volume will serve as a strong guide for understanding the key aspects of industrial
processing for particles and powders and encourage readers to apply the knowledge in this book to
real applications, particularly those involving novel particles.

Special acknowledgment is given to all contributors and also to all the original authors whose
valuable work is cited in this handbook. We would also like to acknowledge Dr. Matsusaka of Kyoto
University, for his collaboration and editing, and we are grateful to our editorial staff at Taylor &
Francis Books for their careful editing and production work.

Hiroaki Masuda
Ko Higashitani
Hideto Yoshida
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1 1 Crushing and Grinding

Tatsuo Tanaka
Hokkaido University West, Sapporo, Japan

Yoshiteru Kanda
Yamagata University, Yonezawa, Yamagata, Japan

1.1.1 INTRODUCTION

Comminution is the oldest mechanical unit operation for size reduction of solid materials and an
important step in many processes where raw materials are converted into intermediate or final
products. The purposes of comminution are to reduce the size, to increase the surface area, and to
free the useful materials from their matrices, and recently it has been involved in modification of
the surface of solids, preparation of the composite materials, and recycling of useful components
from industrial wastes. Comminution has a long history, but it is still difficult to control particle
size and its distribution. Hence, fundamental analysis and optimum operation have been investi-
gated.

A demand for fine or ultrafine particles is increasing in many kinds of industries. The energy
efficiency of comminution is very low, and the energy required for comminution increases with a
decrease in feed or produced particle size. Research and development to find energy-saving commi-
nution processes have been performed.

1.1.2 COMMINUTION ENERGY

In design, operation, and control of comminution processes, it is necessary to correctly evaluate the
comminution energy of solids. In general, the comminution energy (i.e., the size reduction energy)
is expressed by a function of a particle size.!

Laws of Comminution Energy
Rittinger’s Law

Rittinger assumes that the energy consumed is proportional to the produced fresh surface. Because
the specific surface area is inversely proportional to the particle size, the specific comminution
energy E/M is given by Equation 1.1:

£

o =Cy (S, =8)=Ci(x, ' —x ") (1.1)

P

where S, and S, are the specific surface areas of product and feed, respectively, X, and x, are the
corresponding particle sizes, and C, and C’, are constants which depend on the characteristics of
materials.
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Kick’s Law

Kick’s law assumes that the energy required for comminution is related only to the ratio of the size
of the feed particle to the product particle:

S
E e |=crm| 2 (1.2)
M X, S
where C, and C’K are constants.

Equation 1.2 can be derived by assuming that the strength is independent of the particle size, the
energy for size reduction is proportional to the volume of particle, and the ratio of size reduction is
constant at each stage of size reduction.

Bond’s Law?

Bond suggests that any comminution process can be considered to be an intermediate stage in the
breakdown of a particle of infinite size to an infinite number of particles of zero size. Bond’s theory
states that the total work useful in breakage is inversely proportional to the square root of the size of
the product particles, directly proportional to the length of the crack tips, and directly proportional
to the square root of the formed surface:

vow{ el -s) (13

where W(kWHh/t) is the work input and F and P are the particle size in microns at which 80% of the
corresponding feed and product passes through the sieve. W,(kWh/t) is generally called Bond’s work
index. The work index is an important factor in designing comminution processes and has been
widely used.

Holmes’s Law’®

Holmes proposes a modification to Bond’s law, substituting an exponent r, in place of 0.5 in Equation
1.3 as follows:

W=W(1O—10j (1.4)

Values of r which Holmes determined for materials are tabulated in Table 1.1.*

1.1.3 CRUSHING OF SINGLE PARTICLES

In principle, the mechanism of size reduction of solids is based on the fracture of a single particle
and its accumulation during comminuting operations.

Fracture Properties of Solids

In asystem composed of an elastic sphere gripped by a pair of rigid parallel platens, the load-deformation
curve can be predicted by the theories of Hertz as summarized by Timoshenko and Goodier.® The
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TABLE 1.1 Values of r Determined by Holmes

Holmes Exponent

Materials r)
Amygdaloid 0.25
Malartic 0.40
Springs 0.53
Sandstone 0.66
Morenci 0.73
East Malartic 0.42
Chino Nevada Consolidated 0.65
Real del Monte 0.57
LaLuz 0.34
Kelowna Exploratory 0.39
Utah Copper 0.50

elastic strain energy, E (J), input to a sphere up to the instant of fracture is given by the integral of the
load acting through the deformation:

2 /3
E=0.832(17Vj xBp? (1.5)

where Y (Pa) is Yougth’s modulus, v (-), Poisson’s ratio, x (m) the diameter of the sphere (particle
size), and P (N) is the fracture load. In this system, the compression strength of the sphere, S, is
given by Hiramatsu et al.,® and the specific fracture energy E/M (J/kg) is given by

o
%:Clplﬂm(lTVj g3 (1.6)

where p (kg/m?) is density.

The relationship between the specific fracture energy and the strength for quartz and marble is
shown in Figure 1.1.7

On the other hand, when two spherical particles, 1 and 2, collide with each other, the maximum
stress, S, generated inside the particles is expressed by a function of particle size, x, relative veloc-
ity, v (m/s), and mechanical properties®:

1/5 3/5 2 5 —4/5
s —c | | s| 2 2 1oy Ty .
- ’ ml + m2 xl x2 Yl Y2 .

where m, (kg) and m, are the mass of the particles, and C, is a constant. The subscripts 1 and 2 denote
two particles.
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FIGURE 1.1 Relationship between strength S and
specific fracture energy E/M.

Variation of Fracture Energy with Particle Size

Strength is a structure-sensitive property and changes with specimen volume. From a statistical
consideration of the distribution of the presence of minute flaws,” Weibull'® and Epstein'' showed
that the mean strength of the specimen, S, is proportional to the (—1/m) power of the specimen
volume, V (m?):

S :(Sovol/m)v—l/m (1.8)

where S (Pa) is the strength of unit volume V, (m?), and m is Weibull’s coefficient of uniformity.
Experimental data lines determined by the least squares method for bolosilicate glass and quartz are
shown in Figure 1.2'2 From Equation 1.6 and Equation 1.8, the relationship between specific frac-
ture energy or fracture energy of a single particle, E, and particle size x is obtained as fallows:

/3
E _ 53m 1 __(2m=5)/3m 1-v? Um\>3 _~5/m
ﬁ—q 6y ™" p'x ; (S,v."")" x (1.9)

e
E=c, (6)5/3”1 g (5m=3)3m (1 YV ]Z (Sovo”m)S/S o (Bm=sym (1.10)
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FIGURE 1.2 Variation of strength S with volume V of
specimen.

The calculated result for quartz is shown in Figure 1.3.!2 It is important to note that the specific
fracture energy increases rapidly for smaller particle size (less than approximately 500 wm), namely,
the requirement of large amounts of energy in fine or ultrafine grinding can be presumed. The
strength and the specific fracture energy increase also with an increase in loading rate.'?

Crushing Resistance and Grindability

The importance of crushing resistance or grindability of solid materials and energy efficiency of
comminuting equipment have been recognized in determining comminution processes in a variety
of industries. Grindability is obtained from a strictly defined experiment. The two typical methods
are the following.

Hardgrove Grindability Index (JIS M 8861,1993)

The machine to measure the grindability consists of a top-rotating ring with eight balls 1 in. in
diameter. A load of 64 ¢ 0.5 1b is applied on the top-rotating ring. Fifty grams of material sieved
between 1.19 and 0.59 mm is ground for the period of 60 revolutions. The Hardgrove grindability
index, H.G.I., is defined as

HG.L=13+6.93w (1.11)

where w (g) is the mass of ground product finer than 75 um.

Bond’s Work Index (JIS M 4002,1976)

Bond’s work index W,, defined in Equation 1.3, is given by.

1.1X44.5

W = (1.12)
PIEGR (10/#?—10/\/?)

where P is the sieve opening in micron for test grindability, Gbp (g/rev) is the ball mill grindability,
P’ is the product size in microns (80% of product finer than size P, passes), and F is the feed size
in microns (80% of feed passes). A standard ball mill is 12 in. (305 mm) in internal diameter and
12 in. in internal length, charged with 285 balls, as tabulated in Table 1.2. The lowest limit of the
total mass of balls is 19.5 kg. The amount of feed material is 700 cm® bulk volume, composed of
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FIGURE 1.3  Relationship between size x and specific
fracture energy E/M, or fracture energy E.

TABLE 1.2 Composition of Steel
Balls for Measurement by Bond’s

Work Index

Diameter (mm) No.of Balls
36.5 43
30.2 67
254 10
19.1 71
15.9 94
Sum 285

particles finer than 3360 um. The mill is rotated a number of times so as to yield a circulating load
of 250% at 70 rev/min, where the circulating load is defined as the component ratio of the oversize
to the undersize. The process is continued until the net mass of undersize produced per revolution
becomes constant Gb,p in Equation 1.12. Table 1.3 shows the work index measured by wet process.'s
In fine grinding, when P in Equation 1.3 is smaller than 70 um, the work index, W,, is multiplied by
a factor f to account for the increased work input. The factor fis found from the following empirical
equation'®:

_P+103

! 1.145P

(P =70um) (1.13)
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TABLE 1.3 Average Work Indexes

Average
Number Specific Work
Material tested gravity index
All materials tested 1211 14.42
Andesite 6 2.84 18.25
Barite 7 4.50 4.73
Basalt 3 291 17.10
Bauxite 4 2.20 8.78
Cement clinker 14 3.15 13.56
Cement raw material 19 2.67 10.51
Coke 7 1.31 15.18
Copper ore 204 3.02 12.73
Diorite 4 2.82 20.90
Dolomite 5 2.74 11.27
Emery 4 3.48 56.70
Feldspar 8 2.59 10.80
Ferro-chrome 9 6.66 7.64
Ferro-manganese 5 6.32 8.30
Ferro-silicon 13 4.41 10.01
Flint 5 2.65 26.16
Fluorspar 5 3.01 8.91
Gabbro 4 2.83 18.45
Glass 4 2.58 12.31
Gneiss 3 2.71 20.13
Gold ore 197 2.81 14.93
Granite 36 2.66 15.05
Graphite 6 1.75 43.56
Gravel 15 2.66 16.06
Gypsumrock 4 2.69 6.73
Iron ore
Hematite 56 3.55 12.93
Hematite-specular 3 3.28 13.84
Oolitic 6 3.52 11.33
Magnetite 58 3.88 9.97
Taconite 55 3.54 14.60
Lead ore 8 3.45 11.73
Lead-zinc ore 12 3.54 10.57
Limestone 72 2.65 12.54
Manganese ore 12 3.53 12.20
Magnesite 9 3.06 11.13
Molybdenum ore 6 2.70 12.80

(Continued)
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TABLE 1.3 (Continued) Average Work Indexes

Average

Number Specific Work

Material tested gravity index
Nickel ore 8 3.28 13.65
Oilshale 9 1.84 15.84
Phosphate rock 17 2.74 9.92
Potash ore 8 2.40 8.05
Pyrite ore 6 4.06 8.93
Pyrrhotite ore 3 4.04 9.57
Quartzite 8 2.68 9.58
Quartz 13 2.65 13.57
Rutile ore 4 2.80 12.68
Shale 9 2.63 15.87
Silica sand 5 2.67 14.10
Silicon carbide 3 2.75 25.87
Slag 12 2.83 9.39
Slate 2 2.57 14.30
Sodium silicate 3 2.10 13.50
Spodumene ore 3 2.79 10.37
Syenite 3 2.73 13.13
Tin ore 8 3.95 10.90
Titanium ore 14 4.01 12.33
Trap rock 17 2.87 19.32
Zinc ore 12 3.64 11.56

Bond'® proposed a relationship between the work index, W,, and the Hardgrove grindability
index (H.G.L.):

435
W=—— (1.14)
(HG.L)"

Grindability in Fine Grinding

When the particle sizes of the products are submicron or micronized particles, it will be difficult to
estimate the comminution energy by Equation 1.3, Equation 1.12, and Equation 1.13.
Bond* had proposed Equation 1.15 for measurement of W, before Equation 1.12.

P 0.5
W, =1~1X16(ﬁj -G, "™ (1.15)

Equation 1.15 is simpler than Equation 1.12. There was not a great difference'” between W,
calculated by Equation 1.12 and W, calculated by Equation 1.15. Figure 1.4 shows the relationship
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FIGURE 1.4 Relationship between grinding time 7 and mass fraction
finer than size x, Q_.

between the mass fraction Q, (-) finer than the particle size (lm) and grinding time (min) in a ball
mill grinding of silica glass.'® In the early stage of grinding, a zero-order increasing rate is appli-
cable, as shown in following equations.

0, =kt (1.16)
W, =0 W=k Wt (1.17)

where W__is the mass of product finer than asize x ,and W is the mass of the feed. From Equation 1.15
through Equation 1.17, the following equations can be obtained:

W Plo.s .Gh)—o.sz o xco.s -(k W )*0-32 (1.18)

i Xe s

(1.19)

where W, _is proportional to W, which was proposed by Bond. W. could be estimated by the exami-
nation of the zero-order increasing rate constant of the mass fraction less than a sieving size using
an arbitrary ball mill.

Figure 1.5 shows the relationship between sieving size, x, and W, for silica glass.'"® It was pre-
sumed that the work index could be approximately constant to a sieving size of 20 um and increased
in the range of a size less than 20 um. It was also found that large amounts of energy are necessary
to produce fine or ultrafine particles.
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FIGURE 1.5 Relationship between sieving size x_ and correspond-
ing work index W, .
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1.1.4 KINETICS OF COMMINUTION

A pulverizing machine is to be designed and operated by pursuing the comminution process of
particle assemblage with the elapsed time. The size distribution after fracture of a single particle
is derived by applying a stochastic theory by Gilvarry,"” Gaudin and Meloy,” or Broadbent and
Callcot.?! These theories are based on the idea that some microcracks preexisting in the solid body
are activated with stress and absorb elastic strain energy, so that the cracks develop rapidly and col-
lide with each other to yield fragments of distributed sizes. The undersize cumulative fraction B(%, x)
produced from a single particle of size yis called a breakage function and is written as follows:

Gilvarry:
B(y.x)=1 —exp{—(f]— [Ci]z _(clj] (1.20)
B(y,x)=1—{l—(jf/ﬂj (1.21)

_1-exp (=x/y)
B(1,x) el (1.22)

Gaudin and Meloy:

Broadbent and Callcot:

where x is the particle size, ¢, c,, and c, are constants, and j is the number of fragments or 10. They

may be approximated as
B(y,x)= ()fj (1.23)
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where m is a constant.” The derivative dB/dx is called a distribution function appearing later.

With respect to the mass—size balance in batch grinding, the mass increment of a component of
size x during a differential time interval dt is expressed by removal of a portion of the component due to
selective grinding and by production of the same component due to selectively grinding a portion of all
the coarser particles followed by the distribution to the noted size range, as illustrated in Figure 1.6:

2
9°D(x,1) _ _6D(x,t) S(x1)
at d0x x (1.24)
3 0D (7:1) dB(7.x)
+ S(y,t d
J.X J (7/ ) ox Y

where S(7¢) is the probability density for particles of size ¥ to be selected for grinding and it is called
a selection function or rate function, ¢ is the grinding time, and X is the maximum size present.
Thus, the rate of comminution of particle assemblage is determined by the size distribution after
crushing a single particle and by the probability that each particle is selected for crushing within a
certain time. Assuming Equation 1.23 for B(¥,x) and the empirical relationship

S(x,f) = Kx" (1.25)

for S(x,r) (Bowdish, 1960), the oversize cumulative fraction, R(x,t) = 1 — D(x,t), is obtained by inte-
gration of Equation 1.24 using a rate constant, K:

m=n:

R(x,t) = R(x,0) exp— Kx"t (1.26)
m % n:

R(x,t)=R(x,0) exp[— (uKx"t)"] (1.27)

where R(x,0) is the initial size distribution and can be regarded as unity if the grinding time ¢ is long
enough. t and v are determined only by the value of m/n, as indicated in Figure 1.7. The size distri-
bution is found to vary with grinding time in the Rosin—Rammler type, which was first confirmed
experimentally by Chujo* using a ball mill. The selection function or the rate constant has been
experimentally determined by Shoji and Austin* for ball milling, as shown in Figure 1.6, in which

—%? dy Sir.1)dt
& o e ! 1 a5 13
e T
| koo dr S{r,t)dt
D) 1 ! dB(r.x)
=30 dr Stxt)dt T ar dx
r~r+dr Lorddr Im
|
aD
(22 4,) (57 47)
|
I r=I~1In B

FIGURE 1.6 Explanation of mass balance in comminu-
tion process. [From Austin, L.G., and Klimpel, R.R., Ind. Eng.
Chem., 56, no. 11, 18-29, 1964.]
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FIGURE 1.8 Variation of relative absolute rate of
breakage with powder and ball filling for dry grinding.

S(x) is depicted in relation to f,, the fractional holdup of particles in a mill, to J, the ball filling degree,
and U, the particle filling in the interstice of balls. The grinding rate is reported by Tanaka® for
ultrafine grinding based on the current experimental works using very small beads in ball, vibration,
planetary, and stirred milling, as

S(x) p(%)exp(— %m) (1.28)
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where d is the beads’ diameter, d  the optimum beads’ diameter as a function of the beads density p,
colliding speed, size, and strength of material crushed.

1.1.5 GRINDING OPERATIONS

To reduce the strength or the toughness of the material crushed, wet process grinding, the addition
of grinding aids, and cryogenic grinding are proposed. The additives are likely to reduce the surface
energy, leading to facilitating grinding of the particles. In addition to this, newly formed surfaces
are active enough for stronger chemical bonding, so that surface modification can be expected by
the grinding operation.

Furthermore, to prepare the size distribution required for product quality, a multipass of ground
material through a mill and a classifier are necessary, as noted below.

Internal Classification System

The classification mechanism is assembled in a grinding mill. For example, an air-swept mill adopts
internal classification by flowing fluids such as air through the mill, where particles finer than a
critical size x_are removed from the machine immediately after grinding. Then the following mass

balance holds?:
dR,(x))_, (w[dR() 9B(1.x)
.

where F is the feed to a continuous grinding machine, H is the holdup of particles in the machine,
and the subscript p denotes product. Using Equation 1.23 and Equation 1.25 along with the

conditions
x| dR x| dR
jm[d (v)]dv:l; JO‘( p(x)]dx=1
Y\ ody dx

the ideal size distribution of the ground material is given in the case where Equation 1.30 is appli-
cable and sorting by a clean-cut classification is assumed:

Loy (1.30)
R, (x)zl—[iI (1.31)

Closed-Circuit Grinding System

In contrast to the preceding system, a closed-circuit system is characterized by an external classifier
involved in the system. The ground material, D, is continuously sent to a classifier, where only the
fine component is removed as the finished product, P. The coarse material is recirculated to the mill,
as shown in Figure 1.9. Increasing the circulating load 7, it is possible to avoid overcrushing so as
to increase the grinding capacity. Controlling the size distribution of the finished product is also
possible to some extent.

In a clean-cut classifier®’, the cumulative oversize fraction or the ground particles, R, is obtained
from Equation 1.26 for the average residence time #, (= H/F) in the mill as
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FIGURE 1.9 Typical connection of closed-circuit grinding
system.

Kt x"
R =exp| — —2 1.32
»(%) p( 1+CL] (132)

where the average residence time is given by the overall residence time ¢, (= H/F) in this circuit and
the circulating ratio CL as

i cH__ H 4
" E F(-CL) 1-CL (1.33)
T_ T R, (x,
cL=l_T_ b (%) (1.34)
P F 1-R,(x,)
hence, the cutoff size x_ is given by combining Equation 1.32 and Equation 1.34 as
1 1+ CL
Ktyx! = ln[l +|— } (1.35)
CL
The characteristic classification size x_* of x_ corresponding to infinite CL is also obtained from
Equation 1.34 and Equation 1.35, as
] F
X" =|— 1.36
c ( KHJ (1.36)
As the clean-cut size distribution of product, Rp(x), is written by
R,(x)—R,(x
Rp(X)Z—”( )~ Ry () (1.37)

1—R,(x,)

the following are obtained using the equations above:
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Rp(i*]:(”CL)exp L) —CL (1.38)
X, 1+CL
(—CJ =(1 +CL)ln|:1+(L) (1.39)
'x(. I

The interrelationship between the above two equations is graphed in Figure 1.10. The chart is used
such that a desired size ratio (x,/x, ) of product at Rp = 30% and 70%, for example, is fitted to the
horizontal distance between the two corresponding curves. Hence, x " is calculated from the value
on the abscissa using either x, or x, ; then, x_and CL are read from the ordinate on both sides. The
flow system of the closed circuit can be designed by use of CL and F for the transportation equip-
ments and x_ for the classifier. The mill design should be made on basis of H in Equation 1.36 for a
known grinding rate constant K as well as F and x_.

In the case of a non-clean-cut classifier,?® classification performance can be expressed by two
parameters, A and S, in a mathematical model of the partial classification efficiency n(x) as follows:

-1

n(x)=91+exp [%j:l_[fj] (1.40)

where A = 1.5 and S = 1.0 for air separators, and A = 1.0 and S = 0.5 for hydrocyclones. Choosing
areference curve in Figure 1.11 to be fitted to the desired cumulative undersize distribution of the fin-
ished product, the size corresponding to 1.0 on the abscissa is equal to x " (for v = 1 in Equation 1.27),
and the cumulative undersize Dp( 1) on the ordinate is connected with CL for specific values of S
and A in Figure 1.12. Then, the value of CL indicates x /x_in Figure 1.13; thus, the cutoff size, x , is
obtained from x *. Figure 1.14 illustrates some partial classification efficiency curves modeled by use
of the two parameters S and A%
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£ ) 2
T ] MR i 0.001
. s x| X x x
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FIGURE 1.10 Collinear chart for ideal classification. [From
Furuya, M., Nakajima, Y., and Tanaka, T., Ind. Eng. Chem.
Process. Des. Dev., 10, 449-456, 1971.]
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FIGURE 1.11 Reference curve for size distribution of
product. (30) [From Furuya, M., Nakajima, Y., and Tanaka, T.,
Ind. Eng. Chem. Process. Des. Dev., 12, 18-23, 1973.]
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FIGURE 1.12 Relationship among classification parameters, circu-
lating ratio, and undersize fraction of product at x = x_*. [From Furuya,
M., Nakajima, Y., and Tanaka, T., Ind. Eng. Chem. Process. Des. Dev.,
12,18-23,1973.]

Alteration of the size distribution of the finished product is possible by some combinations of
mills and classifiers, as well as feed positions. The analysis is given by Tanaka,” taking advantage
of Figure 1.10. Grinding capacity increases in general with increasing CL due to the reduction of
overcrushed fine particles. In this sense, it is worthwhile noting that when CL in Equation 1.38
tends to infinity, Rp(x) becomes the same as Equation 1.31, the internal classification mechanism.
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1.1.6 CRUSHING AND GRINDING EQUIPMENT

A major objective of comminution is to liberate minerals for concentration processes. Another
objective is to produce particles of a required sizes. Comminution processes generally consist
of several stages in series. Various types of crushing and grinding equipments have been used
industrially as a mechanical way of producing particulate solids. The working phenomena in
these types of equipment are complex, and different principles are adopted in the loading, such
as compression, shear, cutting, impact, and friction; in the mechanism of force transmission or
the mode of motion of grinding media, such as rotation, reciprocation, vibration, agitation, roll-
ing, and acceleration due to fluids; and in the operational method, such as dry or wet system,
batch or continuous operation, association of internal classification or drying and so on. But, in
practice, it is most common to classify comminution processes into four stages by the particle
size produced. Although the sizes are not clear cut, they are called the primary (first), intermedi-
ate (second), fine (third), and ultrafine (fourth) stages, according to the size of ground product.

On the basis of the above classification, typical equipment types and their structure and charac-
teristics are mentioned briefly below.
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product

FIGURE 1.15 Jaw crusher.

Crushers

Crushers are widely used as the primary stage to produce particles finer than about 10 cm in size.
They are classified as jaw, gyratory, and cone crushers based on compression, cutter mill and shred-
der based on shear, and hammer crusher based on impact.

Jaw Crusher

The jaw crusher shown in Figure 1.15 consists essentially of two crushing surfaces, inclined to
each other. Material is crushed between a fixed and a movable plate by reciprocating pressure until
the crushed products become small enough to fall through the narrowest gap between the crushing
surfaces.

Gyratory Crusher

The essential features of a gyratory crusher are a solid cone on a revolving shaft, placed within a
hollow shell which may have vertical or conical sloping sides, as shown in Figure 1.16. Material is
crushed when the crushing surfaces approach each other, and the crushed products fall through the
discharging chute.

Hammer Crusher, Swing-Hammer Crusher, and Impactor

These are used either as a one-step primary crusher or as a secondary crusher for products from a
primary crusher. Pivoted hammers are mounted on a horizontal shaft, and crushing takes place by the
impact between the hammers and breaker plates. A cylindrical grating or screen can be placed beneath
the rotor. Materials are reduced to a size small enough pass through the bars of the grating or screen.
Hammers are symmetrically designed. The size of product can be regulated by changing the spacing of
the grate bars or the opening of the screen, and also by lengthening or shortening the hammer arms.

Intermediate Crushers

Intermediate crushers produce particles finer than about 1 cm. The roller mill, crushing roll, dis-
integrator, screw mill, edge runner, stamp mill, pin mill, and so on belong to this category. Roll
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product
FIGURE 1.16 Gyratory crusher.

product

FIGURE 1.17 Crushing roll.
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FIGURE 1.18 Roller mill.

crushers are of many types. They consist of at least one cylinder rotating on its principal axis, which
nips material with two surfaces to compress and break the material into pieces. Figure 1.17 shows a
typical crushing roll. It consists of two cylinders mounted on horizontal shafts, which are driven in
opposite directions. The distance between the cylinders (rollers) is usually made adjustable. The size
of feed materials is determined by the diameter of the cylinders, the required size of products, and the
angle of nip. Recently, high-pressure roller mills (100200 MPa ) are available to comminute finely
brittle materials.*® Figure 1.18 shows a typical roller mill. Roller mills have been actively used for
preparation of fine particles. Material is fed to the center of the horizontally rotating table, conveyed
to its circumference by centrifugal force, ground by several units of rollers on the concave table, and
moved toward the circumference.

Fine-Grinding Equipment

Fine-grinding equipment produces particles finer than about 10 um. There are many kinds of
machines in this category. They are roughly classified into three types: ball-medium type, medium
agitating type, and fluid-energy type.

In a ball-medium type, the grinding energy is transferred to materials through media such as
balls, rods, and pebbles by moving the mill body. Based on the mode of motion of the mill body,
ball-medium mills are classified as tumbling ball mills, vibration mills, and planetary mills.
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FIGURE 1.19 Compartment mill.

1. A tumbling mill or a ball mill is most widely used in both wet and dry systems, in batch
and continuous operations, and on small and large scales. The optimum rotational speed
is usually set at 65 to 80% of critical speed, N, (rpm), when the balls are attached to the
wall due to centrifugation:

_ 423

c \/Z (1.41)

where D_ is the mill diameter in meters. It is desirable to reduce the ball size in correspondence
with the smaller size of the feed materials, as in a compartment mill, shown in Figure 1.19, and a
conical ball mill.

2. A vibration mill is driven by eccentric motors to apply a small but frequent impact or

shear to the grinding media. Loose bodies or media contained in a shell cause it to vibrate.
In contrast to tumbling mills, the media in vibration mills move only a few millimeters
through a complex path, shearing as well as impacting the material between them. The
apparent amount of media is 75 to 85% by volume, which is about two times as much as
filling mills. One of the advantages of vibration mills compared with tumbling mills is the
higher grinding rate in the range of fine particles. But it is unsuitable for heat-sensitive
materials.

3. A planetary mill consists of a revolving base disk and rotating mill pots, as shown in
Figure 1.20. Materials are ground in a large centrifugal field by the force generated
during revolution and rotation. The intensity of acceleration can be increased up to 150g
on the scale of gravitational acceleration. It is predicted that the grinding mechanism
consists of compressive, abrasive, and shear stresses of the balls. Planetary mills are also
used in the study of mechanical alloying and composite particles.'

N,

A fluid-energy mill is widely noted as a jet mill. In a jet mill, the materials are ground by the
collision of a particle with a particle, a wall, or a plate of the grinding vessel (chamber). The colli-
sion energy is generated by a high-speed jet flow. Fluid-energy mills may be classified in terms of
the mill action. In one type of mill, the energy is generated by high-velocity streams at a section or
whole periphery of a grinding and classification vessel. There are the Micronizer and Jet-O-Mizer
shown in Figure 1.21 and others of this type. In Majac and other mills, two streams convey particles
at high velocity into a vessel where they impact on each other. A fluid-energy mill has no movable
mechanical parts, and it has advantages such as dry and continuous operation without a temperature
rise, and controlling the particle size by the feed rate of materials and the velocity of jet stream. But
the energy efficiency is low, and the power cost is high.
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FIGURE 1.20 Planetary mill.
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FIGURE 1.21 Jet mill.

Ultrafine Grinding Equipment

Ultrafine grinding equipments produce particles finer than about 1 um. The medium agitating mills
(stirred media mills) are in this category.

A medium agitating mill is regarded as one of the most efficient devices for micronizing materi-
als and has been actively used for preparation of ultrafine particles. In this technique, a large number
of small grinding media are agitated by impellers, screws, or disks in a vessel. Breakage occurs
mainly by collision of the media. It is classified into three types by agitating mode. Medium agitat-
ing mills could produce submicron particles.
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FIGURE 1.22 Stirred mill.
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