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INTRODUCTION (1) 

ComminuEQr;t)s a very ancient technique, corn, and minerals 

have been milled since some thousends years with: 

Roller milis, cone milis, buhr milis, stamp milis. 

The material is stressed between two hard surfaces by com­

pression and shear. 

Tumbling milis were developed at the beginning of the last cen­

. tury, the material is al so stressed by compression and shear 

between the tumbling bodies. 

Another mode of stressing is that particles collide with a beater . 

ora wall or another particle. This so-called impact stressing is 

performed in rotor impact milis or jet milis, which are developed 

about 1870/90 an'd 1920/30 respectively. 

Modern comminution technology is using still these both modes 

of stressing, however in much more sophisticated designed ma­

chines in arder to master great mass throughput and to improve 

the efficiency. 



INTRODUCTION -(2) 

Comminuti_ott-1s a widely uses process, almost all salid mate­

rials have to be crushed and ground: 

minerals, ores, coal, stones, cement clinker, wood, food stuffs, 

chemicals, pharmaceuticals, plastics, waste materials etc. 

Comminution is a very energy consuming process, about 3.5% 

of the produced electrical energy is used for comminution, the 

mam consumers are: 

cement industry 0.8% 

mineral processing 0.6% 

wood industry _ 0.6% 

coal processing 0.2% 

In so me cases comminution takes an essential fractian· of the 

production costs e.g. 

_mineral processing 

cement making 

polymer powder production 

'' 1 ; 

40 ... 60% 

25 ... 35 °/o· _ · 

50 ... 70% 

A comprehensive understanding of comminution proccesses 

and improving them are valuable for the profit of companies, 

national economy and enviroment protection 



CLASSIFICATION OF COMMINUTION MACHINES (1) 

Classifyingjr:trespect to 

(a) particle size of feed and product 

(b) desing and operation characteristics 

Classification after (a): 

• Crushers 

coarse feed, particles > 100 mm, up to lumps of 1000 mm or 

even more 

size reduction ratio 5 to 15, in special cases with hammer crus­

hers up to 30 ... 50. 

• Grinding milis 

fine feed, particles < 30 mm 

product fineness < 1 ... 3 mm, often < 100 ¡.Lm · 

milis are often operated in .the closed circuit mode in connection 

with a classifier. 

Comminution machines serving in the intermediate are called fi­

ne crushers or coarse milis. The classificatiocn in respect to the 

particle size gives a general guidline, however nota scheme 

with strongly set boundaries. 



CLASSIFICATION OF COMMINUTION MACHINES (2) 

Classificatielh after (b) 

Design and operation characteristics provide a more reasona­

ble classification useful for theory development, investigating 

fundamental and practica! aspects, modelling, machirie and 

process improvements. 

Crushers 

Jaw crushers 

Gyratory crushers 

Cone crushers 

Roll crushers 

Hammer crushers 

lmpact crushers 

Schredders (special designed hammer crusher for waste mate­

rials) 

'1 



CLASSIFICATION OF COMMINUTION MACHINES (3) 

Grinding__MIUs 

• Grinding media milis 

rod, ball, pebble, autogeneous, semi-autógeneous, stirred, 

vibration, planetary mili, 

The media tumble freely in a container, the particles are to. 

catch between two media for being stressed.-

• Roller milis 
roller-table, roller-ring, ball-table, high pressure roller milis 

A bed of particles is stressed between a roller or a big ball and 

a rotating tabel, between a roller and a rotating ring, between 

two roating rollers. The size reduction occurs mainly by inter­

particle breakage. 

• lmpact milis 
rotor impact milis, jet milis 

The particles collide with a beater, the mili wall or with another 

particle, collision velocty 20 to 100 ... 150 m/s, energy intro­

duced either by a rotor or a fluid jet. 

• Hammer milis 
One or two rotors are equiped with swinging hammers, they hit 

on the particles which either are resting on a stationary plate or 

are· moving freely in the mili chamber, stressing either by a fast 

compression or by colliding with a hammer. 
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FUNDAMENTALS 

Contents~~c~~~~-

Scheme of comminution processes 

Modes of stressing 

Scheme of particle breakage 

Deformation behaviour of solids 

Fracture physics 

Stress field in the contact regían 

Fracture pattern 

Particle strength 

Brittle-plastic-transition 

Single particle breakage 

lnterparticle breakage 

So-called comminution laws 

Efficiency of milis 



SCHEME OF COMMINUTION PROCESSES (1) 

Any commin:tLti:Pn process can be discribed schematically as 

follows: 

· • The feed is introduced into the mili chamber. 

• Material stressing happens only in locally restricted regions, 

e.g. in the contact region of two balls or between a roller and 

the table or at a beater surface. 

• The particles have to move into these active volumes, must 

be stressed there and afterwards have to leave it. 

• The product is to discharge out the mili chamber. 

Three areas of fundamentals follows: 

(1) material transport phenomena 

(2) defining and identificating active volumes 

(3) parti~J~-~reakaQe ph~_~oi11~E}~a-=-

produc~ 
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SCHEME OF COMMINUTION PROCESSES {2) 

Fundame~areas 

{1) Material transport phenomena: ' 

feeding, stochastical and/or deterministic motion inside the mili, 

probability for introducing the particles into the active volume 

(e. g. between two balls), mechanics of the introduction of ma­

terial into a roller gap, discharging 

{2) Defining and indentificating active volumes 

geometry of the active volumes, spatial distribution, probability 

of stressing, stressing intensity spectrum 

? {3) Particle breakage phenomena 

) defermation behaviour, fracture physics, single and interparticle 
' ' 

breakage, size reduction characteristics 



SCHEME FOR COMMINUTION PROCESSES (7) 

feed 
materi 

type of 
crusher 
or mili 

power 
draft 

fluid 
rheology 

particle size 
and shape 

deformation 
behaviour 

fracture 
behaviour 

mode of 
stressing 

active volumes 
size, shape 

confinements 

active volumes 
stressing inten-
sity spectrum 

active volumes 
spatial 

distribution 

active volumes 
stres,sing 
frequency 

particle motion 
res. time distr. 

elementary 
process 

particle 
breakage 

• m1croprocess 
- - - - - - - - - - -
stressing in the 
active vo/umes 

macroprocess 
- - - - - - - - - - -

comminution 
in a mili 

product 
--- ---------

required . 
characteristics 



MODES OF STRESSING (1) 

Particles Qt:_;§5)article bed can be stressed in different modes, it 

is reasonable to distinguish in respect to the acting torces and 

the energy transmission to the particles. 

(1) compression - shear stressing 

(2) impact stressing 

(3) stressing in a shear flow 

(4) other methods of energy transmission 

(1) Compression - shear stressing between two hard 

surfaces ¡ 
1 --;·':):oo 

il1 

{\ 

<!- 1 ¡ 

-~.e> 

Acting torces are in equilibrium, particle inertia can be neglec­

ted, stressing velocity in milis smaller than 1 ... 5 m/s, torces 

and energy are independent of stressing velocity, stressing in­

tensity is limited by 

• available energy (grinding media milis) 

• applied force ( roller milis) 

• given gap width Uaw crushers) 

'D 



MODES OF STRESSING (2) 

(2) lmpa~toS~ressing by a collision with a body or another 
- - r-. ' 

partid e 

Contact force in equilibrium with particle inertia, stressing velo­

city in milis 20 ... 100 (150) m/s, stressing energy equal kinetic 

energy of the particle 

r-
(3) Stressing in the shecvl flow of a highly viscous·fluid 

~ 

+-
The partid e rota tes and is subjected to shear, arising stress es 

are too small to break compact particles however can destroy 

agglomerates. 

(4) Other methods of energy transmission 

Shock waves, ultrasonic wave field, electrical discharges, hea-
- -

ting, heating and quenching. These exotic methbds may be 

applied in very special cases, however are burden with a high 

energy consumption. 11 
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SCHEME OF PARTICLE BREAKAGE (1) 

Particle brea&age is the elementary process in comminution 

and can be described as follows: 
1 

• The particle is stressed by at least one contact force and is 

deformed. 

• A three-dimensional stress field arises. 

• lf somewhere the crack criterion is met, then at least one 

crack is released; mostly many cracks are released. 

• After one crack has crossed throughly, the particle is broken 
.~ -+ breakage point, primary breakage 

. 
•. The fragments move sidewards and form a more or less 

dense pile, 

• The stressing continues and sorne of the primary fragments 

are broken and so on. 

(!-:J -.. secondary breakage 
_ _/ 

\1.. 



SCHEME OF PARTICLE BREAKAGE (2) 

The stressJieid and the material strength determine the particle 

breakage. The stressing conditions and the particle properties 

influence the breakage event. 

particle 
properties 

f orces, 
energy 

properties loading 
of tool s conditions 

particle 
shape 

partí ele 
size 

strength,max. 
contact force 

reaction 
inelastic de­

formation, 
crack relea­

si ng 

1 ) 

deform. 
velocity 

tempe­
ratura 

size reduction, 
fragment shape 



DEFORMATION BEHAVIOUR OF SOLIOS (1) 

The relea~gi:_a crack is caused by a critica! stress field situa­

tion. The contact forces deforme the particle and cause a strain 

field. Strain and stress is related to each other by hypothetical ... -. ---- ·~- _________ __:_____:_____~--
material laws (strain-stress relations). 
--- - -·- . - --- ~---------- ~ 

The established strain-stress relations are val id only for small 

strains and fail at high strains which arises in the critica! situa­

tions. The deformation behaviour of real materials is complex, 

nevertheless knowledges on the established relations are hel­

pful for understanding particle breakage. 

Three idealized boundary cases. 

• elastical deformation (1) 

• inelastical deformation 

---+ elastic-plastic deformation (2) 

---+ elastic-viscous deformation (3) 

''1 



DEFORMATION t3EHAVIOUR OF SOLIOS (2) 

(1) Elastic deformation 
.-o__~---o_:.._-_. • 

• reversiblé'a'8formation 

• no energy dissipation 
1 

• independent on strain rate and 
temperature 

Most simple case: 

~r elasticity. 
(Hook's Taw) 

G 

Stress-strain relation includes only two independent constrants, 
e. g. Young's modulus Y and Poisson number v. 

(2) Elastic-plastic deformation 

• irreversible deformation 

• energy dissipation 

• dependent on temperature 

• "embrittlement" at low temper­
ature and by multiple stressing 

• almost independent on tempera­
ture 

Most simple case: 

isotroeic ideal elastic-elatistic behaviour ,. 

E 

stress-strain relation includes two constants (Y, v) and a tempe­
rature sensitive yield strength cry(T). 
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DEFORMATION BEHAVIOUR OF SOLIOS (3) 

(3) Elastic~liiscous deformation 

• irreversible deformation 

• energy dissipation 1 

• dependent on strain rate and 

temperature, the irreversibility 

décreases as the strain rate 

raises or the temperature 

declines. 

Most simple case: 

~otrQQic linear visco-elasticity_ 

Stress-strain relation includes so-called modulus function, e.g. 

the strain relaxtion modul function. 

1 ( 



DEFORMATION-BEHAVIQUR OF SOLIOS (4} 

• 

Conclusiotrs:for comminution processes · 

(1) Particles deforming mainly elasticaliy, so-calied brittle parti­

cles (ores, quartz, calcite, hard coal): 

No influence of stressing velocity and temperature, 

grinding media and roller milis for hard and impact milis for soft 

brittle materials 

(2) Particles deforming elastic-plastically (soft coal, metalis): 

Less influence of stressing velocity, strong influence of tempe­

rature, low temperature and multiple stressing advantageously, 

grinding media and impact milis 

(3) Particles deforming elastic-vicously (polymers): 

Strong influence of stressing velocity and temperature, high ve­

locity and low temperature advantageously, 

impact milis, cooled impact or vibration milis 

17 



FRACTURE PHYSICS (1) 

Crack release and propagation is controlled by energy 
balances. "'-~~-::-~ 

main energy source : elastic stress field 

main energy sink strorlg inelastic deformations at 

crack tip 

Energy release rate G 

G = - a u el 1 aAcr 
~------- --- ~--· 

Ue¡: stress field energy; Acr: crack area 

most simple case: 

uniaxial stressed plate 

t i 1 1 
r;-

Gc: critica! value for crack releasing 

Specific fracture energy R 
energy consumed by the crack per crack area unit 

Differential energy balance for crack releasing 

1 Gc Ro R: .SfWA{<C fmck,ve.- <li'€"L €11<'<ó'} 

glasses Gc = 1 to 10 J/m2 

brittle polymers Gc = 10 to 103 J/m2 

steel Gc = 103 to 105 J/m2 

specific surface energy 'Y - 0.01 to 0.5 J/m2 

, .. ,, 
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FRACTURE PHYSICS (2) 

The high stras_~,concentration at the crack tip causes strong in­
elastic deformation in the crack-zone, by which the delivered 

energy dissipates as heat. The size o 
of that zone can be estimated: -1¿-

1 

o = 0.4 Gc Y 1 ay 2 T ._______ --- --- L 
era e Ct.. t::euL 

cry : yield stress 

. 
glases o = 1 O to 1 00 A; brittle polymeres o = 1 to 1 O ¡..tm 

A crack has to cross throughly the particle to break it."ln small 

particles, the elastic stored energy may not cover the energy 

needed for the total crack path, the crack stops and the particle 

has to be stressed again 

lntergral energy balance 
For assuring the breakage of a cylindrical specimen 

F. 

A 

L 

glasses L > 1 O to 1 00 ¡..tm; steel L > 2 to 20 mm 
¡q 



FRACTURE PHYSICS (3) 

ConclusiallSlor comminution processes 

(1) specfic fracture energy R ecxeeds strongly the specific sur­

tace energy y, therefore y and its modificating by surfactants 

has no influence on particle breakage. The so-called Rehbin­

der-effect does not exist. 

(2) The crack zone size determines the smallest fragment size 

Xmin• for brittle materials Xmin = 0.02 to 0.1 ~m. 

(3) Fracture surfaces are structutally disordered: 

concentration of dislocations, crystal modifications, amorphous 

regions, reduced molecular weigth. The enthalpy in the fracture 

surface region is increased. 

(4) The integral energy balance is not satisfied, if the particles 

become small, multiple stressing has to be performed for partí­

eles breakage. 

,_e 



STRESS FIELD IN THE CONTACT REGION ( 1) 

The Hertz~~er-Theory describes the stress field in the con­

tact region of a compressed or impacted sphere for linear ela-

stic behaviour 1 

Po : max. compression stress 

'tmax : max. shear stress 

crz, max : max. tensile stress 

.R: sphere radius 

F :force 

v : impact velocity 

Y s• Y P' vs, vp : Young modulus and Possion number of 

sphere and plate 

Po : 'tmax : cr2 max = 1 : (0.2 to 0.3) : (0.11 to 0.17) 
' ------~-----------------

{ ( 
2 )}-2 1 3 { 2 }1 1 3 . 

Po 1 Ys = (1ti-J6) (1+K) 1-vs _ F/1t R YK- • _ 

- Co~M..press O'-L 

Po 1 Ys =0.87(1+K) - 415 (v/c¡)215 iCtJApact-

cf ={(1-v5 ) 1 (1+vs) (1-2v5 )} {Ys 1 Ps} ,, 
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STRESS FIELD IN THE CONTACT REGION (2) 

Evaluatian7éf~;0 far glass sphere against steel plate 

Y5 = 70000 N/mm2, Yp = 210000 N/mm2 
1 

FhtR2 35 70 140 280 

Po 
. 4100 5170 6520 8210 . 

V . 10 30 100 m/s . 
Po 

. 3990 6300 10500 N/mm2 

molecular strength af glass about 7000 N/mm2 

N/mm2 

N/mm2 

1 mm glass spheres break in compression at F/nr2 about 400 

N/mm2 and by impactíng at v about 80 m/s, therefare the con­

tact regían ís defarmed inelastícally befare breakage. 

In fine particles af brittle materials the contact regían ís defar­

med inelastically, a cone-shaped valume is índented inta the 

sphere and causes ring stresses, whích level depends an ín­

dentatíon depth. 

·tt 



STRESS FIELD IN THE CONTACT REGION (3) 

Cont~act f~s act obliquely on the 

particle, therefore it is stressed by 

normal and tangential torces. 

The tangential torces increase the tensile stress, therefore, the 

particle may fail at a lower nornial force. Experiments have 

shown this effect with glass spheres however not with cement­

stone spheres 

1.2 ..e cement stone sphere +-' 
O'l 1 .o • 
e • 
()) S mm 
l... o 8 (¡) . • 
~ 0.6 

• o 
_;x, 0.4 o 
()) 

glass sphere l... 0.2 .1) 

• 1 mm 
- 0.0 ()) 
l... 0.00 0.05 0.1 o 0.15 5 

Ft/Fn - ratio 



STRESS FIELD IN THE CONTACt REGION (4) 

Often is scüd""'[mpacting causes shock waves in a particle and 
-- -

by that interior cracks. Shock waves are only created if the im-

pact time 't is smaller than tne travelling time tw of the elastic 

wave through the particle. This time ratio can be calculated with 

the Hertz equation. 

············--·-----------------. 

t---E_v_a_l u_a_tio_n_f_o_r g=-l_as_s_s_:_p_h_er_e:__a-=g'--a_i n_st_s_te_e_l.:_p_la_te __ a_t~k r U(r~ . ('~ 
v 50 1 00 200 m/s · 

15 13 1 1 

impact time much larger than travelling time; inelastic ~ffects in 

the contact regían prolong the impact time -. no wave in­

duced cracks 
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STRESS FI~LD IN THE CONTACT REGION (5) 

Conclusion~for comminution processes · 

(1) lf the contact region deformes elastically, then maximum 

tensile stresses at the edge of the contact area; cracks are rele­

ased there. 

(2) The maximum shear stress below the. contact center is a-· 

bout twice the maximum tensile stress. lf the yield criterion is 

met befare the fracture cristerion, then the contact regían de­

forms inelastically. This effect happens with fine particles. Then 

cracks are caused by the ring stresses. 

(3) Superimposed tangential forces (stressing by friction) sup­

port particle breakage only if the contact region does not de­

forme inelastically. Friction can round particles however cannot 

break them. 

(4) Shock waves are not created by impacting, therefore no wa­

ve induced crack releasing. 



FRACTURE PATIERN (1) 

Cleavage CLa~s travel perpendicular to the maximum tensile 
-~""-

stress, shear cracks parallel to the maximum shear stress. 

1 

Principal Pattern 1 - elastically deformed contact regían 

ring-shaped surface cracks around the contact area 

e divergent cone cracks starting at ring cracks 

e breakage by interior cracks on outwardly bended rotational 

Rlanes starting at divergent cone cracks, onion peel shaped 

cracks 

e cone of fine fragments in the contact region 

-u 

el t'vt'v~(~;jf 
CO!.-i€.­
CrbC~S 



FRACTURE PATTERN (2) 

Principal pattern 11 - inelastically deformed contact r8gion 

• indentatiof-l~f:::a cone-shaped volume 

•breakage by meridional cracks 

• unbroken indentation cone 

Transition pattern- partly inelastically deformed contact regi~:m 

• breakage by interior and meridional cracks 

• partly broken indentation cone 

'1..1 



PARTICLE STRENGTH 

Measuring ;th~~reakage 
point 

d is pe a e e. L(,¡4. .e Ltt f-
crp: particle strength, x : particle size, F cr: breakage force 

Particle strength increases with decreasing particle size, less 

and smaller material failures, the particle become more homo­

geneous, the inelastic effects become greater . 

. ·. 

10 

', ............ 
~ " ' 

\ ', ~ ' " ' ' ~ ', ' 
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1000 

N 

E 
~ 100 
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1 

(1) glass beats 

(2) crytalline boron 

(3) quartz 

(4) cal cite 

(5) black coal 
1 10 100 1000 

...., :.: 

x ... um ., 



BRITTLE-PLASTIC TRANSITION 

The inelastic effect becomes dominantly in very fine particles, 

even particle_~ of brittle materials do not ha ve a breakage point 

60 
x= 831Jm 2000 x=6,11Jm 

N N 
;;;m2 mm2 

30 1000 

0~--~--~--~--~ 
0,1 0,2 

alx 
o 0,2 O;t. 0,6 

alx 
0,8 

Below the brittle-plastic transition comminution beco mes diffi­

culty 
1 
1 10000 8 KS calcium chloride ... 

SK black coa/ E 
E KS MK coa! mixture -::: ~ - RZ a. sugar 
e Ka cal cite 1000 

o!i)l< M a marble 
Qu quartz 

~Q. ZK cement clinker 
'-"Mp 

lOO KB crystalline boron 



SINGLE PARTICLE BREAKAGE (1) 

The deformation and breakage is studied in single particle ex-

F~ 

~~ 
~..............-i_ 

S 

I.LL.....J'--i---l-....L-L-1.,-

The following characteristics can be measured: 
• particle strength (compression) 
• particle breakage energy (compression) 
• breakage probability (compression, impact) 
• specific reaction force (compression) 
• product size distribution (compression, impact) 
• breakage function (compression, impact) 

(1) Particle strength O'p 

force F cr at breakage point related to the nominal cross-section 

of the particle of size x 

In the fine size range O'p increases strongly as the particle be­

comes finer. 



SINGLE PAR• .CLE BREA"AGE (2) 

(2) Particle breakage energy EM, Ev 

Energy E used:l.JP to the breakage point related to the nominal 
mass or volume of the particle 

f EM = 6 E 1 p--1t x 3 { Ev = p EM 1 p: density 

In the fine size range EM and Ev increase strongly as 'the parti­
cle becomes finer corresponding to crp. 

(3) Breakage Probability P 

Number Nbr of broken particles related to number N of stressed 
particles as a function of the stressing intensity quantified by 
either particle strength, 
particle breakage ener-
gy, kinetic impact ener- ~ 

gy Or impact VOiocity >., / / / 10, f 
~ 9 0-+----1--+-~f---~.:.__-r--,u.u.LLJ 

P = Nbr l ;;_] 

The P-distribution shifts 
to higher intensities and 
becomes broader with 
decreasing particle size. 
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impact velocity, m/s 
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SINGLE PAk .lCLE BREAt<AGE (3) 

(4) Specific reaction force, Fr 

lf the stressrtlg is continuad beyond the breakage point the frag­

ment pile causes a force F which has to overcome. Relating F 

to the nominal cross-section of the particle of size x gives Fr. 

1 Fr = 4 F 1 1t x2 1 

Fr depends on the gap width s bet­

ween the compression platas. For a 
r 

general desciption s is relatad to x 

and this ratio called reduction ratio. 

Fr increases with increasing reduction ratio and decreasing par­

ticle size. 

x/s 
e 
~ 1 o 1 -1----T----""-.;;:--.p-......;;:::-----=-t 
() 

o 
Q) 
l... 

particle size, J.Lm 



SINGLE PARTICLE BREAKAGE (4) 

(5) Product size distribution Q(y) 

Q(y) represents the distribution of the sample after stressing 
:~_,,._ 

which depends on the particle size and the stressing intensity. 

Compression: Q(y) of brittle materials can be normalized in the 

size range 50 to 5000 ¡.Lm as the fragment size y is related to 

the gap width s. 

lmpaction: normalizing not possible 

:::1 

E 
:::1 
(..) 

-l... 
Q) 
e 

:::1 

E 
:::1 
(..) 

quartz 

1~~~~~~~~~~~~ 

100--------~------~--~ 

x/s 
4. 

.. 3 

cal cite 

. 14-~~~~~~~~---.~ 
o. 1 0.1 o 1.00 

normal. fragment size, y/ s '? 

-
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SINGLE PARTICLE BREAKAGE (5) 

(6) Break~~unction B(y) 
B(y) represents the size distribution of the fragments excluding 

the unbroken particles. 1 

The sample consists of a narrow fraction Xmin to Xmax• B(y) fol­

lows from 

for y·< Xmin 

compression : B(y) = Q(y) for x/s > 1.5 

impacting B(y) = Q(y) for P = 1 

4úDt -----

t3(~) 
/ 

~ 

ot 
fo~ 'r )(~~ '<""a. \r 

' '' 



INTERPARTICLE BREAKAGE (1) 

The term interparticle breakage means particle breakage inside 

a particle bed. Never all particles are broken because of the 

random package structure and the strength distribution. The 

characteristic features are to study with narrow size fractions in 

a pistan press. The bed size should be that wall effects do not 

influence the size reduction. 

~ o---~ 

o{ i~f€ac.e..~.fl;ft 

lt. > .5 ><L<1ax 

D>3~ 

The stressing intensity can be expressed by the pressur p or 

the specific energy absorption EM, Ey. 

- --1 
~- -------------·--- . 

EM = E 1 M 

F : press force, A:.cross-section of the pistan, 

E· : energy calculated from the compression diagram, 

M . : particle mass, p : density -



INTERPARTICLE BREAKAGE (2) 

The followttig:Characteristics are measured: 

• compaction diagram 

• product size distribution 

• fraction of broken particles 

• breakage function 

1 

Q('J,l(,Et1) 
.se x-¡ E"") 
e e ~-.)JK, E~ ) 

Experiments with brittle materials have shown that for general 

considerations the size reduction date should be discussed in 

terms of EM or Ev instead of p. 



JNTERPARTICLE BREAKAGE (3) 

(1) Compaction diagram 

The compaction diagrams can be generalized as 
-~-=~-

/ e = 1 - exp{ - (p~pc)n} J 
p = pressure, Pe= characteristic pressure depending ori material 

and particle size x, n: curve shape fitting parameter depending 

on material, 

e : normalized compaction, 80 and 88 initial and final relative 

bulk density · 

400 
o 

o... 
~ 200" 
-u --.___ 

• 0.. calcite • • o 
0.5 

e quartz 
0.4 • • • • • . 

e • • • • g_ 0.3- cal cite 
X 
Q) 0.2 • • • • • • 1 .1. • 

1C o . 1000 

particle • SIZe, ¡..¿m ~· 7 



INTERPARTICLE BREAKAGE (4) 

. . 

Normalize&eempaction diagram for narrow quartz and calcite 

fractions in the range 1 00 ¡.¡m to 3000 ¡.¡m 
1 

e 1 .O o 
-+-' 
ü 0.8 

quartz 
o 
a.. E 0.6 
o 
ü 0.4 
. 

E 
!..... 
o 0.0 e 

norm. pressure 
e 1.0 o ·- cal cite -+-' 
ü 0.8 
o 
a.. E 0.6 
o 0.4 ü 
. 

E 0.2 
!..... 
o 0.0 e 

4 

norm. pressure 



INTERPARTICLE BREAKAGE (5) 

(2) Fraction of broken particles S 

S is given by the mass fractien ef all fragments smaller than, 

the lewe~ftmtt ef the feed fractien and depends en material, par­

ticle size and energy abserptien. S can be generalizad as 

Soo : maximum value for S depending en material, 
• 

EM: energy absorption, EM,c: characteristic value of EM depen-

ding en particle size x and material 

Narrew quartz fractiens in the range 200 te 4000 ¡..t.m-. 

Soo = 0.89 and ~ = 0.54 - . ·a -- . -
O'> 6- o 

:;- 4-1~ o 

u 2- ----------~ 
w~ 0+-~~~~~----~-ro~ 

200 1000 

o 

particle size, J.Lm 

1.0 

e: 
o 

+= 
(.) 

ctt 

Yc 
.... -Q) 

~"" Ol 
ctt 

0.5 o 3200/4000 ¡..¡.m ..:.:: 
ctt o 1600/2000 ¡.¡.m Q) .... 

ll 800/1000 .wn ..0 

E o 400/500 ¡.¡.m 
.... 'íl 200/250 ¡.¡.m o e: 

0.0 
o 5 10 E /1s 

norm. energy absorption M E,..,,c.. 
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INTERPARTh ... LE BREAKAGE (6) 

(3) Breakage function 8 

B represent!b§ size distribution of the fragments, the unbroken 
~- :::_- ,._ 

particles are excluded. B depends on material, feed size x and 

energy absorption EM. 

• 

Experiments have shown that the breakage function can be ap-

proximated by a truncated logarithmical normal distribution. ,------- -----~ --..;;._.-._--. ___ ~----
The transformation is as follows: 

y: fragment size, x1: lower limit of the feed fraction 

Yso: median value of the fragment size distribution 

y 16• Y94: particle size at which the undersize mass fraction 

is 16 % and 84 % 

S = y 1 XI . 

11 = s 1 (1- s) 
S50 = Y50 1 XI = J..L 

1150 = ¡.L 1 (1- J..L) 

The normal distribution is defined as: 

-Oo 

The truncated.logarithmic normal distribution follows with: 

O(s)=H(t) with t=(1/cr)(lnr¡-ln11so) 

cr ....:. (1 1 2)(1n 1184 -In 1116) 
l¡ u 



INTERPARTICLE BREAKAGE (7) 

Examples óf-15f:-eakage functions 

quartz fractions 200 1 250 ¡..Lm and 3200 1 4000 ¡..Lm 
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INTERPARTICLE BREAKAGE (8) 

The media~,value ¡..¡. and the standard diviation a depend on 
--:--~~··- . 

material, feed size x and energy absorption EM 

1.0 
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SO-CALLEO COMMINUTION LAWS (1) 

So-called.;romminution laws try to relate the energy consump­

tion of a mili to the size-reduction effect, representad by the 

change either in the size distribution or in the specific surface. 

Sorne equations have been published only three should be di­

scussed here. 

Rittinger' s law {1867) 

Rittinger has proposed the hypothesis that the specific surface 

S changes proportional to the work-input W. 

lntroducing the mass related values ~SM and WM: 

Considering this relation in the term energy utilization which is 

defined as the quotient of ~SM divided by WM, it follows: 

[Eu = ~SM I ____ "'}M = const [ 

EU is independent on particle size 

'1~ . -

-•, 



SO-CALLEO COMMINUTION LAWS (2) 

Kick' s laW:-{t885) -
Kick has formulated a similarity law for single particle assuming 
the following: 1 

• geometrical similar particles 
• particle strength independent on particle size 
• geometrical similar fracture pattern 
Based on these assumption it results: 

l EU = const 1 x l 
The energy utilization in creases as the feed particle becomes f: 

ner. 

Walker' s equation 
Walker has proposed a differential equation approach as usual 

for chemical reactions. 

1 dWM = -const x-n dx 

intergrating yields: 
r-------------- -------- --- ---------------------; 

WM = WM,c In (xF/xp) for n = 1 

WM = WM,c {(xdxp)~ - (xdxF)?;h for n > 1 
·---------- -------- -- --

WM,c and Xc are reference values. \f'l 



-
SO-CALLEO COMMINUTION LAWS (3) 

The Walkét~equation gives the energy utilization as 

1 EU = const xpn-2 J 1 

From this equation follows Rittinger's law for n = 2 and Kick's 
law for n = 1 -

Bond equation 

Bases on huge experiencies in ball milling Bond has proposed 

the equation 

j WM = 1 O Wi { ( 1 1 -JP) - ( 1 1 .JF)} 1 

Wi : Bond index, F : xao of the feed given in ~m, 

p : xao of the product given in ¡.tm 

. 
Wi is to measure in a specified lab-scale ball mili with a speci-

fied procedure and represents the work-input for F >> P and 

P=100¡.tm. 

The Bond equation is identically with the Walker equation- · 

setting 

WM e= W¡, Xc = 100 ¡.tm, n = 3/2 
.. ' ---~ -------



LA.'u.J> 
SO-CALLEO COMMINUTION~ 

The validit)f~!,ese laws have often been discussed controver­

stibly in the past. There are always data available for satisfying 

each of these laws. lt depentls on the operation regime which of 

equation meets the experimental result. The general course of 

the (EU,~SM)-curve shows a maximum. 

K ~/K K e, 1( 
/ ,.,-·/ v"" . ----- . ? ..--- -/---- -/-· -~~ 5 B 

:::1 /"/ / / / ./~ 
lJ.J ....---- / / / R. 
<:10--- ;--·· _,.---7;/- 7- -----:;7/ - 7, B 
~ / / // 

-/ / -;; /--/" -/- / /" :?-- -~ 
// / // / 

/ ...... 

The Bond equation is useful as a first information for scaling-up 

ball m_ills. Bond has refined his equation by additional factors 

considering particular operation and design specification. Manu­

factures have their own procedures for sizing milis. 

f2i.f:{iv,~ev: 
k j(. k. : 

.Bo\.\ol . . 

., ¿ 



EFFICIENCY OF MILLS 

Often is saiQ,JI.Jills have a very low efficiency of 0.1 % or even 
less. This figÚre results form the equation: 

1 

~__....---...... .. --- ... · 

.ó.SM: specifc surface increase, y: specific surface energy, 
WM: specific work-input 

The crack propagation does not depend on y, therefore the 

above equation is meaningless. 

A technical reasonable definition has to compare the mili work­
input with the energy of an ideal comminution process the same 
size-reduction. Single particle breakage comminutes mosteffi­
cently, therefore, a cascade of single particle breakag~ events 

can be considered as the ideal process. 

EM id: specific energy of the single particle breakage cascade 
' 

evaluated with a cascade model using single particle breakage 

data. 

ball milis 11 - 5 1 O % 

high pressure roller milis 11 - 1 O 20 % 

'1 J 



BALL MILLS - INTRODUCTION 

Ball milis -ªr;e"the most important members in the group of grin-
-.--~··- -

ding media milis. They consist of a rotating container with a cir-

cular cross-section, mostly dindrical, filled with balls which tum­

ble around and stress the particles by compression and 

shear. Ball milis are the working horses in comminution of brittle 

materials. Their advantages are ;,.------------
• simple operation (in principie !), 

• wide range of mili sizes up to such for very high capacity, 

• insensitive to foreign bodies in the feed, 

• easy replacement of worn grinding media, 

• dry and wet operation, 

however, the disadvantages are 

• low efficiency, 

• small specific capacity (throughput divided by mili volum) 

• high specific wear, 

• very noisy in dry milling 

Beginning last century small batch milis have been used for 

grinding minerals and chemicals. Milis for flow-through opera­

tion have been developed 1870/90; there were two lines: 

(1) peripheral screen discharge milis 

(2) axial grate and overflow milis 



-
BALL MILLS - CONTENTS 

DenotatioR~:;:.- -

Charge motion 

Power draft 

Mili sizing 

Ball size 

Wear 

1 



DENOT ATIONS 

The follo~_Emotations are used in the following . 

Mili 

D: interior diameter, L: length, V: ·interior vol u me, n: speed, 

nc: critica! speed, ro: angular velocity, M: mili charge, T: torque, 

P: powder draft 

Balls 

d: diameter, m: mass, p9: density, Ms: ball charge, Es: porosity . 

of ball charge 

Material 

x: particle size, Ot(x) and Op(x) feed and product size distribu­

tion, PM: density, MM: material charge, EM: porosity of material 

charge, M: mass throughput, 

wet grinding : Ms: slurry charge, Ps: slurry density, llS: slurry 

load on mass basis, 8s: slurry load on volum bases 

Dimensionless parameters 

Dimensionless parameters are useful for general considera-

tions. 

relativa speed z = n 1 ~e; _nc (1_17t) ~ g 1 2~j 
ballfillingratio <¡> 8 = Ms /(1-~:: 8 )8 8Vs 
material filling ratio 

<¡>M = (MMIMs) (Ps IPM) {(1-EB)/~::s(1-EM)} 

slurry filling ratio 

<ps = (Ms/Ms) (p 8 1p8 ) {(1-~::s)/~::s} 

----



CHARGE MOTION (1) 

The torque draft T and by that the power density P/V is determi-
=:::..~~===· 

ned by thE{cfíarge inotion which depends on 

• relative speed z, 1 

• ball and material (slurry) filling ratio <pg and <I'M (<ps). 

• ball to mili diameter ratio (d/0), 

• liner geometry, lifting bars. 

Four principie motion regimes can be distinguished 

cascading cateracting centrifuging oscillating 

~~~s-~~_E~~_c~_9i~g and cateracting regime, in cen-
--- ----- ~ r-· - ---------------.. .----:--;---" 

trifuging regime no power draft, oscillating causes rotational 

oscillations in the drive system. 

The actual motion can be a mixture between either cascading 

and cateracting or cateracting and centrifuging. 

~t 



CHARGE MOTION (2) 

The theo~tcharge motion was treated in many early papers. 

~~es feature~ should be disussed: · 

• single ball approach (Fischér, Davis) 

• momentum exchange between the up-flying balls (Steiger) 

• surface contour of the cascading charge (Barth, Uggla) 

• oscillating (Rose) 

The theoretical approvaches of Fischer, Davis,Steiger, Barth 

und Uggla assume no slip between the mili wall and the ball 

charge. This can only be assured with lifter bars. In milis with 

smooth liners, the slip depends on the (0/d)-ratio and can be 

neglected for (0/d) > 40. In lab-scale milis with smooth liners 

the charge always slips. 



CHARGE MOTION (3) 

Angle ofjij~tion and impinging 
-:-;-·~~---- . 

The angle of ejection a0 is defined that there the balls loase the 
,· . 1 

contact with the wall, a0 follows from 

the force balance: 

A single ball would move on a para­

~bolic path and meets the shell at im­

pinging angle ~FD· 

1 PFD ""' 1t - 3a0 _ -~-1t--~· 3 arceas z2 l 

/ 

In reality a row of balls is ejected. On the rising fly path the velo­

city slows down, therefore the balls stay in contact and push 

each other (momentum exchange) 

which lengthens the fly path to the im-

prnrng 

anlge ~S· 

z 0.6 0.7 0.75 0.8 

a o 69 61 56 50 

PFD -27 -2 13 29 

Ps 33 45 69 78 
-----·---------~----~--·--·- .. ·-· 



CHARGE MOTJON {4) 

So-called optimum speed 
The parabolic path of a flying single ball and the falling height h 

from the summtf~to the impinging point can be calculaded. 

h/0 = (9/4) sin2a0 cosa0 = (9/4) z2 (1-z4) 

(h/0) rises toa maximum at 

Zopt = O. 76 - nopt = O. 76 nc 1 so-called optimum speed 
_[ 

Experiences show optimum operation in the speed ral")ge 0.65 

to 0.75 depending on material feed size, wanted size reduction, 

mili desing (UD-ratio, linear geometry), wet or dry operation. 

Cascading contour 

For calculating the cascading contour a force balance including 

centrifuga!, gravity and friction force is to consider. The result 

show this contour as a part of a logarithmical spiral depending 

on cp9, z and the interna! friction 11 in the charge. 

~--IIIJ :0,25 

n - = 0,7 <!>s= 0,4 
"e 

IJ = 0,5 
IJ = \0 

!:!. : 0,7 IJ = 0,5 
"e 

q¡B : 0,4 1J : 0,5 

"'"e= 0,9 
'n/nc=0,7 

n/nc=0.5 
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CHARGE MOTION (5) 

Charge oscillation 

Charge o~sUla.tion have to be avoided otherwise the drive sy.:. 

stem can~ be aamaged. Rose has shown that oscillation is func­

tion of (<pg¡..t) and (D/d); 11 = friction coefficient charge against 

the wall. The oscillating frequency is about the same as the cri­

tica! speed: 
0,15 

\ 0,10 

<pg ¡..t 

0,05 

\ no oscillation 

1\. 1 

oscisllatio~ "--
. 

. 1 

o 20 40 60 80 100 

0/d 

Ball charge motion model 

A charge motion model can be calculated using ball ejection 

equation, fly path equation after Steiger, cascading contour af­

ter Barth-Uggla and the partition of the charge in respect to fly­

ing and not-flying balls. 

<pg = 0.23, z = 0.35 <pg = 0.23, z = 0.65 <pg = 0.23, z = 0.80 



POWER DRAFT (1) 

The power~.is always an essential characteristic of ama­

china. Emperical relations are given and used. An engineer 

should know the background; helpful are equation in dimension­

less terms. 

[__P - Tro=2nnT l. 
T - M g a* a* = lever arm 

M - M 8 + M M = M 8 ( 1 +Y) 

M9 = 89 (1-c8) <p8 V 

a = a* 1 D 

n = z nc = (zln) ~g/20 G:Mg 

lntroducing a_ll_!he_s~ ~~!?_tio_r] into the torque equation yields to 
• 

P = P(<p8,a,z,y,c8) jl_~s P8 L o2.5. 

p = ( -J2n 1 2) ( 1 + y) ( 1 - e 8 ) ( ar8 z) 
1 

P = power factor • pow~~-~~-~112_ ______ j 

The power is proportional to the "power term" only as long as 

the "power tractor" is constant. The problem arises how the di­

mensionless power factor depends on the operation condition. 



POWER ORAr- ( (2) 

p = 1.11 (1+y) (1-Eg) (a <p 8 z) 

The mass ratio y can be rewritten as: 
:::::--:::~~="'?':· 

With EM = Eg = 0.4, <pM = 1, PM = 7800 kg/m3 (steel), 

PM = 3100 kg/m3 (cement clinker) it results y 0.16. The 

operation conditions do not effect strongly y and y do es not 

influence strongly p. The essential term in p is the product 

(a <pgz). As already shown a depents' on <pg and z. 

f(<pg,z) is not a simple function with the following properties. 

( • f = O for <pg = O or <pg = 1 or z = O or z large 

• cuts f(<pg, z = const.) and f(<pg = const., z) have a maximum 

i • f(<pg,z)- plane has a maximum in the range <pg around 0.35 
1 l and z around 0.70. 

·'P 1 

o o.s- 1 o 1 
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POWER DRAFT {3) 

The power:equetion gives guideline for scaling-up: A mili in pro­

per operation runs in the range of the p-maximum in which p 

do es not change strongly, th
1
en 

p ~ g 1.5 PB L o2·~J 

The power and also the capacity of a ball mili increase more 

than proportional te the mili volume 

The power tractor can be evaluated inserting: 

es = 0.4, y = 0.16, <l'B = 0.35 and 

(az) = (1/4)0.6 ... (1/3)0.7 = 0.15 ... 0.23::::0.19 

p - 0.05 
~ 

The power equation can be rearanged as 

/ P = k Ms -JO / 

this form is often used for empirical equations, e.g. Blanc­

Eckardt equation. The factor k has the dimension 

(kW/kg m-1/2) and is given to be 0.006 to 0.007 for z = 0.75, 

<l'B around 0.35 and (PMIPs) around 0.3. 



MILL SIZING (1) -

Mili sizing has,to salve the problem how a given material can be 
:;--~~--- - ' . 

ground with the wanted throughput to the demanded product. 

Each manufacture has his myn procedure. The general back­

ground should be discussed. 

(1) The specific work-input WM has to be determined by an 

established test procedure, e.g. Bond procedure (Bond in­

dex,Bond equation) 

(2) Mass throughput M and WM gives the required power draft 

of the mili independent on the circuit mode. 

(P=WMM]. 
(3) The term (LD2.5) can be calculated from the power equation 

L o2.5 = ~-¿3-:s--:-;/pg ~~PB 1 A.=L/0 

(4) The mili diameter O can be calculated for each chosen 

(UD)-ratio which follows from experiences. This ratio is limited 

bacause the wanted mass flow through the mili must be 

guaranteed. An additional equation for considerng this point is 

given in (5). 



MILL SIZING (2) 

(5) The m~esidence time 't of the material is given by: 
......------. ----- - -· . -- 'f 

1 't ~ M-~ -HV1 1 MM = 't M 

MM = ~ PM L o2 

~ = (7t/4) <i>g Eg <¡>M (1-EM) 
--- -------- - - ---..J.. 

This is the second equation for calculating L and D. 

WM M = P g 1.5 Ps L o2.5 

't M = ~ pM L D2 
-. ·----- --- --------~ 

1 

o= { (~/p) (oMios) (wM lg1·5't)}
2 

L = (1/p) (M WM 1 g1.5Ps o2.5) 

. " 

The calculation of D and L needs beside WM and M the mean 

residence time 't as the third value which has to be determinad 

_ experimentally orto be chosen. 



BALL SIZE (1) 

A good size-reduction performance needs proper chosen ball 
sizes. A oR!fm~Q'J ball size exists because firstly the ball must 

· weigth enough to break the particle and secondly the number of 

balls should be as many as possible. The optimum size de­
pends on 
• material to be ground (particle strength), 
• particle size, 

• mili diameter, 
• ball density. 
Sorne emperical equations have been published, that one of 
Bond reads for steel balls: 

1 d = 0.024 (PM WMi 1 z)1/3 x 1/2 O -1/6 mm 

units, PM: kg/m3, WMi: kWh//t, x: Jlm, D: m 

Most equations can be written in the general form 

with q=0.2 ... 1 and pa1/6 ... 1/3 

Hall' mixtures are advantages for a size-reduction ratio largar 

than ten. General guidline is to take as much as possible of the 
small· balls optimizad in respect to the fine grinding part in the 

mili and add as few a possible large balls which assure the bre-
akage of the coarse particles. ¿ 1 



BALL SIZE (2) 

In long ball nti~__t_he balls should be seperated in respect to size 

that the large ones are' in the front section and the small ones in 

the rear. For this reason so-called classifying liners have been 

developed. 

The ball classification can be explained as follows: 

The larger balls move more probably to the mili wall and were 

transported by the screw-like positioned classifying linets to­

wards the front. The small balls stay more probably in the char­

ge interior and flow towards the end due to the overall flow 

equilibrium. 



WEAR (1) 

Balls and liners are worn. The ball wear reduces the size-reduc­

tion effect-Deéause ball charge and ball size becolile smaller. 

To overcome this problem balls have to be refilled. The basis 

for each refilling program is the wear kinetics, ofteh written in 

the form: 

[- dm 1 dt = k dn J 

k and n are to determine experimentally, n = 2 means a wear . 

proportional to the ball surface and n = 3 proportional to ball vo­

lume or mass. The measured val u es of n are in the range bet­

ween 2 and 3. 

In practica! application the specific wear is considerad, defined 

either as 

Wm = mass of worn material 1. mass of milled material or 

, w9 = mass of worn material 1 energy used for grinding. 

wm and w9 are related mutually by the specific work-input WM 

The mass related wear is a useful term only if different ball ma­

terials are to compare as the same feed material is ground to 

the sama product. The energy related wear is a more general_ 

term. 
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WEAR (2) 

The wear depetids on the feed material, the ball material and 

the size-reduction ratio. Balls wear much more in wet than in 

dry grinding because no powder adhere on the balls and pro­

tects them. Typical values are: 

dry grinding Wm - 1 Oto . 300 g/t 

wet grinding wm - 300 to 2000 g/t 
----------

dry grinding coal We = 0.5 to 5 g/kWh 

dry grinding cement clinker We = 1 to 20 g/kWh 

wet grinding iron ores We = 1 O to 100 g/kWh 

The relativa charge wear rate ~Ms 1 Mst is defines as: 

charge weight lost per time/initial charge weight 

[ dMs 1 Ms t = {~pi~'Ps_(1 e8 )} g1·5 w9 o0·5 

p = 0.05, <!>B = 0.35, EB = 0.4, We = 1 O g/kWh, 

O= 4m 

--. .. rcwr = 0.46 % per day which is 1 O % in 22 days 



ROLLER MILLS - INTRODUCTION (1) 

The commQn::G~aracteristic of roller milis is that a particle bed 

passes the gap between one roller and a rotating grinding 

path/or between two rollers ánd is stressed there. The grinding 

path can be the surface of a pan, table, bowl, ring. The ball bea­

ring mili is also count to this group because of the same stres­

sing mechanism. 

The stressing of a particle bed causes firstly a consolidation of 

the package, secondly particle beakage and thirdly agglomera­

tion and even briquetting. Middle hard materials (calcita) agglo­

merate easier and at lower pressure but hard materials (quartz, 

magnetita) need much higher pressure and form weak agglo­

merates. 

In roller-grinding path milis mostly such a pressure is applied 

. that agglomeration just is avoided. A particular 2-roller mili was 

developed for a very high pressure, the material leaves the gap 

as dense flakes, which has to be deglomerated afterwards to li­

berate the produced fine material. This mili is called high pres­

sure roller mili (HPR-mill). 

l > 



ROLLER MILLS - INTRODUCTION (2) 

History 

Pan milis have been used since at least two thousands years. 

The first engineeringly designBd pan mili was the Chilean mili 

(1830/50). The "arrostre" is a simple forerunner used in Mexico 

for grinding and amalgamation of gold ores. In the last quarter 

of the 19. century the Griffin mili (one pendulum roller), the Ray­

mond-Bradley mili (3 to 4 pendulum roller), ring milis (Maxecon, 

Kent, Sturtevant) and bowl milis have been developed. Nowa­

days the grinding path is mostly flat or sligthly canica! table. 

Roller-table milis are equipped with an interior a ir classfier, 

which causes a high interior material circuit flow. Hugé milis 

with a capacity of sorne hundreds of tons per"hour are manufac-
tkr"et1L. · 
cwteres. The HPR-mill was introduced 1985. Modern designed 

large ring-roll milis are manufacturad recently. 

¿ ¿ 
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DENOT ATIONS 

The followitlg:®notations are u sed: 

Mili 1 

0: roller diameter, Or: table diameter, L: roller length, n: roller 

speed, nc: critica! value of n, nr: table speed, u: peripheral rol­

ler velocity, s: roller gap, F: milling force, T: roller torque, T r: ta­

ble torque, P: power draft 

Material 

x: particle size, Of(x) and Op(x) feed and product size distribu-
• 

tion, PM: density, M: mass throughput, 80 and 85 : initial and ma-

ximum salid fraction per volume in the bed. 

Characteristical and dimensionless parameters 

Such parameters are useful for general considerations. 

specific grinding force F sp = F 1 O L 

specific torque T sp = T 1 o2 L 

relative gap with cr = s 1 O 

relative speed z = u 1 uc uc = ~g O 12 

specific throughput v = M 1 p O L u 



PRINCIPAL· DESIGN OF ROLLER·TABLE MILLS 

In a roller-table mili the grinding work and an air classifyer are 

integratecf~~e housing. The grinding work tonsits of a rota­

ting flat or slightly conical table and two to tour rollers. The ma­

terial is fed with a screw feeder to the center of the table, moves 

outwards by the centrifuga! force, is stressed by overrolling and 

flows over the table rim into the ring-shaped gap between table 

and housing. A strong air stream carries the material upwardly. 

The coarser particles fall down to the table, the finer particles 
-

are carried up to the classifier which only let pass the product. 
' 

The reject falls also down to the table. The interior material cir-

cuit is 1 O to 20 times larger than the mili throughput. 
. 

The rolls are pressed upon the particle bed by a hydraulic force 

system. Two motors drive the grin-

ding table and the classifyer rotor; 

a tan produces the air stream. 

The product is separated from the 

air by cyclons and dust filters. 

Dr - 0.4 to 6m 

Dlor - 0.45 to 0.55 

UD - 0.3 to 0.4 

Ptable - 50 to 5000 kW 

M - 1 to 500 tlh 

feed ~ 

air -: 

G 

product, air 

D 

feed 

biD f::::c.::-.: ,, .. 

'" 1
_air ' :-.; 

t_:¡ 
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PRINCIPAL DESIGN OF HPR-MILLS 

High pres~r&{)ller milis consits of a strong frame work with 

two rollers and the hydraulic force system. The bearing blocks 

of one roller are fixed and ttíose ones of the other roller can move 
-w linearly. The force acts on the movable bearing blocks and 

presses that roller against the particle bed. The material flows 

from a vertical silo into the gap between the rollers. In the upper 

part of the gap the material is accelerated and the particle streQ.~ 

~ is narrowed. In the lower gap the particle bed is stressed in 

such an extent that flakes are performed. 8oth rollers run with 

the same peripheral velocity. 

The roller surface is smooth or roughly structured by on-welded 

chevrons. The working gap is determirfd by the compaction be­

haviour of the material and the mass flow which is introduced 

into the compaction zone and depends on the outer and inner 

friction. 

o - 400 to 2000 mm 

" / 
UD - 0;3 to 1 1 1 

s/D - 0.008 to 0.025 ( > --- ... ( > e ) 

u - 0.3 to 2.0 m/s 

p - 200 to 4500 kW 

M - 20 to 1000 Vh 

. . . , ~ • 

1 ' " lt-~/ ---·-· 11-- 1 1\ 1 
~ -·+·- 1 -·-·-

t 
1 

lt- 1 1 ·--· lt-- \ 11-- " ' ' ..... ___ 
e < ) ( > ( ) 

-¡1! 

- . 

,. 
\ 

\ 

1 

" 



PRESSUR ANO ROLLER MILL PERF9RMANCE (1) 

With increaS-mg::pressure p the energy absorption EM, pb of the 

particle bed and the amount of produced fine material f increa-
1 

ses. However, f does not raise propo"rtional with EM, pb• there-

fore the efficiency declines. The recirculating load k in a roller­

table mili or in a HPR-mill circuit is inversely proportional to f . 

• 
The recirculating load determins the mass flow Me in the circuit. 

\Me = k r\1] r\1 = circuit throughput · 

r.e e c.. Y"Ctt e ¡· a tiA~ c.oa r.se...-
• • 

(-h~1)!1 = (A-f)f1 

,f__.e e).. , • 4r~~~~ b.elwe.el(, 
..t cfu.f:.si- proctud_ 

... L. • ro U. .e V' a v. r/. f-a bf.¿ • 
..,. . .. 

• r h -f.~\_= f1 M ~l. O y-· f.l(JO '(r; .fJ.I0::. he.. ~\;(1 
11 • 

The size of mili, classifier and transporting equipements increa­

se with raising k and therefore the capital costs too. lt may be 

reasonable to apply a higher pressure to minimize the commi­

nution costs although the size-reduction efficiency becomes 

smaller. This problem can be studied by stressing a particle bed 

in a pistan press. ,, 
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PRESSURE ANO ROLLER MILL PERFORMANCE (2) 

Experimental set-up 

r ... -
~~~ ... 

--

stressing 
particle b~d 

;V E 
M,pb 

... ,.. 
deglo-
merating¿ 

? E 
M,da 

l 
~ · classifying ,.. 

EM,pd : energy absorption of the particle bed, k= 1 /f : circuit 

factor, EM,da: energy consumption for deglomerating, 

WM : specific work-input for comminution ~md deglomeration 

WM = k { EM,pb + E M, da} 

-~ 

Example: Grinding a cement clinker fraction 2.0 1 2.5·mm toa 

product with a specific surface of 2200 cm2/g, EM,da= 1. 't lzVx.¡-6 

-..0 

4 ...., 40 6 
~ 
..e 

2 ~ 20 

1 
\J 
e 

0:0.5 o 5 
~ ..o 

w a. -
::E 

0.2 w 2 
.::L. 

WM almost independent on p, however k decreases from 30 at 

50 MPa to 3 at 200 MPa. 7t 



POWER DRAFT OF ROLLER-TABLE MILLS (1) 

The power df~itis always an essential characteristic of a ma­

china. Emperical equations are given and used. An e¡:1gineer 

should know the background; equation in dimensionless terms 

are helpful. 

The mili motor drives the table. The grinding force F acts on the 

roller and cause a torque if a material bed is introduced into the 

gap (without material no power draft !). F 

P = T T roT = 2 1t nr T T 

Tr = N T N: number of rollers -R 
11 

T = F R sin ~ = ~ F ( 0/2) ~/W? 

l P = ( ~--N ~) F D ~!-
The force acting anlge ~ depend on material, p rticle size distri­

bution of the introduced bed and is unknown. For generalizing 

the power equation, it should be considerad that the size-reduc­

tion is determinad by the pressure upon the bed. In different si­

zed milis the average bed pressure p should be the same if the 

same size -reduction ist to perform. · 



POWER DRAFT OF ROLLER-TABLE MILLS (2) 

' ' 
p =k F ¡·o L 

lntroducing the relative speed zr of thetable. 

P =(N p 1 j2k) p (L o2 1 -JDT) zr-!9 . 

The term (L D
2

/ M) is constant if milis are designed geome­

trically similar: 

P = p(N,p,k,z) (P D~-5 .¡g) 

p. j2N {12 k 

P = power tractor • power term 

The power is proportional to the "power term" only as long as 

the "power factor" is constant. Usually De = (0.4 to 0.6) D. 

-
An average force acting anlge p can be estimated with for ter-

que and the grinding force. . 

N N _ 
T . ('D /2) I P ¡ F ¡= (D /2) P I F i = (D /2) P Ftot 

. i=1 i=1 

[ ~ = 2 T 1 D Ftot ! 
1 '/ 
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MECHANICS OF HPR-MILLS {1) 

Stress field:J.n::the roller surface 
The compaction of the particle bed causes a stress field in the 

roller surface with radial, peripheral and axial principal stresses 

crr, crp, cra: The stresses crp and cra arise because the cross­

strain behaviour of steel and the particle bed differ. lf the mate­

rial slip on the roller then an additional shear in slip direction is 

causes, 'tp and 'ta. All these stresses depend on the anlge a 

· and the axial position l. 

crr = crr (a,l); crp = crp (a,l); cra = cra (a,l); 

'tp = 'tp (a, 1); 'ta = 'ta (a,l) 

-¿ +L 
4 • .. 

~------ L ,.{ 

D 

For simplification the averages of crr and 'tp over the roller 

length are considered in the following. 
~------------------~ 

p (a) . (1/L) ;~ 2-cr,(a,l) d~l 
-L/2 J 

+L/2 
't (a) = (1/L) J 'tp(a,l) di 

-L/2 

The stresses crp and cra are interna! stresses and do not affect 

the euqilibrium óf outer torces. 



MECHANICS OF HPR-MILLS (2) 

The compc;c,t~ begins at the compression angle a0 . The pres­

sure p increáses-to a maximum ata around -1° and declines te 

zero at the relaxation angle y; The peripheral stress crp acts 

firstly oppositly te the rotation, reaches an extremum, passes 

zero, then acts with the rotation, reaches a second extremum 

and declines te zero at y. Measurements. have shown that a0 is 

in the range -120 te -8° and y between +3° and +6°. 

-o{ \6: o 
b p 

Slip is caused only if (crplcrr) is larger than the coefficient of fric-

tion ¡.¡.. Then the slip induced shear 'tp is equal to (¡.¡. crr)· Measu­

rements indicates that slip may exist only in the relaxation zone. 

-¡e 



MECHANICS OF HPR-MILLS {3) 

Specific gri!?c.lhng force Fsp and maximum pressure Pmax 
- --~ .............. ___ -

The grinding force F is related to the p(a) - and t(a) - function 

by an intergral expression: 1 

. ao / 
F = (L D/2) f {p(a)cosa + t(a)sina} da 

T{o<.) =F O out) J 

01¡- ~~~r>f • 
-y 

Beca use a is at the maximum 120, it can be set: 

cosa = 1 and sina = a. 

The function p(a) can be expressed by Pmax f(a). The slip indu­

ced shear t(a) can be written as (¡.t(a) p (a)). The above equa­

tion is rearranged. 

ao ~~ 
F = (L D/2) Pmax f f(a) {1~¡ da 

-y 

~~~~e. Normalizing the a with ao: q = a 1 ao; k = y 1 ao 

1 

F = (L D 1 2) Pmax a o f f( q) { 1 + q ¡.t( q)} dq 
-k 

Fsp = F l L D = Pmax ao 1 F 
~ 

1¡==(1/2)f f(q){1-@dq 
. -k 

Pmax = Fsp 1 ao IF 

~ ~ kVlM- ¡~ fj\()1 

¿t.L ~a.J_ e(-r~ 

~r ~- Y""c~~t\f- to 
CrJ4 }1-clev- ~J,1 w~·tlt. 

Sr ( or ::::> r 
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MECHANICS OF HPR-MILLES (4) 

·J_ Pmax = Fs~~-~FJ 
The factor IF depends mainl/ on the p(a)-function shape and by 

that on the material, the (0/xmax)-ratio and the roller surface 

structure. Measurements have shown that (1/ao IF) is between 

20 and 40. 

lf (a0 IF) is constant then the maximum pressure Pmax is pro­

portional to the specific grinding force Fsp which, therefore, is 

the appropriate parameter for characterizing the applied force 

and comparing HPR-mills of different size. 

7-1: 



. MECHANICS OF HPR-MILLS (5) 

Specific totqa~.T sp and maximum pressure Pmax 

The total torque T of both rollers is related to the p(a) - and 
. 1 

1:(a) - function by an intergral expression: 

ao 7 
T = 2 ( LD2 1 4) f {p( a) ces a + 't (a)} da 

-y 

::-k) =i' o 0~'1/ 
uf oplor-> f • 

Because a is at the maximum 120, it can be ·set: 

cosa = 1 and sina = a 

The function p(a) can be expressed by Pmax f(a). The sl_ip indu­

ced shear 't(a) can be written as (~(a) p(a)). The abov·e equa-

tion is rearranged. 

~~~~ Normalizing the a with a0 : q = a 1 ao; k =y 1 a o 

1 

T = (Lo2 12) Pmax a6 f f(q) {q+(ll(q) 1 ao)} dq 
-y 

Tsp = T 1 LD
2 = Pmax a6 Ir 

1 
1 T = ( 1 1 2) f f ( q) { q 

-k 

2 
Pmax = Tsp 1 ao Ir 

* 
(ll(q) 1 ao ~ dq 

./ 

* ~¡~ kfl.vt. i~ ot.J'1 
L'-1. ~a,(.. d..-r~ 

O'( cy- m\1\~ 'éo 
Ccrvt ~1( l~tt. ~'dt_ 

O"f(6'r >O 



. MECHANICS OF HPR-MILLS (6) 

1 Pmax = r sp;l;_o/;b~ 1 T -~ 

The tractor Ir depends on the p(a) - function shape and also on 

the compression anlge a0 if the material is slipping. rherefore 

the material, the (D/xmax) - ratio and the roller surface structure 

influences Ir- Measurements have shown that 

(1 1 a0
2 Ir) is between 700 and 1300. 

lf ( a0
2 Ir) is constant then the maximum pressure Pmax is pro­

portional to the specific torque r sp which, therefore, is the ap­

propriate parameter for charcterizing the resulting torque and 

comparing HPR-mills to different size. 

Force acting angle 13 

The force acting angle follows directly from the measured grin­

ding force F and torque T. 

r = F D sinl3 = 13 F D )13 = T 1 F D = T sp 1 F5p l 

rhe (a0 1 13) -ratio is given by 

\ a0 1 13· = IF 1 Ir ( 

Measurements have shown 13 is between 1. 7° and 3.4° and 

(ao 1 13) between 3 and 6; 13 decrease with raisings force. 



THROUGHPUT Oi= HPR-MILLS {1) 

Three regi~!l8"9lf the space between the rollers can be distin-:-
..___~~-·-

guished: 

• Acceleration zone in which the particles are accelerated and 

the material stream is narrowed both caused by friction forces 

between rollers and material, therefore slip on the rolle!" and in­

side the bed exists. 

• Compaction zone beginning at the compression angle a0, 

· i.g. no slip or only little slip just at the end, however very high 

compaction (8 > 0.85) provokes slip. 

•Relaxation zone between a= O anda= y, the comP.acted b~d 

respectively the flakes expand, the expansion is 1 O to 40 %, slip 

exists. 

• 
The throughput M is determined by the 

material flow through the entry of the 

compaction zone at a0 and also equal 

to the material flow through the smallest 

gap ata= O. 

Acceleration 
zone 

Compression 
zone --·--·­
Relaxation 
zone 

h: entry width, w0 and ws average material flow velocity at ao 

· and.a =O 
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THROUGHPUT OF HPR-MILLS (2) 

lf slip can be:$glected then w0 = Ws =u, the specific through­

put v reads. 
1 

• 
v = M 1 p L -D u = 80 (h 1 D) = 8s (s 1 D) = 8s cr 

h = S+ 0 (1- cos ao) = S+ (Da5 1 2) 

1 v = Oo { cr + ( a6 1 2) } = 05 cr 1 

Regarding the maximum feed particles Xmax two situ~tions are 

to consider: 

• Xmax < s, a particle bed exists in the entry , 80 is about the re­

lative bulk density 89, 80 = 8s = 0.5 to 0.6 

• x max > 2s, the maximum particles contact directly both rol­

lers, 80 < 0.50 

S 
IX o 
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THROUGHPUT OF HPR-MILLS (3) 

The relativeifa-J)'width cr results from the equilfbrium of the partí­

ele bed reaction and the grinding force and can be influenced 
1 

only a little. Usually the grinding force is chosen that os is 0.7 to 

0.8. 

lntroducing a particle bed than oo is predeterminad by os de­

pending on p. s. d., therefore a0 is the dominant factor which 

depends on the inner and outer friction and these both increase 

as 

• feed finer 

• p. s. d. wider 

• particle shape 

more edged. 

• moisture raises in hydrophilic feed , 

• moisture declines in hydrophobic feed 

• roller surface rougher 

Feeding a coarse material then the direct contacts determine 

the compression angle a0. 

cosao = (D+s) /(D+xmax) = (1+cr) 1 (1+(xmax ID)) 

lt can be shown that in this situation cr and o0 are correlated to 

each other and the grinding force F affects the throughput 

which decreases as F is increased. 

1 
' 
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THROUGHPUT OF HPR-MILLS (4) 

ThroughpU[..:®aracteristics 
• 
M = 8s cr p O L u 

1 

The (M, u)-function represents the throughput characteristic. 

16 
quartz .e 14 cal cite 

......... 0.1/6.3 
corrugated - 12 . 

10 0.25/1.0 -~ 0.1/6.3 a. 8 
0.1/6.3 .e x0.25/1.0 Ol 6 

~ mm o 4 0.25/1.0 lo... 

mm .e 2 - o 
4 

speed, m/s speed, m/s 

• The throughput raises proportional to the velocity only at low 

speed, at higher speed the curves bend downwards. 

• The material influences strongly the throughput. 

smooth rollers: higher throughput with calcite than with 

quartz; no particle size influence with quartz, however with 

calcite M increases as Xmax becomes coarser . 
• corrugated rollers: higher M than with smooth rollers, 

much stronger size influence with quartz than with calcite, 

higher M with coarse quartz than coarse calcite feed. f'' 



THROUGHPUT OF HPR-MILLS (5) 

Explanatioos-;~.., 
-- -.:_•---

(1) The material influence is due to the material hardness. 

Softer materials(calcite) tend to adhere on the roller surface, 

therefore the friction increases and by that M. The furrows of 

the corrugated surface is partly filled with calcita and the effect 

of the corrugation is reduced. Harder materials (quartz) clean 

the surface. 

(2) Moisture increases the inner friction of hydrophilic materi-
• 

als, M increases as long as the volumetric water content is 

smaller than <>s· A moist hydrophobic feed (coal) causes a slip-

. py film on the rollar, which reduces friction and by that the 

throughput. 

(3) The underproportionality of M over u has two reasons. 

• The acceleration effect is causes by the centrifuga! accelera­

tion whicn reduces the particle contact force on the roller and by 

that the friction force. This effect is independent on particle size. 

• The backflow effect is caused by the air expelled from the 

voids as the bed is compacted. Most of the air flows upwards 

and can loasen the bed above a0 or even fluidize partly, if the 

particle are fine enough. The throughput begins to oscillate and 

breaks down as the speed is further increased. This effect de­

pends strongly on the particle size. 



. THROUGHPUT 01= HPR-MILLS (6). 

Grinding f~ee.-and throughput 
-~·---

In principie the grinding force influences the throughput. The 

package situation in the gap /determines the force sensibilty. lf 

Xmax < s then M is almost independent on F; size-reduction 

and throughput are decoupled. As particles contact directly the 
• 

rollers, that is Xmax > 2s, then M declines with raising force. 

4 /g o o 4.5 
calcite 1.6/6.3 -L 

3 mm 
1 m/s 

~ . quartz 1.6/6.3 

2 • • 2.6 
calcite 0.25/1.0 

1 a 1:1 1:1 3.6 • • 2.5 

o 
2 

0.38 m/s 
x80 = 12 to 13 mm 

1 

• Ni ore 

o~~~~~~~--~~~~ 

specific grinding force, N/mm2 



THROUGHPUT OF HPR-MILLS (7) 

Throughput number and throughput elasticity 

The acceletr_atioo effect is caused by the centrifuga! force which 
-~~---

acts on the particles moving along the rollers, therefore the 

square of the speed should be introduced into the throughput 

relation. 

The specific throughput reads: 

V = VQ- (1 1 lC) Z I.. 

z = u 1 Uc : relative speed, uc = ~g D 12, vo : throughput num­

ber, K: throughput elasticiy 

A straight line in the (v, z) - diagram preves the idea of the Q.C(-t-

_. -l.tl(tl. ~i~l{ -e{ftc { • & O.OS.-----------s-m __ o_o~th~r-o~ll-e-rs, 
..e 
~ 0.04 
o 
L 

..e 0.03 
-+-' 

Q) 
> 0.02 

...¡..J 
o 

cal cite 
1\ 

;1::=7~!;-----...;:9._8 ==~o- 0.1016.3 mm -•..-, -\--•.,,r--__ -,: • ..--=:;!~V O. 25/1.0 mm 

rt 0.10/6.3mm 
qua z 0.25/tOmm 

Q) o. o 1 -+---.,...----,----r---1 
L 4 

relative speed z 
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STIRRED MILLS - INTRODUCTION (1) 

Stirred m_U!§~:P~Iong to the main group of grinding. media milis. 

They coñSits"-of a cylindric (mostly circular) vessel filled almost 

completely with balls and a stirrer which introduces the energy 

to the balls. The ball are very small 0.2 to 3 mm in diameter. 

Theses milis are most capable for very fine grinding qelow ab­

out 30 ~m or even microfine grinding below sorne microns. 

They are operating wet in batch or thra1f-tlow mode. The su­

spen~sion is pumped into the mili and discharged through a 

screen with quadratic or slit-shaped apertures or through a ring 

slit between a rotating plate and a ring. The high power density 

can cause strong temperatura raise and requires cooling of th" 

vessel. 

Stirred milis are classified in respect to the stirrer peripheral ve­

locity and to a particular geometric extension characterizing the 

process volume. 

• low speed milis, peripheral velocity 1 to 4 m/s, often also 

called attritor 

• high speed milis, pheripheral velocity 8 to 12 m/s, that the 

usual range 

• gap milis, width of process volume only sorne millimeter 

however at least 5-times the ball diameter 

• toWer milis, mili length much larger than diameter, tower m ...... 

use larger balls of 1 to 20 mm and run with low speed. 



STIRRER MILLS - INTRODUCTION (2) 

Advant'lge;,..The only mili for microfine wet grinding 
--:=s::=.. ~- ,•_ 

Disadvantage: High wear with abrasive feed, then coating of 

stirrer and mili wall with plastics or rubber, reduced heat trans­

fer, for avoiding contamination larger particles of the feed 

material are used as media (autogenous grinding). 

Histrory 

Using a stirrer vessel for grinding was firstly proposed 1928. 

These so-called attritors are slow speed milis 

In the forties high speed milis have been developed using 

rounded quartz sand as grinding media. They have been called 

sand milis. 

The development of modern high speed milis began in the 

fifties. 

feed 

Attritor Sand Mili 
fl 



TYPICAL DESIGN FEATURES OF STIRRED MILLS (1) 

The or~ion of the mili can be horizontal or vertical. The 

horizontal orientation is advantageous for large milis because · 

the power peak at starting is reduced. The vertical orientation 

reduces the media lift which causes pressing of the balls 

against the discharging aperturas. 

product j 

fee~. 

/ 
/ 

product 
~ 

--Y.~'' 
cooling 
water 

The length to diameter ratio is usually between 1 and 4, at 

very big milis it can be up to 6. lf required that the temperatura 

raise should be constant, then the power has to be proportional 

to vessel wall, P oc A. lf required that the specific work-input 

should be constant, then the power has to be proportional to the 
" 

throughput, P oc I'V1. With these condition follows: 

Throuphput proportional to (volume)2/3 



TYPICAL DESIGÑ FEATURES OF STIRRED MILLS (2) 

Quite differ~::§tirrer elements have been tri"ed. The shape of 

the elements determine the torque and by that the power draft 

and the power density which dominates the size-reduction et­

fect. Nowadays discs with circular hales are mainly used becau­

se they are the best compromise in respect to power density 

and wear. Stud discs are used if a very high power density is 

required and the feed is less abrasiva. 

The ballfllling ratio is chosen about 0.8 of the free mili vol u me 

which is the mili volume minus the stirrer volume. 



TYPICAL DESIGN FEATURES OF STIRRED MILLS (3) 

The media=~arator at the outlet have to hold back the ball 

charge in the mili whereas the slurry is discharg~d. A cylindrical 

screen is the most simple separator for balls larger than 1 mm. 

Milis with a screen are called open milis. The carge forms a 

trompe which could be disadvantageous because air is intro~ · 

duced into the slurry and bubbles are created. To avoid this ef­

fect the mili must be closed. The slurry discharge is achieved 

through a so-called friction slit or through a metallic slit screen 

filter. c1 ti~dr" i col.sc.v-eek-
,....._,..-1-....,...:.,~ ,--.,-, 

fricJioVL slif: 

The friction slit consists of a rotating disc mounted on the stirrer 

shaft and equiped with a wear resistiva material and a ring of 

such material. The rotation helps to reject the balls. The mini­

~u~ gap width is 100 ¡..Lm. In full size milis a friction slit should 

not be used for balls smaller than 0.5 mm. 

c1,1 Slit screen filter are manufacturad with slit down to 50 ¡..Lm .. 



TYPICAL DESIGÑ FEATURES OF STIRRED MILLS (4) 

Grinding ·~ of different materials and sizes are u sed: 

glass, aluminium oxide, zirconium silicate, zirconium oxide, 

steel, hardened steel. The sizes are between 0.2 and 5 mm. 



CHARGE MOTION (1) 

• 

The stirref'cafiSes a 3-dimensional flow pattern of the charge. 

The tangential motion dominates and creates centrifuga! torces. 

The tangential velocity depends on the radial and axial position 

and has a maximum at the stirrer tips and a mínimum at the. 

wall and causes a radial secondary flow which is directed out~ 

wardly in the disc region and inwardly in the middle region bet­

ween two discs. 

Re = 800 Re = 8000 

Flow lines of the fluid 

Because of the 3-dimensional flow pattern, the balls slip against 

each other which causes as well particle stressing by compres­

sien and shear as exchanging of particles and fragments in the 

contact regían between the balls. This relative movement of the 

balls is essential for the size-reduction. 



CHARGE MOTION (2) 

With a sopb1~_ticated model the local energy dissipation in the 

flow pattern has been calculated. The maximum values arise in 

a small region at the outer part of the discs and in a small re­

gion at the wall opposite the discs. This means the size-reduc­

tion is mainly performed only in a small fraction of the ·mili value. 

Re = 800 Re = 8000 

r------····--

- - ·-·----·-·- - ·-

Unes of equal relative energy dissipation in the fluid 

:";~!. re~io u.s wi~ over- ~ 

The centrifuga! acceleration is between 50 g and 2000 g which 

is much higher than the gravity acceleration, therefore the flow 

pattern is not much influenced by the mili orientation. 

The centrifuga! torces push the charge outwards; a cylindrical 

region around the shaft is free of balls. To avoid a short flow of 

· the suspension from the inlet to the outlet, the discs should not 

have .openings in this region. 

?7 

••• 

o 



POWER DRAFT OF STIRRED MILLS (1) 

The power draft is an essential characteristic of a machina. 

Equati~rthe different types of sitrred mflls are not known. 

The general background is discussed. 

1 P = T ro = 2 1t n T = 2 u T 1 05 1 

The torque is caused by the drag force F acting on the stirrer 

and depends on particular design of it, the slurry density p*, 

balll diameter, filling ratio and the peripheral velocity u. The flow 

is turbulent, therefore the drag force is proportional to the rotor 

velocity square. 

F = const p* A u2 

A: surface of all stirrer elements, z: number of elements, Ds, D¡: 

diameter of the stirrer and the shaft, 1: spacing of the elements. 

For geometrical similar milis, that is 

z = L 1 1, Ds oc Di and 1 oc Ds, 

the surface A can be expressd as: 

A= const L Ds 

T = ·F Ds = const p* L Ds2 u2 

1 p = p p* L Ds2 u3 l 
..,.••t---Os--t .. -.• 

14---o ---1 .... 1 

L 
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POWER DRAFT OF STIRRED MILLS (2) 

.j P = P p*~~s2 u3 J 

The power factor p depends only on mili and stirrer design, ball 

diameter and filling ratio and can be easily determineq experi­

mentally. p should be constant for geometrical similar milis. lf 

the disc spacing 1 is not proportional to the mili lenght L, then p 

is to assume being proportional to z. 

The ball size has a minar influence as long as it is not variated 

in a large extend. 

The suspension throughput begin to influence the power if the 

charge is pressed against the media separator, howev.er this si-

¡g¡ tuation is not a proper operation. 

For milis with usual disc stirrer in proper operation, the power 

factor p is about 0.05. 
~ - -
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BALL SIZE 

The baiFSize1nfluences.Jh_e size reduction. The e·xample for 

grinding calcite 30/1 00 ~m in a disc stirrer mili shows clearly the 
situation. 

E 100.0 
::t 30/1 00 J.l.m 
~ 

(1) 0.2.. 
N ·- 10.0 (/) 

(1) -
(.) 

...¡..J 
1... 

o 1 .o • .0.2 mm X c.. 
.6 0.4 mm 

e • 0.5 mm o X 2.0 mm (1) 

E 0.1 
10 1 o 1000 

specific work input WM, J/g 

The very small balls of 0.2 mm are inefficient. The balls of 2 mm 

break the feed particles rapidly, however need in the mircrofine 

range much more energy than the 0.4/0.5 mm balls. 

The selection of the optimum ball size is very important for an 
effective operation. In comparing different types of milis the ball 

size effect have strictly to be considerad. 

. ' 
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SPECIFIC WORK·INPUT 

The siz6o-:-t~ction depends in principie on many·operation pa-
--~-~ ... -. 

rameters as e. g. speed, ball size, filling ration,. suspension 

throughput, suspension load, mili size, stirrer design. However 

the specific work-input expressed by WM or Wv is the dominant 

factor as a mili is operated in proper condition. 

Wv = work-input relatad to the particle volume 

• 
P: power draft, P0: power draft of the empty mili, V: suspension 

throughput, : volumetric feed load C¡¡ 

1 'Wiv = (P- Po) 1 cvv) 

E 1 02-r----------___, 
::t speed: 6 to 14 m/s 

suspension load: 1 O to 46 vol. 
: ·calcite 30/100 

~ 

X 101 
<V 
N ·-(/) 

-(.) 

t 
·o 
0.. 

e 
o 
<V 

E 

A slit s~t.en filter 
VM: o.o, 25.8, 220 1 

a friction slit 
VM: 5.6 1 

o fnction slit 
10-'~-rV~:~1rn2.r5~1~~nmr-~~~ 

1 1 1 3. 1 4 

volume related work input Wy, J/cm3 
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STIRRED MILLS WITH DISC ANO STUDS STIRRER 

Sketches:-ef:usual design are shown. 
--~~-·-

t 
product 
~ 

cooling fluid 
-4---

t 

(a) disc stirrer, 
slit screen filter 

(b) disc stirrer, 
friction slit 

mili volume : 1 O .... 160 ..... 1 000 1 

motor power : 15 . ... 120 280 kW 

.0 

(e) stud stirrer, 
friction slit 

. 



Ring Gap Mili 

type Wé11~:' 

The process volume is between the rotating innér body and the 

outer vessel. The rotor is shaped as a double cone. The pro­

cess vol u me width is small (4 to 1 O mm). The slurry is fed at the · 

bottom center, flows upwards and leaves at the top through a 

friction slit. 

feed 

process vol u me : 5 .. .. 20 1 

meter power 1 O .... 50 kW 
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Duplex Ring Gap Mili 

type F~ Baii-Mill 

The process volume is between the rotating inner body with an 

triangular cross section and a vessel with an correspo.nding 

shape. The gap width is small (4 to 1 O mm). The suspension is 

fed at the bottom center, flows downwards in the inner gap spa-. 

ce, upwards in the outer one then radial inwards and leaves at 

the top through a frictidn slit. The balls flow with the slurry and 

are circulated through channels connecting both gap spaces. 

process volume : 0.5 

motor power 3 

t 
feed 

1 o .... 75 1 

50 .... 180 kW 



Duplex Ring Space Mili 

.~ . 
tyP' Dra1s:E~~. DCP 

The width of the processing vol u me is small (1 O te 20 mm), the 

middle wall rotates, the walls are equiped with studs. The slurry 

is fed at the top, flows downwards in the outer ring space and 

upwards in the inner ene and leaves through a slit screen filter 

mounted centrally. The balls flow with the. suspension and are 

circulated through channels connecting both ring spaces in the 

upper region. 

feed 

product 

process voluem : 6 .... 50 1 

motor power 20 .... 150 kW 
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TOWER MILLS (1) 

type MP~"QWer Mili 

Tower milis consists of a big upright cylindrical vessel, a central 

double helix screw and a classifier at the top. The balls rises 

with the screw and move downwards in the outer ariGrar space. 

The material and water is fed from above. The fine product 

flows upwards with the water to the classi.fier. lts underflow is 

recycled back to the mili. Tower milis are used for fine wet grin­

ding of minerals and ores. 

vessel height 

vessel diameter 

meter power 

:2600 6500 mm 

500 1500 mm 

10 .... 300 kW 
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IMPACT MILLS- INTRODUCTION (1) 

In impac®mtthe particles are stressed by collisi6ns either . 

against a beater, a hammer, the mili wall or against another 

particle. Regarding the energy transfer te the particles two main 

groups can be distinguished: 

• rotor impact milis, energy transfer by a rotor,. 

• jet impact milis, energy transfer by the drag force of a high 

speed gas flow. 

Only fine particles smaller than sorne hundreds micrqn can be 

easily accelerated by the drag force, therefore jet milis are used 

for fine and very fine grinding . 

The advantages of impact milis are: 

• single particle stressing therefore less energy losts by 

particle-particle friction and less agglomeration 

• high stressing velocity which is advantageous for elastic­

viscous materials 

• short residence time and by that large specific throughput 

• possibility te integrate an air classifier in the mili housing 
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IMPACT MILLS -INTRODUCTION (2) 

The disadyªntªges are: 

• high wear rate, only low abrasiva materials can be fed (Mohs 

hardness < 4), the so-called opposite jet mili may be used for 

some harder materials 
. 

• stressing intensity proportional to velocity square, therefore a 
high collision velocity needed for very fine particles, energy 

losts by gas ventilation 

• sensitiva to foreign hard bodies in the feed 

Rotor impact milis have been developed in the second half of 

the last century. 

• Ejecting rotor mili for ores (about 1860) 

• Beater mili (about 1875) . 

• Pin mili also called desintegrator (about 1885) 



IMPACT MILLS- CONTENTS 

Denotatiori&~~~-

Typical design of rotor impact milis 

lmpact mechanics 

lmpact propability 

Power draft of rotor impact milis 

Types of rotor impact milis 

Jet impact milis 

110 



OENOTATIONS 

The followtQ~@notations are usad 

Mili 

O, B. diameter and width of rotor, h, b, d: height, width and 

thickness of beaters, z: number of beaters, s: gap between bea­

ter tips and mili wall, ro: angular velocity, u: peripheral velocity at 

the beater tips, P: power draft, T: torque, F: drag force on the 

rotor 

Material and fluid 

x: particle size, Ps· Pf density of material and fluid, 11: viscosity 
• 

of fluid, M: throughput, ¡.t: volumetric material concentration in 

the mili, A.: mean free path of the particle in the mili, so= stop 

distance Of a particle in the fluid, Ws: settling velocity Of á 

particle 

Chapter impact mechanics 

m1, m2: mass of impacting bodies, v1, v2: velocity of the bodies 

befare impact, u: velocity of the bodies at the end of the 1st im­

pact stage, Ue1: transferred maximum elastic energy, Y 1, Y 2: 

Young's modulus of the bodies, 6: momentum of inertia of a 

body, e¡: longitudinal wave velocity, p0: maximal stress in a im­

pactad shere, a: impinging angla 

1 1 1 
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TYPICAL DESIGNS OF ROTOR IMPACT MILLS 

Many diff~!~~types of rotor impact milis are· manufactu.red. In 

respect to the design it can be distinguished as follows: 

• number of rotors: ene or two,mostly ene rotor, sorne pin milis 

have two rotors 

• orientation of rotor shaft: horizontal or vertical, mostly 

horizontal 

• rotor impact tools: bar-shaped beaters or pins 

• feed introduction: central or peripheral, mostly central 

• interna! classifying: screen, grates at the periphery, air 

classification in or outside the process volume, rotor air 

classifyer integrated in the mili. 
. . 

Rotor diameter 150 to 1500 mm, peripheral velocity 50 to 120 

mis, motor power 1 Oto 200 kW. 

{e . .eof.a. .sc.re.e~ 

prod.~d-
screen 

.U r 
air produc._ 

classification classification 
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IMPACT MECHANJCS (1) 

In impact milis the particles have te be impinged with such a 

high velocity that they break. 
---".o:·~:-=-~ e 

The coma~region deformes 

mostly inelastically. In general 

the impact direction is oblique 
. 

and the particle rotate. Such an 

impact cannot be described 

theoretically. The simple impact mechanics considers the ela­

stic impact of spheres without rotation (Hertz impact theory). 

lmpact stages 

An elastic impact (without breakage) consists of two stages: . 

Stage 1 begins with the contact and lasts until the centers of 

gravity of the impacting bodies do not further move against 

each other. 

Stage 2 follows stage 1 until the bodies part. 

The maximum transfer from kinetic te elastic energy is given 

at the end of stage 1, then the maximum stresses arise. lf 

cracks are not released in stage 1, the particle remaines un­

broken and cunees back. 

~:i (±) 1 : 

-~ -cr ()\ 1 , 

...i - l-,f- \J""T"' 
~ 1 C> ~~---+

1 

-++----+ ti~C2.. 
~ o ]e í íJ) R-1 ~ese' ~ 
d ~e l't-1--
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IMPACT MECHA~ICS (2) 

lmpact modes 
' . 

The foll~.,mr.rnodes of impacts without rotation can be dis-

tinguished in respect te the mass relation m1 1m2 of both bo­

dies and the angle between their flight directions. 

~ <<_m2 (particle against wal'l 

straight irripact: fligth direction of m1 is equal te the plane 

normal of the contact point. 

oblique irnpact: all other impacts 

;a ii! • m 1 "" m2 (earticle against particle) 
iio 

~ ~ straight central impact: both particles approach each other 
:I: X 

~.'E along the line between the centers of gravity and tlie plan e 
(3-q­
z<O 
~ ~ normals at the contact points have the same direction. 
(/)<0 -~ 
:il ;¡ straight eMcentric impact: the flight directions are parallel or 
:1:<') 

5 :g antiparallel te each other. 
~~ 

oblique irnpact: all other impacts 

In principal the probability of exact straight impacts is zero. 

G 

f 1~ 
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IMPACTS MECHANICS (3). 

Energy transfer in straight and straight central· impacts 
---e-_ __~:--. 

The maximum energy transfer fallaws fram the energy and .ma­

mentum balance befare the callisian and at the end af stage 1 

cansidering anly the kinetic and the elastic energy. 

m1, m2: mass af bady 1 and 2 

v1, v2 : velacity af body 1 and 2 befare callisian 

u : velacity af bath badies at the end af stage 1 

Uel: elastic energy stared in bath badies at the end af stage 1 

(1/2)m1 v12+ (1 1 2) m2 v22 - (1 1 2) (m1 + m2) u2 + Uel 

m1 v1 + m2 v2 - (m1 + m2) u 

1 Uel = (1 1 2) {m 1 m2 1 (m1 + m2)} (v1 - v2)2 { 

particular cases: 

m1 << m2, v2 =O U el - (1 1 2) m1 v12 

m1 << m2, v1 =0 U el - (1 1 2) m1 v22 
\ 

U el 2 v12 m1 << m2, v1 = -v2 - m1 

m1 - m2, v1 = -v2 U el = m v2 
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IMPACT MECHANICS (4) 

Energy transfer in a straight excentric impact 

The deri_Y:.?~~equation for U el can be u sed after replacing the 

body masses m 1 and m2 by the reduced body masses m 1' and 

m2'. P-1 

i = ~8/ m 

e : moment of inertia; sphere e = (2 1 5) mr2, e = 0.63 r . 
lf two spheres collide together with p = d 1 4 then it results 

~1' m2' 1 (m{+ m2') =m 13.25 = 0.31 m 

The elastic energy is reduced strongly be this factor 3.25. 

~ Energy transfer in an oblique impact on a plate 

The derivated equation for Uel "can be uses as the normal com­

ponent vn of the velocity is introduced: 

Vn = v cosa. a. : impinging angle 

this i~ valid as long as 

tana. < ( ¡2 + p2) ¡..¡. 1 i 2 

¡..¡.: coefficient of friction 

o<. : s~> 10TJ 
( (Av¡,¡

2
.. o. ~r o. fr 



IMPACT MECHANICS (5) 

Energy partition 
._.:-::.::-:-~~ 

The elastic-ermrgy is transferred into both impact bodies. The 

partition follows from the Hertzian equation: 

Y: Young's modulus, v: Poisson number. Because the Poisson 

number does not differ much, it can be said: 

~ 1 U el, 1 1 Uel,2 = (Y 2 1 Y 1) ( 
< 
0: 
\,. 

~ Uel,1 = { Y2/ (Y1 + Y2)} Ue¡; Uel,2 = {Y1 1 (Y1 +Y2)} Uel· 
t , . 

11? 

The energy fraction being tranferred te the particle raises with 

increasing Young's modulus of the plate. This partition is valid 

for elastic behaviour befare a crack is released. 

Example: mineral particle with Y 1 = 7 · 1 o4 N 1 mm2 against 

steel pi ate with Y 2 = 2.1 · 1 o5 N/mm2 

U el, 1 = 0.75 U el and Uel,2 = 0.25 U el 



, 1 ~ 

IMPACT MECHANICS (6) 

Maximu~0.!-!~E!ss Po in the particle 
As shown-mlfie chapter fundamentals the maximum stress Po 

is given as: 

Po 1 Y sp = 0.87 (1 + Kt415 (v ¡ c¡)2/5 ( 

v : collision velocity , e¡: longitudinal 

wave velocity, K== (Y sp 1 Y p¡). 

particle-plate impact : Uel = (1/2) mv2, K:= 7/21 = 0.33 

particle -particle impact: Uel = (1/4) mv2, K:= 1 

The Po-values differ in both cases by the factor 1 .38. 

. . 

Conclusions for impact grinding 

(1) More energy is transfered to 'the particle as it impinges a 

plate with the same collision velocity than another particle. Each 

deviation form the straight impact reduces the energy transfer, 

however the particle-plate impacts are less sensitiva to such 

deviations than particle-particle impacts. The straight central im­

pact of two particles is very unlikely. For all these reasons parti­

cles-plate impacts should be preferred if possible. 

(2) The beater material should have a high Young's modulus 

beside a high hardness in arder to assure that most of the ener­

gy is transferred into the particle. 



. ,, 

" 
1 

-
• 
• 
• .. ,, ,, 
' 
' 
~ 

''1 

-
IMPACT PROBABILITIES (1) . 

. Partlcle-pta~d particle-particle impact in a mili 

In rotor impact milis the particles are flying around in the ring­

shaped space (process volume) between the rotor and the mili 

wall. The flight velocities and flight directions are distributed 
-

randomly. They may impinge against the beaters of the rotor or 

against another particle. The question arises about the probabi­

ties for these events which depend on the particle concentra,. 

tion. The govering parameter of this problem is the mean free 

path A. of the particles. lf A. is smaller than the width s between 

rotor tips and wall, then particle-particle impacts are more likely 

than particle-plate impacts. The mean free path can be estima­

ted analogous to the kinetic gas theory . 

{ A. == 1 1 -12 1t n x2 1 

n : number of particles per vol u me , N : number of partilces, 

V: process volume, ¡.t: volumetric fraction of all particles in V 

(filling ratio) 

n = N 1 V = 6 ¡.t 1 n x3 



IMPACT PROBABILITIS (2) 

The mean free path t.. depends on the particle size and the. fil­

ling ratio ¡1. For t.. > s particle-plate impacts are more likely than 

particle-particle impacts, therefore the filling ratio should be limi­

tad as: 

{ 11 < 0.1 (x /s) { 

'1.. e 

In impacts milis the gap is between 2 and 20 mm and the 

(x 1 s)-ratio at least 0.1. With a smallest particle of 50 ~m the 

(x /s) -ratio is between 0.0025 and 0.1. The gap filling ratio 

should be between 2.5·1 o-4 and 0.01. The finer the particle the 

lower ll· 

Stop distance so 
Flying particles are slowed down by the drag force and stopped 

after the flying path so: 

1 so = (8 1 3) (Ps 1 Pf) x In{ 1 + (xvo Pt 1 4811)} [ 

Ps· Pf : density of salid and fluid, x: particle size, v0 = initial velo­

city, 11: viscosity, ws: settling velocity 

For particles smaller about 30 to 50 11m the equation can be 

simplified: 

SQ = Ws VQ / g 1 
example: X = 10 ~m, VQ = 100 m/s, Ws in air = 1 0 mm /5, 

s0 = 47 mm 

. ' 



IMPACT PROBABILITIES (3) 

Mean free path A., stop distance s0 and process vol. width s 
~ -

_ A particle-prate:Jmpact needs that the width s 6t the process vo-
~itv-

luma is at least two-times- than s0 and A.. The particles 

concentration has to be very small: 

ll < 1 o-3 at x = 1 oo ¡.Lm and ll < 1 o-4 at x = 1 o ¡.Lm. 

The stop distance begins to domínate in the size range below 

5 ¡.Lm. Then it is advantageous to increase the particle concen­

tration that particle-particle impacts beco me likely. 

!! Experiences show that grinding in rotor impact milis is limited at 
jl 

; 5 to 10 ¡.Lm. 
< o 

100.0 
p = 2650 

..........._ 
(quartz) :¡ o= 100m/ l..._, ...._,. 

E E 
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/ / 

~-- / ~"O / /10-- / 
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particle • SIZe, ¡..¿m 
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IMPACT PROBABILITIES (4) 

Penetrating into the beater space 
- -

_ Particles i~.process volume between beater tips and mili 

wall have to penetrate into the beater space to be impactad . 

and/or accelerated. This is only possible, if they bounce back 

from the wall. The probability P for penetrating follows from 

geometrical considerations. 

O : diameter of beater circle 

z : number of beaters 

d : thickness of beaters 

x : particle size 

u : peripheral rotor velocity 

v : radial particle velocity 

~ .. /' /V#" 
~ 

d x" ~. 

" ~ 1 P = 1 - { zx 1 1t O} { 1 + (d 1 x) + (u 1 2v)} ! 
if (ux 1 2 dv) << 1 then 

1 P = 1 - (zd 1 1t O) \ 

( 1 1~ 

The penetrating probability increases with raising radial particle 

velocity and declining number of beaters. However the acting 
. ' 

beater surface increases with z therefore, an optimum number 

exists. Often milis are equipped with too many beater. 

. ' 



, l. ) 

' 
POWER DRAFT OF ROTOR IMPACT MILLS {1) 

The power draft is an essential characteristic of a machina. 

The gene~~~-€_kground of an equation for rotor impact milis is 

discussed. 

The rotor works like a fan. The torque is causad by the drag 

force F which depends on the particular design of the rotor, the 

size and shape of the mili vol u me and the wall structure of the 

housing. Most essential are those parts of the rotor transferring 

the energy to the fluid, e. g. the beaters in a so-called turbo ro­

tor mili. Their surface As has to introduced into the equation. 

The flow is turbulent, therefore the drag force proportional to the 

square of the rotor speed u. 

\ F = const p* As u2 f 

p* = Pf + !lPs: density of the gas-particle mixture in the mili 

,.··· 



POWER DRAFT OF ROTOR IMPACT MILLS (2) 

P=2uT/O T = F O 12. 
--=~:'7=~::-=:-- .. 

P = u F coñst p*- u3 As 

P == const (1 + 1-l (Ps 1 Pf)) Pf u3 As= P(Pf u3 As) 

The power factor p depends on the particular design, the densi­

ty ratio (Ps 1 Pf) and the material concentration 1-l in the mili. In 

usual operation p is between 0.003. and 0.012. 

The material concentration !J. in the mili is not known, tl. depends 

on the throughput M and the classifier cut which determines the 

fineness of the product. In general ¡.t raises with increasing rV1 

and fineness. Furthermore the breakage behaviour influences ¡.t 

that it increases as the material is less grindable. The size-re­

duction effect increases with the. speed, because of that ¡.t de­

erases as u is raised. This interrelation can cause that P seems 

not to be proportional to u3. 



f ~ 1 

- ' 

-
POWER DRAFT OF ROTOR IMPACT MILLS (3) 

- -

The surfa-c_e=-zte-_of all beater is given: 

As = z h b 

In principie P is proportional to z if the beaters mainly determine 

the drag force. The number of beaters can influence the size-re­

duction effect and by that the value of 1-l· 

Because of the complex interrelation between the material con-
~ 

centration 1-l and the operation condition it is difficult te set up a 

general power equation. 
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Beater Mili with Screen . · 

chamber 0 mm 600 

chamber width mm 200 

motor power kW 45 

800 

300 

63 

900 

430 

90 

1200 

600 

160 



Beater Mili with Screen . 

chamber 0 mm 600 800 1200 1500 

chamber width mm 100 150 200 230 

motor power kW 45-55 75-110 132-160 200-300 
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Rotor lmpact Mili with Five Rings of Beaters 
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chamber 0 mm 315 450 630 1000 

maximum speed Rpm 3500 2700 1700 3600 

.motor power kW 22 55 75 110 

! : t' 
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Hammer Mili 

. ' 

Rotor 0 mm 220 400 600 600 800 

· Chamber width mm 240 500 300 600 1200 

motor power kW 3 18-22 22-30 30-45 75-110 
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Beater MiU with V-Shaped Grinding Zone and 

rotating Classifying Slit 

chamber 0 mm 400 600 

rotor motor power kW 15 

motor power for kW 7,5 

rotating mili wall 

30 

1 1 

800 1200 

45 75 

18,5 22 
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Beater Mili wfth V-Shaped Grinding Zone and 

Air Classifying 

chamber 0 mm 400 

rotor motor power kW 15 

600 

30 

\ 

800 

45 

1200 

75 
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ACM Mili with Classifier 
- . 

-=:=::::::::-7:.-:-:'0- -

1 screw feeder 
2 rotor with pins 
5 classifier rotor 
6 outlet 

Maximum mili size: 

~J 

7 

7 classifing zone 
8 grinding zone 
9 pin rotor drive 
1 O classifier drive 

mili motor power 200 kW, classifier motor power 30 kW 
maximum throughput 1 O t/h 



Pin Mili with One Rotor 

chamber 0 J mm 

maximum speed Rpm 

motor power kW 

315 

10000 

22 

' .:: ,. 
. '• 

450 

7500 

45 

•, 

630 

4500 

55 
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Pin Mili with Two Rotors 

The two t2Je±s_rotate in opposite direction, the collision velocity 
...::::::;:::.......--=- ...... --

is increased -

rotor diameter 315 

maximum speed 1 0000 

motor power 2 x 22 

¡ 
product 

450 

7500 

2 X 45 

630 mm 

4500 rpm 

2 x 55 kW 
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Narrow Gab Rotor lmpact Mili 

gap widt'1~1~-~:!11 

maximum peripheral velocity: 120 m/s 

fineness: minus 20 ¡..Lm 

colling 
water 

teed 

~ product 

' 
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High Speed Rotor lmpact Mili 

maximum~j:i-~eral velocity: 200 m/s 

gap width: 2 mm 

fineness: minus 1 O um 
' 

1 

·---+·-· 
1 
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JET IMPACT MJLLS (1) 

In jet imp?C+ffiills the partid es are accelerated by drag torces in 
----'-~-.--

high speed jets and collide against each other. Particle-wall im-

pacts are avoided to reduce wear. The energy consumption is 

· much higher than with rotor impact milis, therefore jet milis are 

used only for high value substances to grind them froni 1 00 to 

300 ).l.m below sorne ten micron or even very fine below sorne 

m1cron. 

In sorne cases jet milis replace rotor impact milis for materials 

which can explode (chemical stubstances) because r9tor mHis 

are to consider being a potential spark source. 

The flow pattern has to be such that an iterior turbulence region 

exists with a high particle concentration. Jet milis posses al­

ways an integrated air classification. The jet velocity is between 

300 and 600 m/s if supplied with air or about 1 000 m/s if supp­

lied with steam. The air pressure is between 6 and 1 O bar and 

the steam pressure between 15 and 30 bar. 

Four different types of jet milis are manufactured: 

• spiral jet milis 

• oval tube jet milis 

• opposite jet milis 

• fluidized bed jet milis 



JET IMPACT MILLS (2) 

Spiral jet mili_ 
"""""-·~:::_:::-=-;:'?."·... o. 

The mili c~of a flat circular chamber. The obliquely onenta-
~ . 

ded)(ozzles are mounted in an interior ring dividing the cham-

ber. The pressurized fluid (gas or steam) enters the outher 

chamber part, flows through the nozzles, creates a spir~:ll flow 

and leaves the chamber through the central opening. The mate­

rial is fed with an injector mounted between the nozzle ring and 

the outlet.The particles moving in a ring shaped region because 

of the centrifuga! and radial drag torces. The spiral flow causes 

a classification. The particles stay in the chamber until they are ~ 

broken down to the required fineness. 

~ Chamber diameter 100 to 500 mm, throughput 5 to 1 OOkg/h 
' r y 

injector 

nozzle ring 

1 
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JET IMPACT MlltS (3) 
' 

The size c_~~7M !he classification can be estimated as 
~--s:=..--. 

[ xc = const -/n. O /. Ps}] 

n,: viscosity, Ps: particle density, D: outled diameter, ~:radial 

fluid velocity at D. The constant depends on the particular de­

sign and is usually between 0.2 and 0.4, however it is to deter­

mine experimentally. 

A spiral jet mili itself is relatively small, however the surrounding 

equipments take much space. The flow sheet of the worst case 

comprises: filter (1 ), compressor (2), cooler (3), liquid separater 

(4), pressure vessel {5), pressur filter (6), dryer (7), feeder (8), 

mili (9), cyclone (10), filter (11), eventually water jet ejector (12). 

11 

10 9 

5 6 



JET IMPACT MILLS (4) 

Oval tube jet mili 
---.;..~-;;-~::;:::-- .. 

The mili c6nsifS-óf tube bended toan ovai.The pressurized fluid 

(air or steam) flows into the tube through nozzles mounted at 

the low~er bend and causes a high turbulent flow in this region 

and also a cirfúlating flow in the tube and leave it through a clas­

sifier in the upper region. The material is fe~d with an injector 

short above the~ nozzles. The separation cut Xc can be estima­

ted with the relation: 

~. = const ~Tl b! p~~ I 
Tl: viscosity, Ps· particle density, b: width of the flow befare the 

classifier, v: fluid velocity befare the classifier. The constant de­

pends on the particular design and is usually between 6 and 9, 

however it is to determine experimentally. 
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JET IMPACT MllLS (5) 

Opposit~~~m ill 
--~ .... --

In this mili two flow tubes are directed against each other. The 

particles are fed into these tubes, are accelerated and collide in 

the mili chp.mber. The air flows to a rotor separator and the re­

jected coarse particles are recirculated to the flow tubes a sche­

matical sketch is shown. This mili type was not very successful 

in technical application, however modification may improve the 

performance. 

air, product 

flow tube 

mili chamber 
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Opposite Jet Mili 
.. 

-~--:..~-:-'0::"?."· ... 

maximum throughput 

maximum air flow 

a1rpressure 

- Rotor classifiyer . 

pressurized air 

/ feed 

grinding zone 

12 t/h 

120 m3/min 

7 bar 
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JET IMPACT MILLS (6) 

Fluidizedbed jet mili 
-==:=....-s= - "- - -

The particular feature of this mili is that in the lower part of the 

mi)l vessel a particle bed is fluidized by 3 to 7 jets (number de­

pending on the mili size). The particles are torced to collide 

strongly in arder to be broken. The fine particles are cárried up­

ward to one or more rotor classifiws. Such milis are manufactu­

red with a vessel diameter between 200 and 1000 mm, the 

throughput depends strongly on the material grindability and the 

required fineness and is between 5 and 1000 kg/h. 

rotor 
classifyer 

feeder 

nozzle 

mili chamber 



l 
FACULTAD DE &NGENIERIA U.N.A.M. 
DIVISION DE EDUCACION CONTINUA 

.;. .. :~--. 

• 

·AVANCES EN LAS TECNICAS DE REDUCCION DE TAJviÁNO 
YCLASIFICACION DE ?ARTICULAS FINAS 

ANEXO 

.. 

... 
• 1 •• 

PROFESOR KlAUS SCHONERT 

1996 - ' ... 

.. -......... 

' 

. Palacto de Minerta Calle de Tacuba 5 Primer ptso Oclcg Cuauhtcmoc C6000 MeJ.tco, D.F. · APDO. Poslal M-2285 
frli-tonn-: <;1(.{195El- c,n.St?1 521 7115 li?1-11!fl7 r.,~ ~·10-057:'1 5/1-JO?O Al ?6 



. ' 
1 ,, 

· .. -



..... 

Eccentric Vibration Mili 

---==---·__,..-

u 

• 
1 

• 
-·-·-·----~----·-·-· ·­., 

·.-

A: counter mass, 8-:.mill vessel, M: Grinding balls, 
K: cross-shaped momentum activator, 
U: motor with eccentric weigth 

mili diameter: -· 
mili length: 
motor power: . 
throughput: 

230 to 850 mm .· 
450 to 1360 mm 
- 1 to 4qkw 

·. 0,2 to 4 t/h 

-·-::'. 
. ,,..._~~-'--

--_-~~~~-

A 

, 

•!" ..... ·-



Brag Coefficient for Spt:leres 
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Ball Bearing Mili 

type "Reters EM Mili" t 

' . 

" · ball diameter: · 
number of rolls: 
table motor power: 
throughput: 

SO(fto 1150 mm 
· 5 to 9 
55 to 900 kW 

5 to 65 t/h (limestone) 

-
> 

" . 
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Rotor Air Classifier 
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size cut: 20 to 200 um 
' 

maximum rotor speed: 40 m/s 
. ~,-

maximum throughput 240 t!h 
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Classifying r:>ecanter 

· classification in the microrange 

a -

b e d 

feed ' ,.. (b) centrifuge body (a) 
(e) 
(d) 
(g) 

rotating screw f~:>r transporting· the coarse prod~,Jct 
cané (f) ··fine product 
coarse product . · 

·• ·centrifuga! acceleration 
suspension thro~ghput 
solid·feed load 
maximum speed 

1 OOg to 200Qg 
,-sao to 2500 1/h 
up to 30 mass% 

· . 4500 rpm 

., ,., .. 
' 
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Classifying Decanter 

classifying in the microfine range 
--:::;----~ 
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DEVICE (2) 

cross-sections of the rotor 

- - 1 '' 

water inleti ~ 
coarse 
~ 

product · 

o 

cut 8-8' 

t . . tf. 
feed 1ne 

.... prodUc 

'' 

' 1 
L.- 8 A 

.. metál -frit . classification zone , 

exterior diameter of the classification zone 230 mm 

outer width of thé classification z~·ne 15 mm 

centrifuga! acceleration 200 ... 1000g 

.• .. -



EXPERIMENTAL -pRQGRAM 

Feed material· quartz and calcite - 20 ¡...Lm . 

Feed solids load 8F : 10, 20 and 30 vol.% 

21, 35 and 53 mass% 

Cut size 1 to 5 ¡...Lm 
Acceleration 300g to 900g 

Size analysis with Sedigraph · 

· OF, Oti• Oca psd. of feed and the fine and coarse 

product ... 

xth theoretical size cut 

T(x) · · classification efficiency curve 

x1 · experimental size cut, T(x1) = 0,5 

x: = x251x75 separation sharpness . 

Rt¡ = f Of¡(x1) i ( QF(x1) ; __ recovery· of fine particles 
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0+-~~~~~~~~--~~~~ 

o 1 1 o 100 
particle size, Ji-m 
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CENTRIFUGAL- ACCELERATION 

· coarse -discharging nozzle B 

_ calcita -20 ¡.tm, 8F = 1 O vol.%, xth = 1.4 ¡.tm 

· VF = 60 miÍmin, V co = 150; 300; 450 ml!min. 

300 g 

-~ 600 g 
..... -
Q) 
e 

...... 60 
·Q) 
> 

....... 
o 
:::::! 

E 
:::::! 
u 

1 
900 g 

.. 
60 

20 

o 1 1 o ~-·· 1 00 1 1 o . 1 00 .· . 
particle size, ¡.¿m particle size, ¡.¿m 
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FEED SOLIOS LOAD 

coarse aischarging nozzle 8 
.... ·~ 

quartz -20 J..lm, a = 300g, xth = 3.2 J..lm 
• • • 
V F = 30 mi/mm, V ca = 70 rryl/min 

100 
~ 

..: 80 
Q) 

e 
4--

Q) 

> 
-+-' 
o 
::J E. 
::J 
u 

1 
~ 

>, 
u 
e 
Q) 

u 
4--
4--
Q) 

.._ 
.o 
0.. 
Q) 
(f) 

. .,. ..... 

o 

fee~d 

1 O vol.% 

o.• 20 vol.% 

'\1,"11/f 30 vol.% 

__ :' ..... -

Xcto= L t. 

Xt :r.- 2. o fw. 
.. . 

"1 1 o .. 1 00 
pórticle size, 11-m 

• 

.. 

Solids load of feed (aF); coarse product flóW (ac0 ) and ·fine 
· pórduct flow (af¡) · ;~ · · 

., 

. aco a ti aF 
.. 
-

10 3.4 t.9 % 

20 5.4 2.1 % 

30 10.8. 2.2 % 
.. 
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COMPARISON-OF DIFFERENT CLASSIFIERS (1) 

CentrisiZBL (KHD), a= 500g 

Hydroplex (Hosokawa Alpina), a= 625g 
Fryma Classifier, a = 600g 

Clausthal Centrifuga, a = 300g 
Calcita finar 20 to 30 J.Lm 

• 
100~~=L~~~~~~~~--~~~100 

~ 80 80 
L" 
Cl.l 
e 60 60 '+-

Cl.l 
> 

:;J 
40 o 40 

::l 

E 
::l 
(.) 20 20 

Hydroplex 

100 100 
~ . ·: 

!¡{ ~o 80. 

l... 
Cl.l 

60 e 
'+-

Cl.l 
> 

:;J 
40 40 o 

::l -E '·.· 

::l 
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_, 20 
Fryma Clausthal 

o 
Centrifuge 

o 
o 1 10 100 1 10 ·100-

portie le size, JJ.m portie! e size, JJ.m 
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COMPARISON OF DIFFERENT CLASSIFIERS (2) 

Centri~_izer (KHD), a= 500g 

Hydroplex (Hosokawa Alpine), a = 625g 

Fryma Classifier, a = 600g 

Clausthal Centrifuga, a - 300g 

· Calcite finer 20 to 30 ¡.¡.m 
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FACUR._TAD DE INGENIERIA U.N.A.M. 
DIVIS!Oi"'-1 DE EDUCACION CONTINUA 

AVANCES EN LAS TECNICAS DE REDUCCION DE TAMAÑO Y CLASIFICACION DE PARTICULAS FINAS 
DEL 30 DE SEPTIEMBRE AL 4 DE OCTUBRE DE 1996 

DIRECTORIO DE PROFESORES 

ING. JOSE IGNACIO FLORES GOMEZ 
GERENTE GENERAL 
REGIO CAL, SA DE CV 
CERRO DE LAS MITRAS No 2350 
OBISPADO 
64060 MONTERREY, NUEVO LEON 
91 83 48 25 00 

ING. SALVADOR GARCIA GARCIA 
INVESTIGADOR DE LABORATORIO 
SERVICIOS CONDUMEX. SA DE CV 
CARRETERA A SLP KM 9.6 
PARQUE INDUSTRIAL JURICA 
76100 OUERETARO, OUERETARO 
91 42 18 18 02 

ING. HOMERO GEORGE TELLEZ 
ESTUDIANTE 
FACULTAD DE INGENIERIA, UNAM 
MAYAS M 101 No 40 
AJUSCO COYOACAN 
04300 MEXICO D.F. 
618 67 60 

ING. JOSE LUIS JIMENEZ MENDOZA 
PROFESOR DE TIEMPO COMPLETO 
FACULTAD DE INGENIERIA, UNAM 
CIRCUITO ESCOLAR, CU 
COYOACAN 
04510 MEXICO D.F. 
622 09 18 

ING. MIGUEL MARQUEZ MARTINEZ 
PROFESOR 
FACULTAD DE INGENIERIA, UNAM 
CIUDAD UNIVERSITARIA 
COYOACAN 
04510 MEXICO D.F. 
622 08 55 

ING. LUIS ANTONIO GARCIA GARCIA 
ESTUDIANTE 
FACULTAD DE OUIMICA, UNAM 
CIUDAD UNIVERSITARIA 
COYOACAN 
04510 MEXICO D.F. 
682 71 11 

•. • 

ING. CARLOS EDUARDO GARZA GONZALEZ VELEZ 
JEFE DEL DEPTO DE YACIMIENTOS 
FACULTAD DE INGENIERIA. UNAM 
CIRCUITO ESCOLAR, CU 
COYOACAN 
04510 MEXICO D.F. 

RAFAEL GONZALEZ LOPEZ 

ING. ISRAEL LUCAS LAGUNAS 
ESTUDIANTE 
FACULTAD DE QUIMICA, UNAM 
RIO COLORADO No 10 
PUENTE BLANCO IZTAPALAPA 
09770 MEXICO D.F. 
693 14 73 

ING. JOSE NOEL MENERA GOMEZ 
ESTUDIANTE 
FACULTAD DE OUIMICA, UNAM 
VIOLETA MZ 188-B LT 19 
HANK GONZALEZ IZTAPALAPA 
09700 MEXICO D.F. 
691 53 82 

' 
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FACULTAD DE INGENIEAIA U.N.A.M. 
DIVISiON DE EDUCACION CONTINUA 

AVANCES EN LAS TECNICAS DE REDUCCION DE TAMAÑO Y CLASIFICAGION DE PARTICULAS FINAS 
DEL 30 DE SEPTIEMBRE AL 4 DE OCTUBRE DE 1996 

DIRECTORIO DE PROFESORES 

JNG. HOMERO MONJARDIN LOPEZ 

SERVICIOS CORP. FRJSCO 
JAIME SALMES No 11-C 
LOS MORALES POLANCO MIGUEL HIDALGO 
11510 MEXICO D.F. 
626 77 99 EXT 173 

ANGEL NAVA CARRILLO 

ING. JUAN LUIS REYES BAHENA 
PROFESOR INVESTIGADOR 
INSTITUTO DE METALURGIA· 
SIERRA LEONA No 550 · 
LOMAS 2da SECCJON 
78210 SLP, SLP 
25 43 26 

SALVADOR RODRIGUEZ 

ING. JOSE ISRAEL SALAZAR RAMIREZ 
JEFE DE DEPTO 
INDUSTRIA MINERA MEXICO 
DOMICILIO CONOCIDO 
FRACC. MORALES A.P. 1305 
78180 SLP, SLP 
13 95 15 EXT 1803 

,_ -·.: .. 

ING. MARISA ISABEL MUÑOZ OCHOA 
ING. METALURGISTA 
CONSEJO DE RECURSOS MINERALES 
AV. INDUSTRIAS No 6 
PARQUE INDUSTRIL ROBINSON 
CHIHUAHUA, CHIHUAHUA 
20 05 77 

ING. JOSE LUIS NAVARRO REYNA 
JEFE DEL DEPTO DE GEOLOGJA Y G 
FACULTAD DE INGENIERJA, UNAM 
CIRCUITO INTERIOR, CU 
COYOACAN 
04510 MEXICO. D.F. · · , 
622 08 54 .. · 

" 
; : 

1 ' 

IN~.FRANCISCO JAVIER.REYES CARMONA 
ACADEMICO ~~·· 
INSTITUTO POLITECNJCO NACIONAL 
U PROF .ADOLFO LOPEZ MATEOS EDIF 7 

·ZACATENCO GUSTAV~ A MADERO'' 
. 07320 MEXICO D.F.· ··' 

"¡ ' 

729 60 00 EXT 54408· . . :: ... 
•:·',) 

JNG. ·JUAN CARLOS RUJZ MENDEZ 
ENCARGADO DE EXP. METALURGICA 
CONSEJO DE RECURSOS MINERALES 
Cda DE SANTA ROSA No 4 
LOMAS DE CHAPULTEPEC MIGUEL HIDALGO 
11000 MEXICO D.F. 
520 24 11 520 24 13 

JNG. CARLOS SANCHEZ RUELAS 
SUPERINTENDENTE DE AREA 
INDUSTRIAL MINERA MEXICO 
DOMICILIO CONOCIDO 
FRACC. MORALES A.P. 1803 
78180 SLP, SLP 
13 95 15 EXT 1700 

• 

, 
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GENIEAIA U.N.A.M. 

AVANCES 
FACUIL.TAD DE IN ACION CONTINUA 

Vll.Silf">N DE EDUC 

eNl~As roCNICAS DE REDUCCION DE TAMAÑO Y CLASIFICACION DE PARTICULAS FINAS 
DEL 30 DE SEPTIEMBRE AL 4 DE OCTUBRE DE' 1996 

DIRECTORIO DE PROFESORES 

CLAUDIA SANTOS MARTINEZ 

ING. MIGUEL VERA OCAMPO 
FACULTAD DE INGENIERIA, UNAM 
CIUDAD UNIVERSITARIA 
COYOACAN 
04510 MEXICO D.F. 
622 09 18 

ING. LEONEL VILLAVICENCIO LOPEZ 
GERENTE PLANTA 
REGIO CAL, SA DE CV 
CERRO DE LAS MITRAS No 2350 
OBISPADO 
64060 MONTERREY, NUEVO LEON 
348 25 00 

Palacio de Mincri;¡ Calle dr. f;~cuiJJ ~ 
T clcfonos 512·8955 

ING. LUIS TREVIÑO VILLARREAL 
INGENIERO DE PROCESO 
CEMEX CENTRAL 
AV. CONSTITUCION No 444 PTE 
CENTRO 
64000 MOTERREY, NUEVO LEON 
351 51 00 

• • 

ING. ROBERTO ESTEBAN VILLAPANDO CORTES 

ZARAGOZA No 138 
ROMERO DE TERREROS COYOACAN 
04360 MEXICO D.F. 
658 57 63 

, 
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