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Abstract

In this study, the performance evaluation studies in five cement grinding circuits, in which HPGR is used in various configurations,
were presented. Sampling surveys were performed around the circuits followed by the determination of the size distribution of the sam-
ples down to 1.8 um using a combination of sieving and laser sizing methods. The results showed that the specific energy consumption of
the circuit decreases as the size reduction achieved by the HPGR increases. As given in the case studies when the size reduction ratio (Fgo/
Pgg) changed from 308.2 to 4.4, the specific energy consumption of the HPGR was 8.02 and 4.05 kWh/ton, respectively. Since various
configurations offer rather different ball mill feeds, the best usage of HPGR could be attained by optimization of operating parameters of

both ball mills and air classifiers.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Schonert (1979) has shown that the most energy efficient
method of comminuting particles is to compress them be-
tween the two plates. Compressing a particle bed between
two counter rotating rolls was achieved by the invention
of the high pressure grinding rolls (HPGR) (Schonert and
Knobloch, 1984). The first commercial application of
HPGR was in 1985 and its success resulted in increasing
numbers of applications since then, particularly in the ce-
ment industry (Kellerwessel, 1990).

Tube mills having multichambers are traditionally used
for cement grinding either in open or closed circuit opera-
tions. In the first chamber, larger balls (100-60 mm) are
used for coarse grinding while the smaller balls (40—
15 mm) are used for fine grinding. The chambers are sepa-
rated by an intermediate diaphragm which allows the
passage of the fine particles to the second chamber while
keeping the coarse particles in the first compartment. Dif-
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ferent types of air classifiers are used in closed circuit oper-
ations. The cut size of the separator is the critical control
parameter and is mainly controlled by the rotor speed
(Duda, 1985).

After the introduction of HPGR, various circuit config-
urations have been developed for energy efficient cement
grinding. Wiistner (1986) showed that 30% reduction was
achieved after conversion of closed circuit ball mill circuits
to a semi-finish grinding circuit including HPGR. Applica-
tions of HPGR in different circuit alternatives have resulted
in 10-50% energy savings when compared with closed cir-
cuit ball milling operations (Patzelt, 1992).

Nevertheless, due to the microcracks created by very
high compression forces in the particle bed, the Bond work
index of the material is further reduced for subsequent
grinding operations (Bleifuss et al., 1997; Benzer et al.,
2003).

The proven success in the cement industry has been
attracting the mineral industry’s attention for many years.
As a result of this, the number of HPGR applications in
mineral processing plants is increasing (Thompsen, 1997;
Kellerwessel, 1993; Sergeant, 1995; Klymowsky et al.,
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2002). 29 diamond, 21 iron ore and 2 copper—gold applica-
tions were reported by one of the manufacturers (Plath,
2005). Not only the reduction in energy consumption but
also the selective liberation and the improvement in leach-
ing performance have been reported (Esna-Ashari and Kel-
lerwessel, 1989).

A research group at Hacettepe University, Ankara-Tur-
key has been working on the modelling and simulation of
cement grinding circuits. The aim of the research is to de-
velop accurate process models based on material character-
istics and extensive data collected from operating circuits.
In this study, the results are given of the performance eval-
uation of five different cement grinding circuits in which
HPGR is used in different configurations.

2. Sampling and experimental studies

Sampling studies were carried out at five different grind-
ing circuits having different circuit configurations. These
configurations are

e Open circuit HPGR-closed circuit ball mill grinding—
Case Study 1.

e Open circuit HPGR with partial recycling—closed circuit
ball mill grinding—Case Study 2.

e Hybrid grinding—Case Study 3.

e Closed circuit HPGR—closed circuit ball mill grinding—
Case Study 4.

¢ Semi-finish grinding—Case Study 5.

The simplified flowsheets and sampling points are given
in Figs. 1, 3, 5, 7 and 11. Samples were collected from all
streams in the circuits.

For simple open circuit HPGR application, the sam-
pling period was 15-20 min while for the closed circuit it
was 1-2 h depending of the complexity of the circuit. For
every case steady state conditions were verified by the vari-
ables recorded at the control room. Design and operational
parameters are presented in Table 1.

Size distributions of the samples were determined by
using a combination of dry sieving and laser sizing tech-
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niques. In order to measure product size of the HGPR,
the samples were disagglomerated in a tumbling drum hav-
ing the dimension of J70 x 50 cm. Tumbling test proce-
dure used in the study was developed by making several
tests on the parallel samples to be sure that the samples
were totally disagglomerated and no additional size reduc-
tion occurred (Aydogan, 2002). The size distributions were
used in mass balance studies. Mass balancing studies were
performed using JKSimMet to calculate the adjusted data
and the tonnages of all streams in the circuits.

Although they were not used in this study, for modelling
purposes the impact and the compressive breakage func-
tions of the feed materials were determined by drop weight
and piston press tests, respectively. The work done on the
particle bed (W) in a piston press is the area below the dis-
placement—force curve. Then, specific energy consumption
was calculated as W/weight of sample. The details of the
testing procedures and further information are given in
the literature (Schonert and Aziz, 1980; Napier-Munn
et al., 1996; Tondo, 1994; Aydogan, 2002).

3. Results
3.1. Performance evaluation

3.1.1. Open circuit HPGR—closed circuit ball mill
grinding—Case Study 1

In this configuration, the HPGR is used as an open cir-
cuit fine crusher. This arrangement was generally used in
early applications to integrate HPGR into an existing ball
mill circuit. As a result of the mass balancing exercise, the
tonnages around the circuit and the measured and the cal-
culated size distributions are presented in Figs. 1 and 2.
The Bond work index of the HPGR discharge was deter-
mined as 9.88 kWh/ton, whereas for the ball mill total fresh
feed was found to be 16.34 kWh/ton with the added trass.

3.1.2. Open circuit HPGR with partial recycling—closed
circuit ball mill grinding—Case Study 2

This configuration is similar to the application given
in the Case Study 1. The difference is that the HPGR
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Fig. 1. Sampling points and tonnages of the streams around the circuit in Case Study 1.
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Table 1
Design and operational variables of the circuits sampled

HPGR Case Study 1 Case Study 2 Case Study 3 Case Study 4 Case Study 5
Roll length (mm) 530 550 530 1450 1400

Roll diameter (mm) 1400 1200 1400 1000 1400

Roll speed (m/s) 1.58 1.48 1.58 1.50 1.61
Operational pressure (bar) 150 134 111 97 120
Working gap (mm) 10.1 13.5 22.6 37.6 222

Power draw (kW) 636 640 551 1058 1167

Ball mill power draw (kW) 1512 1480 2694 1800 1577
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Fig. 2. The measured and calculated size distributions around the circuit in Case Study 1.
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Fig. 3. Sampling points and tonnages of the streams around the circuit in Case Study 2.

discharge is split into two parts. One portion is recycled
back to the HPGR to obtain better particle bed breakage
by filling the voids between the large particles. The results
of mass balancing studies are presented in Figs. 3 and 4.
The Bond work index of the HPGR total fresh feed was
determined as 11.84 kWh/ton.

Another application of this case is to recycle the edge
products from both sides of the rolls back to the feed to
separate the coarse material from center product. As can

be seen from Fig. 5, edge product was much coarser than
center flake.

3.1.3. Hybrid grinding—Case Study 3

In this configuration, a small portion of the separator re-
ject is recycled to the HPGR together with a portion of the
HPGR product. The aim of this application is the same as
the open circuit HPGR application with partial recycling
which is described in Case Study 2. This configuration is
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Fig. 4. The measured and calculated size distributions around the circuit in Case Study 2.
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Fig. 5. Edge effect of an open circuit industrial scale HPGR.

used when the fineness of the HPGR product recycled is
not enough to fill the voids between the larger particles.
The amount of the separator reject recycled to the HPGR
is an important parameter for optimum particle bed forma-
tion and operation. The flowsheet of the circuit sampled is
shown in Fig. 6. The size distributions of this grinding cir-
cuit configuration are presented in Fig. 7. Bond work index
of the HPGR discharge was measured as 9.88 kWh/ton.
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Fig. 6. Sampling points and tonnages of the streams around the circuit in
Case Study 3.

151.87 t/h

3.1.4. Closed circuit HPGR—closed circuit ball mill
grinding—Case Study 4

In this exercise, the HPGR operates in closed circuit
with an air classifier to prepare ball mill circuit feed
(Fig. 8). Since HPGR product is in the form of weak
agglomerates, which are referred to as “cake”, a simple im-
pact type disagglomerator is used before classification.
Since the product of the HPGR circuit is rather fine, the
cut sizes of both classifiers used in the circuit and the ball
size distribution within the ball mill should be optimized.
The measured and adjusted size distributions are shown
in Figs. 9 and 10. Fig. 11 gives the performance curve of
the HPGR separator used in the circuit. The Bond work in-
dex of the HPGR total fresh feed was determined as
11.07 kWh/ton.

3.1.5. Semi-finish grinding—Case Study 5

Since there is a significant amount of finished material in
the closed circuit HPGR product, it is logical to take this
out as a final product. The semi-finish grinding configura-
tion aims to produce this product. The HPGR circuit prod-
uct is fed to the classifier which produces a final product
and a coarse product which is fed to the ball mill. The flow-
sheet of the circuit sampled and the size distributions are
shown in Figs. 12-14. The performance evaluation curve
of the air separator is presented in Fig. 15. The Bond work
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Fig. 7. The measured and calculated size distributions around the circuit in Case Study 3.
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Fig. 8. Sampling points and tonnages of the streams around the circuit in
Case Study 4.

index of the HPGR total fresh feed was determined as
12.45 kWh/ton.

3.1.6. Characterization breakage properties
Typical specific energy consumption—¢;, relationships
for compressed bed and impact breakage for the clinkers

are given in Figs. 16 and 17 as an example. As can be seen
from Fig. 16, compressed bed breakage behaviour is size
dependent. Although it is not evident from the Fig. 17,
studies on various clinkers have shown that impact break-
age is also size dependent but not in a systematic manner
(Genc, 2002).

4. Discussion

A comparison of the fresh feed and product size distri-
butions of the circuits is given in Fig. 18. As can be seen
from the figure, despite the fact that the feed size varied sig-
nificantly, the variation in the product size distributions
were relatively small. Because of different types of cement
production, the only exception occurred in Case Study 2.
The Blaine value of the cement and the concrete strength
are the quality measures for the cement. This is somewhat
typical for cement grinding circuits.

The 80% passing sizes for some streams are given in Ta-
ble 2. For open circuit configurations given in Case Study 1
and 2, reduction ratios (Fgo/Pgo) were 4.4 and 3.5, respec-
tively. However, for closed circuit configurations given in
Case Study 4 and 5, reduction ratios were 308.2 and
242.5, respectively.
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Fig. 9. The measured and calculated size distributions around the circuit in Case Study 4.
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Fig. 10. The size distributions around the ball mill grinding circuit in Case Study 4.
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Fig. 11. Efficiency curve of the HPGR separator circuit in Case Study 4.
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Fig. 12. Sampling points and tonnages of the streams around the circuit in
Case Study 5.

The specific energy consumptions are calculated both
for the HPGRs and the overall circuit, based on power
draws of the HPGR and the ball mill, and given in Table
3. As the work done by the HPGR increases, the specific
energy consumption of the whole circuit decreases. This
can clearly be seen in Tables 2 and 3.

The efficiency curves given in Figs. 11 and 15 indicated
that for the closed circuit HPGR applications given in Case
Study 4 and 5, air classifiers were operated with high by-
pass ratios. Fish-hook effect is also very common for air
classifiers. This effect is a natural behaviour due to the set-
ting velocity of fine particles in centrifugal force field in-
creases (Majumder et al., 2003). Additionally, due to high
temperature (90-110 °C) and electrostatic forces, agglom-
eration of fine particles and adhering on to the coarse par-
ticles increase fish—hook effect.

Circulating load ratios (separator reject/fresh feed) in
HPGRs in Case Study 4 and 5 were 4.2 and 5, respectively.
In air classifiers used in cement grinding circuits, an in-
crease in separator feed tonnage causes an increase in the
by-pass (Benzer et al., 2001). Therefore, better classifica-
tion would provide a margin for further decrease in specific
energy consumption. One solution of this problem is to use
larger capacity classifiers. However, air classifiers are
expensive and occupy substantial space in the plant.

The grid separator used in Case Study 5 is a special type
of air classifier. The bottom part of the equipment operates
as a disagglomerator for the HPGR since the upper section
is used for classification purposes. During sampling survey,
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Fig. 14. The size distributions around the closed ball mill grinding circuit in Case Study 5.
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Fig. 15. Efficiency curve of the HPGR’s separator circuit in Case Study 5.

it was observed that because of the inefficient disagglomer-
ation, some of the product remained in the form of cake.
Therefore, the by-pass of the separator increased signifi-
cantly. For this reason, the disagglomeration of the HPGR
product is a critical operation in closed circuit HPGR
applications.

The comparison of Figs. 16 and 17 indicates that com-
pressed bed breakage mechanism gives a finer product than

impact mechanism for coarse particles even at the lower
specific energy range. The results for —11.2 + 9.5 mm clin-
ker are given in Fig. 19. As can be seen from the figure,
there is a significant difference in favour of compressed
bed breakage. These results agree well with he Schonert’s
(1979) original findings and demonstrate why HPGR is
introduced in cement and mineral industry and gaining
popularity.
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A comparison of the size distributions of HPGR circuit  flotation feeds is given in Fig. 20. Plant 1 feed was the prod-
product given in Case Study 4, with two different sulphide  uct of a wet AG-pebble mill circuit and the specific energy
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Table 2
Eighty percent passing sizes of streams

HPGR circuit fresh feed (mm)

HPGR circuit product

Ball mill circuit fresh feed End product (um)

Case Study 1 8.22 1.88 mm
Case Study 2 16.00 4.52 mm
Case Study 3 13.20 -

Case Study 4 18.49 60 pm
Case Study 5 12.85 53 um

9.27 mm 33
4.52 mm 68
- 29
60 pm 28
- 31

Table 3
Specific energy consumption of the circuits

HPGR circuit
specific energy

Overall circuit specific
energy consumption

consumption (kWh/ton) (kWh/ton)
Case Study 1 4.05 34.19
Case Study 2 8.93 29.57
Case Study 3 - 29.85
Case Study 4 8.02 21.65
Case Study 5 9.80 23.03
4 r
30 -
[ -11.2+9.5 mm
9 [
S 20r
10 5 —&— Compressed Bed
[ —O— Impact
0 L Il L il IR S S| L IR S S| L Il Il
0 1 2 3 4

E,. (kWhit)

Fig. 19. A comparison of E 1), relationship for impact and compressed
bed breakage.

100

consumption was 39 kWh/ton. Plant 2 feed was the prod-
uct of wet rod mill-ball mill grinding circuit with Fg of
about 20 mm. The energy consumption was 25.5 kWh/
ton for this application. As given in Table 3, the HPGR cir-
cuit consumed 8 kWh/ton. These results, at least, showed
that HPGR is a promising alternative for mineral process-
ing applications.

5. Conclusion

In this paper, the performance evaluation studies of five
cement grinding circuits containing HPGR in different con-
figurations were presented.

HPGR has proved its success by increasing the capacity
and decreasing the specific energy consumption.

Open circuit and hybrid HPGR applications can be used
to increase the capacity of existing ball mill grinding cir-
cuits with slightly less energy consumption. However,
substantial energy savings can additionally be obtained
using closed circuit HPGR applications in the cement
industry.

Disagglomeration is a critical step in closed circuit
HPGR applications. Any remaining agglomerates will re-
port to the coarse product in the separator and increased
the circulating load, unnecessarily.

The introduction of an HPGR to an existing plant
would significantly change the feed size of the ball mill cir-
cuit. Consequently, the length of the compartments of the
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Fig. 20. Size distributions of HPGR circuit product given in Case Study 4 with the sulphide flotation feed of two different plant.
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ball mill, the ball load and size within the both compart-
ment, the slot opening of the diaphragm between the com-
partments and the operating parameters of the air classifier
should all be optimized in order to fully use the advantages
offered by an HPGR.
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