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Power draw of wet tumbling mills and its relationship to charge
dynamics—Part 2: an empirical approach to modelling of mill

power draw

S. Morrell

Synopsis

Part 1 of this two-part contribution presented a
mathematical model, based on the dynamics of the
charge and termed the ‘C-model’, for prediction of the
power draw of tumbling mills. Part2 describes a
simpler, empirical meodel (the ‘E-model’) whose
performance is based on that of the C-model. The
database of industrial ball-, semi-autogenous and fully
autogenous mills that was collected for the validation
of both models is described in detail. The database is
used to assess the predictive capabilides of the E-
model, showing it to be only slightly less accurate than
the C-model despite its much simpler structure.

The author is not aware of any work published this cenmury
that presents a model (in the form of an equation or set of
equations) of the power draw of a wide range of industrial
grinding mills under a wide range of operating conditions
with convincing attendant evidence of its ability ro make
accurate predictions. This lack of relevant experimental data
has limited the practical application of many of the attempts
that have been made to model the power draw of mills. Darta
on the power draw of grinding mills are abundant in the
literature, but, as Harris and co-workers! remarked, they are
‘... 100 frequently unusable simply because one or more
essential variables have been omitted’. The absence of pub-
lished results obtained from vigorous experimental testing of
the various models has led to a general lack of evaluation of
the vahidity of the assumptions and hypotheses that underlie
such models. Harris and co-workers! did make some effort
to evaluate the performance of various power prediction
equations and, in so doing, developed further a semi-
empirical equation of their own. However, since they used
manufacturers’ published data, which themselves were
undoubtedly generated by proprietary equations of unproven
validity, their equation remains unproven. To ensure that the
models that are described in the two parts of the present
contribution have a proven ability to predict accurately the
power draw of industrial mills an extensive database was
assembled. This part of the contribution provides full details
of the database, which is used to validate the accuracy of a
refatively simple empirical model-—the BE-model-—whose
performance s based on that of the C-model described in
Parr 1.2
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Collection of grinding-mill data —»

Although small laboratory mills provide an excelient test-bed
to determine the functional relationships between operating
conditions and power draw, good-guality data for full-scale
plant are required to determine whether such relationships
hold ar the industrial level,

The literature contains some data for industrial mills, but
these are isolated cases and often lack sufficient detail to be
useful for research purposes. The problem is compounded
by the inherent difficulties inn obtaining accurate data.! In
1988 the author therefore began to assemble a database on
grinding mills that could be used with confidence 1o develop
and validate models of power draw.

The minimum details of a grinding mill that are required
1o enable prediction of its power consumption are: diameter
(inside liners); length (inside liners); rotational speed; ball
filling; total filling {balls plus rock); discharge mechanism
{grate or overflow); and specific gravity of the ore.

Derails of these parameters, as well as of the true power
draw, were sought for as wide a range as possible of mill
dimensions, ore types and operating conditions. During the
course of their collection a variety of potental sources of
error were encountered, and these are described in the next
sCCLons.

Mill diameter

The required mill diameter is that measured inside the liners
rather than inside the shell. However, the diameter changes
4s the liners wear. Inside-liner diameters can only be reliably
obtained by direct measurement from inside the mill at the
ume of recording the power draw. With a number of mills
the author was able to do this, In some instances inside-shell
diameters only were available and, in such cases, twice the
nominal thickness of the half~worn liner was subtracted from
the inside-shell diameter.

Mill length

Manufacturers often quote an ‘cffective grinding length’
(EGL) for a mill, but it is apparent that manufacturers
differ in their definition of what this is. In some cases it
appears to be the length of the mill at the belly (i.e. the
cylindrical section) inside the shell, In mills with conical ends
this is mislecading as it effecuvely ignores the volume of the
mill within the ends. Some manufacturers take this into
account by specifying an EGL. that is between the belly
length and the length along the centre-line. In such cases it
has not been established how this length is determined.
Whenever possible engineering drawings were sought and
both belly and centre-line lengths were determined. In other
cases direct measurement was possible. If neither of thesc
was feasible, the manufacrurer’'s EGL was used. As with the
measurement of diameter, allowances were made for the
thickness of the liners.
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Ml speed

The most common methoed for reporting the rotatdonal speed
of the mill is as a percentage of the critical speed. This figure
is often based on the number of revolutions of the mill
in one minute and 2 nominal inside-liner dimension. As the
percentage of critical speed is proportienal to D%, the value
that 1s calculated using the true inside-liner dimension will
differ from this valuc.* Whenever possible the rotational
speed, rev mun!, was recorded and the percentage of critical
speed at the inside of the liners was then calculated.

Specific gravity of ore and balls

Different grades of steel and different manufacturing tech-
niques result in balls of varying specific gravitics. Since no
information was sought on the specific gravity of balls during
the course of this research, a mean value of 7.8 has been
used. In semi-autogencus grinding (SAG) and autogenous
grinding (AG) mills, in particular, the specific gravity of the
orc has a significant effect on the density of the charge and,
hence, power draw. In all the data sets held in the datwabase
the mean specific gravity of the feed ore has been used, It is
possible, however, that when blends of ore are being treated
2 harder constituent may be present with a specific gravity
that differs from that of the rest of the are. In such circum-
stances the specific gravity of the ore in the mill will be
different from that of the feed ore.

Mill filling

The mill filling, or volume of charge in the mill, has a
significant effect on the power draw. In ball-mills the filling
remains fairly steady over time as it consists mamly of steel
balls. It is commeoen pracuce for operators to charge ball-mills
with steel balls according o a power set-point. Qwing to the
very stable power draws that are usually seen with ball-mills,
this procedure ensures that the mull is alwavs charged ta
approximately the same level. Where dircct measurements of
the ball filling were not possible at the tme when power
readings were taken historical plant records were used as a
source of ball filling data. However, in AG and SAG mills the
feed orc contributes significant quannties of rock to the
grinding media. As a result, changes in the size distribution
and hardness of the feed ore will affect the quantity of ore in
the mull and, hence, the power draw. In all cases direct
measurements of the loads were made. With AG and SAG
mills this entiled running the mills under steadv-state
conditicns and then crash-stopping them under load.
Whenever possible the mull was then entered through the
feed trunnion and measurements of the width of the charge
were taken in three places, together with inside-liner
dimensions. From these measurements the volume of the
load was calculated by simiple geometry, In a number of
cases access to the interior of the mill was denied. In these
instances photographs were taken of the charge against the
grate and the level of the charge was determined from
engineering drawings of the grate and simple geometry.
Alternatively, a rod was inserted into the mill 1o measure the
level of the charge below the feed wrunnion.

SAG-milf operations presented additional difficultes
because of the ball filling, which, being mixed with the ore
charge, was difficult to estimate. In most cases mills were
allowed to grind out and the bali filling was then measured.
However, owing to the damage that this procedure can cause
1o the lhners/lifters, this was not always possible. In such
cases pperators’ estimates had to be used.

*Symbuols and their meanings are listed on page C59.

Power draw

Plants vary widely in the type and complexity of their instru-
mentation. As a result, data on power draw were available
from a range of devices, including kilowatt-hour meters,
power transducers and amineters, If more than one source of
power data was available at a parttcular site, a check was
made on whether all sources gave similar readings. If thev
did not, clectrical staff a: the plant were reguested to
vestgate and correct the ditferences. In the event thart thas
did not prove possible the dara were not mcluded in the
database. If only one source of power measurement was
available, efforts were made to ensure that independen:
checks of the accuracy of the power reading were made either
prior to the ficld study or shortly afterwards.

Details of database

Ball-mills

Daca were collected from 40 diffcrent mills, vielding a rotal
of 43 data sets (see Table 1 of Appendix 1). Power draws
vary from 6.2 to 4100 kW, with a corresponding range of
diameters from 0.85 10 5.34 m. The majority of the mils
were of the overflow 1ype, only three relatively small mills 2
the power range 97-420 kW being grate-discharge, The
speed range of the mills covered by the database ranges from
61 to 83% of critical. Most, however, are in the rang:
T0O-75%, of ¢ritical.

Mill fillings were typically in the range 3(3-40%, thouga
values as high as 48% and as low as 20% were recordec.
Apart from one set of data for a pilot mill, most of the
data for low fillings relate to very large-diameter mils
(>4.8 m).

SAG mills

Thirry-one sets of data obramed from 23 SAG milis (Table
of Appendix 1} are held in the database. Diameters vary fro
1.75 10 10.20 m, with a corresponding power-draw range o7
10.4-10 000 kW. The large-diameter unit also has one af th:
largest bail loads (16%) recorded in the database, althouges
its total filling was only 19%. Ball loads varied considerab:
from 3 to 25%, with a mean of 12%,.

The speeds of the SAG mills varied from as low as 458 4wz
to 89% of critical, with a mean of 75%. The Jow-speed my..
was fitted with a variable-speed drive and was operated ::
this low speed specifically to generate data for the researc:
programme. The high-speed mill is 1n a South Afncan goil
plant.

Included in the SAG mill database are four mills for whics
the masses of both the ore and the ball charge were measures
by dumping their contents and weighing them. Three of th:
mills were full-size units with dimensions (diameter x length
of 5.08 m x 6.82 m, 7.05 m x 3,66 m (see earlier work’ an.
4.16 m x 4.78 m, the data for the last mill being kind~
provided to the author by Pendreigh.* In addition w the ful-
size mills, data were obtained for a pilot unit.

AG mills

Autogenous mills are the least represented in the Jdatabas:
{cight data sets), reflecting their less common use tha-
SAG mills {Table 3 of Appendix 1}. Despite this. the rang:
of diameters that was covered in the fieldwork programms
matched that of the SAG mills {1.75-10.2 m)}. The power
range, however, was slightly smaller (9.3-8000 kW’
Included were two mills whose entire equilibrium content:
were weighed and sized —one a pilot unit and the other 2 un-
with dimensions of 5.105 m x 5.181 m.?
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Empirical power-draw model

T'he availability of the database provided an opportunity to
develop an empircal model that is based on the performance
of the C-model® but is of much simpler form. From the
analysis of the factors affecting power draw that have so far
been considered the following variables can be listed as influ-
ential: diameter, f3; length, L; speed (fraction of critical), ¢;
charge density, p_; and mill filling, ¥,.

From analysis of the C-model equations the underlying
relationships between these variables and power draw can be
expressed in the following simple form, which is similar to
that proposed by Harris and co-workers;!

Net power draw = 1\"D2'SLc p o (N

where ¢ and 8 are non-linear functions of filling and speed,
respectively, D 15 mill diameter, L, is effecuve grinding
length, p is charge density and K is a calibration constant
whase value depends on whether the mill has a grate or
overflow discharge and which lumps together all other para-
meters and errors.

The rotational speed and mill filling are related in a
complex manner to power draw owing to their influence on
the positions of the toe and shoulder of the charge. Hence,
to determine the functions ¢ and & the response of the C-
madel to both filling and speed was modelled empirically.
In addition, the effective length of the mill was defined to
take into account the effect of any cone-ends.

Effect of mill filling on power draw
Fig. 1 illustrates the response of the C-model to changes in
mill filling for a range of mill speeds. The power-draw data
have been normalized with respect to the maximum power
such that the power 1s in the range 0-1. It is seen that the
filling 2t which power draw reaches 2 maximum (J ) isa
function of mill speed, as was observed by Liddell® The
values of F, . for the speed range 50-100% of crincal were
determined itcratvely from the C-model, and the resules are
given in Table 1.

From the data in Table 1 J_ . can be represented as a

function of ¢ by means of the polynomial expression
Fonax = 2:9863¢ —2.2129¢% - 0.49267 (2

It appears from Fig. 1 that the relationship of power draw 1o
mill filling is approximarely parabolic and, hence, that it can
be expressed as

Power = J (w—F) (3)

Difterentiating power draw with respect to J, and setting to
rzera the filling at which power is a maximum gives the
following expression for 7

max”

€]
jrnax - ; %)

In models such as Bond’s™® and Austin’s? o is a constant
with a value close 1o unity—which gives, incorrectly, an
invariant power maximum at a mill filling of around 50%
‘(1.e.. Tooax = 0.3). ILis e'frzdf:nt from Table 1 thaF Fnax (and o)
is, in fact, a funcuon of mill speed. From equations 2 and 4 ©

can be represented as

w=2(2.0863¢ - 2.21206% - 0.49267) {5
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Fig. | Response of C-model to changes in mill filhing

Table 1 Filling at which net power draw is a maxunum

Fraction of critical Filling at maximum

speed, ¢ net power, J

max
0.9 0.455
0.6 0.492
0.7 0.506
75 0.501
(R 0.490
o.u 0412
(ARt 0.346
1o 0.274

If the tunction F (0 — J,) is expressed as
o=Flw-33 (6)

then, from equations 4 and 6, the maximum value of o is
given by

o =— (7

Tuo ensure that the expression given as ¢quation ¢ maintained
values in a convenient range regardless of mill speed it was
normalized with respect to o, . Hence, the cquation was
rewritien as

EACEA

« (8)

>

Effect of mill speed on power draw

As with mill fiiling, the power draw reaches a maximum at a
certain mill speed, above which it reduces. This effect 1s
illustrated in Fig. 2, where the response of the C-model to
mill speed is plotted. It is seen that for most of the speed
range the response is approximately linear and that it only
deviates from linear as the speed at which the power draw
reaches a maximum is reached. This speed, ¢ __ ., is a
function of the mill filling. This can be seen from Table 2,
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Fraction of critical speed

Table 2 Speed at which power is a maximum

Fractional mill

Fraction of critical speed at G ax
filling, J, maximum net power, ¢,
0.1 1.00 0.3405
0.2 0.96 0.9270
0.3 0.92 0.9135%
0.4 0.BR 0.9000
G.5 0.84 0.5865

where values of § and associated values of ¢
by the C-model, are given.

To provide a speed function, 8, that represented the speed
trends exhibited by the C-model the following expression
was used:

e A5 predicted

ye Al - e (9)

8 =9(1 - (1 - 05,
where A is a constant and ¢, is related o ¢, (sce below?,
This form provides a linear response over much of the specd
range but allows a rapid reduction in power draw above a
certain speed. Equation 9 has a form similar o Bond's speed
function, which can be arranged as

Bond speed function = ¢{1 - [} — 0.9 {2 1009 -ai],
{9a)

The form of equation 9 was derived from that used to
describe the position of the toe (see Part 17):

B = 2530712706 - F) (1 —¢ 1730 0y 4 % (1m

The exponential form of this equation gives a relatively small
change in the toe angle over most of the range of mill speed.
At elevared speeds, however, the angle of the toe changes
rapidly as the charge begins to centrifuge. It is this movement
of the toe that dominates the power-draw response of the
mill 1o speed and, as a result, the power begins to fall.
Eguation 9 provides a similar response to changes in speed.
The constant A in equation 9 was therefore assumed 1o take
the same value as in the e¢xponental term in equation 10 and

was set at 19.42, The parameter q);m was then adjusted undl

equation 9 predicted the values of ¢ listed in Table 2. The
resulting values af ¢ are also given in Table 2. Thev were
found 10 be simply related to F, by the equation

¢, = 0.954- 01357 (11,

max

Effective grinding length
The eftect of having conical end-sections in a3 mill is to
increase the volume of the grinding chamber and, hence, the
power draw relative to that of the cylindrical secuon alone.
As the mill filling in the cylindrical section of the mill varies.
the length of the cone-ends that is actively in use will also
vary. Thus, as the mill filling increases the active or effective
length of the cone-ends increases and, hence, sa wiil the
amount of power that the cone-énds draw relative 1o the
cylindrical section. It follows from this that the so-called
‘effective gninding length” (EGL) is not invariant but is 2
function of mill filling. To illustraze this effect the C-modet
was used to calculate the power draw of the cone<nds as 2
function of the length of the cones and the mill filling of the
¢vlindrical section. The results are shown in Fig. 3, where
the power draw and length of the cone-end are expressed
relative to those of the cylindrical section {the power draw
and length of the cone-end relate to the sum of both cone-
ends). The geometries of the cones at each end were rthe
same, with feed- and discharge-trunnion diameters equal o
0.25 of the mill diameter. It can be seen from Fig. 3 thart the
fraction of power draw attributable 1o the cone-end mcreases
linearly with increasing cone length. The rate of ncrease.
however, is a strong function of the mill filling of the cvlin-
drical section.
The relationships illustrared in Fig. 3 were modelled by
the equation
P = 11471 -7)L

cone-re]

cone-rel 1z
where B2 15 the ratio of the power draw of both cone-
ends to that of the cylindrical sectionand L.
of the length of both cone-ends to that of the «iindrica
section. Equation 12 can now be incorporated into ar
expression tor an effective grinding lengeh as follows

1< the ratic

{ Ly )

L, —-L(l+2.28}’[[1—]1 TJ 13
0.3

z x  j=0.01

£ { = j=0.10

= ¢ j=0.20

z 029 4 030

o | ¢ j=0.40

5 + j=0.50

o 0.1-

-

@
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o
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Fig. 3 Predicuen of C-model of relationship of relative ¢ooe ponser
draw to relative cone length
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where Z, is effective grinding length, 2, 1s mean length of the
cone-ends {(1.e. 0.5 % (centre-line iength - cvlindrical section
length)y, L is length of the cylindrical section and 7 is
fractional mill filling of the cylindrical section.

Calibration of empirical model
The empirical model (E-model) can now be written as

Gross power, kW = No-load power + (KD*3 L p_od)

(14)
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where

No-load power = 1.o8 D203 [4 (0.667 £, + £}]952 (15)

WAL

a=—— (16}
w?
@=2(2.98630  221290% - 0.49267) (a7
a :[D([ ) [[ - ip:.uax]lc 194200, !’M} (18]
0., =0.954 - 01357, i {19)
_,1&
. I
L.=L 1+2.28,7l[1—§€1]T (20)
 Fwoll - E + EUpy |+ Iplpp —polll - E) .
‘ T
JEU{L-p,]
A 1 py) 21

7,

an<d ATis the calibration constant.

The difference berween the power draws of grate- and
overflow-discharge mills was related in Part 12 1o the
presence in the latter of a slurry pool. In the C-model the
effect of this pool was incorporated by calculating the
buoyancy force that it exerted on the charge. In the E-model
the effect is incorporated in an empirical manner by fitting &
to grate and overflow mills independently. TFor overflow mills
K was found ta be 7.98, whereas for grate nulls the value s
4.10. The ratio of the two calibration factors is 1.14, which
almost exactly matches Bond’s correction factor for grate-
discharge malls.

Accuracy of model
The mean relanive error and standard deviation of the
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Table 3 Accuracy of C-maodel and E-model

Relative error, %

E-model C-model
Ball-mills
Mean <0.1 -0.4
Standard deviation 5.8 54
55%, confidence interval 11.3 10,5
AG/SAG palls
Mecean +0.5 +0.4
Standard deviation 6.6 1.6
95% confidence interval 12.9 9.0
All wrdlls
Mean -0.2 <(.1
Standard deviation 6.2 5.0
95% confidence interval 12.1 9.8
Conclusions

. By incorporating a description of the shape and motion of
“ the charge a mathematical model (termed the ‘C-model’)

was developed 1o predict the power draw of wet tumbling
mills. Companson with operational data held in a large and
comprehensive database that covers AG, SAG and ball-milis
in the power range 6.2-10 000 kW demonstrated that the
mode] provides a high degree of accuracy. It was shown to
predict the observed interaction between speed and mill
filling in the power-draw response of the milis® as well as the
differcnces berween the power draws of grate-discharge and
overflow-discharge mills.”

By empirically descnbing the response of the C-model a
much simpler model, the E-model, was developed and was
found to be only marginally less accurate. Both models can
easily be incorporated into a spreadsheet. Their operation
can be checked using the worked examples provided in the
appendices 1o Parts 1 and 2 and can be validaied by
reference to the database of industrizl mills that is described
in detail in this pan of the contribution.

The successful ability of the C-model to predict accurately
the power draw of such a wide range of mills is attributable in
part to the incorporation of a description of the dynamics of
the charge and vindicates comments that were made by
Taggart 50 years ago.'® However, the way in which the
charge dynamics are described need not be complex. This
was shown in the development of the E-model, which is
empirically based on the response of the C-model yer suffers
very little in its ability to make accurate predictions of power
draw.

Lt is concluded that the models that have been described in
Parts 1 and 2, together with the detailed data that were used
to vahidate them, overcome the shortcomings of previous
attemnpis to predict the power draw of mills accuraiely.
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Appendix 1—Mill database

Table 1  Ball-mill database (43 data sets from 40 mills)

Discharge Inside-liner dimensions, m Mill speed Mill filling Ore Gross
mechanism Diameter Belly length  Centre-line Rev min~™ "% Critical Balls, %% Total, % speeific power,
: length gravity kW
Overflow 5.34 8.69 569 13.36 73 28 25 3.2 3669.0
: Overflow 5.34 8.69 8.69 13.30 73 26 26 3.2 3549.0
) Overflow 5.34 8.609 8.69 13.36 73 24 24 3.2 3385.0
Overtlow 5.34 8.69 8.09 13.36 73 23 23 32 3251.0
{ Overflow 5.33 8.54 8.54 13.23 72 34 34 29’5 4100.0
: Overflow 5.29 7.32 7.32 12.R7 70 40 40 - 320 3828.0

Overflow 1.87 8.84 5.84 14.37 75 30 30 2.6 3225.0
H Overflow 3 87 KR4 5.84 13,80 72 27 27 2.6 2900.0
) Qverflow 4 .87 K50 5.80 1,37 T3 RIY 30 2.6 3104.0

Overflaw 4 .85 5.92 5.92 14.02 73 31 41 2.9 2550.0

Overflow 4.75 0.26 6.20 1494 77 28 28 2.68 2050.0
3 Overflow 4.73 7.01 7.0t 11.70 61 32 32 2.8 1840.0
! Overflow 4.68 5.64 5.64 14.08 72 48 48 2.8 2300.0
: Overflow 4.41 6.10 6.10 14.88 74 35 35 4.1 1900.0

Qverflow 4.38 7.45 7.45 15.16 75 30 30 2.7 2026.0

Overflow 4.35 6.56 6.56 14.16 70 38 38 2.72 1850.0

Overflow 412 7.04 7.04 14.69 71 38 38 2.0 1800.0

Overflow q.12 5.4G 5.19 15.57 75 45 35 2.7 1600.0

Overflow 4.10 5.92 5492 1567 75 34 34 3l 1525.0

Overflow 3.87 6.34 6.34 14.83 99 27 27 31.57 1075.0

Overflow 3.85 5.90 5.00 1660 77 30 30 2.8 1300.0

Overflow 3.83 4.83 4.88 13.59 63 31 31 2.6 842.0

= Overflow 3.55 4.87 4.87 16.16 72 40 40 2.8 970.0

i Qverflow 3.54 4.88 4.R8 17.20 77 42 42 2.7 1029.0

_ Overflow 3.50 4.715 4.75 16.95 79 41 41 2.8 4921.0
Overflow 3.50 4.42 4.42 1673 74 35 35 275 820.0

Orverflow 3.48 6.33 0.33 17.00 ) 34 34 2.7 1150.0

- Overflow 3.48 4.62 362 1A 1N 71 30 39 2.7 834.0

a Orvertlow 3.05 427 4.27 17 68 73 15 43 1.9 6000
' Overflow 3.05 4.27 4.27 16,95 70 40 40 4.5 580.0

Overflow 3.04 3.0% 3.09 19.77 82 45 45 3.5 475.0

Overflow 2.70 4.83 4.83 18.7Y 73 37 38 2.65 499.0

Qverflow 2.65 3.40 3.40 20,08 77 36 36 2.7 334.0

Crrate 2.64 3.66 3.60 18.22 70 43 43 2.8 420.0

Overflow 2.60 4.57 4.57 19.67 75 34 34 2.05 400.0

Overflow 2.60 3.70 370 1510 (i8] 40 40) 4.5 347.0

Overflow 252 36b 360 17 9K ne 35 35 2.7 205.0

Qverlow 2.30 420 4.20 22 RT 82 30 3o 27 2499.0

R Qvertlow 2.29 2.7 2.74 231 X3 44 41 35 235.0

Grrare 1.73 2.44 2.44 2203 AN] 35 35 2.7 97.0

Grate 1.70 270 2.70 26,27 81 40 40 2.7 103.0

Overflow 0.85 1.52 1.52 32.57 71 40 40 2.9 1000

Overflow 0.85 1.52 1.52 32.57 71 20 20 2.9 H.2

Mean 3.68 5.53 954 718 73.12 35 35 2.98 148498

Minimum 0.85 1.52 1.52 11.76 6l 20 20 2.60 6.2

Maximum 5.34 8R4 B 81 32.57 83 48 48 4.50 4100.0

Coo
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Table 2 Scmi-autogenous grinding-mill database (31 dara sets from 23 mills)

‘ Discharge Inside-liner dimensions, m Mill speed Mill filling Ore Gross
J mechanism Diameter Belly length Centre-line Rev min~! % Critical Balls, % Total, */ specific power,
length gravity kW
i Grate 10.2 4.0l 7.56 10159 80 16 19 2.8 10013
Grate 9.59 4.27 5.80 10.24 75 19 31 2.6 7900.0
’ Grate 9.59 4.27 5.86 10.24 75 14 14 2.6 57500
Grate 9.59 4.27 3.86 10.00 74 19 19 2.6 71000
‘ Grate 9.55 4.45 0.45 10.67 78 5 25 2.80 6300.0
Grarte 8.38 3.26 5.00 11.69 80 14 I8 2.69 4000.¢
| Grate 7.73 3.46 3.46 10.65 70 I1 1 2.6 18004
| Grate 7.23 3.00 3.00 11.80 75 11 16 292 1920.¢
Grate 7.09 2.74 2.74 11.91 75 11 21 3.1 19000
! Grate 7.05 3.00 3.66 11.23 71 12 31 2.65 2239.0
Grate 7.05 3.600 3.600 11.23 71 12 12 2.65 1500.0
l Grate 6.91 2.44 2.44 11.77 71 3 16 4.1 9720
(irate 6.50 2.42 3.02 12.44 75 6 21 3.64 1228.0
| Grate 6.26 2.50 2.50 12.00 71 6 21 27 1200.0
o Grarte 3.82 5.65 5.65 14.20 81 13 33 2.8 28400
Grate 580 5.65 5.65 14.22 21 10 27 2.8 2600.¢
| Grate 5.30 7.95 7.95 13.04 71 18 30 2.8 3284.0
Grate 5.08 6.82 0.82 12.38 66 12 31 2.85 2000.0
l - Grate 5.05 5.99 5.99 14.49 77 17 21 2.68 20330
Grate 4.35 4.85 4.85 15.29 75 12 26 2.65 1066.0
l - Grare 4.16 4.78 4.68 18.45 80 10 38 2.7 1063.0
Grate 4.12 5.02 5.02 15.63 75 22 33 2.7 1225.¢
- Grate 4.12 5.02 5.02 15.63 75 22 22 2.9 10t2.¢
] Grate 4.05 4.60 4.60 15.97 76 8 26 2.7 6880
_ Grarte 4.05 4.60 4.60 15.97 76 7 7 2.7 4100
r Grate 4.05 4.60 4.60 15.97 76 3] 34 2.7 TA60
Grate 4.05 4.60 4.60 15.97 70 3] 32 2.7 6870
| - Grate 390 5.10 2.10 16.75 78 25 34 3.35 11750
Grarte 3.85 5.65 9.6% 10.35 48 12 12 28 2040
[ Grate 1.75 .45 0.04 24.94 78 3] 23 2.63 11
I Grate 1.75 0.45 0.64 2494 ks 4 24 2.65 10
l Mean 5.92 4.22 1.62 13.89 T4.75 12 24 2.81 24225
; Minimum 1.75 0.45 0.64 10.09 48 3 7 2.60 0.2
| Maximum 10.2 7.95 7.95 24.94 RO 25 38 4.10 10013
|
|
|
F -
j Table 3 Autogenous grinding-mill darabase {cight data sets from six mills)
’ Discharge Inside-liner dimensions, m Mill speed Mill filling Ore Gross
mechanism Diameter Bellylength Centre-line Rev min™ % Critical Balls, %  Total, % specific power.
! length gravity kW
‘ Grate 10.20 4.73 7.18 10.06 76 0 26 3.6 RO
! Grate 9.50 4.45 6.5 10.70 78 0 31 2.60 540.0
| Grate 7.10 2.43 1.47 11.43 72 0 12 4.6 TG o
' Grate 740 2.43 3.47 11.43 72 0 10 357 T3
i Grate 6.40 2.25 2,48 12.45 73 0 27 4 12300
| Grate 6.49 2.25 2.48 12,45 75 0 19 4 G40 ¢
Grate 5.11 5.18 5.18 13.03 73 Q0 24 4.2 12444
! Grate 1.75 0.45 .04 2494 TR 0 28 205 G+
l Mean 6.72 3.02 3.02 13.39 74.86 Q 22 309 23344
Minimum 1.75 0.45 .04 10,06 T2 Q0 10 2.03 G.~
; Maximum 10.20 5.18 718 24.94 78 Q 31 3.00 S ¢
|



feme A T

Appendix 2—Worked example

To illustrate the use of the E-model a worked example is
given that relates to a SAG mull.

Input data

To execute the model certain design and opcerating data arc
required. These were summarized in Part 1 (Table 1 of
Appendix 2, page C53).7

Calculation steps

1-—Culcrlate charge densiry, P,

Input data: p = 2.75py = T8I0 =00 [ 0.495
Assume U= land E =04

From equavon 21: p, = 3.237

2- - Calewlate filling function, o, wid speed function, §
Input data: ¥ = 0.35; ¢ = 0.72

From equation 17: ® = 1.02

From equanon 16: o = (0.225

From equation 19: ¢! = 0.907

max

From equation 18: 8 =0.718

3-—Calculate effective grmding length, 1.

[nput data: 7 = 0.35; [. = 45 L, = (ventre-line length - belly
length)/2 = 1 m

From equation 20: [ =4.32m

4 —Calculute no-load porver
[nputdata: D=8m;9 =072, L =4mil ;=1m
From equation 15: no-load power = 322 kKW

S—Calcudare gross power

[nput data: D =8 m

trom previous caleslatons: p. = 32370 L = 4532 m; ¢ =
.225; 8 = 0.718; no-load power = 322

Use K = 9.1 for grate-discharge mills

From equation 14: gross power = no-load power + (K77
Lop ud)=4210 kW

The calcularion steps for a ball-mill are identical to those
given above. Tt should be noted that tor ball-mills the toral
fractional mill filling should be set to the same value as the
ball fracuonal mill filling—i.c. J. = Fp In addiden, for
overflow-discharge mulls K = 7.98,

o2



