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A conventional cement grinding circuit is composed of a two compartment tube mill, a mill filter which
collects the fine material inside the mill and a dynamic air separator where final product with required
fineness is collected. In general the material fed to the circuit has a top size of 50 mm which is very coarse
for the ball mill. For this purpose, later in 1980s, high pressure grinding rolls (HPGR) has found applica-
tions as a pregrinder which increased throughput of the grinding circuit at the same fineness.

In early applications, HPGR was operated in open circuit. But later as the operating principle of the
equipment based on the compression, some portion of the HPGR discharge recycled back to improve effi-
ciency of the mill or operated closed circuit with classifiers. Within this study effect of open and closed
circuit HPGR applications on dry grinding circuit performance was examined. For this purpose sampling
studies around three different cement grinding circuit were completed. In the first study, a circuit includ-
ing open circuit HPGR, ball mill and air separator was sampled and chosen as the basic condition. As the
final product size distribution is important for grinding circuit, model structure of each equipment was
developed. The second and third surveys were carried out around closed circuit HPGR operation with
V and VSK separator to develop models for the separators. Finally the separator models were used in basic
condition to simulate closed circuit HPGR application.

It was understood from the studies that closed circuit HPGR operation improved the overall circuit effi-
ciency at the same final product fineness by reducing the specific energy consumption.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cement manufacturing is an energy intense process that totally
consumes 120–150 kW h/(t clinker) energy. The worldwide energy
consumption values indicate that 2% of world energy is spent in
this process (Italcementi report, 2005). In conventional process
30–80 kW h/t specific energy is consumed in cement grinding
which equals 30% of the total energy consumption. Based on these
data, it is understood that any improvement is of great importance.

Conventional cement grinding circuit includes a tumbling mill,
mill filter (or static air separator) and dynamic air separator. Tum-
bling mills were developed to supply demand of mineral industry
and cement industry where fine milling was required. In 1890s
tumbling mills were started to be used in cement industry. Due
to its large and heavy design they were evolved to ball mill and
tube mills (long tumbling mills). After the development, cement
making process were composed of a short mill operated in closed
circuit with an air separator or long mill operated in open circuit.
Then, the short mills and tube mills were combined with a division
ll rights reserved.
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head separating into two compartments. In the 1920s and 1930s,
many combinations were tried for multiple compartment mills in
cement grinding (Lynch and Fowland, 2005). Tube mills with two
and occasionally three compartments became prominent for grind-
ing cement clinker during the 20th century and still continue to be
used extensively. In tube mills about 1–2% of energy supplied is
used in fracturing particles and the remaining energy ends up as
heat so internal fittings such as media charge, mill lining system
and diaphragms become important.

The studies showed that the effect of a good design versus a bad
design was considerable which also indicated that specific energy
consumption saving of 5–10% being achievable (Eifel, 1976).

Air classification is a process of separating particles into coarse
and fine fractions according to their size, shape and the specific
gravity. That process is characterized by cut size which determines
the portion of the fractions. Particles finer than the cut size reports
to the overflow while coarser particles reports to the underflow
stream (Shapiro and Galperin, 2005). Air classification has found
many applications in pharmaceutical, cement, paint, nutrition
industries where the water interaction is avoided. The evolution
of air classifiers started with the development of static air classifi-
ers which had no moving parts and where the separation was
accomplished by changing the direction and magnitude of air flow

http://dx.doi.org/10.1016/j.mineng.2010.08.024
mailto:okyaltun@hacettepe.edu.tr
http://dx.doi.org/10.1016/j.mineng.2010.08.024
http://www.sciencedirect.com/science/journal/08926875
http://www.elsevier.com/locate/mineng


268 O. Altun et al. / Minerals Engineering 24 (2011) 267–275
(Knoflicek, 2004). But in the static air separators the separation
was not sharp, additionally the by-pass percentage was high. Inef-
ficient operation of the static air classifiers resulted the develop-
ment of mechanical air separators in other words dynamic air
classifiers. Dynamic air classifier concept brought a new separation
mechanism in which the classification was carried out not only by
the air but also the rotating table on which the material is fed
(Duda, 1985). With the development of high efficiency air classifi-
ers, the problems such as high by-pass amount were overcome
thus sharper separation was achieved.

Nowadays high efficiency air classifiers are preferred in final
separation because of their efficiency. Static air separator were also
placed in cement grinding process after the ball mills and their
main uses are to improve the mill ventilation and do a separation
at mill discharge so that material with a required fineness is sent to
the final product stream. Thus overgrinding is prevented.

Ventilation is crucial for a ball mill in order to improve material
transportation and keeping temperature in a constant level. For
this purpose, filters (bag filters, electrostatic precipitators) or static
air separators are used. In a cement circuit the fan level of filter and
static separator is recommended to be at its highest. So during the
design stage, fan is selected to supply air velocity of 1–1.5 m/s for
closed circuit while 0.5–0.6 m/s for open circuit applications.

Equipments found applications in cement grinding circuit are
listed above. With a conventional circuit, optimization can be
achieved by changing the design and operating conditions of those
Fig. 1. HPGR circuit configurat
equipments such as mill intermediate diaphragm design, ball size
distribution, ventilation improvements and homogeneous feeding
to a limited extend.

Energy efficiency is the main concern of many industries. For
this purpose circuits are optimized as mentioned above or energy
efficient equipments are adopted to the existing circuit. HPGR
was one of the new concepts. It was developed by Schönert
(1979) then came into use in early 1980s in cement industry (Kel-
lerwessel, 1990).

HPGR may cope with a material has a top size of 50 mm
which is coarse for a ball mill. Depending on the circuit config-
uration (open or closed) size reduction achieved may change.
When it is thought specific energy consumption of a ball mill
is 30–35 kW h/t, at least 10 kW h/t is consumed in the first
chamber. The starting point is to use this energy in HPGR
instead of inefficient ball milling so that throughput can be
increased. But, in order to provide capacity improvement thus
specific energy reduction, some modifications are needed in
HPGR (open or closed) and ball mill (ball charge, chamber
length, etc.) circuit.

After the invention of HPGR’s various configurations have been
tried. Those configurations have resulted decrease in specific en-
ergy consumption by 10–50% when compared with closed circuit
ball milling (Patzelt, 1992). PhD thesis completed (Aydogan et al.,
2005) at Hacettepe University indicated that there were mainly
five types of circuit configurations (Fig. 1).
ion (Aydogan et al., 2005).
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� Open circuit HPGR – closed circuit ball milling.
� Open circuit HPHR with partial recycling – closed circuit ball

milling.
� Hybrid grinding.
� Closed circuit HPGR closed circuit ball milling.
� Semi-finish grinding.

As can be seen from the figures, in closed circuit HPGR applica-
tions either classifiers or splitters are used (recycling). Classifica-
tion at HPGR discharge is needed due to the edge effect which
means the particle in feed stream to be appeared in the product
stream. Recycling load is another application. It is expected that
increasing the recycling load resulted to have finer size distribu-
tions compared to open circuit. The reason is recirculated material
decreases the voids in material bed which improves energy trans-
fer efficiency of the rollers.

In addition to those figures, new technologies were developed
for classification purposes. V and VSK separators were developed
to disagglomerate the flakes at HPGR discharge and to increase
the throughput of the circuit (Fig. 2).

The V-separator is fed by gravity (Fig. 2). This makes the feeding
rate less dependent from the separating air. V-separator combines
cross flow and counter-flow action of material and air. It has no
moving part and required fineness is achieved by adjusting the
air speed. It can be operated in cut size range of 100 lm to
1.5 mm. According to the manufacturers it may be used for both
heating and cooling purposes.

V-separators perform four functions.

– Separation of fines.
– Drying or cooling of material.
– Deagglomeration of cake.
– Mixing of fresh and recycled material.

Following the development of V-separators, manufacturers
tried to combine dynamic air classifier and V-separator in an
equipment. VSK separators were developed for this purpose
(Fig. 2). In this type of classifier horizontal rotor cage is mounted
on top of V part and fineness is adjusted by changing the air flow
through the classifier and rotor speed of dynamic part. Short dis-
tance between the parts decreases the pressure loss and wear rates
(Strasser, 2003). In industrial applications, choice between V and
VSK separator is done depending on the required fineness. V-sepa-
rators have cut size range of 100 lm and higher, while VSK separa-
tors have range of 200–20 lm.

In this study open circuit HPGR application was turned into
closed circuit with V and VSK separator with the aid of simulation
Fig. 2. Draw of V and VSK separators (S
techniques. In the following sections, studies are presented in
detail.
2. Plant surveys and experimental studies

As the aim of the study is to investigate the effects of closed cir-
cuit HPGR application, sampling campaign around three different
cement plants were arranged. In the first study, a circuit including
open circuit HPGR, ball mill and air separator was sampled and
chosen as the basic condition (Fig. 3). As the final product size dis-
tribution is crucial for cement grinding, model structure for each
equipment was developed for further simulation studies. The sec-
ond and third surveys were arranged around closed circuit HPGR
operation with V and VSK separator (Fig. 4) to develop models
for the separators. Finally the separator models were used in basic
condition to simulate closed circuit HPGR application and to inves-
tigate the effect of application on grinding circuit performance.
Simulation studies were completed at the same final product fine-
ness. Technical specifications of the equipments are illustrated in
the Tables 1–3. All of the studies were carried out during CEM I
42.5R type cement.

As soon as the samples were collected around circuit, they were
characterized by laboratory studies. Characterization studies in-
cludes determination of particle size distribution down to
1.8 lm. It is carried out in two steps. At first the material is sub-
jected to the sieve analysis down to 0.15 mm. Below this size laser
sizing technique is applied to have a distribution down to 1.8 lm.
Following the size distribution analysis, mass balance of each sam-
pling campaign was completed in order to calculate the flowrates
of each stream and to disperse errors.

After mass balancing studies efficiency of each equipment was
taken into the consideration. Separator efficiency was evaluated
by Whiten’s efficiency curve approach. Whiten’s approach (Eq.
(1)) expresses the actual efficiency curve to the overflow. He intro-
duced a new parameter into the overflow function called b to ex-
press the fish-hook behavior (Napier-Munn et al., 1997). The
expressions of the parameters are given below.

Eoa ¼ C
ð1þ bb�XÞðexpðaÞ � 1Þ
expðab�XÞ þ expðaÞ � 2

� �
ð1Þ

where b is the parameter that controls the initial rise of the curve in
fine sizes, a the sharpness of separation, b* the parameter that pre-
serves the definition of d50c; d = d50c when E = (1/2)C, C the frac-
tion subjected to real classification; (1-bypass), d50c is the
corrected cut size, Eoa is the actual efficiency to overflow.
trasser et al., 1997; Strasser, 2003).



Fig. 4. HPGR with V (left) and VSK separators (right).

Table 1
Properties of equipments in open circuit HPGR application.

Ball mill HPGR High efficiency separator

Diameter (m) 3.66 Roller diameter
(m)

1.4 Rotor diameter
(m)

2.24

Length Roller length
(m)

0.66 Max. rotor speed
(rpm)

189

1st chamber (m) 4.11 Power (kW) 880 Air flow (m3/h) 180,000
2nd chamber m) 6.36 Capacity (t/h) 300 Product capacity

(t/h)
140

Power (kW) 2200

Table 2
HPGR with V-Sep circuit specifications.

HPGR V-separator

Roller diameter (mm) 1400 Air flow (m3/h) 110,000
Roller length (mm) 1100 Fan power (kW) 160
Capacity (t/h) 485
Power (kW) 1000

Fig. 3. Flowsheet and sampling points of grinding circuit with open circuit HPGR application.

Table 3
Properties of equipments in HPGR with VSK circuit.

Ball mill HPGR VSK

Diameter
(m)

4 Roller diameter
(mm)

1700 Product
capacity (t/h)

315

Length
(m)

12.4 Roller length
(mm)

1800 Rotor diameter
(mm)

4000

Power
(kW)

3000 Power (kW) 1800 � 2 Air flow (m3/h) 469,800

Capacity (t/h) 1000 Max. rotor
speed (rpm)

166
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In this paper ball mill model was developed by using perfect
mixing approach (r/d values). Perfect mixing model, considers a
ball mill as a perfectly stirred tank. In this modelling approach,
process can be described in terms of transport through the mill
and breakage within the mill. Because the mill is perfectly mixed
a discharge rate, di, for each size fraction is an important variable
in defining the product, pi. The parameter si indicates the mill
content.



Table 4
Results of mass balance studies.

1 (t/h) 2 (t/h) 3 (t/h) 4 (t/h) 5 (t/h) 6 (t/h) 7 (t/h) 8 (t/h)

Open circuit HPGR 71 71 7 16.38 63.93 80.31 9.31 71
HPGR with V-Sep 502.72 422.22 80.5 – – – – –
HPGR with VSK 1539.64 1303.37 236.27 250.66 250.66 – – –

Fig. 6. Around HPGR size distributions.
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pi ¼ di � si ð2Þ

The model for steady state operations includes two sets of mod-
el parameters, i.e. the breakage function aij and a combined break-
age/discharge rate ri/di function.

fi þ
Xi

j¼1

aijpj
rj

dj
� pi

ri

di
� pi ¼ 0 ð3Þ

The ball mill model is calibrated by determining the r/d values
using the feed and product size distributions obtained under par-
ticular operating conditions. Where the size distribution of the mill
content is available, breakage rates and discharge rates can be cal-
culated separately.

HPGR performance was evaluated in terms of reduction ratio,
specific energy consumption basis.

3. Results

3.1. Mass balance studies

In this section balance results are presented (Table 4). The suc-
cess of the mass balance studies were evaluated by comparing the
measured and calculated size distributions (Fig. 5). Lines represent
the calculated size distributions while markers represent the mea-
sured values.
Fig. 5. Around grinding circuit si
3.2. Grinding circuit with open circuit HPGR application (basic
condition)

The results of the sampling campaign (size distributions and
performance parameters) around HPGR are illustrated in Fig. 6
and Table 5. It was understood from the survey that to provide a
ze distributions of each test.



Table 5
HPGR performance parameters.

Power consumption
(kW)

Specific energy
(kW h/t)

F50
(mm)

P50
(mm)

RR50

210 2.92 10.95 2.37 4.62

Fig. 7. r/d Function of ball mill.

Fig. 8. V-Sep efficiency curve.

Table 7
V-Sep efficiency curve parameters.

C d50c a b

57.89 0.115 0.804 1.457

Fig. 9. Mass balance around VSK separator.
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size reduction value of 4.62, 2.92 kW h/t specific energy was
required.

In order to carry out simulation studies, model structures for
ball mill and air separator were developed. In Fig. 7, r/d function
of ball mill while in Table 6, efficiency curve parameters belong
to separator are presented.

Ball mill exist in the grinding circuit has installed power of
2200 kW. During sampling campaign it was recorded from the con-
trol room as 1912 kW. When it is thought that production rate of
circuit is 71 t/h, 26.93 kW h/t of specific energy is consumed in ball
milling.

When power draws of each equipment were taken into consid-
eration, this circuit consumed 32.98 kW h/t specific energy.

3.3. V-separator performance

Following mass balancing studies (Table 4) efficiency curve of
V-separator was drawn (Fig. 8) and performance parameters were
calculated with Whiten’s efficiency curve approach (Table 7).

3.4. VSK separator performance

In mass balancing studies VSK separator was separated into V-
Sep and dynamic separator in order to evaluate their performance
individually. In Fig. 9, flowrates around V-Sep and dynamic air sep-
arator are illustrated.

Performance of V-separator and dynamic separator are signifi-
cantly different which are shown in Fig. 10.
4. Simulation studies

In simulation studies, model structures developed by Hacettepe
University Comminution Group were used. In HPGR modelling,
Table 6
Efficiency curve parameters.

C d50c a b

5.60 0.0901 4.27 0.14
over 50 sets of industrial data collected around different cement
grinding circuits were used (Aydogan, 2006). HPGR with recycling
load model was also used in the simulation studies (Benzer et al.,
2010). Ball mill model was developed with 40 industrial data col-
lected around cement grinding circuits (Genc, 2008). To develop
air separator model, over 80 sets of industrial data gathered around
cement grinding circuit (Günlü, 2006; Altun, 2007). All of the mod-
els were combined in a program and simulation studies were
completed.

Before starting the simulations of closed circuit HPGR applica-
tions, model of the basic condition (grinding circuit with open



Fig. 10. Performance of V-Sep (left) and dynamic separator (right).

Fig. 11. Simulation study of cement grinding circuit with open circuit HPGR application.

Fig. 12. HPGR with V-separator.
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Table 8
Comparison in energy basis.

HPGR (kW) Ball mill + high efficiency
separator (kW)

V-Sep (kW) Total (kW) Throughput
of circuit (t/h)

Grinding circuit with open circuit HPGR 210 2132 – 2342 71
Grinding circuit with closed circuit HPGR (V-Sep) 650 2132 160 2942 90

Table 9
Energy calculations.

HPGR (kW) Ball mill + high efficiency
separator (kW)

V-Sep (kW) Total (kW) Specific energy
(kW h/t)

HPGR with V-Sep 885 2132 160 3177 25.42

Table 10
Comparison in energy basis.

HPGR (kW) Ball mill + high efficiency
separator (kW)

V-Sep (kW) Total (kW) Throughput
of circuit (t/h)

Open circuit HPGR application 210 2132 – 2342 71
HPGR with V-Sep 650 2132 112 2744 90
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circuit HPGR) was validated (Fig. 11). As illustrated in the figure,
both experimental and calculated flowrates and final product size
distributions (top right) are in good agreement. Starting from this
point, closed circuit HPGR applications with V and VSK separators
were simulated.

In the first simulation study, closed circuit HPGR with V-separa-
tor was tested. V-separator discharge was splitted into two prod-
ucts, one of them was sent to HPGR again while the other stream
was sent to ball mill. As the capacity of HPGR was 300 t/h, the sim-
ulation was limited to this value (Fig. 12).

Simulation results showed that throughput of the circuit was
increased from 71 t/h up to 90 t/h at the same final product fine-
ness. This is a big benefit for a cement plant having capacity
limitations.

Energy consumptions were compared in Table 8.
It is illustrated in Table 10 that specific energy consumption

changed from 32.98 kW h/t to 32.69 kW h/t which was not a
Fig. 13. HPGR with
significant decrease. But on the other hand, capacity was improved
by 25%. The throughput limitation of HPGR limited further in-
creases. Thus, in the second simulation it was assumed that a new
HPGR was installed to the circuit. Simulation results indicated an in-
crease in throughput from 71 t/h to 125 t/h was achievable (Fig. 13).
In this case specific energy consumption was 25.42 kW h/t (Table 9).

In the last simulation, HPGR operated with VSK separator was
tested. It is known that VSK operated circuits are operated in high-
er circulating loads. As the capacities of the equipments exist in the
basic condition were not sufficient it was assumed that new equip-
ments were installed. In this configuration HPGR with capacity of
300 t/h was replaced by 900 t/h. As the equipment was changed,
a separate model exist in Hacettepe University Comminution
Group database was used. Also in this configuration, ball mill
was turned into one chamber mill and high efficiency separator
was removed. As the installed power of the new equipments not
known, comparison only made in production rate basis.
V-separator.



Fig. 14. HPGR with VSK separator.
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The simulation results are illustrated in Fig. 14. Implementation
of VSK separator resulted increase in throughput from 71 t/h to
230 t/h which equals 223% increase.
5. Conclusions

Within the study, effect of open and closed circuit HPGR appli-
cation on cement grinding circuit was tried to be examined. For
this purpose sampling campaigns were carried out at three differ-
ent cement plants. Cement grinding plant including open circuit
HPGR were sampled at first then extra sampling campaigns were
arranged in order to develop classifier models (V and VSK). Finally
simulation studies were completed.

Studies carried out at the same final product size distributions
showed that in closed circuit HPGR application with V-Sep, overall
circuit throughput was increased by 25%. But in general it is ex-
pected that throughput improvement may be higher than 25%.
But design of HPGR (300 t/h) limited further increase. If the circuit
is rearranged depending on high circulating loads, then simulation
shows 76% increase in throughput.

HPGR with VSK separator simulations were accomplished with
the assumption of installing equipments with sufficient capacity.
Studies showed this application increased capacity by 223%.
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