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This paper presents the studies carried out to estimate the grinding energy of vertical roller mills via breakage
test. An extensive laboratory and pilot scale test work was performed. In the first step, breakage characteristics of
eight samples having different competence were determined by piston-die tests. Then, the samples were sub-
jected to a size reduction process using a pilot scale vertical roller mill. Feed size, product size and energy data
from pilot scale grinding tests were evaluated with material characterization tests. Based on energy-size
reduction models proposed in the literature, equations were derived to estimate the grinding energy of the
vertical roller mill by using the size and piston-die test data.

1. Introduction

The comminution process, which includes both crushing and
grinding, is one of the important stages in obtaining a saleable product. In
mineral processing units, the comminution process is responsible for the
production of suitable feed material for downstream processes. Suitable
feeding means that the coarse ore particles are broken into smaller
fragments and liberated to obtain valuable minerals in subsequent pro-
cesses. This essential process is a very energy-intensive step in mineral
processing operations. Although it is energy-intensive, it is an indis-
pensable process to provide the desired product quality. In comminution,
energy and size reduction become significant along with liberation. The
major effect of the specific energy consumed during comminution is the
product fineness. Due to the importance of these two in comminution,
size reduction and comminution energy have been the subject of re-
searchers for over 150 years. Therefore, various equations were derived
to define the relationship between these two parameters. The well-known
first energy-size relationship was proposed by Rittinger (1867). It was
stated that the energy of breakage is proportional to the new surface area
created. Kick (1885) proposed that similar geometrical changes in par-
ticle sizes require equal energy. Then, Bond has developed the widely
accepted energy-size relationship known as the “Third Law”. According
to Bond, the energy required in size reduction is proportional to the total
length of the new cracks formed. Energy-size equations suggested by
Rittinger, Kick and Bond are known as the three theories of comminution.
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Hukki (1962) evaluated the three theories to show that these energy-
size relationships are interpretations of single general equations and to
find a correlation between them. He suggested that Rittinger’s law is
applicable for fine grinding, Kick’s law is accurate for coarse crushing;
and Bond’s theory is reasonable in the range of conventional rod mill
and ball mill grinding. The equation of Walker et al. (1937) was revised,
and a general form of three theories was proposed (Eq. (1)).

dx
dE= ~C-75 ¢3)

Among the energy-size reduction relations, Bond’s law has found
more applications and is well accepted. Although widely used, this
method has limitations. The Bond equation is independent of types of
size-reduction equipment and is valid only for rod mills and ball mills,
but not in all operating conditions. Also, energy-size reduction re-
lationships cannot be exhibited in real terms since energy losses during
the process are not taken into consideration.

The proposed equations were not applicable for all types of grinding
equipment, which has led to the need for extensive studies on different
equipment. Morrell (2004) derived an alternative energy-size reduction
equation (Eq. (2)) for SAG/ball mill circuits considering inconsistencies
in previous studies.

W, = MiK(xg(Xz) _ xq(ﬂ)) )
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Where

M;: Work index related to the breakage property of an ore (kWh/t)
Wi: Specific comminution energy at pinion (kWh/t)

xg2: 80% passing size for the product (um)

x1: 80% passing size for the feed (um)

The function f(x) was defined by Eq. (3):

) = —(a+) 3)

Where,

a, b: Constants

x: 80% passing size (um)

Morrell (2006) improved Eq. (3) and defined the function f(x) with
Eq. (4). The value of this function depends on the product and feed size.

F(X) = —(0.295 + X,/1000000) 4

Morrell (2009) extended the Eq. (2) with the coefficient (K) addition
and successfully predicted the specific energy consumption of conven-
tional crushers, HPGRs and tumbling mills. It is an important step to
present the energy dimension relationship of a fast-growing application
such as HPGR, which is a compression grinding machine, due to low
energy consumption. The vertical roller mill is also one of the high
compression grinding technology and has an important position in the
cement and mineral industry due to their low energy consumption, high
drying capacities, and operational reliability. However, in the literature,
the lack of studies on the energy estimation of this equipment creates a
gap in this regard.

This study aims to predict the specific grinding energy consumption
of vertical roller mills via breakage test. Pilot scale tests are used
currently for energy consumption estimation of industrial scale mills. It
is planned to reduce sample amount, time, and labour because pilot
scale tests usually require a big amount of feed sample. For this purpose,
pilot scale vertical roller mill grinding tests and material characteriza-
tion tests were performed for eight samples including magnetite, plat-
inum, phosphorite ores. A piston press test will require a much smaller
amount of sample than pilot-scale testing. After data evaluation, Mor-
rell’s size reduction equation (Eq. (2)) was modified to estimate the
specific grinding energy consumption of vertical roller mills.

2. Methods and results
2.1. Pilot scale grinding tests

The grinding tests were performed with the pilot scale vertical roller
mill located in the Loesche Test Center. The LM 3,6 type mill has 2 rollers

=— = process gas
solids

E % dynamic
classifier

' ‘ mill
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and a nominal capacity of 707 kg/h. Set data and measured data during
the grinding tests are controlled on-line by the automation system.

The LM 3,6 is an air swept mill which combines grinding and clas-
sifying in one single machine, with the classifier installed above the
grinding table. A Simplified flowsheet of the pilot plant configuration is
given in Fig. 1. Material is fed into the vertical roller mill chamber and
ground between the rollers and the rotating table. After being ground
and transported towards the circumferential louvre ring, the ground
material is lifted to the high-efficiency dynamic classifier, and fine
material is separated from the coarse material. Fine material that has the
required product fineness leaves the classifier towards the bag filter
where the solids are separated from the airflow. Material that is too
coarse and therefore rejected by the classifier is guided back to the
grinding table and recombined with the fresh feed.

During the tests, steady-state conditions were established initially.
After recording operational parameters, representative samples were
collected from the product. In total 59 sampling studies were performed
for eight ores. The product particle size distribution was measured in
each test for each sample. The operational conditions of the mill at
steady-state conditions for sample 1 are presented in Table 1. The Par-
ticle size distributions of feed and product samples of sample 1 were
determined by sieve analysis and are given in Fig. 2.

2.2. Material characterization tests

There exist several methodologies for the breakage characterization
of materials. The selection of the method depends highly on the grinding
mechanisms and operating principles of the machines. VRMs (vertical
roller mill) and HPGRs (high pressure grinding rolls) are compression
milling technologies of which the grinding efficiency of them was found
to be higher than that of the conventional circuits, i.e. ball milling

Table 1
Operating conditions during sampling of Sample-1.
T1 T2 T3 T4 T5
Product rate (kg/h) 181 231 263 319 423
Working pressure (kN/m?) 600 600 600 600 600
Classifier rotor speed (rpm) 449 380 355 301 247
Volumetric air flowrate (m>/h) 1774 1774 1775 1774 1774
Grinding bed average (mm) 2.6 5.15 6.3 6.7 6.7
Specific Energy Consumption 16.9 14 12.8 11.6 8.9
(Grinding) (kWh/t)
process
fan
process
filter

1: feed
2: reject
6: product

Fig. 1. Flowsheet of the vertical roller mill plant configuration.
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Fig. 2. Feed and product size distributions of grinding tests for sample 1.

(Aydogan and Benzer, 2011). Within these types of grinding machines, a
bed of material is compressed between the rollers and the table
respectively the rolls and ground. The fundamental of these concepts
was discussed by Schonert and Knobloch (1984) who indicated
compression mechanism could transfer the force exerted on the particles
more efficiently by using a piston-die test machine. The test has been
widely used in the literature for understanding the particle bed breakage
mechanisms (Aziz and Schonert, 1980; Fuerstenau et al., 1996; Oettel
et al., 2001; Miitze and Husemann, 2008; Hosten and Cimilli, 2009).
Attempts have also been made to associate the piston-die test with HPGR
operation (Daniel, 2003; Hawkins, 2007; Kalala, 2012; Dundar et al.,
2013, Barrios et al., 2014; Esnault et al., 2015). Dundar et al. (2013)
studied HPGR model development and conducted compressed bed
breakage tests to determine material softness and appearance function
parameters via piston-die tests. Despite their differences in geometry,
HPGR and vertical roller mills are all based on the same physical prin-
ciple: slow compression of a bed of particle. Based on this, VRMs were
modelled similarly and piston-die test was utilised to determine the
breakage function of the materials (Altun, 2017). This study focused on
a piston-die bed breakage test, which has been accepted in the modelling
of high compression equipment to determine the material breakage
index for vertical roller mills.

The piston-die test equipment (Fig. 3) used in the tests has a unit
deformation meter connected to a computer to measure the displace-
ment in the material bed. The technical data of the piston-die test
equipment are given in Table 2.

Throughout the studies, narrow size fractions were prepared for all
fresh feed samples collected from the pilot tests. The test equipment
provides precise characterization for particles down to 1 mm. Size
fractions are given in Table 3. Moisture content of all feed samples were

Fig. 3. Piston-die test equipment.
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measured and determined to vary between 0.06 % and 4 %. The mois-
ture content of the materials to be tested was not changed. In addition to
the particle size, another important issue for the correct application of
the test is the height of the material in the cylinder. To achieve this, the
aspect ratio is based on which Schonert (1996) defined the ideal particle
bed. To achieve this ratio, a 100 mm cylinder was used for the selected
particle size range. Before bed breakage test, the amount of material in
the cylinder is measured for energy calculations.

During the piston die tests, the applied force and the displacement of
material bed were recorded. Fig. 4 shows the schematic view of the test.
The particle bed is compressed from the bed height of h1 to h2. The work
done which is a function of the displacement is expressed with Eq. (5).

)
W= / f(h)dh 5)
h

Where,

dh : Differential displacement,

f(h) : Force as a function of displacement.

During the piston-die tests, the force and the displacement of the
material bed were recorded. Then, the work done during the compressed
bed breakage test was calculated by drawing a force-displacement curve
initially. The area under the curve was calculated and noted as the
specific comminution energy (Ecs) of the breakage test. Then, particle
size distributions of products were determined by sieve analysis. From
particle size distributions of the samples, t;, parameters were deter-
mined. tjo is the fineness index that is defined as the per cent passing
through one-tenth of the original mean particle size.

Ecs*X-t1o data were fitted to the breakage model (Eq. (6)) proposed
by Eksi et al. (2011). Fig. 5 shows the t;( values as a function of specific
comminution energy level (Ecg) and particle size (X) of Sample 1.

t[() :A'(l —eib.Ecs.X) (6)

where

A, b: Model parameters

X: Mean particle size (mm)

A, b breakage model parameters were back calculated and then Axb,
which was then used as the ore index (Bj) indicating the material’s
resistance to compression force, was determined (Fig. 6). The lower ore
index value indicates a more competent ore and this value is effective on
energy consumption of the size reduction process.

3. Energy-size relationship

The particle size distribution and grinding energy data obtained from
grinding tests with ore breakage data were processed to evaluate the
relationships. At the first stage, the vertical roller mill data was fitted to
the Morrell’s equation (Morrell, 2004) which is more accurate than
existing energy-size models. Another motivation for this model in use is
that it can be used for HPGRs.

Primarily, the data obtained were processed with Eq. (2) and K
parameter was back calculated for each ore. The back calculated K
parameter ranges widely for this study, from approximately 4 to 10.5.
The relationship between the K parameter and Ore Index which is
determined from the compressed bed breakage test was investigated. An
increasing trend of Ore Index as the K parameter decreases points to a
significant relationship statistically (Fig. 7).

Table 2

Technical specifications of piston-die equipment.
Max. loading capacity 2000 kN
Max. loading rate 2.5 kN/sec

Precision of the LVDT gauge 10 pm
Diameter of the cylindrical die 100 and 170 mm
Length of the cylindrical dies 200 mm
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Table 3
Piston-die test conditions for pilot scale test samples.

Applied Force (kN)

Size Fraction (mm) 100 500 1200

-9.5+8.0 X X X
—5.6 +4.75 X
—-2.8+20 X X X

Based on all the data obtained and correlations are given in Fig. 6, an
energy-size relationship was adapted for the vertical roller mill. The
model is defined as Eq. (7).

W= 37.5413?'397 (x);(Xz) 7xf](~‘1)) %)

Where,

W: Specific grinding energy (kWh/t)

Br: Ore Index (from Piston-die test)

xg2: 80% passing size for the product (um)

x1: 80% passing size for the feed (um)

The data were fitted to Eq. (7) to determine the “a” parameter for the
vertical roller mill. The parameter “a” is defined as 0.295 in Morrell’s
equation (Eq. (4)). This value is not valid for the vertical roller mill
system. So, this parameter is back calculated to determine the best fit
parameter. At this point, it is concluded that the same parameter is not
suitable for each feed size distribution. Two different “a” parameters are
defined for coarse and finer feed size (Fgg) which is given in Eq. (8). The
parameter “a” is higher for finer feed with the Fgy between 2.5 mm and
9 mm. Feed size has a key role in specific grinding energy and size
reduction and this effect was confirmed by this result. Although sample
8 had a finer feed and more competent than sample 2, the energy con-
sumption was 28% less at the same reduction ratio. The same result was
observed in the grinding test data of sample 7 and sample 8, where the
grinding energy was lower in the test with the finer feed. It can be
concluded that finer feed improves the grinding energy consumption.

X
JX) = —(a+ 1550000 ®

Where,

X: 80% passing size (um)

a: 0.607 if 9mm < Fgy < 20mm

0.802 if 2.5mm < Fgg < 9mm

The success of the proposed correlations was checked out by plotting
the experimental and predicted specific grinding energy values of ver-
tical roller mills which given in Fig. 8. The correlation between the
measured and predicted data is a good fit and the accuracy of the model
is quite high. Although the correlation is high, it is seen that the model
predicts grinding energy higher in the range of 2 to 8 kWh/t and lower at
high energy. It was determined that this differentiation was independent
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of the ore. It is thought that this difference should be evaluated and
reflected in the model, if possible, by conducting a separate study based
on low and high energy.

4. Conclusion

This study was aimed to create an alternative to determine the spe-
cific energy consumption of vertical roller mill grinding. The idea was to

Compacted

Particle bed

Z

7  z

Fig. 4. Representation of the particle bed compression.
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Fig. 7. Ore Index -K parameter relationship.

predict the grinding energy instead of measuring it during the grinding
tests. For this purpose, pilot scale grinding tests for various ores was
carried out. In total 59 grinding tests were carried out, with a minimum
of five for each ore. Different product sizes were aimed for in the
grinding tests. Also, known and widely used compressed bed breakage
tests for high compression equipment were carried out to determine the
breakage behaviour of the tested materials. Although the piston-die is
currently used, the use of this test in the energy estimation of vertical
roller mills brings an innovation. In order to establish the material-
energy relationship, the ore index, which shows the resistance of the
material to the breakage under compression, was calculated from the
piston-die tests for each material. These ore parameters were correlated
with feed and product size. While the data were evaluated within the
scope of energy-size reduction relationship for vertical roller mills,
Morrell’s equation (Morrell, 2004) was based on. The K parameter for
present data was back calculated and a preliminary energy-size rela-
tionship was developed to predict the grinding energy of the vertical
roller mill. The feed size was also observed to be effective in grinding
energy and reflected on the model. The feed size range was divided into
two ranges, a coarser and a finer size range. These sizes are limited due
to the data obtained from pilot-scale tests, also considering the vertical
roller mill feed size range. Another study will address the feed size effect
extensively. As a consequence of this study, an energy-size reduction
equation was derived for the pilot-scale vertical roller mill and this study
has shown that it is possible to estimate the specific grinding energy of
the vertical roller mill based on a laboratory characterization test.

y =0.9898x
16 R?=0.961

12

Observed Specific Grinding Energy (kWh/t)

0 2 4 6 8 10 12 14 16 18
Calculated Specific Grinding Energy (kWh/t)

Fig. 8. Comparison of measured and predicted specific grinding energy values.
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Although this study involving grinding and laboratory tests is limited in
terms of ore diversity, the conclusion drawn for the grinding energy
consumption estimation of the vertical roller mill is a good start. In the
next study, it is planned to improve the model by increasing the ore
variety based on the satisfying results obtained from this study. In
addition, studies will be carried out to determine the characterization
tests that can be an alternative to the piston-die test. By creating alter-
natives, ease of use and prevalence will be ensured and it will be verified
that the grinding energy of the vertical roller mill can be estimated by
laboratory tests.
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