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Introduction
Milling is the third and final stage of comminution after crushing 

which involves the reduction of solid particle sizes to micron size level. 
The size reduction is achieved by a combination of abrasive and impact 
forces between the particles and the milling media as well as the walls 
of the mill [1]. Ball mills are one of the most commonly used milling 
equipment in minerals processing due to the extensive size reduction 
(reduction ratio) they can achieve [2]. It is however widely determined 
that ball mills have very low efficiencies in terms of the utilization of 
the generated energy towards milling. Approximately only about 20% 
of the energy generated by the mill is utilized for actual grinding of the 
ore [2]. This inefficiency is a result of various factors such mill load, 
rotation speed, type of milling (wet or dry) as well as the size of the 
steel balls [3]. Mills are also one of the largest energy consumers in 
processing plants which can be estimated to about 50% of the total 
energy utilized in minerals processing. This therefore indicates that it is 
very vital that mills operate under optimum conditions [2,3]. The size 
of the steel balls used during the milling process are related to the size of 
the mill charge material whereby small diameter balls are used for feed 
material of small sizes while larger diameter balls are used for larger 
sized feed material [4]. It is also necessary to consider the optimum 
load of a mill when considering the ball diameter. Magdalinovic also 
suggests that larger diameter balls have more energy whereas balls 
having smaller diameters have less energy. These different energies are 
however relative to the optimum ball diameter, which differs according 
to the size of the mill as well as the desired size reduction of the feed 
material [3,4].

A mill is a type of rotating or tumbling cylindrical drum which 
rotates around its own axis thus performing an abrasion and impacting 
action of the milling media and ore particles inside [2]. The rotation 
motion is achieved by means of an electric motor which can be 
configured to various rotational speeds depending on the size of the 
mill as well as the type of mill load motion required. Milling can either 
be done wet or dry whereby for wet milling, a fluid such as water is 
added during the milling process. For dry milling, the charge material 
contains about less than 1% moisture or water content whereas for wet 
milling, the moisture or water content is greater than 34% by volume 
[5]. Wet milling requires less energy, consumes less power and can 

achieve a higher degree of size reduction compared to dry milling 
[6]. Dry milling is however preferred over wet milling due to the 
difficulty associated with the handling of a wet slurry during milling 
[5]. Ball mills can be used in a variety of industries such as the minerals 
processing, metallurgy, mining, chemicals, agriculture, plastics, and 
the food industry, among others [7]. This is due their simplicity and 
effectiveness during application [2,8]. Ball mills also tend to have a 
greater reduction ratio as well as a lower rate of reduction, thus making 
them more preferable over other kinds of mills [2]. But like any of 
the other mills, as previously mentioned ball mills have a very low 
efficiency in terms of utilizing the energy generated towards particle 
size reduction. The diameter of the balls used in ball mills play a 
significant role in the improvement and optimization of the efficiency 
of the mill [4]. The optimum rotation speed of a mill, which is the speed 
at which optimum size reduction takes place, is determined in terms of 
the percentage of the critical speed of the mill [8]. The critical speed is 
the speed at which the mill load sticks to the walls of the mill during 
rotation. The aim of this project was to determine the effect of the ball 
diameter on the operating parameters of the mill, which included the 
energy efficiency, the power requirement, mill load, critical speed as 
well as the size reduction of the mill charge. It was thus required that 
these mentioned operating parameters be optimized by experimentally 
determining the most appropriate ball diameter so as to obtain the 
desired energy.

Experimental Procedure
A laboratory size ball mill of diameter 30 cm was used with ball 

media of sizes 10 mm, 20 mm and 30 mm respectively as shown in 
Figure 1. Quartz was the material used to run experiments, and was 
arranged into 3 mono-sizes namely -8 mm +5.6 mm, -4 mm +2.8 mm 
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same conditions. From Figure 3, it was observed that the particle size 
distribution when milling with 20 mm and the10 mm diameter balls 
started spreading out thus showing a wider distribution of different 
sized particles. The 30 mm ball diameter milling still performed better 
than the small ball diameters, but the performance for this ball size 
had decreased for the -2 mm +1.4 mm mono-size feed compared to 
the bigger -4 mm +2.8 mm mono-size feed. This therefore shows that 
should the material feed size continue to decrease, the smaller balls will 
perform better than the larger balls during milling, as was mentioned 
by Katubilwa et al.

Effect of ball diameter size on mill power draw

The mill power draw for each mill run was determined from the 
voltage required by the mill motor average voltage and torque.

To take a closer look at the relationship between the power draw 
and the ball diameter, Figure 4 below was plotted using data from 4 mill 
revolutions for which the milling duration was 4 seconds. As could be 
seen from the Figure 4, there seemed to be no trend for the power draw 
with regards to the ball diameter. This might be due to the fact that the 
power draw depended mostly on the mill load and the type of lifters 
fitted into the mill [9]. 

The oscillations observed on the graph were a result of an increase 
and decrease in energy required during the tumbling of the mill and its 
contents. As the mill load was lifted by the lifters, energy was required 
and therefore we observe an increase in the power draw and as the 
load was dropped onto the mill toe, energy was released and the power 

and -2 mm +1.4 mm for experiments. A mill run having a mixture of 
the 3 ball diameter sizes was also conducted.

The ball filling level was kept constant at 40% by volume for all ball 
diameters as was done by Magdalinovic. The rotational speed of the 
mill was kept at 85% of the critical speed. The sample ore charge, Q, was 
such that the ore sample completely filled the voids or interstitial spaces 
between the balls, meaning that the mass of the charge varied with the 
ball diameters [4]. The residence time was material dependent and thus 
depended on the grindability or hardness of the sample ore. 

The products from the four milling processes were screened using 
a range of different aperture screens to determine the extent of size 
reduction (comminution ratio) as well as the size distribution of the 
product samples after each of the four milling processes. For the 
milling process, the 30 mm diameter balls were first used, the mill 
was loaded with 29.06 kg of the balls as calculated and then 2.7 kg of 
a quarts sample in the size class -8 mm +5.6 mm was then loaded into 
the mill. The mill was first run for 30 seconds and then the entire mill 
load was removed and then a 100 gram sample was taken from the 
quarts sample using the spinning rifle. The remaining sample was then 
loaded into the mill along with the 30 mm balls and the mill was run 
for an additional 1 minute, thus making up the second mill run interval 
of 1 minute 30 seconds. A 100 gram sample was once again taken for 
this particular milling interval. Once again the remaining sample was 
reloaded into the mill and the mill was run for 2 minutes 30 seconds 
to make up the 4 minute mill run interval. The sampling procedure 
was once again repeated with a 100 gram sample being taken from the 
sample. This procedure was repeated for the other samples in the size 
classes -4 mm +2.8 mm and -2 mm +1.4 mm respectively. The 20 mm 
and 10 mm diameter balls were also used during the milling following 
the above mentioned procedure. Another mill run was performed 
using a combination of the three ball diameters and the same milling 
and sample process was followed

Results and Discussion
After milling for 4 minutes, the points on cumulative % passing 

curves appeared to have a broader distribution, indicating more 
particle breakage. The 30 mm ball diameter and the ball combination 
categories showed better results compared to the 20 mm and 10 mm 
as highlighted in Figure 2. This therefore indicated that the large ball 
diameters were more effective when milling this particular material size 
class. To further support the statement made by Katubilwa et al. which 
stated that larger feed material size would require larger ball diameters 
during milling, Figure 3 below shows the cumulative 5 passing curve 
for a feed material of size -2 mm +1.4 mm when milled under the 

 

Figure 1: Image of the mill used for this experiment.
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Figure 2: Graph showing the cumulative mass % passing for milling the 
-4 mm +2.8 mm feed size for 4 minutes.
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Figure 3: Graph showing the cumulative mass % passing for milling the 
-2 mm +1.4 mm feed size for 4 minutes.
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draw decreased [10]. It was thus observed that the oscillations for the 
3 ball diameters remain between 80 and 120 watts. An interesting 
observation however was that the power draw for the 20 mm balls 
appeared to be increasing even though the mill load for that mill run 
was lower. This was unusual because literature stated that higher mill 
loads experienced a higher power draw [11]. The power draw for the 
ball combination mill run appeared to be decreasing to a large extent. 
This therefore indicated that this particular mill run was the more 
energy efficient compared to the other mill run

Conclusion
It could be concluded that in terms of the milling kinetics, large ball 

diameters were more suitable for milling larger material whereas small 
ball diameters would be more effective at milling smaller sized material. 
This was evident on the cumulative % passing curves whereby the plot 
obtained when milling with larger ball diameters (30 mm and ball 
combination) was more distributed compared to the curves obtained 
from milling with smaller diameter balls (20 mm and 10 mm) The 
maximum point on the selection function plots for larger ball diameters 
was greater than that of small ball diameters and the abnormal region 

for the smaller ball diameters was also larger compared to larger ball 
diameters. The abnormal region indicates a region whereby the ball 
sizes are not big enough to cause particle breakage during milling. The 
ball combination mill runs showed the best results in terms of particle 
size distribution, selection function as well as the breakage function. In 
terms of the power draw, there seemed to be no link between it and the 
ball diameter size and it was already established earlier that the power 
draw depends on the mill loading. It was however observed that the 
power draw for the 20 mm balls seemed to be following an increasing 
trend even though the mill loading for when using the 20 mm balls 
was lower. The power draw for the ball combination mill run displays 
a decreasing trend and thus was the most efficiency with regards to the 
utilization of power towards particle breakage.
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Figure 4: Graph showing the power draw for four mill revolutions over 4 
seconds.
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