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A POWER STUDY OF A LABORATORY BALL MILL,

- Bﬁ -
Frederick Clearman,
PREFACE.

The Mississippl Valley Experiment Station of the United
States Bureau of lMines, in cooperation with the School of Ifines
and Metallurgy of the University of Missouri, Rolla, llissouri, is
carrying on a general laboratory investigation of bell milling.
This thesis is a description of part of that work, and a record

of the results.
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IINTRODUCTION »

Ball nilling practice in the ore dressing industry is
largely empirical. Although many investigators have worked on
various of its phases, the present operating methods are mostly a
matter of cut-and~try, with the result that the industry is not
guided by its underlying principles. Conseguently, practice varies
extensively with regard to nearly all conditions of operation.
Even in neighbéring concentrators such factors as speed, ball
charge, and ore load differ in similar ball mills.

Since fine grinding is continually becoming of more
importance, and often accounts for thirty per cent of the mill-
ing cost, it is very necessary that a study be made of ball
milling, both in the laboratory and in the field. In view of
this need the llississippi Valley Experiment Station of the
United States Bureau of Mines, in cooperation with the llissouri
School of Mines and letallurgy, Rolla, liissouri, is conducting
an investigation of ball milling. This investigation is confined,
to daté, to the laboratory, but an attempt is being made to
bridge the gap between theory and practice, so that the acquired
knovledge may be utilized to improve ball mill operations. Some

of the study has been completed and the work reported elsewhere.®

'Kidd, R. L., A Study of Ball Milling; a thesis of the Missouri
School of Mines & Metallurgy, Rolla, llb., 1929,

Gow, A. 1l,, Campbell, A, B., and Coghill, Will ., Laboratory
Investigation of Ball Milling; Tech. Pub. No. 326 of imer. Inst,
Min. & Met. Engrs., New York, lMar., 1930.




lowever, before going into the power studies, with which this pger
deals, it will be well to review the assoclated results already re-

ported.

PREVIOUS INVESTIGATION.

To begin with, five mills were used in batch grinding
tests, under various grinding conditions. The mills were 18-, 24~—,
30~, 36—, and 42~inches in diameter, respectively, but they were
all only six inches long. In addition to the grinding tests ball
paths were observed in the 36-=inch mill by replacing the solid ends
with wire screens.

The above-mentioned paper contained the following con-—
clusions:

¥l, Observations have been made with a 3-foot squirrel
cage mill. 4 new theory of ball action has been advanced from
this study and a new formula of ball paths has been derived.

‘"2, Laboratory tests with short mills in which slippage
was reduced to a minimum have shown that the best grinding results
were obtained at lower speeds than those hypothiecated by previous
theories. A speed of 65 per cent of the eritical gave the maximum
grinding while a speed of only 50 per cent of the critical gave the
most efficient grinding.

43, By comparing the grinding results of the mills of
various diameters, it was found that at the same per cent of the

critical speed:



"a., The units of surface per unit weight varied
as the 06 power of the diameter;

"b., The surface tons, or grinding capacity, varied
as the 2.6 power of the diameter;

"c., The horsepower also varied as the 2.6 power of
the diameter;
' "d. The surface tons per horsepower-hour, or effi-
ciency of grinding, was constant regardless of the diameter; and

"e., The units of surface per unit weight varied
appréximately as the peripheral speed.

"4, The larger mills showed larger grinding capacity
per unit volume, but no increase in grinding efficiency."

The ball path observations referred to above were made
under idealized conditions. DBecause slippage was negligible, the
ball charge was lifted at mill-shell speecd.

When very small ball charges were used, the balls would

not centrifuge at the critical speed,® but loads which were above

*The criticel speed is that speed of rotation at which balls, move
ing at mill-shell speed, would adhere to the mill thioughout a
complete revolution because of centrifugal force.

35 per cent of the mill volume did not slip. Observations of
these heavier charges showed that at slow speeds the charge becomes
tilted to its angle of repose and balls tumble dowm the slope as
the mill rotates. This deporlinent has been called "cascading.™

Slightly higher speeds cause the balls 10 rise so fast that the



outer leyers are thrown into the air and fall upon the lower por-
tion of the charge. This throwing has been called "cataracting.”
The balls which reach the bottom of the slope roll or bounce be-
yond the foot of the slope and form a toe of unconsolidated balls
beyond. Balls which are cataracted the greatest distance fall
upon this toe. Balls cataracted at a higher speed are thrown
beyond this toe but do not drop as far because they hit higher up
on the mill shell., It was found that the most grinding was done
when the outer balls were thrown onto the toe rather than cas-
caded, or cataracted onto the shell.

While the balls are being cascaded, the power increases
with increased speed. Further speed increase, resulting in initial
cataracting, is also accompanied by increased power until a maximum
is reached when the balls fall on the toe. Cataracting at speeds
80 high that the balls go beyond the toe and hit the shell consumes
less power than at slower speeds. At the critical speed very lit-
tle power is required, since the outer lgyer of balls is centri-
fuged. The drop in power right below the centrifuging speed may
be accounted for when one considers that the flat angle of inci-
dence allows the descending balls to help rotate the shell, The
upﬁer and curved line in Figure 1 portrays the power consumption
of this type of ball action. The data are from a 24~inch by 6~
ineh squirrel—-cage containing 40 per cent mill volume balls.
Visual observation of the balls showed that there was no sliprage.

The balls maintained their original places in the mill until they
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were cascaded or cataracted through their regular paths. The
speed which consumes maximum power, and above and below which the
power is less, marks the dividing line between "high cataracting"
and "low cataracting" speeds. (In Figure 1 this speed was 80

per cent of the critical). Power decreases as high cataracting
speeds get higher and as low cataracting speeds get lower.

All the foregoing observations were made on a mill which
contained balls only. There was no ore nor water present. IHow-
ever, grinding tests indicated that the action within the grinding
mill was much the same as in the squirrel cage.

The revealed principles could be given practical signi-
ficance were it not for one thing--slippage. Slippage means in-
determinable ball speed; and until slippage is controlled or de-
termined there is no kmown relationship between nill speed and
ball actions The charge within a mill rotated at the "critical"®
speed may be centrifuging, cataracting, or cascading, depending
on the emount of slippage. Only the mill shell speed is measur-
able, Eut the slipnage can be roughly estimated. If increased
shell speed éesults in a power increase,the charge is in the low
cataracting speed zone or below. If the power decreases, the
charge is in the high cataracting speed zone. A change in power
consuwaption at constant shell speed indicates a change in ball

speed and consequently a change in slippage.



The straight line in Figure 1 represents the power con—
sumption of a slipping load comparable to that of the non-slipping
one. There was so much slipping that the curve showed no break,
even above the critical. Slippage power-curves will be consider—
ed later, but it may be noted here that in Figure 1, if slippage
had been reduced at 70 per cent speed, the power would have in=—
creased; whereas, if slippage had been reduced at 90 per cent

speed the power would have decreased.

PRESENT INVESTIGATION.

In order to study ball mill behavior under slippage con-
ditions, without going into the tedious routine procedure of grind-
ing tests, a series of power consumption tests have been made with
& mill 24 inches in diemeter and 24 inches long, shown in Figure 2.
The electrical and mechanical set—up was essentially the same as

that used in the previous testing.‘ One—-and-—one—-quarter-inch cast

Yloc, cit.

iron balls were employed.

Power studies in a mill containing little or no ore are

justified for two reasons:

First, grinding, itself, does nol consume power. Ground

rock contains no more energy than unground rock,® and hence there

3The possibility of surface energy in solids may detract from the
absolute veracity of this statement, but whatever increase there
might be in the internal emergy of a pulverant system is negligible
in comparison with the energy transformation which breaking accom=

panies.
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Photograph of 24~inch by 24~inch Laboratory Ball 1Llill,



has besn no consumption of power. The kinetic energy expended is
transferred eventually into heat. 'When conditions are suitable,
fracturing acconpanies the energy transformation. Grinding effi-
ciency becanes a matter of adjusting conditions so that the maxi-
mun1 anount of fracturing becomes coincident with the maximum energy
transfer. ZFrom this, one is lead to infer that maximum energy
transfer, or maximum horsepower consumption, is to be desired.

In any case, power studies throw light on the possible points of
predominant performance.

Secondly, pulp effects the power consumption of a mill
only in so far as it changes the viscosity of the medium between
the balls, increases or decreases inter—-ball and ball-shell fric-
tion, changes the mill volume, shifts the center of mass, or adds
to the weight of the total charge. Hence power data are probably
comparative even though the normal pulp conditions do not prevail.

Only net power, the power expended within the shell, is
considered here.

Mill-volume weights were taken as fractional parts of the
weight of balls required to f£ill the mill. The rock used in mak-
ing up charges was either rejected chert from previous tests or
f1int gravel. Both were about 95 per cent silica, and are oc~-
casionally called "ore" although they were homogeneous. The fol-

lowing series of tests were made:

-10 -



(1) Power consumption as various charges of dusted
balls and non—-dusted balls were tumbled st various speeds.

(2) Power consumption at various speeds as ore and
water were fed into the mill in small increments.

(3) Power consumption at various speeds as coarse
ore was ground to pulverized ore.

(4) Power consumption at various speeds as the pulp

density was changed by adding ore or water in small increments.

(1), PCUER FOR TUIBLIIG BALLS.

Upon prolonged tumbling by themselves the cast iron
balls became exceedingly smooth, as though covered with graphite,
Because the smoothness made a great difference in the power and
the amount of slippage, two sets of tests were made, one using
balls vhich were as slippery as possible, and one in which a hand-
ful of sand was added to cut the gloss and dust the surfaces. The
mill was equipped with one—-inch-mesh wire screen ends. It thus
made & squirrel=—cage, sinilar to the one used previously, but
much longer.

Charges of balls to make mill volumes of 25, 30, 40, 50,
and 55 per cent were used, and power readings were taken at shell
speeds of fram 40 to 100 per cent of the critieal. Thus, five
tests, one for each mill volume, were made for both conditions of
balls. The results are shown in Figures 3, 4, 5, 6, and 7. On each

is shown the curve for both the dusted and the non-dusted bzlls.



Figure 3 (25 per cent mill volume) shows the character—
istic slippage relationship between power and speed. With this
light load of balls the mill shell slips underneath the charge in
a manner analogous to that of a nmuller on a bucki.g-toard: the
faster the muller is dragged over the board the greater is the
power counsurption. It is obvious fhat the balls slipped on the
shell because the speed went above the critical without a break in
the power curve. That the non-dusted balls slipped wmore than the
dusted Balls is evidenced by the curves, which show that a greater
mill speed was required for the saae power consuaption. The amount
of sand added was only enough to place a coating on the balls, yet
it increased the power about 12 per cenf. In both tests the power
inereased directly as the speed. Within experiwmental liumits, the
curves mey be extrapolated to the zero of the coordinate system.

Figure 4 (30 per cent mill volure) shows the same tipe of
action—extreme slippage; the increased load consumed riore power,
thereby making the lines steeper. Also, the two lires lie slightly
closer together, indicating that the difference in the amount of
slippege between dusted and non-dusted balls is not as great as
in the lighter loading. The increased load lessened the amount

of slipping to be cambatted by the dusting.

-12 -
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Figure 5 (40 per cent mill volume) shows mcre distinct-
ly this last phenomenon. Here, again, the curves are steeper.

More power is required and there is less power—difference between
the dusted and non-dusted ball charges. Both facts point to a
lessened amount of slipping. However, as yet even with the dusted
balls there iélno ebsolute indicate of slippage being overcome.

At this mill volume, in the earlier work, slippage had been entire-—
ly eliminated by using & mill only six inches long. The power

data of the non—-dusted balls from this test are divided by four to
give the slippage curve in Figure l.

Figure 6 (50 per cent mill volume) shows that by filling
the mill half-full the slippage of dusted balls was so rmuch reduc—
ed that, for the first time, the high cataractirg speed of the
shell caused a power slump. The curve breaks at about 70 per cent
speed, peaks at 85 per cent, and drops rapidly as the criticxal is
approached, Non=dusted balls continue to alip but the slippege is
less than heretofore, as evidenced by the proximity of this curve
to the other and the slight break near the upper end. Iz all prob-
ability the non—dusted charge could have been centrifuged if the
shell speed had been carried to about 140 per cent of the critical.

Figure 7 (55 per cent mill volume) shows a loadirg condi-
tion which has practically eliminated slippage among dusted balls,
and has materially reduced it with the smoother ones. At this load—
ing the power for the dusted balls does not reach as high a point

as.did the one at 50 per cent mill volume. Evidently the overloaded
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candition tends to balance the force required to 1ift the balls,
The greatest difference is ir the high speed range. The rapid pow-
er drop with the dusted balls was because of high catar;cting.

This was impossible with the undusted balls because when part of
the balls went into the air the remaining volume of balls was so
small that slipping was induced.

To sum up, slippage prevents the forecasting of ball
action at any particular mill speed. In a mill containing only
balls slipping depends chiefly on the amount of balls, although
the smoothness of the balls is also important, particularly vwhen
there is considerable slipping. Thus, dusting the balls seemed
to be more effective with light ball loads. Likewise, dusting at
high speeds made-a considerable difference for the reason exnlain-
ed sbove. Reducing the slipping, either by increasing the charge
of balls or by overcoming their slipperiness, increased the power
required to rotate the mill at the slowest cascading and up through
the slow cataracting speeds, and reduced it where the ball move-
ment was in the high cataracting speed zone.

If the assuaption, stated earlier, is correct, that it
micht be advisable to operate a mill at maximum power, it becomes
obvious thet slippage grinding at high sﬁell—speed would be best
because of the high power c¢onsumptione A power test of this nature,
which is not included here, was made at geeds up to 140 per cent of
At this high speed the power consumption was 4.2

the critical.
h.pe., almost twice as much as the lightest no-slippage power ob-



tained. The feasibllity of using high power through slippage

1s doubtful, because cof the difficulty of maintaining the maximum:
The peak of the no-slippage power curve may be reached by speeding
up & slow mill, or retarding a fast one. However, in the case of
slippage, should the mill centrifuge at a very high speed, it would
be necessary to slow down below the eritical to break the centri-
fuging ring, and then accelerate to high speed to regain maximum
power consumption; the maximun camnnot be reached agein once its

speed h‘as been exceeded without a complete repetition of the cycle.

(2} . POWER CONSULPTION UPON GRADUAL ADDITION OF ORE.

To determine the effect upon power consumption of wvari-
ous amounts of ore load, or quantity of pulp in a mill, tests were
made during which pulp was gradually added to the ball charge.

For these tests one end of the mill was fitted with a trunnion
through which the batches of pulp were added while the mill was in
operation.

The "ofe" was chert rejects from previous grinding tests,
approximately 80 per cent minus 6 mesh and plus 65 mesh, with six
per cent through 200 mesh. The specifie gravity of the ore was
about 2.6. All charges were weighed out, but the pulp density was

calculated by volume, using the above value; all pulp densities are

in terms of per cent solids by volume. The mill was started with

only the ball charge, Power readings were taken. Then ten pounds

of ore and the necessary water was added, and agein power readings



were taken. This alternate charging and power—reading was con-
tinued until the rotating mill overflowed through the feed trun-
nion. Since more than an hour was required to run one of these
Yests the charge was ground very fine towards the end.

Two series of tests were made: (1) with ball volumes of
32, 42, 48, and 53 per cent, all with a density of 43.5 per cent;
and (2) with a ball volume of 42 per cent and densities of 53 and 61
per cent, The results are shown in Figures 8 to 13, inclusive.,

() . Various Ball Volumes and Constant Pulp Density.

Referring to Figure 8, a relatively light ball charge, 32
per cent mill volume, and & pulp density of 43.5 per cent by vol-—
ume gave regular powbr curves at the various speeds. In each case
the power increased as pulp was added until a total of 30 to 35
pounds of ore had been charged. Thereafter, further 2dditions de-
croased the power until, at the overflowing load, less power was re—
quired to rotate the mill than originally. The overflowing load
was 120 pounds at slow speed although higher speeds increased the
capacity for pulp. The fact that the curves are uniformly spaced
indicates slippage, for the power is directly proportional to speed
at high speeds. The maximum~power loadhg of 30 to 35 pounds of
ore as pulp is approximately the amount required to £ill the inter—
stices between the balls when at rest, and one—fourth the amount
to £111 the running mill. The maximum power rise was about 20 per

cent of the original. Further reference to the curves in Figure &



gives ummistakable evidence that the mill filled with 120 pounds of
finely ground ore required less power than when it contained only
ten pounds of fresh charge. VWhen the same type of test was made
with the mill 42 per cent full of balls, the same general behavior
is noted,as in Figure 9. Speed curves up to the critical are even-
ly spaced, indicating slippage. All power curves are higher, as
would be expected with an increase of ball charge, from 32 to 42
per cent. There is a peak in the power curves between 45 and 60
pouﬁds of ores This amount is more pulp than before, but like the
former, it closely corresponds to fhe intersticial space in the
balls when they are at rest. Faster speeds required more ore for
maximum power, as shown by the sloping line 4A=B in Figure 9. This
probably correlates with the increasing amount of interstices at
high speed. The maximum power was required when the mill ccn-
tained about one—~third of its capacity for pulp.

Figure 10 shows that a different situation existed when
the ball charge was increased to 48 per cent mill velume. The
various speed curves are not evenly spaced as they were formerly.
At the high speeds the addition of a few pounds of ore caused a
power drop, and a large addifion of ore restored the mill to a high
power consumption. The most plausible explanation is that a small
amount of ore keyed the balls and prevented their slipping; but
further additions, combined with the reduction in size of the par—
ticles after much grinding, lubricated the mass so as to allow

slippage again. Since the speed was in the high cataracting zone,
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decreased sllippage meant decreased power, and vice v;rsa. At the
lower speeds, the maxirum power is consumed when the mill con—
tains about 50 pounds of ore—eabout half full, The difficulty of
anticipat ing the power required to grind is exemplified by these
curves.

Figure 11 is similar to Figure 10, The nill volume was
increased to 53 per cent balls, and the behavior markedly re-
sembled that of the slightly lighter loads The striking differ—
ence is in the generally low power consumptlon at the eritical.
The difference between this curve and the 100 per cent curve in
Figure 10 is caused by an increase of only five per cent ball vol-
ume, In other words, slippage was reduced by-the volume of balls
as well as by the pulp. If it had been entirely eliminated the
power for 90 per cent speed would have been less than that for 80
per cent throughout the entire test.

To sumarize the tests shown in Figures 8, 9, 10, and
11, upon gradusl additions of pulp when the mill was run slowly
(in the slow cataracting zome, or below,—60 to 80 per cent speed),
the power consumption incrsased up to a certain point, and then de~
creased., The load of ore and water which consumed maximum power
varied slightly with the ball charge; the amounts were larger with
the heavier ball charges. At the higher cataracting speeds (90
and 100 per cent of the critlcal) the power consumption showed

that the action within the mill is dependent upon slippage.






With the heavy ball charge (48 and 53 per cent mill
volumes) the sliprage seemed to depend chiefly on the amount of
pulp. The addition of 20 to 30 pounds of ore was sufficient to
reduce the slipnage of the heavy ball charges so that the balls
nearly cenirifuged and consequently used less power than at the
lower speeds. This low power at high speed has been discussed
above in the tumbling tests.

The power fluctuation, as relatively small amounts of
ore were added, suggested that other factors than the amount of
pulp and shell speed also influenced ball action; one of these fac—
tors is pulp density.

(b)., Constant Ball Volume and Various Densities.

With loading conditions the same as in Figure 9, two ad-
ditional tests were made with thicker pulps to determine the effect
on power of pulp density. These were at 53 and 61 per cent solids
by volume, and are shown in Figures 12 and 13, 3Because less water
was added, more ore was required to f£ill the mill to overflowing.
Also a larger amount of ore was required to give the maximum power
consunption. Otherwise the 53 per cent solids pulp behaved in rmuch
the same manner as the 43 per cent one, at speeds up to the critical.
At the critical, however, the thicker pulp reduced slippage so that

the power dropped when evern a small ancunt of ore was added. Ilore

than 70 pounds of ore caused the power to be raised again, presun~
ably by being sufficlent and of such a character as to lubricate

the balls and cesuse slipping. The thickest pulp, 61 per cent sol-
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ids, showed the same change, but to a greater degree. ZIven the 90
per cent speed power consunmption dropped below the 80 per cent vhen
encugh thick pulp had been added. ibre than this amount of pulp
restored the power to its former values, and even %o a maximm:.
Since the above tests consumed considerable time, grind-—
ing reduced most of the ore particles to a fine slime before the
tests were completed. The effect of this reduction in grain size
was noticed towards the end of some of fhe runs, end to investigate

it further, the third series of tests was made.

(3). POWER VARTATIONS WHILE CCARSE ORE VWiS GROUID EXIRE ZLY FLZ.

The mill was charged with balls, water, and gravel. Pow-
er readings were taken from the start and coutinved uwntil the re—
peated readings became more or less constant. The first tests were
mede with very coarse gravel, 1|2- to Slls-inch in size. The reduc-
tion of this coarse size was slow enough to cllow —cwer recdings to
be taken ct several speeds. lLater, a Tiner gravel was used and the
nill held at constant speeds while power data were quiclkly taken.
T.1is latter procedure &llowed greater accuracy and 1:orz readings
thr&ugh the rauge of greatest power variation., 4 sizing analysis
of pertially ground coarse gravel slowed tlatv o lg-and=one—-quarter—
ineh balls were very effective in grinding ore particles which were
below 4 nesh in size, but attacked tlie larger ones nore slowly.

So, for the finer gravel minus 3|16~inch material was used. 4ll
the tests were run with 42 per cent mill volume of 1-1[4—inch balls,

100 pounds of gravel, and water to give the desired pulp density.



A larger ore charge was not used, as it would have caused excess—
ive slopping through the trunnion.

Before reviewing the data, it might be well to consider
the effect that grain—-size has on the character of an ore pulp.
It has been noticed that the addition of water makes ball charges
slip in a tumbling mill (one containing only balls), whereas sand
decreased the slipping. A pulp in the 12111 could, therefore, have
a twofold effect; much of the water in a coarse aggregate would
be free and would tend to inerease slippage while the particles
themselves would send Eo retard it. Partial grindioz would
change the coarse aggregate into a nixed aggregate, having some
coarse, some medium, and many fine particles, The "free" water
would then be used up in wetting the new surfaces and filling
the capillary interstices of the mixed aggregate. The coarse
particles would still retard slippage, and there would be no free
water to help it. Upon still furdther grinding, the coarse grains
would all become fine, and the pulp would be either a slime or a
mud, depending on the emount of water. A dlime would tend to lub-
ricate the balls, thereby aiding slirpage. 4 mud would stick the
balls together, and in extreme cases plaster them to the shell and
to each other. In either case, slippage would not be hindered by
coarse particles. Thus it can be readily seen that the effective
viscosity or bonding power of a pulp may have rmueh to do with the
type of ball action within a mill. Slipping may be increased or

diminished by the size and distribution of grains and the pulp
density.

- 32 -



(a). Tests Using Coarse Gravel.

Figures 14 and 15 show the data from two power tests as
coarse gravel was ground to slime. TFigure 14 represents a test
nade at 43.5 per cent solids by volume, and Figure 15 a itest at
61 per cent solids by volume. Figure 14 shows that after five to
ten ninutes of grinding the pulp was of such size and consistency
as to be most effective in retarding slipping. This caused the
ball charge to approach the mill speed and consume the maxirmm
power. Slippege was sufficient, however, to prevent the 90 per
cent speed curve from reaching the high €ataracting speed range.
Further grinding gradually increased slippage conditions. During
the first part of the run it was not possible to get readings at
the critical speed of the mill shell.

Figure 15 shows the exaggerated case caused by an ex~—
cessively thick pulp. The slow speeds of 50 to 80 per cent of the
ecritical behave in much the same manner as they did before, except
towards the end of the run, where the upward trend of the curves
is misleading on account of the plastic condition of the pulp. At
high épeeds, irregular readings made power determinations impossible
for the first few minutes. After seven minutes the aggregate was
of such a size and consistency as to minimize sdlippage, with the
result that the ball speed approaches centrifuging, and powers
dropped. TFurther grinding resultfed ina pcwef increase, due, prob-
ably, to the reduction of the large particles whick keyed together

the balls and shell, and heretofore hindered slipping. Still more
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grinding, together with the small amount of water, made the pulp
sticky, again reducing slip-ing and causing powsr decreases.
Thus, a pulp density of 61 per cent solids was much too thick to

warrant much further study.

(b)e Tests Using Fine Gravel.

Finer gravel was used in makxing four other tests. This
size, minus 3|16~inch plus 2 millimeter, was closely sized and all
small enough to be ground readilﬁihe 1-1 |4—inch balls. Consequent—
1y, the time required for power changes was shortened, and it was
possible to obtaln power readings at only onc speed during a grind,
Figure 16 shows two such tests, one at 75 per cent and one at 100
per cent o the critical speed. Both are 43 per cent solids. The
75 per cent speed curve drops gradually in power after the first
minute's grind. There, the pulp reached its maximum bonding power,
decreased slipping to & minirmm, and caused the maximua power con-
swiption., Thereafier, grinding the pulp reduced its bonding power,
permitted more slipping, with the consequent power decrease shown.

The 100 per cent speed curve, because of the high speed,
showed & different behavior. Grinding did not proceed as fast,
and two minutes elapsed before the pulp reached its meximr: bonding
power., Presumably the consistency was the same as after one minute's
grinding at 75 per cent speed. DBonding reduced slipping to such an
extent that the charge nearly centrifuged and power consumption was
low., Turther grinding gradually decreased bonding. As slipping in-

creased the power increased until maximum, and then dronped again
slightly.






Figure 17 shows two curves, similar to the 100 per
cent curve in Figure 18, Both these show the power consumption
as 100 pounds of fine gravel was ground to fine sand. The
gravel in this case was the same size, minus 3[16—inch plus
2 rillimeter, but was not quite as resistant to grinding as that
used in the previously-mentioned tests. The difference in the
two cufves lies in the density of the pulps. The thinner pulp,
43 per cent solids {on the left], went through the bonding
changes more rapidly than, but not to as great a degree as, the
thicker pulp, 54 per cent solids. In both cases, one to three
minutes grinding produced a pulp of high bonding power. The
charges nearly centrifuged. Tine grinding reduced the bonding
power; the chargé slipped and used more power as 1ts actual
speed dropped into the low—cataracting speed ranze. During
the tests the power variation was as much as 100 per cent,

further illustrating the difficulty of predetermining power,
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(4) . POWER VARIATIONS DURIIG PULP IENSITY CHANGES.

To determine the effect of pulp density the mill was
charged with 42 per cent mill volume balls and 25 pounds of water.
As it was rotated at various speeds, 1O0-pound batches of fine sand
were added intemittently, and power readings were taken as the
pulp density increased. Wheﬁ the pulp became so thiek and plastic
that the balls adhered to the shell, even at low speeds, the test
was stopped. This point was slightly below 50 per cent solids by
volune.

The same kind of test was mede, charging the mill with
balls and 50 pounds of fine sand, and gradually adding waeter. The
extrane plasticity of the pulp to start with rendered power read-
ings unreligble until a 50 per cent pulp density was reached, Di-
lutions to give less than 32 per cent demsity filled the mill to
overflowing.

Figures 18 and 19 show the data fram these tesis. The
ore was fine enough so that additicnal reduction made little dif-
ference. The mosbt noticeable feature is that, even with a thick
pulp, there was no high-speed cataracting. The evenly spacing
of the curves indicates slipping. ZIvidently coarse aggregates
is a requisite to the effective reduction in slippage.

Some tests are recorded with pulp densities as high as

61 per cent solids, but these were run with coarser ore.
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DISCUSSION,

The results of these tests have shown that there are
many factors in ball milling which effect the power conswmption,.
If operating conditions are as variable from mill to nill, or fram
plant to plant, it is of little wonder that masnufacturers and oper-—
ators are so hard-pressed in estimating the parer required for
their mills. In general, power is overestinated tc allow for the
"large initial starting torque" (an often misunderstood power re—
quirement, since it is due to fast acceleration), but a little power
Yo spare is never amiss in the light of these power variations,

As a basls for study it is advisable to adopt the no=
slippage power-speed relationship shown earlier in Figure 1.

When the charge is rotated at mill-shell speed the action may be
divided into three types, or speed ranges: (1) the cascading and
initial cataracting range, in whieh the power is directly »propor-
tional to the speed; (2) the low speed cateracting range, in which
the power increases with, but not in prorortion to, speed; and
(3) the high speed cataracting range, in which the power drops as
centrifuging is approached. Deviation from this power-speed rela-—
tionship is due to slipping; and slipping depends upon many fac—
tors within a nill. If it were not for slipping, ball milling
would be a camparctively simple prccess, since the speed conducive
to efficiency in one mill would serve as standard practice; but

with slipping, shell speed has little absolute significance in mill



operation. The difficulty of visual observation, in most mills,
leaves camparative vower observations as practically the only in-

dication of ball action.

Significance of Amperage Variation.

In addition to the horsepower data, which have heretofore
served as a gulde, the amperage consumption of the compound-wound
direct=current driving-motor was used to indicate a power change.
As long as the power increased in proportion to the speed, the am—
perage increased, but vhen the power increase was no longer pro-
portional to the speed, the amperage decreased. Thus, a peak in
the amperage curve was coineident with the break in the power
curve; and this peak marked the beginning of the low speed cata-
racting range. The relationship between the break in the power
curve and the peak in the ampere curve is shown in Figure 20. The
sevaral pairs of curves are taken from previously described tests.
If the grinding efficiency of the low speed cataracting range,
which was indicated by early grinding tests, has practical appli-
cation, the significance of maximum amperage becomes evident.

The series of tests in which the size of grains influenc-
ed power justifies the belief that slipping is not the same through-
out the length of a mill. INear the feed end there is probably less
slipping because of the presence of coarse particles. This might
explain the differential wear of ball @ill liners,particularly in

those mills where the wear is greatest toward the center or dis—

charge end of the mill.
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The idea has been quite generally held that a mill should
be operated so that the balls follow the "75 per cent speed vara-—
bolic path,” or some other theoretical trajectory. Irom a power
standpoint the advisability of such procedure may be questioned.
Probably the large power consumption of a slipping charge in a
fast rotating mill would be conducive to maxirum grinding, s nce
grinding would accompany a great energy transformation. Again,
power variations asccompanring & change in the condition of the
pulp point to a weakness in bateh grinding procedure, and night
be considered to cast doubt over betech grinding results, unlessv
they are properly coordinated.

Otker conclusions might be deduced but such speculation
nust await a further investigation in the laboratory using closed

circuit procedure, and eventually field-testing in operating mills,



SUI\IEAIARY -

The ball action in a ball mill is dependent on the speed
at waich the charge within the mill is rotated. This movement
would be equal to the mill-shell speed if it were not for slipnage.
Generally it is impossible to visually observe the action of the
charge during mill operation, but power observations may serve as
a basis for the detemination. Power studies were maée on a 24~
inch by 24~inch ball mill, during various kinds of tests, to de-
temine (1) the power consumption as speed, amount of charge, and
kind of charge were varied, and (2) some methods of controlling
slippage.

Using the no—slippage power-speed relationship as a
starting point, it was found that up to a certain speed slippage
reduced power, but beyond this point slippage increased power
and nade possible mill operation at speeds nmch above the criti-
cal with large power consumption.

Control of slippage was affected, at least in part, by
seversl meens. OSlippage was reduced by (1) increased amount of
balls, (2) a critical emount of pulp, (3) a wide range of ore-
particle sizes, and (4) & thicl pulp. Tests were made as each
of these conditions were varied, and the results emphasize the
impossibility of fore-telling accurately the power required to
run a ball mill, and also show the possibility of using power

data as criterla of mill operztion.
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