
Minerals Engineering 43–44 (2013) 58–66
Contents lists available at SciVerse ScienceDirect

Minerals Engineering

journal homepage: www.elsevier .com/ locate/mineng
Effects of operating parameters on the efficiency of dry stirred milling

Okay Altun a,⇑, Hakan Benzer a, Udo Enderle b

a Hacettepe University, Mining Engineering Department, 06800 Beytepe, Ankara, Turkey
b Netzsch Feinmahltechnik, Sedanstraße 70, 95100 Selb, Germany

a r t i c l e i n f o
Article history:
Available online 5 November 2012

Keywords:
Dry grinding
Dry stirred milling
Fine grinding
Cement grinding
0892-6875/$ - see front matter � 2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.mineng.2012.08.003

⇑ Corresponding author. Tel.: +90 3122977600; fax
E-mail address: okyaltun@hacettepe.edu.tr (O. Alt
a b s t r a c t

Stirred media milling is an industrially accepted efficient grinding method for fine and coarse particles.
The stirred mills can be operated both in vertical and horizontal configurations and the selection depend-
ing on the process variables. Successful operation of horizontal stirred milling (i.e. IsaMill) in wet appli-
cations encouraged the studies in dry applications. In this study, series of dry grinding tests were
performed in a prototype horizontal stirred mill (42 L) to investigate the effects of operating parameters
such as stirrer speed, feed rate, media filling and ball size on grinding considering the degree of size
reduction and the energy consumption. The test results have shown that the stirrer speed, the media size
and the media filling are directly proportional and the feed rate is inversely proportional with the specific
energy consumption. Besides, energy savings up to 27% were achieved by adjusting the milling conditions
properly (suitable media size) and the size reduction values (F50/P50) were between 1.05 and 2.42.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The aim of a comminution process is to the reduce size of a gi-
ven material down to a required size for downstream use. This pro-
cess is influenced by the macroscopic and microscopic properties
changing the breakage and grindability characteristics of an ore.
In industrial applications, there are several types of mills available
for comminuting purposes. Napier-Munn et al. (1996) classified
the mills aiming to process different types of materials according
to their operating size ranges and energy consumption values as
given in Fig. 1.

Innovation of the stirred media mills brought higher energy
efficiencies in fine and ultrafine grinding when compared to tradi-
tional ball mills due to their operational characteristics and particle
breakage mechanism (attrition). Energy saving of the stirred mills
is mainly achieved by using smaller media which is stirred at high
tip speeds and operated at high filling ratios.

In Figs. 2 and 3, the energy efficiencies of the stirred media mills
are illustrated graphically. The data gathered from vibratory ball
mills, tumbling mills and stirred media mills (in chalcopyrite grind-
ing) indicate that at the same product fineness, stirred media mill-
ing requires less amount of energy compared to the other systems
(Fig. 2). Energy efficient grinding operations at fine product sizes
indicate these mills are well-adapted to fine grinding applications.

Fig. 3 illustrates that the energy consumption of the ball mill in-
creases drastically below 75 lm product size and below 30 lm, the
ll rights reserved.
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un).
trend gets steeper. Therefore, the stirred media mills have found
applications in regrinding, fine grinding and very fine grinding
operations. The energy efficient operations of stirred mills have
been proved by various researchers (Keith, 1990; Corrans and Ang-
ove, 1991; Jankovic, 2003; Shi et al., 2009). In addition to energy
saving operations, some other properties of stirred mills make it
more advantageous than ball mills. These are; lower capital cost,
lower installation cost, less floor space, fewer moving parts, less
noise, higher level of controllability, lower maintenance cost and
greater operational safety (Lofthouse and John, 1999).

The stirred media mills can be classified as given in Fig. 4. The
main difference between the vertical and horizontal structure
comes from the operational variations. Horizontal stirred mills
can be operated at higher media fillings (up to 85%), at higher agi-
tator speeds (6–22 m/s) and at lower media size (1 mm). These
characteristics of horizontal mills make them more energy efficient
over the vertical configurations (Gao et al., 2002; Clark, 2007). In
addition to energy efficiency, the scaling-up of the mills is also
an important parameter for selecting the suitable configuration.
The vertical stirred mills have scale-up problems to larger sizes be-
cause of the start-up torque. Manufacturers pointed out that
mechanical design of vertical mill was dominated by start-up tor-
que on the bottom stirrer after a shut-down. This dominated the
design of stirrer and shaft. On the other hand, in horizontal mills,
many stirrers are available to stir the settled load thus scale-up
procedure was easier compared to vertical mills.

Stirred milling is one of the proven technologies used in wet
grinding circuits and successive wet operations raised the question
as to whether it is applicable in dry milling which is expected to be
prominent in the future due to the water recovery and water
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Fig. 1. The specific energy input values of different mills (Napier-Munn et al., 1996).

Fig. 2. The specific energy comparison of different grinding systems (Sepulveda,
1981).

Fig. 4. The classification of stirred media mills (Jankovic, 1999).
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efficiency issues. In this study, a dry stirred mill was developed to be
operated in cement grinding where dry grinding prevails. The
horizontal configuration was chosen due to its supposed opera-
tional benefits.

The scope of this study is to investigate the effects of operating
parameters such as stirrer speed, feed rate, media filling and media
size on dry cement grinding with a prototype horizontal stirred
mill considering the degree of size reduction and the energy con-
Fig. 3. The energy comparison between ball mill and stirred mill (Jankovic, 2003).
sumption values. The results gathered in this study will be a guide
for further studies evaluating the applicability of stirred milling on
conventional dry grinding circuits.
2. Materials and methods

2.1. Horizontal stirred mill

The horizontal stirred mill which was used in dry mode was
developed by Netzsch-Feinmahltechnik GmbH, who is manufac-
turing IsaMill chamber for grinding platinum, copper, zinc ores,
etc. Netzsch-Feinmahltechnik GmbH, who manufactures both ver-
tical and horizontal stirred mills, preferred to use horizontal con-
figuration because of its advantages over the vertical configuration.

The structure of the dry horizontal mill is similar to the IsaMill
(Fig. 5). Operating parameters of the mill, such as rotor speed and
feed rate are adjusted via frequency converter mounted on the
control panel. In operation, the material is fed into the mill cham-
ber via the feed hopper. Then, it is subjected to the grinding oper-
ation in grinding chamber. Finally, the product comes out from the
product outlet. In order to improve material transportation, air can
be introduced from the feed inlet when necessary. In all of the
experiments, disc type stirrers (Fig. 6) were used. The product sep-
arator (Fig. 7) lies at the end of the mill in order to keep the media
3 
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Fig. 5. Horizontal stirred mill (1 – feed hopper, 2 – control panel, 3 – grinding
chamber and 4 – product outlet).



Fig. 6. The disc stirrer and the mill shaft with disc type stirrers.

Fig. 7. The product separator.

Table 1
Technical specifications of the stirred mill.

Motor power (kW) 18
Maximum feed rate (kg/h) 500
Stirrer speed (m/s) 1.08–9.76
Maximum air flowrate (L/h) 1000
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inside and it discharges only the ground material. The technical
specifications of the mill are presented in Table 1.

2.2. Milled material

A conventional cement grinding circuit includes a two compart-
ment ball mill operated in closed circuit with an air classifier
(Fig. 8). The mill filters are used in order to improve the material
transportation along the mill and to keep the temperature of the
material to be discharged at a constant level. Air separation filters
are used to separate the material from the air. In order to investi-
gate cement grinding performance of the horizontal stirred mill,
dry grinding tests were performed with materials collected from
the mill filter return and the separator reject streams during CEM
I 42.5R type cement production (Fig. 8). The size distributions of
each stream are given in Fig. 9 and the chemical compositions
are given in Table 2.

2.3. The milling conditions and experimental studies

In this study, all of the experiments were performed under the
conditions given in Table 3. The effects of chemical dosage and air
flowrate were not investigated, they were fixed at 700 g/t and
1000 L/h respectively in all experiments.

The experimental studies were based on the collection of sam-
ples under certain conditions adjusted to evaluate the milling per-
formance in a steady state operation. Within these studies, the size
distributions (Sympatek laser sizer) and Blaine surface areas (Atom
Teknik) of the collected samples were determined initially. Then,
the size distributions obtained from each test were both used to
calculate the reduction ratio (F50/P50) and the shape or the slope
of the distribution. The shape of the size distribution directly af-
fects the downstream processes or material properties, i.e. cement
strength, thus it is an important parameter that should be evalu-
ated. RRBS equation (Allen, 2003), n parameter, was used to find
out whether the operating conditions had some effects on the
slope of the size distribution curve.

Once the samples were collected, the mill was crash stopped
and the chamber was removed to weigh the material inside of
the mill. This measurement was used to calculate the material load
parameter (Eq. (1)). This parameter explains how much of the
interstitial volume in the charge is filled with material. When this
volume is totally filled with material, the value equals to 100%.

Material load¼ Material amount inside the mill ðkgÞ
Mill volume ðm3Þ � Ball load % � 0:4 � Bulk volume ðkg=m3Þ
�100

ð1Þ

In this study, the material load varied between 100% and 105%
at maximum media filling (60%) and at maximum feed rate
(400 kg/h). Therefore the values over 105% should be evaluated
as the overloaded milling conditions.
3. Results and discussion

3.1. The effects of stirrer speed

Stirrer speed mainly increases the probability of media to parti-
cle collision by creating high energy intensity environment. It has
been proved by many studies that increasing stirrer speed
increases the energy consumption and produces finer product
(Sadler et al., 1975; Zheng et al., 1996; Fadhel and Frances, 2001;
Jankovic, 2003; Pilevneli et al., 2004; Wang et al., 2004; Dikmen,



Fig. 8. The flowsheet of the grinding circuit.

Fig. 9. The size distributions of the streams.

Table 2
The chemical compositions of the sampled streams.

Component (%) Mill filter return Separator reject

CaO 63.16 63.85
SiO2 20.10 20.61
Al2O3 5.70 5.88
Fe2O3 3.39 3.48
MgO 2.31 2.27
SO3 2.21 1.62
K2O 0.85 0.69
Na2O 0.38 0.27
L.O.I. 1.90 1.29

Table 3
Milling conditions.

Mill volume (L) 42
Media type steel
Stirrer type disc
Chemical dosage (g/t) 700
Air flowrate (L/h) 1000
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2008). The test conditions and test results for investigating the ef-
fects of stirrer speed are given in Table 4 and Fig. 10.

Test results given in Table 4 and Fig. 10 indicate that grinding at
lower stirrer speeds (Test 1 and Test 2) does not make evident con-
tribution on size reduction. Despite of the change in the specific
energies (from 4.29 to 6.08 kW h/t), the reduction ratios (1.18,
1.21) and the surface area measurements are close to each other. This
may be due to the smaller size of media, which is not able to create
high stress intensity environment. Jankovic (2003) in zinc grinding
tests pointed out that stirrer speed was a parameter influencing
the performance of grinding operation of IsaMill, however the effect
was so small when finer media was used (0.85–0.6 mm). In his study,
1.44 reduction ratio was obtained for both 3.6 m/s and 5.2 m/s stirrer
speeds at an energy level of around 5 kW h/t. Jankovic (2003) also
concluded that higher stirrer speeds were required to improve the
grinding efficiency of smaller sized media.

Another conclusion at lower stirrer speed tests is, the amount of
material left inside the mill was not affected as the temperature of
mill chamber did not increase evidently (reached max 40 �C).

In Fig. 10, distinctive difference in size distributions at stirrer
speeds of 4.34 m/s (Test 3) and 6.5 m/s (Test 4) can be seen. There-
fore, another testwork was arranged to study the effects of maxi-
mum stirrer speed. The test conditions and the related results for
investigating the effects of maximum stirrer speed are given in Ta-
ble 5 and Fig. 11.

The results given in Table 5 indicate that as the stirrer speed is
increased, both the specific energy consumption and the material
amount inside the mill increases. Fig. 11 shows that the change
in size distributions is becoming insignificant at higher stirrer
speeds due to the inefficient grinding operation. The Blaine surface
area measurements also support this finding.

The reduced energy efficiency at high stirrer speeds were ob-
served by Zheng et al. (1996) who calculated the grinding efficiency
from specific surface area development, energy consumption and
volume of the ground material. Fadhel and Frances (2001) also indi-
cated that higher stirrer speeds did not make an evident difference in
terms of size reduction (median size) due to the inefficient grinding
conditions. Therefore, they recommended mills to be operated at an
energy level that was just enough to break the particles because the
excess energy transformed into heat reduced the efficiency of grind-
ing. This behaviour has also been encountered in this study. High
stirrer speed increased the temperature of the mill chamber (75 �C
at 8.67 m/s tip speed, 90 �C at 9.76 m/s tip speed) which affected
the material load directly and reduced the efficiency of grinding.
Although the specific energy was changed considerably from 13.33
to 37 kW h/t, the size reduction value changed from 1.50 to 1.80
which was not noteworthy.

Stirrer speed tests showed that the slopes of feed and ground
materials were quite similar to each other. In contrast to IsaMill
operations where the product size distribution becomes narrower



Table 4
The milling conditions and the obtained results for determining the effects of stirrer speed.

The experimental conditions Test 1 Test 2 Test 3 Test 4

Stirrer speed (m/s) 2.17 3.25 4.34 6.5
Media size (mm) 4
Media filling (%) 60
Feed rate (kg/h) 400
Feed size, F50 (lm) 22.09
Blaine of feed (cm2/g) 2356
n (RRBS slope of feed) 1.02

The experimental results Test 1 Test 2 Test 3 Test 4
Specific energy (kW h/t) 4.29 6.08 8.23 19.14
Product size, P50 (lm) 18.73 18.27 17.55 14.92
Reduction ratio 1.18 1.21 1.26 1.48
Blaine (cm2/g) 2514 2597 2613 2950
n (RRBS slope) 1.03 1.03 1.03 1.05
Amount of material inside the mill (kg) 19.2 19.52 19.61 NDa

Material load (%) 102 104 104 NDa

a Not determined.

Fig. 10. The size distributions obtained from stirrer speed tests. Fig. 11. The size distributions obtained from the maximum stirrer speed tests.
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due to the selective grinding of coarse particles, the slope remained
constant.
3.2. The effects of feed rate

In any kind of grinding operation, specific energy is one of the
most important parameters related to the product fineness. The
specific energy is a function of feed rate, thus there is a direct cor-
relation between the feed rate and the product fineness as well. At
the same media filling, it is expected that, decreasing the feed rate
increases the surface area of the product. Wang et al. (2004) in
their dry MaxxMill studies and Pilevneli et al. (2004) in cement
Table 5
The milling conditions and the obtained results for determining the effects of maximum s

The experimental conditions Test 5

Stirrer speed (m/s) 4.34
Media size (mm) 4
Media filling (%) 60
Feed rate (kg/h) 250
Feed size, F50 (lm) 29.42
Blaine (cm2/g) 1420
n (RRBS slope) 1.02

The experimental results Test 5
Specific energy (kW h/t) 13.33
Product size, P50 (lm) 19.61
Reduction ratio 1.50
Blaine (cm2/g) 2380
n (RRBS slope) 1.09
Amount of material inside the mill (kg) 19.7
Material load (%) 105
grinding tests investigated the effects of feed rate on grinding per-
formance and they concluded that the feed rate was inversely pro-
portional to the product size. The test conditions and the related
results for investigating the effects of feed rate are given in Table
6 and Fig. 12.

The feed rate has mainly two major effects on grinding perfor-
mance which are the specific energy consumption and the product
fineness. As given in Table 6, the change in feed rate from 230 to
400 kg/h reduces the specific energy consumption from 15.33 to
8.8 kW h/t and at the same time decreases the reduction ratio from
1.51 to 1.24 (Fig. 12). The lower specific energy levels also decrease
the Blaine value from 2770 to 2391 cm2/g. This is a difference of
tirrer speed.

Test 6 Test 7 Test 8

6.5 8.67 9.76

Test 6 Test 7 Test 8
21.88 30.23 37.17
17.98 17.14 16.32
1.63 1.72 1.80
2667 2764 2864
1.08 1.07 1.06
19.8 20.93 21.46
105 111 114



Table 6
The milling conditions and the obtained results for determining the effects of feed rate.

The experimental conditions Test 9 Test 10 Test 11

Stirrer speed (m/s) 4.34
Media size (mm) 4
Media filling (%) 60
Feed rate (kg/h) 230 310 400
Feed size, F50 (lm) 25.95
Blaine of feed (cm2/g) 1780
n (RRBS slope of feed) 1.02

The experimental results Test 9 Test 10 Test 11
Specific energy (kW h/t) 15.33 11.9 8.8
Product size, P50 (lm) 17.1 18.83 20.85
Reduction ratio 1.51 1.38 1.24
Blaine (cm2/g) 2770 2571 2391
n (RRBS slope) 1.06 1.06 1.04
Amount of material inside the mill (kg) 13.68 15.26 19.43
Material load (%) 73 81.4 104

Fig. 12. The size distributions obtained from the feed rate tests. Fig. 13. The size distributions obtained from the media filling tests.
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around 14%. The MaxxMill study performed by Wang et al. (2004)
indicated that at 350 rpm stirrer speed, increasing feed rate from
300 to 500 kg/h decreased the BET surface area (m2/g) by approx-
imately 14%.

Furthermore, test results indicate that the feed rate and the
amount of material inside the mill are directly proportional, i.e.
the lower the feed rates, the lower the amount of material left in-
side the mill. Test results also show that the slopes of the feed and
product size distributions are very close to each other.
3.3. The effects of media filling

Media filling is a parameter affecting ball to material ratio, thus
the product fineness. Besides, the main effect of media filling is ob-
Table 7
The milling conditions and the obtained results for determining the effects of media fillin

The experimental conditions Test 12

Stirrer speed (m/s) 4.34
Media size (mm) 4
Media filling (%) 30
Feed rate (kg/h) 400
Feed size, F50 (lm) 26.78
Blaine of feed (cm2/g) 1851
n (RRBS slope of feed) 1.01

The experimental results Test 12
Specific energy (kW h/t) 4.26
Product size, P50 (lm) 25.94
Reduction ratio 1.03
Blaine (cm2/g) 1893
n (RRBS slope) 1.01
Amount of material inside the mill (kg) 18.91
Material load (%) 200
served on the power draw and the specific energy consumption.
Generally, the mills are recommended to be operated at maximum
media fillings due to the improved grinding performances. In order
to prove the benefits of operating at higher media fillings, Sadler
et al. (1975) changed the mill load gradually and measured the loss
in each size fraction for each case. As a conclusion, they found that
better grinding performances were achieved when the mill was
operated at higher media fillings. Persson and Forssberg (1994)
also observed the similar behaviour. In this study, several test-
works were performed in order to investigate the effect of media
filling on grinding performance. The test conditions and the related
results for investigating the effects of media filling are given in Ta-
ble 7 and Fig. 13.
g.

Test 13 Test 14 Test 15

40 50 60

Test 13 Test 14 Test 15
5.29 6.67 8.8
23.95 22.12 20.85
1.12 1.21 1.28
1952 2112 2357
1.03 1.03 1.04
18.82 18.84 19.12
150 120 102



Fig. 14. Comparison of grinding performances at different media fillings.

Table 8
The milling conditions for 30%, 40% and 60% media filling tests.

The experimental conditions Value

Stirrer speed (m/s) 2.17–6.50
Feed rate (kg/h) 100–400

Table 9
The milling conditions and the obtained results for determining the effects of media
filling (4 and 6 mm).

The experimental conditions Test 16 Test 17

Stirrer speed (m/s) 4.34
Media size (mm) 4 6
Media filling (%) 60
Feed rate (kg/h) 400
Feed size, F50 (lm) 22.32
Blaine of feed (cm2/g) 2212
n (RRBS slope of feed) 1.03

The experimental results Test 16 Test 17
Specific energy (kW h/t) 8.38 11.01
Product size, P50 (lm) 18.74 19.41
Reduction ratio 1.19 1.15
Blaine (cm2/g) 2628 2557
n (RRBS slope) 1.02 0.99
Amount of material inside the mill (kg) 17.55 30.2
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The test results shown in Table 7 and Fig. 13 indicate that there
is a systematic size reduction depending on the increase in media
filling. The change in media filling from 30% to 60% increased both
the specific energy consumption from 4.26 to 8.8 kW h/t and the
reduction ratio from 1.03 to 1.28. In the meantime, the Blaine value
was changed from 1893 to 2357 cm2/g. Sivamohan and Vachot
(1990) found that the increase in media filling from 29% to 57% in-
creased the surface area from 2 to 6 m2/g. Persson and Forssberg
(1994) investigated the effect of media level (centimetres) on spe-
Fig. 15. The size distributions obtained from the media size tests (4 and 6 mm).
cific surface area (m2/g) and indicated that at constant specific en-
ergy (50 kW h/t) the change in level from 40 to 60 cm produced
material having higher surface area (from 1 to 1.7 m2/g).

In this study it is also concluded that the change in media filling
has no effect on the slope of the product size distributions (con-
stant n parameter).

In Fig. 14, the results of series of tests performed to compare the
grinding performances of different media fillings (30%, 40% and
60%) are given. In these tests, material with d50 of 57 lm was fed
into the mill and the grinding tests were conducted over a range
of energy levels. Instead of presenting the operating conditions of
all the tests separately, the range of the parameters is given in Ta-
ble 8.

Even though a wide range of milling conditions were arranged
to perform the tests at different specific energy levels, no consider-
able difference in size reductions were obtained with 30% filling
where only a small difference was observed with 40% filling. The
test results show that 30% and 40% media fillings are not energy
efficient conditions. In other words, higher specific energies are re-
quired for lower fillings to obtain the size reduction that higher
media fillings (60%) achieve. Similar results were also obtained
by Sivamohan and Vachot (1990) in muscovite and wollastonite
grinding. In their study, the mill load was changed gradually and
the development in surface area was followed in different times
of grinding. The grinding results indicated that the lowest media
filling (30%) had a small effect on surface area evolution as the sur-
face area was increased from 2 to 4 m2/g in 40 min. On the other
hand, at the same time of grinding the surface area of 14 m2/g
was achievable at maximum media filling (83%).

3.4. The effects of media size

The selection of proper size of media improves the efficiency of
grinding operation. In a stirred milling operation, media size has
two major effects on grinding process which are decreasing the en-
ergy consumption due to the fluidity of the bulk media and pro-
ducing finer sized material (Zheng et al., 1996; Farber et al.,
2011). However, the finer material is produced until the media be-
comes too small to grind particles effectively. Mankosa et al.
(1986) performed several experiments to investigate the effects
of media size on coal grinding and showed that the product size
distribution became finer and less energy was utilized as the finer
media was used. Persson and Forssberg (1994), Kwade et al.
(1996), Schollbach (1999), Wang and Forssberg (2000), Fadhel
and Frances (2001), Jankovic (2003) and Mende et al. (2004) also
observed similar results in their studies. In this study, the grinding
performances of 3 mm, 4 mm, 6 mm and 8 mm media sizes were
compared and the results are presented in the following sections.

3.4.1. 4–6 mm comparison
The test conditions and the related results for investigating the

effects of media size (4 and 6 mm) are given in Table 9 and Fig. 15.
The test results presented in Table 9 and Fig. 15 indicate that

4 mm media produces slightly finer product (with a reduction ratio
of 1.19) by consuming 23.9% less specific energy compared to
6 mm media size. It is clear that using finer media brings energy
efficiency.

3.4.2. 4–6–8 mm comparison
In another testwork, the grinding performances of 4 mm, 6 mm

and 8 mm media sizes were compared using relatively coarser
material (feed size, F50:51.03 lm) compared to Section 3.4.1. The
test conditions and the related results for investigating are given
in Table 10 and Fig. 16.

The test results given in Table 10 and Fig. 16 show that although
the obtained size reductions are close to each other (2.42–2.25),



Table 10
The milling conditions and the obtained results for determining the effects of media
filling (4 and 6 and 8 mm).

The experimental conditions Test 18 Test 19 Test 20

Stirrer speed (m/s) 5.42
Media size (mm) 8 6 4
Media filling (%) 50
Feed rate (kg/h) 110
Feed size F50 (lm) 51.03
Blaine of feed (cm2/g) 706
n (RRBS slope of feed) 0.84

The experimental results Test 18 Test 19 Test 20
Specific energy (kW h/t) 43.65 38.5 31.68
Product size, P50 (lm) 21.09 22.25 22.66
Reduction ratio 2.42 2.29 2.25
Blaine (cm2/g) 2333 2219 2180
n (RRBS slope) 1.05 1.03 1.02

Fig. 16. The size distributions obtained from the media size tests (4 and 6 and
8 mm).

Fig. 17. The size distributions obtained from the media size tests (4 and 3 mm).
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the specific energy consumptions vary considerably. In other
words, at the same product d50’s, 27.4% less energy was utilized
by 4 mm media compared to 8 mm media. As a conclusion, using
finer media brings energy efficiency.
3.4.3. 4–3 mm comparison
The tests have been performed so far showed that the finer

media draws less power, thus utilizes less specific energy. In order
to find out the minimum media size that could be used in grinding
operation, another testwork was performed in which the grinding
performances of 3–4 mm media sizes were compared. The test
conditions and the related results are given in Table 11 and Fig. 17.

As a result, no difference is observed between 3 and 4 mm med-
ia sizes in terms of grinding performances, therefore it can be con-
Table 11
The milling conditions and the obtained results for determining the effects of media
filling (4 and 3 mm).

The experimental conditions Test 21 Test 22

Stirrer speed (m/s) 4.34
Media size (mm) 3 4
Media filling (%) 50
Feed rate (kg/h) 160
Feed size, F50 (lm) 21.02
Blaine of feed (cm2/g) 2340
n (RRBS slope of feed) 1.01

The experimental results Test 21 Test 22
Specific energy (kW h/t) 16.38 16.65
Product size, P50 (lm) 15.78 15.49
Reduction ratio 1.33 1.36
Blaine (cm2/g) 2931 2968
n (RRBS slope) 1.04 1.04
cluded that the media size of 4 mm is the lowest practical limit for
efficient grinding operation.

The test results presented in previous sections (Sections 3.4.1–
Sections 3.4.3) indicate that as the media size decreases, less en-
ergy is required to produce a given product size. The experimental
results show that, approximately 23.9% less energy is utilized in
grinding of 22.32 lm mean feed size material and 27.4% energy
saving is achieved in grinding of 51.03 lm mean feed size material
when finer media is used. Mankosa et al. (1986) also declared the
energy efficiency of finer media and indicated that 50% energy sav-
ings were achievable in producing 5 lm mean product size. Janko-
vic (2003) in his vertical stirred mill study found that it was
possible to utilize 14% less energy with finer media to grind mate-
rial F80 of 20 lm down to P80 of 10 lm. In some of his tests, energy
utilization of finer media reached one third of the coarser one.
Mende et al. (2004) also indicated that the finer media utilizes
one fourth of the energy consumed by the coarser one.

In this study, 4 mm media was found as the minimum size that
affects the grinding process. In the literature similar findings had
been obtained. Schollbach (1999) declared that using too fine or
too coarse media was not beneficial and concluded that the effec-
tive media size was between 2.5 and 4 mm.

In this study, it should also be emphasized that the media size
has no effect on slope of the product size distributions. Feed and
product size distributions are parallel to each other.

4. Conclusions

In this study, the effects of operating parameters such as stirrer
speed, feed rate, media filling and media size on cement grinding
were investigated. The grinding tests conducted with horizontal
stirred mill showed that:

– Increase of the stirrer speed produced finer material up to a
point that further addition of energy was converted into heat
causing decreased efficiency of the grinding operation.

– Lower media fillings created inefficient grinding environments.
In other words, higher specific energies are needed to obtain
higher size reduction values.

– The feed rate has mainly two major effects on grinding perfor-
mance, which are the specific energy consumption and the
product fineness.

– The selection of media size is another parameter affecting the
grinding operation. The experimental results showed that the
use of finer media was advantageous over the coarser one and
27% energy saving was achievable. Besides, it was suggested
that, with this design of the mill for cement grinding purpose,
4 mm media size was the lowest limit as no difference in size
reduction and energy efficiency were observed compared to
3 mm media size.
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– Finally, in contrast to IsaMill operations, the size distributions of
the feed and products are parallel to each other. The classifica-
tion effect and the selective grinding of coarser particles were
not observed.

As a general thought, in some of the cases the size reductions
obtained with the horizontal stirred mill were close to the results
obtained in the related literature. However, the studies on improv-
ing the grinding efficiency of the mill are still ongoing. In future
studies, grinding problems and solutions, the applicability of the
stirred milling application in cement grinding circuits and model-
ling studies will be studied.
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