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This paper was the subject of a cross-disciplinary presentation under the chairmanship of 
Dr A .M. Edwards 

The paper summarizes the current state of development of simulation models 
for SAG and FAG mills, and gives the results of recent investigations of the 
physical processes occurring in autogenous grinding. The breakage process 
is treated as the sum of three regions of breakage actions: normal breakage 
caused by nipping of particles between media (steel balls or pebbles); abnormal 
breakage caused by media when the particle or lump is too big in relation 
to the media to be readily nipped; and self-breakage resulting from the chip
ping fracture and abrasion of the tumbling action of rock lumps. Each region 
of breakage action has associated specific rates of breakage and primary 
progeny fragment distributions. 

A simplified form of the model was used to predict the performance of 
an 8 m diameter SAG mill with LID = 0.5 grinding a copper ore, and predicted 
maximum capacity and minimum kWh/ton at about 6070 ball load at 25070 
total filling. Two FAG mills of LID = 2 were necessary to give the same 
capacity, and the simulations indicated a lower kWh/ton for these mills. For 

this ore, both systems were technically feasible. 

Introduction 

Although the use of simulation models for 

the design of ball mills has advanced 
(1) 

significantly in recent years, progress 

has been slow in applying the concepts of 

specific rates of breakag"e and primary 

breakage distributions in the construction 

f . I' d I (2-4) f . o Slmu atl0n mo e s or seml-

autogenous (SAG) and fully-autogenous (FAG) 

mills. This is largely because the 

physical processes of breakage occurring in 

these mills are more complex than those in 

it and then use an approximate simplified 

form of the models to compare the 

performance of a typical SAG mill design 

(LID = 0.5) with that of a representative 

FAG mill with LID = 2. It is assumed that 

the reader is familiar with the concepts 

and symbolism of construction of mill 

models. (1) 

Mill models 

The basic mass balance 

ball mills. Several recent papers by It is assumed that this type of mill 
. (5-9) Austln and co-workers have approximates to a fully mixed reactor where 

investigated certain aspects of this the grate acts like a size classifier to 

problem. prevent large material leaving the mill. 

In this paper, we will first summarize The simple concept of residence time 

the current state of development as we see distribution loses meaning in such a system 
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because the residence time is determined by 

the rates of breakage of feed material to 

less than the grate size, so it is a 

complex function of the feed size 

distribution and specific rates of 

breakage. However, it is still convenient 

to define a mean residence time by solid 

hold-up W divided by solid feed rate, 

T=W/F. The basic mass balance is simple to 

write: 

i-I 
Fp.=Ff.+(W i: b .. S.w.)-WS.w., i=I,2, ..•. n 

1. 1. j=1 1.,J J J 1. 1. 

or 

f .+ 
1. 

i-I 
T ( i: 

j=1 
i>1 

b .. S.W.)-TS.W. 
1.,JJJ 1.1. 

[1] 

where p. is the fraction of mill product in 
1. 

size class i; f. is fraction of feed in 
1. 

size class i; S. is the specific rate of 
1. 

breakage of size i material; b .. is the 
1.,J 

fraction of material broken from size class 

j which appears in size class i; w. is the 
1. 

fraction of hold-up of size class i; and n 

is the total number of size intervals. 

There is evidence that material less than 

the grate size undergoes classification as 

it passes through the grate (see later). 

Therefore, the system is treated as shown 

in Figure 1, with material rejected by the 

grate thrown back into the mill charge with 

an equivalent internal circulation ration 

of Cl. Since F'=(l+C')F, the mass balance 

,A the apparent mill feed is 

(l+C')Ff: = Ff. + F(I+C')w.c. 
1. 1. 1. 1. 

where the value of c. is the fraction of 
1. 

size i material returned to the mill. The 

value of C' is defined by 

C'=i: F(l+C')w.c./i: F(l+C')w. Cl-c.) 
• 1.1.. 1. 1. 
1. 1. 

=i:w.c./i:w. (l-c.) 
.1.1. • 1. 1. 
1. 1. 

or 

I+C' = 1/i: w.(I-c.) 
.1.1. 
1. 

Applying Eq. [1] to this system using w. 
1. 

p: gives 
1. 

W. 
1. 

i-I 
f . +T i: b. . S . w . 

1. • 1 1.,J J J J= 
TS.+(l+C') (l-c.) 

1. 1. 

i=1,2, .. n 

The equation is readily converted to the 

close-circuit form. 

The hold-up in the mill of sizes le~s 

[2] 

[3] 
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FIGURE 1. Illustration of grate classification treatment as an exit classifier 
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than the grate opening depends on the ease 

with which slurry flows from the mills: 

the level must increase in order to permit 

slurry to flow out at a higher rate. Thus, 

the system is only precisely defined if a 

mass transport relation is used. We will 

use the empirical function 

f /f = (F /F )Nm [4] 
s so v vo 

where f is the fractional filling of the 
s 

mill by slurry, with slurry defined by 

sizes less than the grate opening. F is a 
v 

volume flow rate and N is an empirical 
m 

constant. In terms of the hold-up of 

material of sizes less than grate opening 

in a mill of effective volume V, 

[5] 

where C 
s 

is the volume fraction of solid in 

the slurry; p is the true density of the 
s 

solid; and i 
g 

is the interval number 

corresponding to the grate size. The value 

of F is a standard flow rate which gives 
vo 

a standard filling of f 
(10) so 

F is expected 
vo 

to be related to mill size 

F =k ~ A D3 . 5 (L/D) 
vo m c g 

by 

[6] 

where ~ is fraction of critical speed and 
c 

A 
g 

is the fraction of mill cross-section 

which is open grate area. The simultaneous 

solution of Eq. [4], [5] and [6] gives 

I/N 
m 

For given values of f i , bi,j,Sj and ci 
there is only one value of T which will 

satisfy both Eq. [3] and [7]. 

A more complex mass balance 

[7] 

The problem with the simple mass balance 

given above is that it considers overall 

first-order Si values, whereas there is the 

possibility of a substantial component of 
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abrasion in addition to normal breakage 

processes, and abrasion follows a different 

set of laws than breakage. Thus, Austin 

and Menacho(ll) have formulated the overall 

balance on size i as 'Rate of size i 

material out= (rate of size i material in) 

+ (net rate of material wearing in to size 

i by abrasion of rounded pebbles through 

the upper and lower limits of size interval 

i) - (rate of loss of fragments by abrasion 

of pebbles in size interval i) + (rate or 

production of size i material from the 

products of abrasion of larger sizes) -

(rate of production of size i material by 

fracture) + (rate of production of size i 

material from the products of fracture 

breakage of larger sizes)'. 

Considering abrasion according to a 

1 · l ' d 1 h (7,12) ~near wear aw it ~s rea i y sown 

that the net rate of increase of mass due 

to pebbles of equivalent radius r wearing 

in and out of a differential size element 

dr is WK(d
2
P/dr

2
)dr, where P is the 

cumulative mass fraction size distribution 

of hold-up Wand K is the linear wear rate 

(L/T). Similarly, the mass loss from the 

intervals is (3K/r) (dP/dr)dr. Incorpor

ating these with the usual first-order 

mass-rate balance due to fracture gives 

Fp! Ff! + Wf~ Kd(dP/dr)dr_3W f~ (~)dPdr 
~ ~ ~+1 dr ~+1 r dr 

i-I j K dP i-I 
+3W ~ a .. f'+I(-)~r-S.w.W+W ~ b .. S.w. 

j = 1 ~J J r r ~ ~ j = 1 ~J J J 

where a .. is the fraction of material 
~J 

abraded from size j which appears in size 

interval i. 

The value of K is not necessarily 

constant over a wide size range but it can 

be assumed that it is approximately 

constant within a size interval; K. is thus 
~ 

defined as the mean value of K for particle 

sizes xi +1 <2r<xi . Then 

f i K d(dP/dr) d dP I dP I 
i+l dr r=K i _ 1 dr i-Kidr i+l 
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i 
Also, by definition Ji+l(dP/dr)dr=wi , so it 

convenient to define a mean value r.by the 
1 

product of some factor 0 and the upper size 

of sieve size i, r.=o~ and make the reason-
1 1 

able approximation {!I(K/r) (dP/dr)dr -

Kiwi/r i • The derivative dP/dr is approxi-

mated by (dP/dr) .~w. l/(x. l-x.)~ 1 1- 1- 1 

w. l/x. l(l-R), giving 
1- 1-

T(K. IW' I-K.w.IR) , 1- 1- 1 1 
p~=f.+ ----~~~-----

1 1 x Ri - 2 (I_R) 
1 

3K .TW. 
1 1 

i-I + 
oxlR 

3T i-I w. i-I 
La .. K • (~l) -S. W • T + T Lb .. S . W • 

oX I j=l 1J J RJ- 1 1 j=l 1J J J 

where R is the ratio of lower to upper 

sieve size of the size interval (=12). 

It is convenient to define the specific 

rate of loss of material by abrasion to 

fragments as a fraction of the specific 

rate of fracture; letting 
i-I y.=(3K./ox IR )/s., putting o/3(I-R)=K, 1 1 1 

and setting p~=w. gives as before 
1 1 

i-I 
f.+Ky. ITw. IS. I+T L (a .. y.+b .. )S.w. 

W.= 1 1- 1- 1- j=l 1J J 1J J J 
1 ( He ' ) (l-c . ) + T { S . [ Hy . (l +K) ] } 

1 1 1 [8] 

to be used in place of Eq. [3] if abrasion 

processes are significant. The size 

distribution of the product stream from the 

grate classification is then given by 

p.=(w.)(l+e')(l-c.). For closed circuit 
111 

the values of f. are readily replaced in 
1 

terms of make-up feed g. using the s. 
1 1 

parameters for the external classifier. 

FAG mill model 

The FAG mill model is essentially 

identical to that to the SAG mill model 

given as Eq. [8] except that it is applied 

as an equivalent series of reactors(8,9) 

with various degrees of recycle of the 

material rejected back to the mill by the 

grate, as indicated in Figure 2. A grate 

classification action is necessary to 

retain the pebbles in the mill. Of course, 

the calculation of the effective overall S. 
1 

values will not include a term for breakage 

by balls. In addition, the mass transport 

constant k will correspond to that for a 
m 

long LID ball mill and not a short SAG 

mill. 

Calculation of Sand B values 

Breakage by balls and pebbles 

In order to allow for different ball and 

pebbles sizes in the mill, the values of 

specific rates of breakage of smaller sizes 

by impact from media were calculated from 

the equations developed for b~ll mills. (1) 

The relations between the specific rates of 
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FIGURE 2. Reactors-in-series formulation for a FAG mill with grate classification 
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breakage determined using a single ball 

size in a laboratory test mill of diameter 

DT and those for a mixture of balls in a 

larger mill of diameter Dare 

x. a 
S "S (....2:) .=L.mk . k= T x 

1 k 1:, 0 

~C2,k 
(C3)L: A' 

k 1+(x. Ic. k11T) 

S 
n 

with 

o 

N2 N3 
C1,k=(D/DT) (dkidT) 

NO 
C2 ,k=(dTidk) 

N 2.3 

1 1, 

n>i>l [9] 

[lOa] 

[lOb] 

C =(~) 1(3.81)1I(1+6. 6JT_) 
3 DT D 1+6.6J2 ,3 

exp[-c(U-UT)] 

~ -0.1 l+exp [15.7(~cT-0.94)] 
( c ) ( ) 
~cT-0.1 l+exp [15.7(~c-0.94)] 

[10c] 

where 1I=0 for SAG milling; 1I=0 for D<3.81 m 

and = 0.2 for D>3.81 m for ball milling or 

long LiD FAG milling. 

The subscript T denotes conditions in the 

test mill, and m
k 

is the mass fraction of 

the kth size class of balls in the 

full-scale mill: NO' NI' N2 , N3 are 

empirical exponents based on experience 

with ball mills. The value of U is the 

fractional interstitial filling of the 

media voids by particles and J is the 

fractional filling of the- mill by media. 

The values used for the exponents were 

N1=0.5, N2=0.2, N3=1.0 and NO=1.0, and the 

cushioning factor c was taken as 1.3. 

The cumulative primary progeny fragment 

distributions (B .. ) for normal breakage by 
1,J 

a single size of ball of class k have been 

found to be fitted by the empirical 

function 

x i _1 Yk x'_ l 8 
B .. k=1>k(--) +(lH

k
) (_1_) ,i>j>l [11] 

1,J, Xj Xj 

as illustrated in Figure 3, For comparison 

mixture of balls can be calculated from 

B. . = L: ~ S. k B . . k I L: mk SJ' , k [ 12 ] 1,J k J, 1,J, k 

Figure 4 illustrates the decrease of 

breakage rates as the particles become too 

large to be nipped properly by the balls. 

In Region 2, the breakage of the material 

in a batch rate test becomes non-first 

order (abnormal) because it consists of a 

mixture of normal fracture caused by a 

direct impact and chipping caused by a 

glancing, less violent impact. Figure 3 

shows the variation of overall B values as 

particle size increases with respect to the 

ball size. It is clear that chipping 

becomes more important as the size 

increases. 

Equations [9] and [10] were used for both 

balls and pebbles, with the values of the 

characteristic parameters T and 11T 

adjusted by 

T pebbles = 
density pebbles Pp 

T balls x density balls p 

f13] 

[14] 

The value of J to be used in Eq. [10c] is 

based on the total media filling which 

defines how media tumbles in the mill, that 

is, it must be the sum of filling by balls 

and pebbles, J=JB+Jp ' Calculation of 

breakage due to balls using this J would 

only be valid if all the media were steel, 

so the value is corrected by the factor of 

fractional volume JB/J, S(B)i=(JB/J) L: 

mkS(dk)i' Similarly, S(P)i = (Jp/J) L: 

w.S(x.). where w. is the mass fraction of 
J J 1 J 

pebbles of size interval j in the tumbling 

charge. It is assumed that all rock larger 

than the grate size, plus balls, 

contributes to the media filling level of 

the mill. 

The term exp[-c(U-UT)] in Eq. [10c] 

represents the decrease of specific 

purposes, the overall B .. value for a breakage rates when the media void spaces 
1,J 
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FIGURE 3. Typical variation of the breakage distribution values for large particles. Dry batch grinding 
of quartz in a 0.6 m diameter mill. U = 0.5, JB = 0.2,26.4 mm diameter balls, 75070 of the 
critical speed 

are overfilled. This effect states that 

excessive powder in the media cushions the 

breakage action on the powder. It seems 

reasonable that the cushioning action 

depends on the media size, that is, a 10 mm 

diameter lump will be media to small sizes 

but should be counted in the cushioning 

powder for pebbles of 100 mm diameter. 
. (13) 

USlng the Weymont voidage (n) factors a 

simple method of defining powder is that 

all material of size less than 0.125 of the 

media size is considered to be powder. 

This corresponds to a voidage factor of 

size i with respect to media size k of 0.5. 

Then the term in Eq. [IOc] becomes 

exp[-c(Uk-UT)], since the effective value 

of U depends on the media size being 

considered. 

112 

Self-breakage 

As particle size is increased the 

particles are not nipped by tumbling balls. 

However, they eventually become big enough 

to break by the impact of their own fall, 

in the stream of tumbling rock and balls. 

Then the breakage rates increase with 

increased lump size due to the increased 

impact force, giving Region 3 of Figure 4. 

The transition from Region 2 to Region 3 is 

obtained by simple addition, 

S.=S(B) .+S(P) .+S(S). where S(B). and S(P). 
1 1 1 1 1 1 

are breakage due to nipping by balls and 

pebbles (which become small at large 

sizes), and S(S). has been termed self-
1 

breakage. The values of S(S). appear also 
1 

to follow a power function 
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FIGURE 4. Typical shape for the sum specific rate of breakage in SAG 

where 

S(S). = 
l 

[15] 

is smaller than the corresponding 
S 

for media, so that S(S). is negligible 
l 

for small particle sizes. 

The empirical equation used to allow for 

the effect of media filling on 

self-breakage is 

S (S). <X 1 
l 1+(J/0.4)2 

[16] 

Since breakage is proportional to SJ, this 

gives a maximum rate of breakage at J=0.4. 

When a fraction of the media is steel balls 

it seems logical that the rock in the 

tumbling stream will receive a 

proportionate fraction of heavier impacts. 

Therefore, the breakage rates were 

corrected by 

[17] 

Thus, although the breakage rate of a given 

size of tumbling rock is termed 

self-breakage it is accepted that the size 

and density of the rest of the charge has 

an influence on this breakage. 

It is expected that the specific rates of 

self-breakage will scale with mill diameter 

in essentially the same way as breakage by 

balls as in Eq. [10]. Combining equations 

A GENERAL MODEL FOR SAG AND FAG MILLING 

gives 
cts 

S(S)i= ST(xi/xo) CS1 CS2 

N 
(D/D

T
) 1 

[18] 

D<3.81 m 

(3.81/DT)N1(D/3.81)N1-~ D~3.81 m 

1+(JT/ 0 •4)2 JBPB+JpPp 
CS2=(1+(J /0.4)2)( Jp Pp )exp[-cs(Uk-UT)] 

where c is the cushioning factor for self
s 

breakage. 

Experimental data 
Ball X mill breakage 

The material used for the simulations was 

a composite sample of copper ore from the 

Los Bronces mine in Chile. The standard 

method of determination of breakage 

parameters in a small laboratory mill as 

described by Austin, Klimpel and Luckie(l) 

was used, giving the characteristic 

parameters shown in Table 1. 

Self-breakage parameters 

The relations governing the variation of 

self-breakage parameters with mill 

conditions are not as well developed as 

those for ball milling, so a series of 

tests was performed using a readily 
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TABLE 1. Breakage parameters for copper 

ore determined in a laboratory 

mill 

Conditions Parameters 

D 

d 

194 mm 

27 mm 

CL = 0.95 

A 3.3 

jl 1. 65 mm 

T 1. 0 min 

Volume solid % = 40 

Ore density = 2.77t/m3 

Mill speed = 75% C.s. 

Y 

8 
q, 

0.70 

4 

0.36 

These values were also used to predict 

normal breakage by pebbles using the 

conversions of Eq. [13] and [14]. 

-1 

available and homogeneous material, a white 

crystalline quartz from the mine of the 

Castastone Company, North Carolina, with a 

Bond work index of 19 kWh/ton metric. 

These tests were with particular reference 

to elucidating the action of fracture 

breakage, chipping and abrasion during 

autogenous grinding. The test mill used 

was 0.6 m in diameter and 0.3 m long, 

fitted with 20 lifters. An adsorbable dye 

was used to number the feed material, and 

the weight of individual lumps followed as 

a function of grinding time in batch 

grinding tests. The weights were expressed 

as equivalent spherical radii to enable the 

calculation of abrasion rates. 

Figure 5 shows typical results. To avoid 

the variation of parameters caused by the 

cushioning action of fine material and the 

decrease of mill charge, the tests were 

performed dry, the fine material was 

removed after short grinding periods, and 

the equivalent weight of unmarked fresh 

lumps added to preserve the desired J 

value. This type of test enables the 

linear decrease of weight due to abrasion 

to be readily determined, and values were 

averaged to obtain mean abrasion rates K 

114 

mm/min. Sudden changes in weight 

represented chipping of fragments from a 

lump, whereas complete disappearance from 

the size interval represented a 

disintegrative fracture. 

The results indicated that pure abrasion 

gave relatively low rates of weight loss, 

so abrasion and chipping were combined to 

give an overall chipping-abrasion rate. 

Figure 6 illustrates the process in terms 

of the mass balances involved in the 

derivation of Eq. [8]. Figure 7 shows a 

typical result of the balance between 

average mass loss by fracture by fragments 

from chipping-abrasion and by cores' wearing 

into the next smaller size internal. It is 

concluded that the proportion between these 

mechanisms remains constant during the 

process. Table 2 shows the variation of 

these ratios for a series of tests. The 

ratio of the mass lost as chipped fragments 

to that lost by cores for the 4/2 size 

intervals is expected to be about 33% since 

the distribution of mass is linear over the 

4 12 interval. (7) 

However, Figure 8 shows that the overall 

specific rate of breakage of traced lumps 

decreases with time even though the 

conditions in the mill are kept 

approximately constant. The equivalent 

decrease can also be seen in the pure 

abrasion rates in Figure 5. The physical 

process involved is quite clear. The raw 

feed lumps are irregular and some have a 

relatively high surface area per unit 

weight, thus they abrade and chip 

relatively rapidly. Chipping-abrasion 

causes the lumps to become rounded into 

pebbles, which chip-abrade more ·slowly. 

The direct proportionality of Figure 7 

shows that the fracture component follows 

suit, so that the system behaves like a 

mixture of weaker material which disappears 

more rapidly, leaving stronger rounded 
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FIGURE 6. Illustration of mass balances of chipping-abrasion and fracture in autogenous breakage 
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pebbles, which disappear more slowly. 

Figure 8 also shows the strong influence 

of the accumulation of fine material, since 

the breakage rates with U=0.8 are far 

slower than for U=0.3. Figure 9 shows a 

typical result considered as a simple 

binary mixture: this is surely an 

approximation but it is sufficient for our 

present purpose. The squares are showing ~ 

that the breakage rate of fresh rock is 

proportional to the fraction of fresh rock 

present, that is, its breakage follows a 

first-order law. Figure 10 shows breakage 

results in the presence of a varying 

quantity of balls to increase the mean 

density of the load. As expected, the net 

mill power is directly proportional to the 

mean density of the load, and the specifi.c 

breakage rates are also proportional, 

validating Eq. [7]. 
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TABLE 2. Deconvolution of chipping and fracture (quartz; D=0.6 m) 

Steel balls Pebbles Powder Relative Breakage 

Test Size J
B Size Jp Size 

mm mm mesh 

1 65x53 0.30 
2 53x45 0.30 
3 45x38 0.30 

53x45 0.15 
5-B 45x38 0.15 
6-C 45x38 0.10 
7 63x53 0.07 53x45 0.23 
8 45x38 0.07 53x45 0.23 
9 53x45 0.07 53x45 0.23 

10 45x38 0.07 45x38 0.23 
11 63x53 0.07 63x53 0.23 

_1~0t! 12 53x45 0.30 
14 53x45 0.30 -lOOt! 
15 53x45 0.30 -lOOt! 
16 38x31 0.30 
17 31x27 0.30 
18 27x22 0.30 
19-A 63x53 0.05 
19-B 53x45 0.05 
19-C 45x38 0.05 
19-E 38x31 0.05 
19-F 31x27 0.05 
19-G 27x22 0.05 

Test 19 is a mixture of 6 different sizes 

Figure 11 shows that the primary breakage 

distributions are approximately normalized 

with respect to the breaking size, but are 

very different for the fresh feed and the 

rounded pebbles. In addition, the shapes 

of the distributions are quite different 

A GENERAL MODEL FOR SAG AND FAG MILLING 

U Fracture Cores Chips Chips/ 
(Cores+Chips) 

0.14 0.56 0.30 0.35 
0.12 0.57 0.31 0.35 
0.13 0.57 0.30 0.34 
0.23 0.51 0.25 0.33 
0.17 0.64 0.19 0.23 
0.16 0.61 0.23 0.27 
0.18 0.55 0.27 0.33 
0.23 0.48 0.29 0.38 
0.33 0.44 0.23 0.34 
0.17 0.61 0.22 0.26 
0.37 0.41 0.22 0.36 

0.15 0.29 0.45 0.26 0.37 
0.45 0.21 0.47 0.32 0.40 
0.30 0.28 0.57 0.15 0.21 

0 0 20 0.48 0.32 0.40 
0.08 0.67 0.25 0.27 
0.14 0.58 0.28 0.33 
0.27 0.58 0.15 0.21 
0.13 0.73 0.14 0.16 
0.10 0.75 0.15 0.17 
0.26 0.47 0.27 0.36 
0.16 0.58 0.26 0.31 
0.32 0.44 0.24 0.35 

of Jp 0.30 total. 

from those of normal fracture, which is to 

be expected since the component of fracture 

is relatively small (see Table 2). The 

shape clearly corresponds to a mixture of 

fracture plus the cores and fragments 

produced by chipping-abrasion. An estimate 
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of the size distribution of abrasion-

chipping fragments was made by rotating the 

mill at a low fraction of critical speed 

(457.) to give a flat angle and, hence, to 

reduce the impact forces of the tumbling. 

This gave the result shown in Figure 12 as 

self-abrasion. 

w 0.1 

~OS"EAN 

"ILL~ 
It was also found that in a mixture of 

lump sizes, the presence of larger lumps 

increased the breakage rates of smaller 

lumps while the presence of smaller lumps 

decreased the breakage rates of larger 

lumps. No quantitative relation for this 

effect has yet been deduced. 
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MEAN DENSITY OF THE MILL LOAD, 
metric ton 1m2 

The non first-order nature of the self

breakage as indicated in Figures 8 and 9 

was found in all tests and complicates the 

analysis. The equivalent results for the 

copper ore were expressed as mean specific 

rates of breakage(14) defined by 

S(S) = 1/(1-1jJ + L) [19] 
FIGURE 10. Variation of mill power and specific rates of self

breakage with density of the mill road: 
53 X 45 mm quartz in 0.6 m diameter mill; 
45 mm steel balls; J = 0.30 

SA SB 

On this basis, the value of c was taken to 
s 

be 1.3 and us =l. The value of ST was 
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determined by back-calculation(B) from 

steady-state continuous pilot-scale data to 
-3 -1 be 0.7 x 10 min for a test mill 

diameter of 1.B m and L/D=0.3, at J T=0.2, 

~ =0.77 and approximately 40 volume % of 
c 

solid in slurry leaving the mill. 

Mass transport relations and grate classification 

The continuous pilot-scale tests were 

also used to estimate the value of F in vo 
Eq. [6]. This gave a value of A k at 

f =0.25 of 0.37 min- 1mO. 5 . On ~h: other 
so 

hand, the mass transport relation given for 

overflow ball mills(10) gives k A =0.5 h-1 
m g 

mO. 5 for a solid filling level 

corresponding to approximately U=l at 

J=0.3B, which is about the same slurry 

filling. Thus, the SAG mill can pass large 

quantities of slurry without overfilling 

with slurry, by comparison with an overflow 

ball mill. 

The comparison of size distributions 

within the pilot-scale to those leaving the 

mill gave a grate classification function 

of the form 

A 
c

i 
= 1/[1+(x

50
/x

i
) g] [20] 

For the 12 mm (half inch) grate opening, 

the values of the characteristic parameters 

were x50=1.11 mm and Ag=1.3. However, it 

must be understood that this action may be 

different in a full-scale mill where the 

grates are kept freely open by an adequate 

discharge mechanism. In this case, the 

TABLE 3. Values used in simulations 

B values for various breaking sizes 

By pebbles and balls 
Feed Self-Breakage Classifier 

Size Size % Minus Pebbles Balls selectivity 
Interval llm size 1-3 4 5-26 1-3 4-11 12-26 12-26 s. 

l 

1 215500 100.0 
2 152380 97.8 
3 107750 86.4 .45 .49 .54(5) .46 .59 .46 .4 1.0 
4 76190 71.1 .36 .29 .36 .23 .42 .31 .25 1.0 
5 53875 62.2 .28 .24(5) .32 .17 .35 .25 .16 1.0 
6 83095 53.0 .25 .20 .27 .16 .30 .20 .12. 1.0 
7 26940 43.8 .22 .18 .26 .13 .29 .16(5) .092 1.0 
8 19050 35.7 .20(5) .16 .25 .11 .28 .14(5) .076 1.0 
9 13470 30.0 .19 .15 .24 .099 .26 .12(5) .066 1.0 

10 9525 26.2 .17 .14(5) .23 .089 .25 .10(5) .050 1.0 
11 6735 22.5 .15 .13 .22 .081 .24 .88 .039 1.0 
12 4760 19.0 .13 .12 .21 .074 .23 .074 .035 1.0 
13 3370 17.4 .12 .11 .20 .069 .21 .056 .025 1.0 
14 2380 15.4 .10(5) .10 .18 .062 .19 .045 .020 1.0 
15 1680 13.8 .094 .089 .17 .058 .17 .034 0.98 
16 1190 12.2 .082 .079 .15 .052 .16 0.98 
17 840 10.8 .074 .067 .l3 .048 .14 0.94 
18 595 9.6 .063 .059 .12 .042 .12 0.84 
19 420 8.4 .057 .050 .099 .038 .11 0.71 
20 300 7.3 .051 .044 .086 .034 .090 0.59 
21 210 6.4 .046 .036 .077 .030 .075 0.49 
22 150 5.8 .042 .032 .065 .025 .065 0.41 
23 105 5.0 .038 .029 .022 .052 0.35 
24 75 4.5 .036 .020 0.31 
25 53 4.1 .030 .017 0.29 
26 38 3.6 .025 .015 0.26 
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action of the grates can be considered as 

close to ideal classification, which can be 

closely approximated by x50=grate size and 

A =4. 
g 

Full scale simulation 
SAG mill: LID = 0.5 

The mill simulated was a nominal 28 feet 

by 14 feet mill, giving D=8.2 m, L/D=0.5 

and an effective volume of 230 m3. The 

feed and overflow trunnion diameters 

represented a filling level of 29% to the 

level of overflow, and the design criteria 

was 25% that is, J=0.25, and 76% of 

critical speed. The cumulative primary 

breakage values estimated from laboratory 

batch tests are given in Table 3, and were 

entered as matrices into the program. The 

simulator was supplied with the feed size 

distribution also shown in Table 3, and 

simulations were performed for nominal 

fractional hold-up(JT) in the mill covering 

the range 0.2 to 0.4, using a ball charge 

TABLE 

Circulation Capactiy 
J Ratio Q, tph 

10.2 2.1 l35 
15.0 2.3 195 
19.8 2.5 255 
25.0 2.7 305 
30.1 2.9 340 
35.4 3.2 365 

4 14.7 2.3 220 
18.8 2.5 305 
22.6 2.7 370 
27.6 2.9 425 
32.8 3.1 455 
38.1 3.4 465 

8 18.8 2.0 280 
23.0 2.3 365 
26.9 2.6 435 
31.2 2.8 490 
36.6 3.0 520 

12 22.9 1.7 305 
27.0 2.1 415 
31.0 2.4 475 
35.0 2.7 525 

4. 

of 50% of 76 mm (3 inch) and 50% of 100 mm 

(4 inch) diameter balls. The mill was 

closed with the external classifier 

selectivity values given in Table 3. 

The variation of mill capacity with 

hold-up and ball charge is shown in Table 

4, and Figure 13. The charge load of 0.25 

volume fraction was taken as optimum since 

it gave a region where the capacity is not 

sensitive to ball load in the region J B=4% 

to 87.. The power equation used was that 
. b A . (16) g1.ven y ust1.n 

m = 
p 

3 5 0 .1~ 
K(D • )(L/D)(J)(1-1.03J)(~c-29_10;c)Pc 

,kW [21] 

where P is the overall density of the 
c 

charge, including balls and slurry. This 

was calculated using the bed porosity 

obtained from the use of the Weymont 

voidage factors, as described by Austin. 

The value of K was taken as 10.6 for 

dimensions in meters and Pc in metric 
3 tons/m , to produce the mill power quoted 

Results of SAG mill simulations 

Hold-up Product size 
W distribution % < 

tons 35 mesh 400 mesh kWh/t 

39 90.0 31.5 12.0 
56 91.0 32.1 10.9 
72 92.0 32.7 10.5 
88 92.8 33.3 10.3 

105 93.7 34.2 10.3 
121 94.5 35.2 10.4 

39 91.8 32.5 11.8 
56 90.9 31.9 10.0 
72 90.2 31.5 9.1 
88 89.8 31.4 8.9 

105 89.1 31.1 9.1 
121 88.3 30.8 9.2 

39 92.9 33.2 l3.3 
56 91.4 32.1 10.9 
72 90.3 31.5 9.7 
88 89.7 31.3 9.1 

105 88.9 31.0 9.2 

39 93.8 34.0 14.4 
56 92.1 32.5 11.7 
72 90.7 31.7 10.3 
88 89.8 31.4 9.6 
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The values of specific grinding energy in 

kWh/ton are also given in Table 4, and 

Figure 14 shows that the minimum occurs at 

about 6% ball load. Figure 15 shows the 

size distributions predicted by the model 

for operation at 8% ball load and for 

fully-autogenous operation. Figure 16 

shows that the effect of the balls is to 

increase the specific rates of breakage of 

the larger sizes, while Figure 15 shows 

that the consequence is that the fraction 
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FIGURE 14. Optimum of capacity and specific grinding 
energy with ball load at total filling of 250/0 mill 
volume (see Fig. 13) 

122 

of mill charge in the size region of 20 mm 

to 60 mm is thus reduced. 

FAG mill: LID = 2.0 

It was decided to compare the result with 

two equivalent FAG mills each pulling half 

of the SAG mill power, as predicted by the 

Bond equation for ball mills, 

O.lep 
m =7.33D

3
•
3

(L/D)(J)(1-0.937J)(ep 9-1~ep )Pb p c 2 c 

,kW [22] 

where P
b 

is normally the ball density but 

in this case was the ore density of 2.77 

tons/m
3

• L/D was assumed to be 2.0, 

ep =0.85, and the value of J was taken as 
c 

0.3. With these assumptions, the mill 

diameter is D = 5.6 m to give a mill shaft 

power of 2000 kW. 

The simulation was performed with the 

same breakage parameters used for the SAG 

milling, the same grate openings to retain 

large material and the same external 

classifier function. The feed to the 5.6 m 

internal diameter FAG mill was taken as the 

same as that to the SAG mill. 

No information was available for the 

expected mass transport relation, but the 

comparison of the values for the SAG mill 

with those for overflow mills suggests that 

the long L/D mills fill up with slurry to a 

greater extent than the SAG mill, 

presumably due to the resistance to mass 

flow through the long length of tumbling 

charge. Thus, the value of f in Eq. [4] 
so 

was increased arbitrarily by a factor of 3. 

Table 5 gives the results. The specific 

grinding energy is substantially less, but 

this result is sensitive to the mass 

transport factor so it is not possible to 

assert this with a high degree of 

confidence. In addition, it may not be 

valid to use the Bond power equation for a 

pebble mill, since it predicts a much lower 

mill power than equation 21. 
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TABLE 5. Results of simulations of 5.6 m 
diameter FAG mill (LID = 2.0) 

Nominal fractional hold-up 
% minus 35 mesh in circuit 
i. minus 400 mesh in circuit 

product 
Output Q, tph 
Circulation ratio C 
Mill hold-up, t 
Mill power, kW 
Specific grinding energy, 

kWh/t 

0.3 
89 

31 
270 

3.7 
140 

2000 

7.4 

A GENERAL MODEL FOR SAG AND FAG MILLING 

Discussion of results 

It is clear that the ore studied was a 

coherent ore which would be suitable for 

FAG grinding since it leads to a mill 

charge with sufficient large rounded 

pebbles to be equivalent to a ball mill 

(with lower density of media, of course). 

Although the specific rates of breakage of 

these large lumps are relatively low, 

requiring larger mill volume as compared to 

ball milling, the chipping-abrasion process 

123 



I 
c: 

E 
1.0 

Cl) 

w 
(!) 

-et 0.5 
~ 
-et FULLY w 
a::: AUTOGENOUS 
CD 

IJ.. 
0 

W ..... 
-et 
a::: 

u 
IJ.. 0.1 -u SAG/ w 
a.. / Cl) 

0.05 / 
/ 

100~m Imm 

242322212019 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 I 

SIZE INTERVAL i AND SIZE 

FIGURE 16. Simulated specific rates of breakage for conditions of Figure 15 

produces a high proportion of fines which 

compensates for the low breakage rates to 

give specific grinding energies and circuit 

products comparable to more conventional 

crushing-grinding circuits. However, the 

use of 6 volume % of ball charge and a 
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total fractional mill charge of 25 volume i. 

gives a substantial increase in capacity 

(from 305 tph to 400 tph) over FAG milling 

in the large mill, with a significantly 

finer circuit product (approximately 327-

minus 400 mesh versus 33%) and somewhat 
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lower circulating load. 

The long LID FAG mills gave similar 

circuit product size distributions, but 

required two mills of 5.6 m diameter to 

perform the same duty as the one 8.2 m 

diameter SAG mill. Clearly, for this type 

of ore, the choice of system depends on the 

comparative economic calculations of 

capital and interest cost and steel 

consumption. 

There remains substantial work to be done 

to improve the model to a level of accuracy 

sufficient for utility. The use of average 

specific rates of self-breakage is not as 

satisfactory as the use of equations 

representing a fast-slow breakage process. 

The current method of entry of B values is 

not satisfactory. The lack of precise 

relations to describe the variation of S 

and B values with mill conditions prevents 

the development of simple laboratory tests 

to predict the values from a small amount 

of laboratory work. The results are 

sensitive to the level of slurry in the 

mill, but the calculation of this level by 

mass transport relations is based on 

entirely inadequate information. The model 

at the moment does not include the effect 

of ball diameter on self-breakage. 

It will be interesting to program the 

model for removal of material from the mill 

contents by pebble ports, followed by 

crushing of these sizes, in the size range 

of 38 mm (1.5 inches) to 75 mm (3 inches). 

At the moment, it is not possible to 

demonstrate the effect of using a less 

coherent ore because the associated 

variation of the self-breakage B values is 

not known: the rapid breakage of a weak 

ore is expected to give B values with a 

smaller fraction of fines. 
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