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ABSTRACT

The fine grinding of ores is increasing due to the depletion of coarse grained, easily processed ore
bodies and the increased need to process disseminated, fine grained deposits. The main reason ball mills are
not utilised for fine grinding is the perceived poor energy efficiency generally experienced when grinding
to fine sizes. However there is a trend towards ball mill grinding for product sizes below the traditional ball
mill cut-off of 45 um.

The effect of ball size on the feed and product size distributions in a fine grinding situation was studied.
The grinding tests identified a number of trends for fine grinding, including:

. Efficient grind curves forming the same shape as for traditional grinding (exponential decay),

. The results supporting the claim that fine material is best ground with small media and coarse
material with larger media,

. The smallest charge was most efficient at treating the finer feeds,

. The smaller charges were very ineffective and inefficient for grinding of the coarser feeds,

. Efficient grind was undertaken by smaller charges than that recommended by Bond’s ball sizing
formula, and

. Operating work index analysis confirming the results of the Pgp-energy analysis

1. Introduction

As coarse grained, easily processed ore bodies are depleted, more disseminated, fine-grained ores are
being treated. Adequate liberation of valuable components within a fine-grained ore is often only achieved
once the particle size of the ore has been reduced to levels below the traditional ball mill cut-off of 45 um.

To aid in the economic liberation of fine-grained minerals, fine grinding was identified in the early
1990’s as a suitable process for the minerals industry. Liberation options include a coarse primary grind
and produce a concentrate and middling with re-grinding of the concentrate and/or the middling to finer
sizes to achieve final liberation or fine grinding of the whole ore. In recent years, the popularity of vertical
and horizontal stirred mills, such as the Svedala Vertimill (Jankovic and Morrell, 2000) and the IsaMill
(Reese, 2000), has increased significantly with these mills now being used for many ultra-fine grinding
applications. These mills have been shown to overcome the disadvantages of trying to achieve fine grind
sizes in tumbling mills, whilst being energy efficient. In this paper, fine grinding is used to describe the size
reduction to an 80% passing size between 45 and 25 microns and ultra-fine grinding is considered for sizes
below 25 microns.

Fine grinding in traditional ball mills has not been utilised in the past due to the following perceived
disadvantages:

e The mill speed has to be lower than the centrifugal speed of the mill otherwise the whole charge will
rotate with the mill body and no grinding will occur. This speed limit fixes the maximum electrical
power the mill can draw;

e The size of the inactive zone increases as the ball size becomes smaller;

e A large part of the volume of the mill has to be kept empty to allow the mill charge to tumble (Gao and
Weller, 1994).

The main reason, however, is the poor energy efficiency generally experienced by horizontal tumbling
mills when grinding to fine sizes (Zheng et al, 1994; Yan et al, 1995).

While the above problems may be characteristic of horizontal mills, recent research and test-work by
fine grinding media manufacturers, and the current use of the technology, has shown that these



disadvantages can be overcome and that it is possible to achieve efficient size reduction in horizontal ball
mills. It has been shown that either power consumption can be reduced or through-put increased for a
nominated fine grind size, without the need to invest in new equipment if a horizontal ball mill is already in
use.

While stirred media mills have shown to be more energy efficient than ball mills for ultra-fine grinding
(<25 um product size), they still have limitations. One such limitation is the size of the mills available and
hence the low throughput achievable (currently less than 100 tph). Secondly, ultra-fine grinding still
consumes large amounts of energy (100 kWh/t or more). It is well known that large size and therefore high
throughputs are possible in ball mills. From this it can be argued that the costs associated with purchasing,
installing and operating one ball mill will be less than those for purchasing, installing and operating
multiple stirred mills for the same throughput.

Ball mills have been used for particle size reduction for many decades and a great wealth of
information about their operation exists. Being a well known technology and with much research carried
out in the past into grinding in a ball mill, further studies into fine grinding in a ball mill should result in
confirmation of the viability of using ball mills for fine grinding situations.

At grind sizes below 20 to 30 pum, ball mills become inefficient (Yan et al, 1995) and steel media
contamination is a problem. Iron contaminates the ground product and starts to alter the chemistry of the
next unit operation — be it leaching or flotation (Pease et al, 2004). Because of this, grinding below 25 pm
in a horizontal ball mill is not practicable.

The aim of this experimental work was to study the effect of ball size on the feed and product size
distributions in a ball mill fine grinding situation.

2. Mill Feed/Ball Size Distribution

It is well known from Bond’s comminution theories that the feed top size determines the largest ball
size required for particle breakage. Bond (1961), in his comminution theories stated, “the general principle
of selection should be that the proper size of make-up grinding media is the size which will just break the
largest feed particles.” This is best determined for each specific situation by lengthy comparative testing.
Bond found that for a given feed size the largest size ball required could be determined using the following
equation:
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where:

B = ball diameter (mm),

F = 80% passing size of the feed (um),

K = an empirical constant = 350 for wet grinding,
= 335 for dry grinding,

SG = specific gravity of the material being ground,

Wi = Bond Work Index of the ore,

%Cs = fraction of the critical speed, and

D = diameter of the mill inside liners (m).

Equation (1) demonstrates that larger balls are required to break larger particles. If the feed to a fine
grinding mill contains large particles then large balls will be required. However, small balls will also be
required to produce the desired product fineness. Hence, if the feed size distribution is broad, the ball size
distribution will also need to be broad. This will result in inefficiencies in the mill and more difficulty in
obtaining the grind fineness required. To avoid this, a narrow feed size distribution should be maintained,
so that a narrow ball size distribution is required and also so that few large size balls are necessary.

There are numerous sites world-wide using ball mills for fine grinding applications. Table 1
benchmarks some of these operations and provides details on the factors which affect the efficiency of fine
grinding.



3. Experimental Program

The experimental regime consisted of 16 grinding tests (plus control repeats) and a Bond Work Index
test on a gold ore sample. The 16 tests are made up of combinations of four different feed sizes and four
different ball size distributions as detailed in Table 2. The ball charge in each test maintained the Bond ball
charge mass of 20 kg.

Table 1.
Some Current Sites and Details of Fine Grinding in Ball Mills (concentrate re-grind)
Mill .
Site, Compan Application Dimensions Media
' pany PP Dia. Length Tunn Size
m (m P (mm)
Pajingo Gold Mine, Newmont Gold (secondary mill) 3.66 4.18 High Cr 25
90 tph, 200 — 38 pm
Germano Iron ore Iron ore 5.18 10.36 High Cr 20-22
Concentrator -Samarco, 340 tph balls
CVRD 120 — 32 um Cylpebs
Savage River, Savage River  Iron ore 3.90 8.80 High Cr 25-70
Mines 140 tph, 140 — 43 pm balls
Macraes, Oceanagold Ltd — 20 pum 3.00 8.20 Balls 15
Pena Colorada, Consorcio Iron ore 5.00 10.67 30% 4-8
Minero Benito Juarez 430 tph, 125 — 38 um Millpeb (millpebs)
70% ball 25 (balls)
Beaconsfield, Allstate Sulphide conc. regrind mill 1.83 244  Cylpebs 22x22
Exploration 2.5 tph, — 20 um
Tritton Copper, Tritton Cu float product, regrind mill 2.00 340 Balls 25
Copper Ltd 18 tph, 45 — 30 pm
Brunswick Mining, Noranda ~ Cu/Pb/Zn Conc. regrind mill 32 40D Steel 19
Mining & Exploration 25 tph, 30 —» 25 um OD slugs
Porgera Gold Mine, Placer Pyrite concentrate 3.05 4.27 Balls 30
Dome 80 — 130 tph, 106 — 30 pm 3.05 5.40
3.05 4.27
Carol Lake Operation, Iron Iron ore, regrind mill 4.11 8.53
Ore Company of Canada Pgy =+75 pm — Pgs = 44pum 4.42 9.75
Table 2.
Experimental Matrix of Feed sizes F1-F4 and Ball Charges C1-C4.
Feed Size (um, Fg)
55 100 500 1000
Fl1 F2 F3 F4
36 C4 A B C D
BallTor 19 ¢35 E F G H
o 95 €2 J K L
55 Ci1 M N (0] P

3.1 Materials

The ore used for these tests was a typical quartz andesite rock. The ore had an initial size of
approximately minus 15 mm. It was reduced to the feed sizes in Table 2 by a combination of cone crushing,
roll crushing, rod and ball milling. Two coarser feeds and two fine feeds were obtained.



The grinding charge for the tests consisted of a constant mass of various sized steel balls, as detailed in
Table 3. The percent of each ball size to be used for each charge was determined by grinding ball
manufacturer, Donhad Australia Pty Ltd (Wardell-Johnson, 2006). The charges maintained a similar ball
size distribution to the Bond Ball charge but with varying top ball size.

Table 3.
Ball Charges for Test work
Charge Ball size % of Mass of size Charge Ball size 0/c_> of Mass of size
(mm) size (kg) (mm) size (kg)
C1 5.5 38 7.91 Cc2 9.5 38 7.91
32 44 9.16 6.4 44 9.16
2.4 18 3.75 3.2 18 3.75
total 100 20.82 total 100 20.82
C3 19 32 6.67 C4 36 32 6.68
15 36 7.49 27 36 7.55
9.5 22 4.58 19 22 4.57
5.5 10 2.08 10 10 2.08
total 100 20.82 total 100 20.88

The mill used for the tests was a standard Bond Ball Mill, with an internal diameter and length of 30.5
cm.

For all of the tests, the mill was operated at 70 revolutions per minute (RPM) with a ball loading of
20% (by volume). The amount of ore used for each test was the mass equivalent to 700 mL (1.15 kg).
These parameters were the same as those used by Bond (1961) and adopted by Levin (1984) in their
grinding test work.

3.2 Grinding Tests

The method used for the 16 grinding tests (plus four repeats) was based on that of the Levin Test
(Levin, 1984) for determining the grindability of fine materials. In the Levin Test a mass of fine material is
ground in a Bond laboratory ball mill for various times (e.g. 5, 10, 15 min) and the particle size distribution
determined for each product. From each of the size distributions the percentage of material below 75 um is
determined and plotted against grind time. From this graph the grinding time required for a given
percentage of material to be ground smaller than 75 pm can be determined. This time is then used to
determine the energy that will be consumed to produce the desired product according to Equation 2.

t

Energy consumed = — x 10° x E )
m

where:

t = time (min),

m = mass of material reduced to z percent — 75 um (g),

E = equivalent energy consumption per minute = 1425 x 10° (kWh/t).

In the grinding tests for this work, each sample was ground for five minutes, sized and ground for
another five minutes. This was continued for a total grind time of twenty minutes. This technique was
repeated for each feed-ball size combination and the duplicates.

For the 1000 pm and 500 pm feeds (F4 and F3, Table 2) the size distributions were determined through
sieving, while laser sizing was used for the other feeds. As the grinding results were compared according to
the feed size and aimed to identify trends, not quantify the magnitude of reduction, it was not necessary to
ensure the two sizing methods produced comparable results. Small samples, representing approximately



1% of the total mass, were removed from various positions within the mill and stored for laser sizing. For
sieve sizing, larger samples were taken in the same manner, sieve sized and returned to the mill for further
grinding. A check of the accuracy of the sampling technique was made by comparing the size distribution
from the whole mill product, with that of the sample. The difference between the size distributions was
minimal and within the variation expected from multiple sizings of the same sample, hence the sampling
technique was deemed acceptable.

4. Results and Discussion

The Bond Ball Mill Work Index (W;) was measured as 24 kWh/t at a test screen size of 106 um.

The feed top size determines the largest ball size required for particle breakage. Bond found that for a
given feed size the largest size ball required could be estimated using Equation 1. According to this
equation, and the mill conditions in Table 3, the top ball size for the 55, 100, 500 and 1000 pm feeds are 10,
14, 30 and 43 mm respectively. As the operating work index (W,,) for each of the feeds was not known
before the grinding tests, the Bond Work Index was used in the calculations. The operating work index
would have been higher than W; due to the fine grinding occurring. This would result in the estimated top
ball sizes being higher than those estimated by the equation. The sizes predicted, are similar to the top sizes
used for the four ball charges, hence the accuracy of Equation 1 to predict the best top size was determined.

Table 4.
Data used to estimate the top ball size
K 335
SG 2.7
Wi 24 kWh/t
%Cs 70 %
D 0.305 m

4.1 F1 (55 um) Feed Grinding Tests

Figure 1 shows the results for the grinding tests carried out on the finest feed. The energy reported on
the x-axis is that calculated from Equation 2. Figure 1 shows that all the charges are suitable for fine
grinding as they are all able to grind below 45 um and have the same shape as for traditional ball mill
grinding. The smallest charge is the most efficient as it achieved a finer grind for less energy consumption
than the other charges. To achieve a grind of 30 um, an energy saving of approximately 27% was observed
by using the smallest charge over the next larger charge.
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Fig. 1: Py verses Energy for the 55 um feed (F1)

From Bond’s ball sizing formula, the recommended top ball size for this feed was 10 mm. This is the
top ball size of Charge 2 (C2), the pink curve (M) in Figure 1, which should have produced the best grind.
However, a finer grind was achieved using Charge 1 (C1), indicating that Bond’s equation may not be
entirely accurate for small mills and fine grinding.

4.2 F2 (100 um) Feed Grinding Tests

The results represented in Figure 2 represent the grinding tests on the 100 um feed. As with the
previous results, all charges are suitable for fine grinding and the smallest charge is also the most efficient.
With this feed to achieve a 30 um grind, an energy saving of approximately 68% could be achieved by
using the smallest charge over the next larger.
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Fig. 2: Py verses Energy for the 100 pm feed (F2)

For this feed, the calculated best top ball size was 14 mm. This is between Charges 2 and 3, however as
with the previous tests using media smaller than this produced a more efficient grind.

4.3 F3 (500 pm) Feed Grinding Tests

Shown in Figure 3 are the results on the first of the coarser feeds. Unlike the last two sets of results, not
all charges are suitable for grinding the feed down to the fine size range. Only the two largest charges,
represented by the green (A) and red curves (@), are capable of grinding the feed from 500 um to below
50 pm in the time of the tests. The two smallest charges are unable to gain sufficient energy to break the
large particles in the feed resulting in very little change in the 80% passing size. This makes these charges
unsuitable for this size feed as it is unlikely that even at extended grind times, or higher energy inputs, a
fine grind would be achieved. This supports the findings of Orumwense and Forssberg (1992), Gao and
Weller (1994) and Alves and Lacoste-Bouchet (2005) who all found that smaller media are suited to fine
feeds, while larger media are required for coarser feeds.

From the calculated top ball size for this charge, the best size media would have been between Charge
3 and 4. Once again a smaller charge produced the more efficient grind, even though in this case the
difference between the grinds produced by the two charges is very small and hence either would be suitable
to grind this size feed.



4.4 F4 (1000 pum) Feed Grinding Tests

In Figure 4, the results of the grinding tests on the 1000 um feed are shown. As with the last set of
results the two smallest charges are not suitable for efficiently grinding this sized material. Charge 4, the
largest charge, is most suitable for grinding this feed to fine sizes.
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Fig. 3: Py verses Energy for the 500 um feed (F3)
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Fig. 4: Py, verses Energy for the 1000 pm feed (F4)

Charge 3, represented in Figure 4 by the green curve (A), produced a curve not seen elsewhere in the
results. It is likely that this charge is slightly too small to efficiently grind the material at low energy inputs
or short grind times. Towards the end of the test however, the grind achievable was the same as that for the
larger charge at the same energy consumption, indicating that Charge 3 requires a higher energy input to
produce a fine grind.



The estimated best top ball size for this 1000 pm feed was 43 mm, slightly larger than the largest
charge. The largest charge still produced an efficient grind, following the trend of the other tests.

4.5 The Optimum Top Ball Size

From the grinding tests carried out on 55, 100, 500 and 1000 pm feeds it has been found that the top
ball size estimated by Equation 1 does not produce the most efficient grind. In all the tests it was found that
a smaller top size ball charge produced a more efficient grind than the calculated top ball size media. This
indicates that the formula derived by Bond for determining the best top ball size for a given feed is
inaccurate in fine grinding situations and is only accurate down to a predicted ball size of approximately 38
mm. Further investigation is needed to allow alterations of the formula to be made to make it valid for fine
grinding applications.

4.6 Observations on the 80% Passing Size

As can be seen in Figures 3 and 4 the 80% passing size of the product from the tests carried out with
Charges 1 and 2, the 5.5 and 9.5 mm top ball size charges respectively, did not change significantly over
the grind time used. Figure 5 shows the size distributions for the 1000 pm feed with Charge 2 after each
five minutes of grinding. The grind time for this test was extended to half an hour to see if the Pgy would
decrease at longer grind times. As indicated where the line at 80% intersects the grind curves, there is very
little change in the Pg,, even after 30 minutes.
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Fig. 5: Size distribution of the 1000 pm feed ground with Charge 2

The shape of the distributions however, has changed over the duration of the grind. From Figure 5 it
appears that very little grinding is occurring above approximately 800 pum, while the finer fractions are
being ground. This supports the notion that small balls are not able to grind large particles by impact
breakage, but are effective at generating fine particles (Austin et al., 1984). Similar trends in the size
distributions were observed for each of the 500 and 1000 nm feeds when ground with Charges 1 and 2.

This may be a good method for determining the charge top size relating to feed size as it demonstrates
the size above which little grinding occurs. Further investigation of different work index ores and a
comparison of the grinding rate of the individual size fractions, would delineate the particle size at which
grinding becomes inefficient with the ball size used. This would indicate the feed size above which the ball
size should not be used if efficient grinding is desired.



4.7 Operating Work Index Analysis

The operating work index for each five minutes of grinding for each test was determined using
Equation 3:

Energy
o = 3
10 1 1
NN
where:
Wi, = operating work index (kWh/t)
P = 80% passing size of product
F = 80% passing size of feed.

Plots of the operating work index against the Pg, such as Figure 6, confirm the trends identified by the
grind—energy analysis. Figure 7 is for the 1000 pm feed. This graph confirms the trend that using smaller
media for the coarser feeds was ineffective, with the work index dramatically increasing for very little
decrease in the grind size. This is demonstrated by the flatness of the Charge 1 and 2 curves.
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Fig. 6: Operating work index versus Pg, for the 100 pm feed

The operating work index analysis identified the change in efficiency which is thought to occur when
grinding of individual crystal grain boundaries dominates over grinding of the matrix, typically between 20
and 30 pm. This can be seen in Figure 6 where there is a large increase in the operating work index below a
Pgo of 30 um. This is also the point where minimal size reduction occurs for a large input in energy. At this
point the cost of fine grinding increases dramatically as it is no longer the particle matrix being ground, but
the individual grains. This trend however does not only occur in horizontal ball mills, but also in vertical
mills as well.
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Fig.7: Operating work index versus Py, for the 1000 pm feed

Conclusions

The grinding test work carried out for this investigation was aimed at identifying trends in the energy

consumption in fine grinding situations. Analysis of the results from these grinding tests has identified the
following:

Efficient grind curves for fine grinding form the same shape as those for traditional ball mill grinding
(exponential decay),

Small balls are most suited for fine feeds, while larger balls are suited to coarse feeds,

Small media is the most efficient at generating fine particles, but is inefficient and unsuitable for
breaking large particles,

The most efficient top size balls for fine grinding appeared to be smaller than those predicted by
Bond’s ball sizing formula,

Operating work index analysis confirms the above results,

Operating work index analysis identifying the change from grinding of the particle matrix to that of the
crystal grain boundary at between 20 to 30 pm for this ore, and

The possibility of using the size distribution curves over the duration of the grind to predict the feed
size at which a ball charge becomes ineffective and inefficient.
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