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ABSTRACT

MATHEMATICAL MODELLING OF VERTICAL ROLLER MILLS

Deniz Altun
Doctor of Philosophy, Department of Mining Engineering
Supervisor: Prof. Dr. A. Hakan Benzer

January 2017, 148 pages

In this study, it was aimed to develop a mathematical model of vertical roller mills
which have found an application in the industry with high energy efficiency. With this
aim, pilot scale and industrial scale grinding tests were performed for various
materials. During the pilot scale studies, mobile vertical roller mill unit and
conventional vertical roller mill were used. Mobile unit has two grinding mode:
overflow and airswept. In overflow mode, there is a two-stage air classification
system, which is separate from grinding part. This design enables to collect samples
from grinding and separation parts, individually. Data obtained from overflow mode

grinding tests provided the basis of the modelling studies.

After grinding tests, particle size distributions of the collected samples during the
sampling studies and fresh feed samples were subjected to bed breakage tests
under compression. As a result of the characterization tests, breakage distribution

functions and material indices of the samples calculated to use in the model.



Within the context of the modelling studies, vertical roller mill was divided into two
section as grinding and separation. Model parameters were back calculated for each
operation. Then, relationships between model parameters and operational variables
were investigated. Obtain correlations were defined by mathematical equations and
new modelling approach was developed for vertical roller mills. Developed model
structure were tested on pilot scale grinding test data by simulation. In consequence
of the simulation studies, it was concluded that the estimation accuracy of the

developed modelling approach is successful.

Keywords: Vertical roller mill, grinding, size reduction, modelling, simulation



OZET

DiK VALSLi DEGIRMENLERIN MATEMATIKSEL MODELLEMESi

Deniz Altun
Doktora, Maden Mihendisligi Bolumii
Tez Danigmani: Prof. Dr. A. Hakan Benzer

Ocak 2017, 148 sayfa

Bu calismada, endustride ylksek enerji verimliligi ile yer bulan dik valsli
degirmenlerin matematiksel modelinin geligtiriimesi amaglanmistir. Bu amagla, farkli
malzemeler kullanilarak pilot ve endustriyel Olgekli ogutme testleri
gerceklestiriimistir. Pilot olgekli testlerde, mobil dik degirmen Unitesi olmak ve
geleneksel dik valsli degirmen kullaniimistir. Mobil Gnite, geleneksel hava supurmeli
ve Ust akimli 6gutme seklinde calistiriimaktadir. Ust akimli 6glitme tipinde, iki
asamali siniflandirma sistemi bulunmakta ve siniflandirici 6gutme kismindan ayri
olmaktadir. Bu dizayn da ogutme ve siniflandirma kisimlarindan ayri olarak numune
alinmasina olanak saglamaktadir. Ust akimli 6giitme testlerinden elde edilen veriler

modelleme ¢alismalarinin temelini olusturmaktadir.

Ogutme testlerinin ardindan, 6rnekleme sirasinda devre etrafindan alinan
numunelerin tane boyu dagilimlari belirlenmis ve taze besleme numuneleri basing

altinda yatak kirma testlerine tabi tutulmuslardir. Karakterizasyon testleri sonucunda



modelde kullaniimak Gzere malzemelerin kirilma dagihm fonksiyonlari ile malzeme

sabiti hesaplanmisgtir.

Modelleme calismalari kapsaminda, dik valsli degirmen 6gutme ve siniflandirma
kisimlari olmak Uzere ikiye ayrilmistir. Her bir operasyon i¢in model parametreleri
hesaplanmigtir. Daha sonra hesaplanan model parametreleri ile operasyonel
degiskenler arasindaki iligkiler incelenmigtir. Kurulan iliskiler matematiksel
esitliklerle ifade edilerek yeni model yapisi gelistiriimistir. Geligtirilen model yapisi,
pilot Olcekli test verileri Uzerinde simulasyon yolu ile test edilmistir. Simulasyon
sonucunda model yaklagiminin tahmin gucunun basarili oldugu sonucuna

variimigtir.

Anahtar Kelimeler: Dik valsli degirmen, 6gutme, boyut kugultme, modelleme,

simulasyon
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1. INTRODUCTION

Comminution is the process by which particles are reduced in size to liberate the
valuable minerals for subsequent unit operations e.g., leaching or flotation is
produced. The size reduction process is highly energy consuming and is a
remarkable component of the world electricity consumption. It is estimated that up
to 2-3% of the world’s energy is used for crushing and grinding [1]. This ratio has a
tendency to increase with the increasing demand for minerals and finer product size
[2]. With the introduction of high pressure grinding rolls (HPGRs), high compression
technology has become the main interest of the industry because of the positive
effects on energy efficiency and downstream processes. Thus, vertical roller mills
come to the fore again. Design and introduction of the Horomills into the market in
1993 followed this development in high compression milling technology. Among
these equipment, vertical roller mills have an important position in cement and

mining industry.

Vertical roller mills are widely used for especially grinding of coal, cement raw
materials, clinker and minerals like bauxite, phosphate, magnesite, etc. These
machines consist of grinding and separation parts. Grinding operation takes place
between the grinding table and the rollers by compression force. Classification
operation is carried out by high efficiency dynamic air classifiers inside the vertical
roller mill shell. Also, vertical roller mills combine drying, grinding and separation
operations in one unit. Beside this property of this system, other features like low
specific energy consumption, low wear rates, handling material with high moisture,
coarser feed cause gaining an advantage of vertical roller mills over conventional

grinding systems.

Control and optimization of the vertical roller mill systems have become important
with the widespreading application. Consequently, operational principles and their
effects should be analyzed in detail. Conducting modelling and simulation studies
are one of the ways of improving the overall efficiency of the circuits. Initially,
relationships between operational parameters and outputs like size and flowrate
should be investigated to develop a model. Most of the studies intended for filling
this gap conducted in this area, were carried out theoretically and at laboratory
scale. Also, approaches were developed based on cement grinding data. In a study

presented by Kersting [3], a model for vertical roller mill was developed theoretically.
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Musto and Dunn [4] carried out laboratory scale tests and investigated the
relationships between operational parameters but this approach remained
insufficient for industrial scale mills. Material properties and patrticle size distributions
were used in an approach developed by Wang et al. [5], but operating parameters
of vertical roller mill were not taken into consideration. When all these studies on
vertical roller mill modelling were evaluated, need for developing new approaches
by using pilot and industrial data for different materials has risen because of the

insufficiency of the existing models.

The main objective of this study determined on the basis of the requirements, is
developing mathematical relationships between operational parameters and
performance of the vertical roller mill systems. On this opportunity, efficient
operation of vertical roller mill systems will be possible by comprehending the
process. With this aim, pilot scale and industrial scale tests were performed for
various materials such as gold, copper, platinum, polymetallic ores to investigate
the relationships between operational parameters. Two different pilot scale vertical
roller mills were used in this study. Initially, a new pilot plant vertical roller mill
concept developed by Loesche GmbH was used to investigate the process inside
the vertical roller mill system. This unit has two grinding mode as airswept and
overflow. Airswept mode is similar to congenital vertical roller mills. But, in overflow
grinding mode, each operation inside the vertical roller system as grinding and
classification was separated and designed as a closed circuit. This concept enables
to collect samples around the grinding and classification systems. It makes possible
to evaluate the performance of each operation, individually. As a second step of the
study, certain parts of pilot scale grinding tests were performed by conventional
airswept vertical mills with smaller grinding table diameter. Material properties plays
a crucial role in reliable models as design and operational parameters. On the basis
of this, material characterization studies were performed for tested materials. First
basis of the relationships was developed by pilot scale grinding tests. In the
modelling studies, vertical roller mill system was separated into the two sections:
grinding and separation. Then, models developed for these operations, individually.
Applicability of the developed model to industrial vertical roller mills were tested with
industrial scale tests performed with cement clinker. At the end of the study,

simulation studies were performed for the verification of the developed model.



2. COMPRESSED BED BREAKAGE TECHNOLOGIES

Energy consumption of comminution circuits is a major problem of the industry.
Latest innovations showed that it is possible to reduce the energy consumption of
comminution circuits by using energy efficient equipment. Up to now, various types
of equipment have been developed. These size reduction equipments are generally
classified according to working principle. Particle breakage in size reduction
processes are performed by different mechanisms of impact, compression, abrasion

and attrition. Breakage mechanisms are illustrated in Figure 2.1.

I T 5 . =
11 % & 4

Impact Abrasion Compression Attrition

Figure 2.1 Breakage mechanisms

Impact breakage is defined as collision of a particle with other particle or object.
Compression breakage occurs by applying compression force to particle bed.
Abrasion breakage occurs by rubbing and attrition breakage generally occurs when
smaller particles are trapped between coarse particles. Breakage mechanisms
affect the particle size distributions of the product. Impact and compression are
generally effective on coarse particles while attrition and abrasion mechanisms are
effective on fine particles. Among these mechanisms, compression breakage is the
most efficient size reduction method. Schoénert [6] proposed that energy used for
size reduction transferred to material efficiently as a result of the breakage by
compression between two plates. For this reason, breakage by compression provide
an advantage in terms of energy utilization. On the basis of this, compressed bed
breakage technologies as high pressure grinding Rolls, Horomills and vertical roller
mills have become more popular. These grinding technologies are explained in the
following section. Among these, vertical roller mills are explained more

comprehensively because of the scope of this thesis.



2.1.High Pressure Grinding Roll (HPGR)

Schonert and Knobloch [7] stated that the applicability of compression breakage
mechanism for high throughputs can be achieved by compressing the particles
between two counter rotating rolls. On the basis of this, high pressure grinding roll
was developed and the first industrial scale application was carried out in cement
industry [8,9]. With the introduction of HPGRs, high compression technology has
become the main interest of the industry because of the positive effects on energy
efficiency and downstream processes [10-13]. Remarkable features of HPGRs can

be listed as below.

— HPGR produces more fine material at a given crush size than in conventional
crushers

— At higher pressures, HPGR creates micro-fractures in the crushed rock
particles

— Greater fines in a crushed product and micro fractures allow process
solutions to come into contact with more surface area of the mineral being
processed and thus help metal extraction

— HPGR crushers, compared to conventional cone crushers, generate less
noise and dust

— HPGR crushing typically consumes approximately 20% less power per ton

than conventional crushing plants producing the same product.

HPGR mainly consists of two counter-rotating rolls (Figure 2.2). Pressure is applied
to one of the rolls by means of a hydro-pneumatic spring system, while the other roll
is held in a fixed position in the frame. Feed to the rolls is provided by means of a
hopper mounted above the rolls equipped with level control to ensure that the rolls
are continuously choke-fed. Because, interparticle breakage in the compression
zone between the rollers is achieved by choke feeding the material to the HPGR,

otherwise the HPGR runs like a conventional roll crusher [8].



Figure 2.2 General view of HPGR [14]

The output of HPGR mainly depends on the specific energy consumption and the
distribution of applied energy in the material bed according to the composition of the
bed in terms of the particle size fractions [15]. For best utilization of the comminution
energy during the operation of HPGR, some portion of the HPGR discharge material
is recycled back to HPGR to ensure a uniform material bed and higher pressure
gradient along the roller width. Basically, five circuit configurations of HPGR (Figure
2.3) can be used in grinding [16]:

Open circuit HPGR — closed circuit ball milling

Open circuit HPGR with partial recycling — closed circuit ball milling
Hybrid grinding

Closed circuit HPGR closed circuit ball milling

ok~ 0N BE

Semi-finish grinding



Figure 2.3 HPGR circuit configuration [16]

2.2.Horomill®

Energy efficient grinding technologies have become the main interest of the industry
with the development of roller presses. Therefore, the Horomill (Horizontal roller mill)
has been designed by the FCB Research Centre and introduced to the market in
1993 [17]. This technology is used for pre grinding, hybrid grinding and finish
grinding operations in cement grinding circuits. Basically, advantages of the Horomill
are listed below [13,18]:

— Low specific energy consumption
— Low operating wear rates

— Feed material with high moisture
— High drying capacity

— External circulation

— Process stability and low vibration

— Easy maintenance

The Horomill® consists of a horizontal shell equipped with a grinding track in which

a roller exerts grinding force. The shell rotates faster than the critical speed which
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leads to centrifuging of the material. Main feature is the roller inside the shell which
is rotated by the material freely on its shaft without a drive. Operating principle is

schematically shown in Figure 2.4.

Serapers W aterial speed contral system —— Extraction
Zone
g Inlet N
— \\ G et Scrapers
Cutlet
|| 1
|
1 R ,-' ] " | I —
IIII i1
" \
= /Centrlfugatmn—. i
_ " Zone |
4-6 grinding
actions

Figure 2.4 Operating principle of Horomill® [19]

Material is fed to the mill by gravity. There are scrapers located in the upper part of
the shell. Scrapers cover the entire length of the mill and scrape off the material
which falls onto the adjustable panel of the material advance system. Position of the
material advance system which is sloping towards the discharge end could be
changed in such a way that material could advance slower or faster and thus it
determines the number of passage of material under the roller which means the
adjustment of the circulating load. Concave and convex geometries of the grinding
surfaces lead to angles of nip two or three, 41 times higher than in roller presses
resulted in a thicker layer of ground material [20]. Horomill mainly consists of three
zones: Feeding, grinding and discharging. In the grinding zone, the cylindrical roller
transfers the grinding power onto the material. Material bed in the mill is generated

by the centrifugal effect.

2.3.Vertical Roller Mill (VRM)

2.3.1. Chronology of Vertical Roller Mill Development

The basic principles of vertical roller mills have been well-known since the 2
century. Up to now, many different types of vertical roller mills have been developed

to meet the industry’s demands.

Edge mills, which comprises of one or more stone grinding rollers and circular

grinding surface, are one of the oldest versions of these mills. In the 19™ century,

7



iron and steel took the place of stone with the developments in the industry. This
mill was called as the Chilean mill (Figure 2.5). The Chilean mill had two or more

(3 and 4) rollers, which rotated round a plane ring race by means of a vertical shaft.

Figure 2.5 The Chilean mill [21]

The Huntington mill (Figure 2.6) was the first developed in 1883 and used for
grinding of quartz and valuable metal-bearing rockS. It had three or four rollers that
were suspended by yokes from arms attached to the revolving spindle. The rollers
could swing freely in a radial direction and were pressed outwards against the ring
die for centrifugal action. The ore was fed to the drive wheel’s path and the scrapers
lifted the material from the bottom then the material ground between the rollers and
the die. Product size was controlled by the curved screens, which placed to the
discharge of the mill [21]. The mill was produced in three sizes as 3.5, 5 and 6 ft.
Literature reported that average capacity of a 5-foot (1.5 m) mill was between 10 to
30 tph [22].

Seotioral Elevation

Figure 2.6 The Huntington mill [21]



The Maxecon mill (Figure 2.7) introduced into the market in 1906. The mill had a
rotating vertical grinding ring suspended in the chamber by three rollers that were
offset by 120° to one another and rotated independently. Ore was fed pneumatically
via a curved chute in front of the second roller. After pre crushing, ore was carried
to the next two rollers by centrifugal force for further comminution. Ground ore was

discharged from sideways of the mill.

Figure 2.7 The Maxecon mill [23]

The Maxecon mills found applications in phosphate and limestone grinding. In 1924,
these mills were used as coal pulverisers in Germany [24] with average capacities
ranging between 2 to 5 tph. The improvements in cement kiln technology together
with increased demand on power required higher coal milling capacities; however,
because of the geometrical restrictions, these mills were unable to meet the
demand.

The Raymond mill (Figure 2.8) was developed as centrifugal ring roller mill with the
aim of handling higher capacities. With its development, production rates were

increased up to 10-12 tph for raw coal.
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Figure 2.8 The Raymond mill [25]

Grinding operation was obtained by centrifugal forces acting on rollers, which were
attached to the vertical shaft of the mill. Ore was fed to the grinding zone between
the rollers and ring. Ground product was extracted pneumatically.

In spite of the advantage of capacity advantage, these mills did not perform well in
Germany, since they were designed to grind soft coals. Consequently, higher

grinding forces were not achieved due to the high vibrations [9].

The Maximal mill (Figure 2.9) was developed in 1925 by Ernst Curt Loesche. This
mill was the Loesche’s first grinding mill using a rotating bowl as the grinding
surface. In contrast to the spinning rollers and fixed bowl designs of the Raymond
mill, the Maximal mill had fixed rollers and a spinning bowl to carry the material
under the rollers by centrifugal force [26].

10



Figure 2.9 The Maximal mill [26]

Capacity improvement was still a problem due to the geometrical restrictions of the
Maximal mill. Hence, the dimensions of both the rollers and the grinding surface
were modified. In addition, the wall of the grinding bowl was inclined backwards to

overcome capacity issues (Figure 2.10).

ke Pusssisae 453015
K80 Gr 11

Figure 2.10 The vertical roller mill in 1927 [25]
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The Loesche mill was developed in 1928 with a flatter grinding surface [26]. Main
purpose of the flatter surface was to increase the diameters of the rollers and to
provide material flow on the grinding bowl. Loesche mills were designed with three
rollers as the Raymond mills. But the rollers were held by rocker arms. Then,
Loesche mills were produced with two rollers to grip the coarse patrticles in the feed.
In 1935, 15° angle for the roller axle was being used to increase the amount of fine

materials in the product. The first Loesche mill is shown in Figure 2.11.

Figure 2.11 The first Loesche mill [26]

Loesche was the first manufacturer of spring-loaded vertical roller grinding mills [10].
The steel spring loading system was used to link rocker arms to one another. This
system enabled distributing the grinding forces independently from the rollers to the

grinding bed.

The size and the capacity of Loesche mills have increased gradually over the years.
In 1960, the largest mill had 2 m grinding surface diameter with 50 tph capacity. In
this date, it is possible to achieve 1200 tph production rate for coarse grinding
compact structure as they combine grinding and classification actions in a single

unit.

The Berz (MB) mill was developed in 1947 (Figure 2.12). The Berz mill had three
rollers pressed down onto the grinding surface by a thrust ring. The grinding surface
had tracking grooves for the rollers. The rollers were not fixed and driven by the

grinding table. Although the Berz mill was used for coal grinding purposes, they were

12



unable to be marketed widely in cement plants, because of its limited speed and
capacity [26].

Figure 2.12 The Berz mill [25]

The MPS mill (Figure 2.13) was redesigned version of the Berz mill. The MPS mill
had three rollers with tracking groove but differently from the Berz mill, the rollers
were fixed with bearings. The rollers were pressed down onto the grinding surface.
In small mills, grinding force was generated by a thrust ring while in larger mills thrust
frame coupled to tensioning rods. “Lift and swing” system was used to change the
rollers [26].

Figure 2.13 The MPS mill [27]
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The Polysius vertical roller mill was developed by Krupp-Polysius AG (Figure
2.14). The mill was designed with two sets of double rollers. The roller profiles were
rounded and had fixed roller carriers. Polysius mill had double tracking groove in the
grinding surface to stabilize the grinding bed. Because of the smaller running
diameter of the rollers on grinding table, velocity of the inner roller, that is closer to
the mill center, was lower than the outer roller. Force was applied to each roller by

hydraulic cylinders [26].
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Figure 2.14 The Polysius mill [22]

The Atox mill was developed by FL Smidth after the expiry of the license of the
MPS mill. The Atox mill (Figure 2.15) had similar principle with MPS mill. This mill
had three grinding rollers, which were connected to one another. The three roller
shafts were bolted to a centerpiece. The rollers rotated around their axles but not
around center of the bowl. Tension rods connected the outer ends of the shafts to
the hydraulic cylinder. The force transmission was very compact and whole design

Is simple.
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Figure 2.15 The Atox mill [22]

2.3.2. Current State of Vertical Roller Mill Technology

Various type of vertical roller mills was developed depending on the requirements
until today. With the technologic development, manufacturers were focused on the
design of vertical roller mills to meet the need of the industry in terms of capacity,
energy consumption and grind size. Vertical roller mills in the market are basically

differ from each other by grinding table and roller design.

In 1987, a new vertical roller mill which was called as the Chichibu-Kawasaki Pre-
grinder (CKP) has introduced to the market by Kawasaki Heavy Industries in
collaboration with the Chichibu Cement Company. It was designed with a
mechanical material discharge system to overcome the inefficiency resulted from
the high internal circulation [28]. The CKP mills have similar concept with grinding
section of the conventional vertical roller mills. Material is fed onto the grinding table
and centrifugal force arising from the rotation of the table distributes the product.
Then, material is ground under the grinding rollers. The ground material passes

through the periphery of table and discharged by the scrapers [29] (Figure 2.16).
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Figure 2.16 Operating principle of CKP mill [30]

It was reported that the energy consumption of the total grinding plant could be

reduced by 20-30% for cement clinker and 30-40% for other raw materials by

implementing the CKP mill to the conventional ball mill circuit [30]. Application

examples of CKP system are presented in Figure 2.17 and Figure 2.18.
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Figure 2.17 Open circuit application of CKP mill with a tube mill [28]
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Figure 2.18 Recycled application of CKP mill with a tube mill [28]
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In the mid 90's, Loesche GmbH introduced its vertical roller mills with the 2+2

technology for grinding of clinker and slag as well as for the production of cement

with interground additives. In this system, two of four rollers were replaced by

smaller rollers. Small rollers prepare the grinding bed and master rollers grind the

material. By the end of the 20" century, 20 mills of that kind, with a total installed

power of 54.9 MW and a production capacity of more than 2700 tph cement and

ground slag have been marketed [31,32]. Loesche vertical roller mills have found

applications in the mineral industry e.g. phosphate, iron ore, barite, colemanite,

lead/zinc. Flowsheets of colemanite and pyroxenite applications of Loesche vertical

roller mill are given in Figure 2.19 and Figure 2.20, respectively.

.....

Figure 2.19 Colemanite application of vertical roller mill (Courtesy Loesche)
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Figure 2.20 Pyroxenite application of vertical roller mill [30]

Loesche vertical roller mills (Figure 2.21) are characterized by a flat grinding table,
2 to 6 grinding rollers of conical shape, individual fixed rollers, modular design and
hydro pneumatic spring system [34].

Figure 2.21 The Loesche mill
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The largest Loesche mill developed for grinding of cement clinker is the LM 70.4
with a table diameter of 6.9 m and installed power of 8800 kW [35]. Nominal
throughput of this mill is 1200 tph. Achievable throughput for grinding cement and
granulated blast-furnace slag is about 350 tph with 7800 kW installed power [36].

MPS and MVR mills are produced by Gebr. Pfeiffer which has been a supplier to
the cement industry for 140 years [37]. Pfeiffer MPS vertical roller mill (Figure 2.22)
have been used for the grinding of cement raw material, cement, clinker, granulated
blast-furnace slag, coal, limestone and gypsum [38]. The diversifying feature of the
MPS vertical roller mills is 3 grinding rollers, which are pressed onto the grinding
track by a pressure frame, external pull rods and the hydraulic system [39].

classifier drive -

fine product
annular gap

mill feed - _ separating rotor

__louver

"

grit screw conveyor

“~_grit cone

Figure 2.22 The Pfeiffer MPS mill [38]

The capacity and the size of the mill vary by material to be ground. Capacity of the
MPS vertical roller mills can reach up to 650 tph with installed power of 6500 kW for
cement raw materials. However, the largest MPS mill for grinding granulated blast

furnace slag and cement has 5500 kW of installed with the capacity of 300 tph [40].

Gebr. Pfeiffer SE has developed another vertical roller mill called the MVR mill

(Figure 2.23) to meet requirements of the market. The MVR vertical roller mill is
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used for grinding of cement raw material, cement and granulated blast-furnace slag.
Design of the mill commits sustainable operation even if one of the rollers failS [41].

Figure 2.23 The Pfeiffer MVR mill [42]

The MVR mill consists of four to six grinding rollers with cylindrical wear part
geometry, flat grinding table, gas-guiding housing with nozzle ring, classifier and
“MultiDrive®” drive unit or alternatively a conventional drive with planetary gears
[42]. The MVR roller mill was designed for processing higher throughput rates.
Maximum capacity of MVR roller mill for raw materials is 1400 tph with 12000 kW of
installed power. Throughput rates decrease to 50 tph for blast furnace slag and
cement with the same installed power [38].

Atox mill has a flat grinding table, three grinding rollers, adjustable nozzle ring and
dam ring. These mills are generally used for grinding of raw materials and coal. Coal
grinding circuits can be operated in non-inert and inert conditions. Circuit
configurations for coal grinding of Atox mill are presented in Figure 2.24.
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Figure 2.24 Coal grinding applications of Atox mill [43]

The OK mill is preferred for grinding of harder materials like slag and clinker. The

OK mill was developed in Japan by Onoda Cement Co., Onoda Engineering and
Consulting Co. and Kobe Steel in the 1980s. In 1993 FL Smidth-Fuller Engineering
acquired a license to manufacture and market the OK mill [44]. The OK mill (Figure

2.25) is used for grinding of Portland cement, slag and blended cements.

21



Figure 2.25 The FL Smidth OK mill [45]

The OK vertical roller mills have grooved profile roller and curved table. Grooved
roller profile creates a high grinding pressure on the outer path and allowing air to
escape in the middle. The roller tires and table track are composed of several pieces
or segments that enable utilization of very hard anti-abrasive materials for the wear
protection [46]. The profile between the rollers and the table is specially designed to
eliminate vibration even in the case of grinding hard materials to high fineness [47].
Maximum capacity for cement grinding is 685 tph with 11000 kW motor power.
Throughput rates reach up to 500 tph with 13200 kW installed power [48].

The Quadropol vertical roller mill (Figure 2.26) has been developed by the
ThyssenKrupp AG to meet the requirements of market for high throughput rates and
drive powers with smaller plant footprint. Generally, Quadropol vertical roller mills
are utilized for cement raw material grinding. The maximum throughput rate is 990
tph with 7400 kW installed drive motor [49].
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Figure 2.26 The Quadropol mill [50]

The Quadropol mill has four grinding rollers whose shaft-bearing arrangements are
outside the mill. The standard crowned geometry of the grinding roller has been
retained as a reliable design with wear resistance. The Quadropol mill has a more
compact design than the Polysius mill, with a lower overall height and therefore a
smaller enclosed volume.

Recently, ThyssenKrupp AG has introduced a new concept of the Quadropol QMC
RD mill to the market. In this design, on the contrary to common vertical roller mills,
roller drive is offered. This gives an opportunity to increase material pull in capability
by higher roller speed [51]. Also, possibility of operating with two removed rollers for
four roller mill and lower power requirement are other advantages of this new
system. The throughput rate can be increased up to 550 tph with 8600 kW installed
drive power for cement grinding [52].

2.3.3. The Significant Features of Vertical Roller Mills

The vertical roller mills are airswept grinding machines and operated in closed
circuit. These mills offer a number of advantages over conventional milling systems.
In this section, remarkable features of vertical roller mills are given.
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2.3.3.1. Specific Energy Consumption

The most important feature of vertical roller mills is low specific energy consumption.
Grinding energy has a critical position in mineral processing and cement grinding
plants. As an example, electrical energy used in cement grinding is 60% of total
energy used [53].

In the literature, there are many studies conducted at cement plants where an
energy based comparison was performed between conventional grinding systems
and vertical roller mills. In a study, it was noticed that the OK vertical roller mill
consumed about 31% and 43% less energy in grinding, respectively, for ordinary
and high early strength cement [46]. Total energy consumption for grinding circuit is
also less in spite of higher fan power. Total energy saving was 28.6% less than the
tube mill-classifier circuit for Portland cement [47]. Vertical roller mills can achieve
up to 30% energy saving when used in cement grinding applications [54]. Low
specific energy consumption of vertical roller mills for cement grinding was verified
by other studies [44, 55, 56]. Comparison of variation of energy consumption with

blaine of ball mill and Loesche vertical roller mills are illustrated in Figure 2.27.
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Figure 2.27 Specific power consumption of ball mill vs. vertical roller mill system
for ordinary Portland cement (OPC) and slag grinding [57]

Energy benefit of vertical roller mill increases when used for grinding hard material
such as blast furnace slag. It is due to the efficient compression grinding mechanism
of vertical roller mills. Compared to other grinding systems, and in the case of slag
grinding its saving potential is 45-54% or more depending on the product fineness
[58-60].

Successful operations of VRM technology in cement grinding applications
encouraged the studies on mineral grinding applications. In recent years, pilot plant

tests with the Loesche OGP mobile were performed for minerals to prove their

24



benefits in this area as well. Pilot plant test results for mineral grinding showed that
low energy consumption feature of vertical roller mills is applicable to mineral
industry. Grinding test results for zinc ore showed that it is possible to decrease total
energy consumption from 20.11 to 11.40 kWh/t by using vertical roller mill instead
of AG/SAG-ball mill circuit [61]. In another test performed with the Loesche OGP
mobile, 22.9% and 34.4% energy savings were obtained for copper slag grinding
[62]. This situation was confirmed for chalcopyrite ore with 18% less energy
consumption against to conventional ball milling circuit [63]. In another application
for copper slag, 34.4% energy saving can be achieved by VRM operating in overflow
mode [64].

2.3.3.2. Feed Particle Size and Moisture Content

The properties of fresh feed material, in terms of particle size distribution and
moisture content play an important role on the performance of grinding operation.
Particle size of feed material for vertical roller mills is generally larger than ball mills.
Because of large diameter of rollers, feed size can be as large as 80 to 150 mm.

This enables to eliminate the secondary/tertiary-crushing stages [65, 66].

Vertical roller mills are also drying machines and have higher drying capacity. So,
they can handle highly moist feed material. In operation, the moisture content of
feed can be higher than 20% [65]. Industrial scale studies were performed for
grinding high moisture material by VRM. Product having 0.7% moisture content was

obtained by grinding of feed material having 20% moisture content [67,68].

2.3.3.3. Floor Space

The vertical roller mills are compact machines. The classifier and the mill are
combined in a single unit and the number of auxiliary equipment are less compared
to other systems. Therefore, vertical roller mills have less floor space than a closed
circuit ball mill circuit with a similar capacity. The required building volume for
different grinding systems are given in Figure 2.28. The difference in required floor
space between vertical roller mills and conventional systems increases with

increasing circuit capacity.
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Figure 2.28 Building volume required for equivalent output for different mill

systems [69]

2.3.3.4. Product Quality

Product quality is the major concern of all the grinding operations. The product size
distribution has an effective control parameter for both cement and mineral
industries. The particle size distribution of vertical roller mill product is steeper than
the size distribution of ball mill product that is caused by different grinding
mechanisms between these systems. The residence time of a material in ball mill is
higher than vertical roller mill hence high proportion of fine material is produced. The
steeper size distribution of vertical roller mill can generate some problems for
cement quality like low early strength and higher water demand however with the
introduction of special type of grinding chemicals it can be overcome. It is possible
to achieve ideal size distribution using vertical roller mill by making adjustments to
pressure, air flow, classifier rotor speed and dam ring height [57]. In some cases,
steeper product size distributions become an advantage for downstream processes.
As an example, when using VRM for iron ore grinding the amount of -10 um, which
affects flotation performance adversely, was reduced by 30% compared to the
grinding product of the ball mills [64]. The effects of interparticle comminution on
flotation performance were investigated by pilot scale VRM tests. In a study
performed by Viljoen et al. [70], flotation performance of VRM and conventional mill
products were compared at similar fineness. Flotation recovery of copper and nickel
ore was increased from 74% to 84% and from 79% to 86%, respectively [71]. Test

studies showed that higher Zn recoveries could be obtained at efficient energy use
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[61]. In another pilot scale VRM test study performed for copper sulfide, nickel
sulfide, UG-2, PGM showed that grade-recovery relationships were improved by
VRM. Also, metal deportment to narrower range of size classes has improved [71].
In a similar pilot scale tests carried out by Loesche LM4,5 for two different magnetite
ores showed that liberation degree of VRM products is higher than conventional
plant products [72]. Additionally, mass pull to flotation has been increased 4.5% for
iron ore [64]. Comparably to flotation, VRM has a positive effect on leaching
processes. In a study, performance of gold leaching has been improved by VRM

system [73].

Cement production studies performed for different cement types indicated that
vertical roller mills achieved similar cement strength when compared to ball mill
circuits with lower specific energy consumption or higher throughput [44, 55, 56, 74-
76].

The water demand is determinative on concrete quality. Water content is affected
by particle size distribution and gypsum dehydration. Vertical roller mill product
generally requires more water to achieve a standard concrete stiffness compared to
conventional ball mills. This results from steeper size distribution of vertical roller
mill. It is easy to obtain ideal particle size distribution to control water demand. In
industrial tests performed by different types of vertical roller mills, similar water
demand with ball mill circuit was obtained [44,56,57 and 76].

2.3.3.5. Wear

The wear of size reduction equipment is one of the major problems of the industry.
The wear is related to the properties of material ground and the equipment used.
Wear on the grinding parts affects the performance of the system directly. If vertical
roller mills are considered, radius of the grinding parts gradually decreases due to
the outer wear of roller and this leads to the increase of speed difference between

the rollers.

A number of studies have been carried out on vertical roller mills to define the wear
profile and to decrease the wear rates. In vertical roller mills, two wear mechanisms
have been defined, which are; friction wear and jet wear. Friction wear is observed
on rollers, grinding tracks and chutes, while jet wear occurs on the components

exposed to the gas stream. Wear parts of vertical roller mill is shown in Figure 2.29.
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Figure 2.29 Wear parts of VRM [77]

Vertical roller mills are equipped with wear parts of either high chrome cast alloys or
welded wear facings. Mainly, wear-resistant alloyed cast iron has been used for a
long time [77]. Besides, there are many wear protection materials available in the
form of alloyed cast iron, hardfacing, alloyed steel plate, composite materials and
ceramic linings with the developments of the metallurgy [78].

Magotteaux SA has developed a wear protection material called as Xwin. High-
chromium base of a layer is reinforced with hard ceramic particles. It has been
applied to rollers and grinding table of the MVR mill and 33% improvement in service
life has been achieved [79].

Hard facing is very common application. Rollers and grinding table liners have to be
hard faced for grinding of blast furnace slag. Hard faced grinding elements with high
carbide content have a lower wear rate than that of cast metals with a high chromium
content. Wear rate is under 5 g/t for hard faced grinding elements [51].

Pilot plant studies showed that low wear rates could be achieved by vertical roller
mills. The studies on abrasive gold ore showed that, wear rate decreased from 2.73
to 0.8 kg/t by using vertical roller mill instead of rod mill [73]. Another test results
showed the advantage of vertical roller mills over conventional milling systems.
Vertical roller mill provided a 58.7% decrease in the expenditure of wear cost for

chalcopyrite ore [73].
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2.3.4. Working Principle of Vertical Roller Mills

The working principle of the vertical roller mills is based on the interparticle
comminution, which is stated as the most efficient method for breakage by Schénert
[6]. Interparticle comminution takes place in a gap between the rotating grinding
table and the stationary grinding rollers [31]. Although there are numbers of different
vertical roller mill designs, breakage principles of the systems are similar to each
other (Figure 2.30).

Feed material

Figure 2.30 The grinding mechanism of vertical roller mills

During the operation of the mill, firstly, fresh feed is directed to the center of rotating
table and moved to the edges under the influence of centrifugal forces. On the edges
of table, the material is nipped by the rollers, on which pressure is exerted, and
ground between the rollers and grinding table. After comminution, broken particles
discharges from a dam ring, which is used to control the height of material layer,
and is picked up by hot gas following from below the grinding table through a nozzle
ring. The hot gas dries the material and the finer fraction is carried to the dynamic
classifier mounted to the top of the mill. The finished or fine product leaves with the
gas and is collected in a filter. The coarser particles are circulated back onto the
grinding table for further grinding. Nowadays, most of the mills have external
recirculation system to decrease the energy cost arising from pneumatic
transportation. In external recirculation, coarse material that falls through the louvre
ring and into the mill gas ducts is fed to the mill with the fresh feed by belts or bucket
elevators. Literature reports that significant reduction in energy consumption is
achievable [65].
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2.3.5. Elements of Vertical Roller Mills
Main components of a vertical roller mill can be listed as,

— grinding elements (rollers and grinding table),
— nozzle ring and

— classifier.
Within the section, these elements will be explained in detalil.

2.35.1. Grinding Elements

The geometric form of rollers and the grinding table differ for vertical roller mills on
the market although the working principle is similar [9]. As an example, Loesche
mills have conical rollers with flat grinding table while OK mill has spherical grooved
roller with curved grinding table (Figure 2.31) [45].

OK Mill - .

Figure 2.31 The roller and grinding table profile [39,42]

In addition to the roller and grinding table designs, the number of grinding elements
together with their arrangements in the mill shows variations. Pfeiffer MVR mill
consists of four to six grinding rollers with cylindrical wear part geometry [42]. The
Pfeiffer MPS mills have 3 grinding rollers, which are pressed onto the grinding track
by a pressure frame, external pull rods and the hydraulic system [40]. The Polysius
Quadropol mill has four rollers that can be independently controlled by hydraulic
system [49]. This arrangement allows an improvement in the throughput during
partial-load operation of the mill. The Loesche mills have different roller module
system, which enables to be arranged a different number of grinding rollers with the
same dimension around the grinding table depend on the capacity requirements
(Figure 2.32).
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Figure 2.32 The Loesche roller module concept [80]

Comminution pressure is provided by hydro-pneumatic spring system, which
enables adjusting the grinding operation depending on the changes in operational

conditions [66].

Differently from other vertical roller mill manufacturers, Loesche uses a master (M)
and support (S) roller mechanism. The master rollers transmit the grinding force for
interparticle breakage and the support rollers are used for the material preparation
and stabilizing the grinding bed [81]. This mechanism reduces the dynamic load on
the individual component during operation and provides smooth mill running [82].
Working principle of the M and S rollers is illustrated in Figure 2.33.

-
Pre-compaction +  building of grinding bed .
De-aeration "‘

Figure 2.33 Working principle of the master and support rollers [83]

2.3.5.2. Nozzle Ring
The hot gas is supplied to the system for both drying and conveying operations. This
hot gas is introduced through a duct into the chamber below the grinding table and

nozzle ring (Figure 2.34).
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Figure 2.34 Nozzle ring section [84, 85]

The hot gas flows through the nozzle ring and conveys the ground material to the
classification zone. Open area of each nozzle can be adjusted to regulate the
velocity and distribution of the gas flow rate [85]. This regulation improves the
conveying and grinding bed formation [84]. Also, energy consumption decreases

depending on the reduction of the gas flow [84].

2.3.5.3. Classifier

Implementing classification operation to the vertical roller mill is a big step during
the historical development of these mills. Air classification is a process employed to
control or adjust the final product fineness of the circuit. Various types of air
classifiers were developed up to now. Air classifiers are grouped as static and
dynamic air classifiers according to mechanical properties. Static classifiers have
no moving parts and the target size is adjusted by changing magnitude and direction
of the air flow. V-separators [86] is the most common type of these classifiers.
Typically, dynamic classifiers consist of a fan and rotor used for dispersering and
separating [47]. Material is transferred and dispersed on to the rotating plate by
centrifugal force. Particles are thrown towards the classifier wall and air is introduced
in to the chamber. Classification is carried out in the separation chamber [87].
Dynamic air classifiers can be grouped as first, second and third generation (high
efficiency).

With the introduction and evolution of the air classifiers, these equipment has been
started to use in the vertical roller mill system to improve the efficiency of the
process. Within the VRM technology, classification right after the grinding action
prevents overgrinding of the material. Ground material is carried to the classifier
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chamber by hot gas through the guide vane. Material/gas flows into the space
between guide vane and rotor with blades. The particles thrown outward by the

effect of the centrifugal force, and fall down by the effect of the gravity.

The first vertical roller mills on the market were provided with static classifiers or low
efficiency dynamic classifiers. High efficiency dynamic classifiers are used in vertical
roller mills because of their improved performance in cement grinding circuits. New
generation classifiers enable to control the performance of classification by adjusting
setting parameters. High efficiency dynamic classifiers are located at the top of the

mill. A caged-rotor dynamic classifier is illustrated in Figure 2.35.

(1) Grit cone

(2) Guide vane assembly
(2) Rotor with blades

(¥ Rotor shaft

(&) Housing

Material feed chute
(7) Product discharge

Figure 2.35 A high efficiency dynamic classifier in a Loesche vertical roller mill [35]

The classifier performance has a significant effect on the grinding efficiency. The
classifier reject material creates coarser material bed on the table. The coarser bed
increases the grinding performance, because finer material in bed cause cushion
effect. An efficient classifier leads to decrease in grinding energy consumption and
vibrations as well [88,89]. Reduced coarse particle residues improve the burning
characteristics of raw mill [65].

2.3.6. Design and Operating Parameters Affecting the Vertical Roller Mill

Performance

Studies on investigation of effects of design and operational parameters on vertical
roller mill performance are limited in the literature. In this section, these parameters

and their effects are discussed.
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Dam ring height: Dam ring is a kind of barrier surrounding the grinding table (Figure
2.36). Dam ring is used to keep the material on the grinding table. Height of the dam

ring is adjustable and control the thickness of the grinding bed on the table.

Figure 2.36 A photo of dam ring height

Relationships between dam ring height and bed height, product rate were
investigated under controlled conditions by Demir [90]. Results are presented in
Figure 2.37. Grinding bed height increases with the increasing dam ring height.
Product fineness and dam ring height are inversely proportional to each other.
Higher dam rings increase the retention time of the material on the grinding table so

this results in finer product. In parallel to this, mass flow of the product stream
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Figure 2.37 Effect of dam ring height on product size and grinding bed height [90]

Table speed: Speed of the grinding table has not a significant effect on vertical
roller mill performance. Table speed is directly related to the residence time of the
material in the grinding zone [4]. Higher table speed decreases the residence time
of the material and this effects the amount of material on the grinding table. In

operation, table speed is generally kept at optimum which minimum vibration occurs.

Working pressure: Grinding pressure is an effective parameter on product

fineness. Similar results were obtained in studies related with the effect of grinding
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pressure on vertical roller mill [72,90,91]. The effect of working pressure on product
rate is given in Figure 2.38. Increasing working pressure, improve the energy
applied to the material and more fines are offered to the classifier and leaving the
circuit faster. Table product size decreases and reject material which cannot be

transported to the classifier decreases. This result in higher production rates.
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Figure 2.38 Effect of working pressure on product rate [91]

Air flowrate: Air flowrate through the mill is crucial control parameter for material
transportation inside the mill and product fineness. A number of researches
published showing the effect of airflow rate on production rate [47, 90]. Production
rate of the circuit increases as the rate of volumetric air increases as a result of the
high drag force (Figure 2.39). This leads to reduction in reject material, because
amount of particles transported to the classifier increases with the increasing air
flowrate. It was reported that the higher air flowrates increase the product fineness.
Velocity of the coarse particles are increased by high volumetric air flowrate so

coarse particles have a chance for classification.
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Figure 2.39 Effect of air flowrate on product rate [47]
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Classifier rotor speed: Rotor speed of the classifier is the main parameter related
with the product rate and product particle size. The cut size of classification can be

controlled by adjusting the speed of the classifier rotor.
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Figure 2.40 Relationship between classifier rotor speed & (a) product rate and (b)
product size (Pso) [91]

Lower rotor speed decreases the internal circulation and this causes an
improvement in product rate (Figure 2.40a). Rotor speed of the classifier and the
product size is inversely proportional to each other. Higher classifier rotor speed
increases the amount of coarse material in the reject stream and finer product is
obtained (Figure 2.40Db).

2.3.7. Modelling Approaches of Vertical Roller Mills

Modelling of the VRM operation has recently attracted the interest of the
researchers. Different models have been developed in order to analyze and model
the vertical roller mill system that may have improved benefits on grinding
operations. A number of these models were based on theoretical and empirical
approaches. Among them, empirical models have limited capabilities in simulating
the non-tested conditions. Modelling studies that were supported by industrial scale
data is limited in the literature. Generally, laboratory and pilot scale tests were

carried out for modelling of vertical roller mills.

Musto and Dunn [4] published a paper on the effects of operational parameters to
analyze the performance of vertical roller mill. Laboratory scale test results showed
that having coarser product size distribution increases the maximum transmittable
power to material. The relationships between product fineness, mill speed, capacity

and power was also developed within this study.
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A mathematical model for a ring-ball mill was developed by Austin et al. [92]. This
model is based on mass-size balance model and includes internal and external

classification (Figure 2.41).

Primary Secondary
Grinding Classification Classification
G, g, F,f e . W F', w, c,
- - - i! F

& ; 512 Q, g,
F! Pi \

-

E{ "~ C'(1+0)

-

c

Figure 2.41 Complete circuit model with internal and external classification [92]

The model comprises several of the mathematical expressions. Base equations of
grinding and classification zones are given. The mass balance at the grinding zone
is expressed by Equation 2.1. Breakage parameters are determined from Hardgrove

test results.

i-1
F'w; = F'f;' = Ssw,W + Z b; jS;w;W 2.1)

i1

where,

F' : Flowrate at the grinding zone (kg/min)

W : Hold up in the mill (g)

wi : Weight fraction of size i hold up

w; : Weight fraction of size j hold up

fi' : Weight fraction of size i in the feed to the grinding zone

Si : Specific rate of breakage of size i (1/min)

S; : Specific rate of breakage of size j (1/min)

bij : Fraction of particles broken form the size interval j appearing in size interval i

Primary and secondary classification zones are calculated from Equation 2.2. and

Equation 2.3., respectively.
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1+C' =g—F7—— (2.2))
2iwi(1—c¢;)
14C=(1+ c‘)z wi(1 = ¢) (2.3)
i
where,
Cc’ : Circulation ratio at primary classification zone
C . Circulation ratio at secondary classification zone
C : Net circulation ratio
Wi : Weight fraction of size i hold up
Ci : Weight fraction of size i material in stream F’' which is returned to the table

The model has no scale-up procedure although it predicts the capacities and particle

size distributions for coals with different Hardgrove indices correctly.

Austin et al. [93] was developed a scale-up procedure. According to this study,

capacity of an industrial mill can be calculated by using Equation 2.4.

Q = (1.33-10*%)D?>Qy (2.4)
where,
Q . Industrial mill capacity (t/h)
D > Industrial mill diameter (m)

Qu  : Mill capacity determined by model for Hardgrove mill (t/h)

Total power of an industrial mill (mpr) is a function of industrial mill diameter (D) and
motor efficiency (nm) (Equation 2.5.).

myr = (1/1,)29.5D> (2.5))

Kersting [3] developed a mathematical model for vertical roller mill system that can

be used for simulating both steady and unsteady state conditions. In this model,
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vertical roller mill process is divided into three sub-systems, which are linked by

mass and energy flows (Figure 2.42).
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Figure 2.42. Sub - models of the vertical roller mill [3]

For the sub-model describing the conveying, the motion of material on the grinding
table, the temperature and the moisture content of each particle size class are used
as model parameters. The mass transfer coefficients and the comminution rate that
is affected by material bed depth, grinding roller force, dimensions of particles are

defined to model the grinding operation.

Jung [94] reported that specific energy consumption of a vertical roller mill was
independent from the size of the machine but only dependent on the material being
ground. Based on this principle, installed power of an industrial vertical roller mill

can be calculated from the pilot scale grinding tests (Equation 2.6.).

Pgp = Wrmg (2.6.)
where,
Ps . Installed power of industrial scale mill (kW)

Wt  : Specific power consumption of test mill (kWhf/t)
mgs  : Capacity of industrial scale mill (t/h)

39



Installed power is also a function of the material being ground, fineness of the
product, speed of grinding table etc. [95]. Drive power of an industrial mill can be

calculated by Equation 2.7.

Pg = fTFBZBVB (2-7-)
where,
fr : Material factor

Fs : Grinding force (kN/roller)
Zp : Number of grinding rollers
Vs : Grinding table speed (m/s)

Extended version of Equation 2.7. has been proposed by Jung [96]. In this version,
classifier efficiency has been introduced (Equation 2.2.). In Equation 2.8. nsn/nsa

defined as classifier efficiency new/old (%).

Py friaZsVe ™
W T

(2.8)

Sato et al. [97] constructed a mathematical model for batch ring roller mill to predict
the steady state performance of an industrial scale mill. This model is based on
model developed by Austin et al. [92]. Specific breakage rates and breakage
distribution parameters were determined by experimental data. Classification
sections in the model were defined by empirical equations. Also, scale up factors
were developed depending on design and operational parameters like capacity,
diameter and shaft speed. Then, this model was improved for unsteady-state
conditions [98]. Mass transport was correlated to mill hold-up, mass flowrate through
the mill and mill sizes to simulate the mill behavior during changes in load, feed and

operational conditions.

In another study, a simple matrix model has been used for modelling the grinding
process in a cement vertical roller mill (CKP) [5]. In this model, multiple grinding
cycles have been taken into account to obtain the final product size distribution with
real data. Grinding operation is expressed for first and second cycle grinding n

Equation 2.9. and Equation 2.10., respectively.

40



P,=B.f (2.9.)
P,=(B.S+1-S)P, (2.10.)

where f and P are the particle size distributions of the feed and the product materials,
B is a breakage distribution function, which is determined from experimental data

and S is a selection function.

As stated in this section, vertical roller mill loom large in the cement and mineral
industry. Improving the performance of these mills is possible by analyzing the mill
operation properly. Necessity of making relationships between operational
parameters and size reduction performance have been arose to keep the mill and
circuit under control. With this aim, a detailed test program was carried out. In
consideration of the indications in the literature, data obtained from the grinding tests
results were evaluated for model development. Details of this study are presented
in the next sections.
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3. EXPERIMENTAL STUDIES

Within the context of this thesis, pilot and industrial scale grinding tests were
performed to develop a mathematical model for vertical roller mill operation. Road
map of the study is summarized in Figure 3.1. In the first step, pilot scale tests were
performed under controlled conditions to define the relationships between design
and operational parameters. Different ores were used for the grinding tests to reflect
the material effect into the model. In the second step, industrial scale grinding tests
were carried out to make a comparison with the pilot scale test results and

investigate the applicability of the model developed for pilot scale tests.

Sampling Studies

/\

Pilot Scale Tests Industrial Scale Tests
/\ — clinker_-"
Loesche OGPmabile LM 3,6 — Clinker-2
/ \ ~ Platinum -1
— Platinum -2
Airswept mode Overflow mode - Copper ore
- Chalcopyrite - Chalcopyrite
- Gold — Polymetallic

Figure 3.1 Summary to test program

After sampling studies, particle size distributions and densities of the collected
samples were determined. Fresh feed samples were subjected to material
characterization tests. In this context, confined compressed bed breakage tests

were performed.

3.1.Pilot Scale Studies

As part of this study, grinding tests were carried out at different operating conditions
for different ores to evaluate the relations between design and operational
parameters and to create a first basis for a computational performance evaluation
of a vertical roller mill model. Two different pilot scale vertical roller mills were used

in this study. Certain parts of grinding tests were performed by conventional airswept
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vertical mills LM 3,6. But, these mills are a black box, it is not possible to take
accurate samples inside the mill because of the physical constraints. Process and
performance of the vertical roller mill should be analyzed in detail for realistic model.
A new pilot plant vertical roller mill concept was developed to define the process
inside the system. Tests for model development were carried out in this new vertical

roller mill concept.

3.1.1. Grinding Tests with OGPmobile
Grinding tests were performed by using an LM 4,5 installed in the mobile ore
grinding plant (OGP mobile) constructed by Loesche for ore grinding. The installation
of the OGP is illustrated in Figure 3.2.

Figure 3.2. Pictures of the OGP mobile

The OGPmobile consists of three containers. Two containers contain grinding,
classifying, product separation and transportation units. Process control system and
control room are located in the third container. Design and operational parameters
of the plant are summarized in Table 3.1.
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Table 3.1. Technical specifications of the mobile VRM plant

Throughput rate (t/h) 0.5-3
No of rollers 4
Table Diameter (mm) 450
Installed Power (kW) 420
Mill Power (kW) 37
Heater Power (kW) 300
Separator Air Flow (m3/h) 1500-5000

Loesche OGPmobile is a fully automated system. Measured parameters during
operation can be followed from the control room. Screenshot of the control system

IS given in Figure 3.3.

Figure 3.3 Loesche OGP mobile cONtrol system

Loesche OGP motile can be operated in two grinding modes characterized by location
of the classification systems as airswept and overflow mode. In the airswept mode,
the vertical roller mill and a high efficiency dynamic classifier are suited above each
other as a single unit (Figure 3.4). Material is fed to the grinding chamber and
transported by table rotation to the grinding gap between the fixed grinding rollers
and the mill table. Crushing and grinding take place by compressive grinding.
Ground material is transported over the edge of grinding table and lifted

pneumatically to the dynamic classifier. After classifying, coarse material is sent
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back to the grinding table and combined with the fresh feed. Classifier fine product

is collected as final product in a following bag filter.

In the overflow mode, there is a two-stage air classification system consisting of
static and dynamic types and separate from the mill body (Figure 3.5). This system
was developed in order to reduce specific energy consumption of the whole system
since the material transportation is carried out mechanically. Overflow mode is
important for model development because it enables to collect samples inside the
system so it is possible to evaluate the performance of each operation in the mill.
During the operation, fresh feed is fed to the static classifier initially and fine product
is directed to the dynamic classifier before being ground. The coarse streams of
static and dynamic classifiers are sent to the mill to be ground then ground particles
mixing with fresh feed is conveyed mechanically e.g., belt conveyor, bucket elevator,

to the static classifier again.
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Figure 3.4. Flowsheet of Loesche OGP mobile in air-swept mode
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Grinding tests were performed for polymetallic, chalcopyrite and gold ores which is
the epithermal gold associated in quartz vein. Polymetallic ore contains gold, silver,
copper, lead, and zinc within the minerals chalcopyrite, galena, sphalerite and

gahnite. Physical properties of the tested materials are given in Table 3.2.

Table 3.2 Specifications of the ores tested

Polymetallic ore Chalcopyrite ore  Gold ore
Bond Work Index (kWh/t) 18.7 11.2 18.1
Specific Gravity (g/cm?3) 2.8 4.1 2.8

Sampling studies were conducted during the steady-state condition of the vertical
roller mill circuit. For the airswept mode, pressure difference is the main parameter
that indicates the system is at steady state. Therefore, the variation of this parameter
together with the flow rate of the product are followed for a given operating condition
then it is decided to commence the sampling of the product stream. Followed trends

curves from control room at steady state condition are given in Figure 3.6.

A EL TR

Figure 3.6 Trend curves at steady state conditions

For the overflow mode, since the classification system is set up at the outside of the
mill body, the flow rate of mill discharge stream conveyed to the static classifier and
product stream are followed. Once the steady state condition was established, the
final product stream was sampled for the airswept mode. Simplified flowsheet and

sampling points of airswept mode are illustrated in Figure 3.7.
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2- Mill discharge
3- Filter product

Figure 3.7. Flowsheet and sampling points of Loesche OGPmotile in airswept mode

Operational parameters recorded during the tests were presented in Table 3.3 and
Table 3.4 for airswept mode.

Table 3.3 Test conditions for chalcopyrite ore (airswept mode)

Product Working Classifier O mctid Grinding  Specific En(_ergy
rate pressure srgézrd air flowrate avlcja‘ragge (\(/:Ig nMSl;rr?r?;cr)]g)
(kg/h) (kN/m?) (rom) (m3/h) (mm) (kWht)

T1 189.3 600 900 2500 5.53 28.6
T2 480.5 600 328 2500 11.25 18.1
T3 765.4 1000 305 2500 10.03 15.3
T4 682.4 800 315 2500 11.00 15.6
T5 921.3 800 219 2500 11.43 11.7

Table 3.4 Test conditions for gold ore (airswept mode)

Product  Working ~ ©2S*e" volumetric SN SPEOTE Eredy
rate pressuzre speed air floswrate average  (VRM-grinding)
(kg/h) (KN/m?) (rom) (m3/h) (mm) (kWht)

T1 315.0 700 409 2800 9.13 21.4

T2 392.6 700 320 2800 9.45 18.2

T3 4535 700 260 2800 9.33 15.8

T4 137.0 700 930 2800 5.55 32.2

T5 349.0 850 400 2800 9.03 22.0

T6 468.2 850 310 2800 8.78 17.2

T7 188.0 850 750 2800 5.80 30.1

T8 431.6 1200 400 2800 7.73 22.6

T9 540.5 1200 310 2800 8.05 19.1

T10 213.8 1200 750 2800 453 30.9

49



For the overflow mode, samples were collected from the fresh feed, mill discharge,

dynamic classifier underflow and product streams. Flowrates of mill discharge and

dynamic classifier streams were measured by determining the weights of samples

in a definite time. Flowsheet and sampling points of over flow mode is represented

in Figure 3.8.

v

:

1- Fresh feed

2- Mill discharge

3- Static sep. underflow

4- Static sep. overflow

5- Dynamic sep. underflow
6- Filter product

Figure 3.8. Flowsheet and sampling points of Loesche OGP motile in overflow mode

Recorded operational parameters for overflow mode test are given in Table 3.5 and

Table 3.6.
Table 3.5 Test conditions for polymetallic ore (overflow mode)

Tl T2 T3 T4 T5

Flowrates PI"OdL.JCt 865 1219 856 106.2 196.1
(ka/h) Mill dlsgharge 3 2220.1 2850.0 2225.8 3325.1 3734.3
Dynamic classifier underflow 210.0 1454 120.7 1105 292.7

Working pressure (kN/m?) 600 600 600 600 600

Classifier rotor speed (rpm) 320 370 230 120 120

Volumetric air flowrate (m3/h) 2400 2400 1250 1250 1250

Grinding bed average (mm) 2.00 2.00 1.70 1.60 2.60

Specific Energy Consumption 20.7 18.6 22.3 18.3 14.2

(VRM-grinding) (kWhtt)
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Table 3.6 Test conditions for chalcopyrite ore (overflow mode)

T1 T2 T3 T4 5 T6 T7
@ Product (kg/h) 1980 2041 4756 160.1 3731 3123 382.1
T Mill discharge (kg/h)  2807.9 3234.9 4584.0 2218.0 3825.6 3687.6 3500.1
2 Dynamic classifier
S | dertiow (ka/h) 4653 5243 4080 2361 460.3 5751 176.3
Working pressure 600 600 600 1000 1000 800 1000
(kN/m?)

g?;?mer rotor speed 900 800 100 900 340 360 90

Volumetric air 2500 2500 2500 1500 2500 2500 2500
flowrate (m3/h)

?nm‘;'”gbeda"erage 413 433 635 223 400 413  3.98

Specific Energy
Consumption (VRM- 19.0 18.9 10.8 30.8 16.0 15.5 13.1
grinding) (kWhtt)

The size distributions of the samples were determined by combining two different
measurement techniques. Initially, dry sieving technique was applied from top size
to 150 um, after that the measurement was completed via laser scattering method
that enabled to determine the distribution down to 0.5 um. Measured particle size
distributions around the vertical roller mill circuit for airswept and overflow mode are

presented in Section 6.1 and Appendices 1-2, respectively.

3.1.2. Grinding Tests with LM 3,6
In this part of the study, grinding tests were performed by using a pilot scale vertical

roller mill in the Loesche Test Center. LM 3,6 type mill (Figure 3.9) has 2 rollers with
the 707 kg/h nominal capacity. LM 3,6 has an automation system similarly to mobile
unit. Set data and measured data during the grinding tests are controlled

instantaneously by this system.
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Figure 3.9. Picture of the LM 3,6

LM 3,6 is a airswept mill which combines grinding and classifying in one single
machine, with the classifier installed above the grinding table. Simplified flowsheet
of the pilot plant configuration is given in Figure 3.10. Material is fed into the vertical
roller mill chamber for grinding under the rollers. After rollers, ground material is
lifted to the high efficiency dynamic classifier and fine material is separated from the
coarse material. Rejected material from the classifier is back to the grinding table

and recombined with the fresh feed.
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Figure 3.10. Flowsheet of the vertical roller mill plant configuration

Grinding tests were performed for two different platinum ores from Bushveld
Complex and copper ore. The copper mineral consists of mainly of enargite and in
minor amounts of chalcocite, chalcopyrite, tennantite, luzonite, colusite and

bismuthinite. Specifications of the materials are given in Table 3.7.

Table 3.7 Specifications of ores used in tests

Platinum-1 ore Platinum-2 ore  Copper ore
Bond Work Index (kWh/t) 23.0 21.2 12.5
Specific Gravity (g/cm?) 3.8 3.8 4.0

Averagely, 4 tonnes of material were ground for each ore. During the tests, steady
state conditions were established initially. After recording operational parameters,
representative samples were collected from the product. Table 3.8 - 3.10 presents

the operating conditions of the mill at steady state conditions.

Table 3.8 Test conditions for platinum ore-1

T1 T2 T3 T4 T5
Product rate (kg/h) 181.0 231.0 263.0 319.0 423.0
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) 5.15 6.00 6.30 6.70 6.75
Specific Energy Consumption 16.9 14.0 128 116 8.9

(VRM-grinding) (kWh/t)
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Table 3.9 Test conditions for platinum ore -2

T1 T2 T3 T4 T5

Product rate (kg/h) 305.0 319.0 329.0 187.0 414.9
Working pressure (kN/m?) 600 600 600 600 600
Classifier rotor speed (rpm) 310 294 280 384 220

Volumetric air flowrate (m3/h) 1625 1624 1625 1625 1621
Grinding bed average (mm) 6.15 565 58 365 7.20

Specific Energy Consumption

(VRM-grinding) (kWht) 11.4 108 106 150 89

Table 3.10 Test conditions for copper ore

T1 T2 T3
Product rate (kg/h) 166.0 222.0 262.0
Working pressure (kN/m?) 600 600 600
Classifier rotor speed (rpm) 450 330 270
Volumetric air flowrate (m3/h) 1748 1747 1750
Grinding bed average (mm) 590 740 8.25

Specific Energy Consumption
(VRM-grinding) (kWh/t)

185 154 140

The size distributions of the samples were determined by laser scattering method.
Measured feed and product size distributions of pilot scale grinding tests are

presented in Section 6.2.

3.2.Industrial Scale Tests

Industrial scale tests were performed using a Loesche vertical roller mill in a cement
plant to evaluate the performance of the vertical roller mill and to obtain data for
model development. In this context two sampling surveys were performed. In this
study, a new sampling method developed by Aydogan [99] was used to obtain data.
The methodology is based on collection of samples from both mill inside and around
the system in order to evaluate the overall performance and additionally the grinding
and separation mechanisms individually. Schematic view of a typical vertical roller
mill with the streams is illustrated in Figure 3.11 and Table 3.11 gives the names of
the streams. Broadly, the vertical mill operation is separated into three stages that
are; feeding, static classification (transportation of the material from the table to the

dynamic classifier) and dynamic classification.
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Figure 3.11 Schematic view of vertical roller mill and streams

Table 3.11 Name of the streams

Stream Stream name

Fresh Feed

Table Feed

Table Product

Static Class. Reject

Static Class. Fine (Dynamic Class. Feed)
Dynamic Class. Reject

Dynamic Class. Fine (Product)

~NoO o, WNBE

Prior to performing sampling campaign, operating conditions should be followed
from the control system to determine whether the system is at steady state
condition. In this context, the trends of mill, fan and elevator powers, differential
pressure of the mill and feed tonnage are followed. The sampling campaign is
commenced when the steady state condition is established. Sampling points are
illustrated in Figure 3.12. Fresh feed (1) and product (7) streams are outer streams
and could be sampled easily. Initially, final product stream is sampled while VRM is
running. Afterwards, the mill is crash stopped to collect samples from fresh feed
conveyor belt, mill discharge and mill inside. For the fresh feed, the whole material
is collected from certain length of the belt and then weighed to calculate the flow
rate by considering the belt speed. Static classification stage reject (4), was not
sampled because the buckets of the elevator were empty. This results from the
material transportation mechanisms of the mill. All material is transported by air
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because of the high air flowrate inside the mill. As a final step of survey, sampling
studies are performed inside the mill. The materials just before and after the rollers

were assumed as total table feed (2) and product (3), respectively.

T Static B Dynamic
-3

Grinding @ Classification [ @*| classification | @
®

&

@ Easyto sample
@® New sampling points

@ Calculated by mass balance

Figure 3.12 Industrial scale vertical roller mill sampling points
Design parameters of the vertical roller mill are summarized in Table 3.12.

Table 3.12 Design parameters of vertical roller mill

Table diameter (m) 4.6
Table speed (rpm) 24.21
Number of master and slave rollers 2M+2S
Max. working press [bar] (M-roller) 100
Min. working press [bar] (M-roller) 55
Maximum throughput (t/h) 4000 cm?/g (GBFS) 120
Maximum throughput (t/h) 4000 cm?/g (CEM 1) 110
Classifier diameter (mm) 4300
Classifier max. rotor speed (rpm) 150
Max. fan capacity (kW) 1750
Min. fan capacity (kW) 416

During the sampling surveys, operational parameters measured were recorded at

the control room. Control room data are given in Table 3.13.
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Table 3.13 Operating conditions of the surveys

Survey 1 Survey 2

Name of feed composition CEMI CEMI
Clinker (t/h) 113.01 116.3
Limestone (t/h) 2.65 2.72
Gypsum (t/h) 4.83 4.74
Limestone-2 (t/h) 3.38 3.46
Clinker (%-H20) 0.1 0.28
Limestone (%-H20) 4.76 4.69
Gypsum (%-H20) 2.7 4.96
Mill differential pressure (mbar) 52.07 54.45
Air flow filter outlet (m3/h) 322000 354365
Working press. M-roller (bar) 94 94
Classifier rotor speed (1/min) 108 111
Spec. power total (kwh/t) 28.74 29.85

Bond work indices were determined for two clinker samples. Calculated Bond work
indices of clinkers from survey 1 and survey 2 is 14.2 kWh/t and 13.45 kWht,
respectively. Then, all samples taken from the circuit were screened from 75 mm to
500 pum. The particle size distributions of the minus 500 um materials were
determined by laser sizing method. The particle size distributions of collected
samples are shown in Figure 3.13 and Figure 3.14 for survey 1 and 2, respectively.

—o—Clinker

—e—Limestone

Fine limestone

—e—Gypsum

—o—Master roller 1 feed

Cumulative Undersize (%)

—e—Master roller 2
product
—e—Final Froduct

Particle Size {mm)]

Figure 3.13 Particle size distributions of collected samples (Survey 1)
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Figure 3.14 Particle size distributions of collected samples (Survey 2)

3.3.Material Characterization Studies

Breakage characteristics of materials are introduced into the model structure of
comminution machines. Therefore, it has a significant importance to have a reliable
model. Many different laboratory methods are suggested in the literature for ore
characterization. For this study, piston-die bed breakage test was preferred to
simulate the material breakage under pressure.

Material characterization studies were performed by using piston-die test equipment
in the rock mechanics laboratory of Mining Engineering Department of Hacettepe
University (Figure 3.15). Hydraulic press capacity of the equipment is 2000 kN.
There is a unit deformation meter connected to computer to measure displacement
in the material bed. Technical specifications of piston-die test equipment are given
in Table 3.14.
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Figure 3.15 Piston-die test equipment

Table 3.14 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

Throughout the studies the narrow size fractions were prepared for all fresh feed
samples collected from pilot and industrial tests. Prepared samples were subjected
to compression breakage under 3 different force levels. Piston-die test conditions
for pilot and industrial test samples are given in Table 3.15 and Table 3.16,

respectively.

Table 3.15 Piston-die test conditions for pilot scale test samples

Force (kN)
Size Fraction (mm) 100 500 1200
-9.5+8.0 v v v
-5.6+4.75 v v v
-2.8+2.0 v v v

Table 3.16 Piston-die test conditions for industrial scale test samples

Force (kN)
Size Fraction (mm) 100 500 1200
-9.5+8.0 v v v
-6.7+5.6 v v v
-2.36+1.7 v v v

During the piston die tests, the applied force and the displacement of material bed
were recorded. Figure 3.16 shows the schematic view of the test. The particle bed
is compressed from the bed height of hl to h2. The work done which is a function

of the displacement is expressed with Equation 3.1.
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Figure 3.16 Representation of the particle bed compression

h
W= fhlzf(h) dh (3.1
Where,
dh . Differential displacement,

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

Then, work done during compressed bed breakage test was calculated by drawing
force-displacement curve initially. The area under the curve was calculated and
noted as the energy of the breakage test. Typical force-displacement force graph is
given in Figure 3.17.
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Figure 3.17 Typical force-displacement curve

60



After calculating the specific comminution energy (Ecs) for each test, particle size
distributions of broken products were determined by sieve analysis. From the
particle size distributions of the samples t4, ti0 and t2s values were determined. tio
parameter is the fineness index that is defined as the percent passing of one tenth
of the original mean patrticle size and ts, tzs is the percent passing 1/4, 1/25 of the

original mean particle size.

Ecs-tn (n=4,10 and 25) data were fitted to size dependent breakage model (Equation
3.2.) developed by Eksi, et.al. [100]. Figure 3.18 - Figure 3.25 shows the tn values
as a function of specific comminution energy level (Ecs) and particle size. The
markers represent the experimental results where the solid line represents the fitted

data.

t, = Ax*(1—e bEcsX) (3.2.)
Aand b : Model parameters

X : Particle size (mm)

n :4,10 and 25
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Figure 3.18 Ecs*X-tn relationships of the chalcopyrite ore
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Figure 3.20 Ecs*X-tn relationships of the gold ore
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Figure 3.25 Ecs*X-tn relationships of the clinker-2

Back calculated breakage model parameters of the samples are given in Table 3.17.

Table 3.17 Calculated breakage model parameters

A b
ta 27.20 0.79
Polymetallic ore tio 43.06 1.26
t2s 62.68 2.04
ta 16.35 0.22
Chalcopyrite ore tio 24.49 0.30
tos 41.49 0.32
ta 22.86 0.36
Gold ore t1o 32.67 0.61
tos 46.63 0.74
ta 29.76 0.10
Platinum ore-1 t1o 40.39 0.17
t2s 55.06 0.24
ta 33.97 0.06
Platinum ore-2 t10 37.11 0.14
tos 52.65 0.19
ta 15.02 0.10
Copper ore t1o 23.57 0.16
t2s 43.29 0.15
ta 47.98 0.15
Clinker-1 t10 54.92 0.29
tos 62.13 0.40
ta 48.74 0.14
Clinker-2 tio 54.78 0.26
t2s 61.07 0.38
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Particle size distributions for 2 kWh/t of each particle size fractions were estimated
by using back calculated breakage model parameters. Then, breakage distribution
functions of different size fractions are calculated and size dependent breakage

matrix are created for each sample to use in the vertical roller mill modelling studies.

In addition to breakage distribution function, a material index should be defined to
represent the effects arisen from the material properties to the model. In this context,
disappearing rate concept was investigated developed by Dundar [101]. In this
concept, the disappearance rate (Woroken/Winitia) Of the fractions which is the ratio of
mass fraction of that size fraction after breakage to before breakage. Then, Ecs -
disappearing rate relationship is fitted to equation below (Equation 3.3).

Multiplication of “c” and “d” model parameters are defined as material softness.

Wbroken

Winitial = ¢ * (1 —exp(—d * Ecs)) (3.3)
In this study, disappearing rate was correlated with specific comminution energy
(Ecs) and particle size (X) (Equation 3.4.). Variations of disappearing rate with
energy and particle size are presented in Figure 3.25 - Figure 3.33 for tested ores.
Markers represents the experimental data and line represents the calculated data.

Wbroken

W =C*(1—exp(—d*Ecs*X)) (3.4)
initial
1
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Figure 3.26 Ecs*X-disappearing rate relationships of the polymetallic ore
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Multiplication of “C” and “d” parameters is defined as material index. Material indices
are given in Table 3.18 with calculated model parameters.

Table 3.18 Calculated disappearing rate model parameters

C d Material Index (C*d)
Polymetallic ore 0.87 2.50 2.17
Chalcopyrite ore 0.74 0.40 0.30
Gold ore 0.88 3.26 2.88
Platinum ore-1 0.83 5.84 4.84
Platinum ore-2 0.89 0.97 0.86
Copper ore 0.85 0.75 0.64
Clinker-1 0.78 0.64 0.50
Clinker-2 0.76 0.71 0.53
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4. MASS BALANCE STUDIES

Mass balancing is required to estimate the flowrates and the particle size
distributions of unknown streams. Thus, performance evaluation of a circuit or an
equipment is possible. During the sampling studies, some errors arise from the
dynamic nature of the system, physical conditions, measurement and human. Mass
balancing involves statistical adjustment of raw data to obtain best fit estimates of
flowrates and patrticle size distributions. During the mass balance calculations, error
for each stream is defined with the standard deviation values. Solution of the mass
balance problem is obtained at the point of minimum sum of squared of errors
(Equation 4.1).

AR Xl-y—xl-y2 - A; — a;p\*
SSQ:ZZ(T) +Z( . ) (4.1)

SSQ : Sum of squares

N : Number of measurements

L : Number of streams

X : Measured value (size, grade, etc.)

X . Corrected value

A : Measured stream value

a : Corrected stream value

Oijj : Standard deviation of measured values

Oi : Standard deviation of measured stream values

In this part of the study, by using the particle size distributions and the control room
data, mass balancing studies were performed for grinding tests in overflow mode of

mobile unit and industrial scale tests.

4.1.Pilot Scale Mass Balancing

Mass balance studies were performed for overflow mode of mobile unit. Sampling
studies were carried out and obtained data were used to evaluate the performance
of grinding and classification sections individually. Calculated flowrates and particle
size distributions of polymetallic and chalcopyrite ore grinding tests are given in
Figure 4.1 - Figure 4.24.
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Figure 4.1 Mass balanced flowrates around the circuit for polymetallic ore-Test 1

100

Cumulative US (%)

Particle Size (mm)

e FreshFeed |
~o—Mill feed
o~ Mill product
V Sep. Feed
—e—V Sep. Reject
—a—Dyn. Sep. Feed

—e—Dyn. Sep. Reject

—e—Final Product

Figure 4.2 Mass balanced particle size distributions around the circuit for

polymetallic ore-Test 1
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Figure 4.3 Mass balanced flowrates around the circuit for polymetallic ore-Test 2
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Figure 4.4 Mass balanced particle size distributions around the circuit for

polymetallic ore-Test 2

71



Tonnage (kg/h)

T3

le

A
3325.9 l

l 85.56

‘ 3411.46 8556

3205.50

A

\ 4

\4

3325.9

Figure 4.5 Mass balanced flowrates around the circuit for polymetallic ore-Test 3
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Figure 4.6 Mass balanced particle size distributions around the circuit for

polymetallic ore-Test 3
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Figure 4.7 Mass balanced flowrates around the circuit for polymetallic ore-Test 4
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Figure 4.8 Mass balanced particle size distributions around the circuit for

polymetallic ore-Test 4
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Figure 4.9 Mass balanced flowrates around the circuit for polymetallic ore-Test 5
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Figure 4.10 Mass balanced particle size distributions around the circuit for

polymetallic ore-Test 5
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Figure 4.11 Mass balanced flowrates around the circuit for chalcopyrite ore-
Test 1
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Figure 4.12 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 1
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Figure 4.13 Mass balanced flowrates around the circuit for chalcopyrite ore-
Test 2
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Figure 4.14 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 2
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Figure 4.15 Mass balanced flowrates around the circuit for chalcopyrite ore-Test 3
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Figure 4.16 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 3
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Figure 4.17 Mass balanced flowrates around the circuit for chalcopyrite ore-Test 4
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Figure 4.18 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 4
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Figure 4.19 Mass balanced flowrates around the circuit for chalcopyrite ore-Test 5
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Figure 4.20 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 5
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Figure 4.21 Mass balanced flowrates around the circuit for chalcopyrite ore-Test 6
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Figure 4.22 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 6
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Figure 4.23 Mass balanced flowrates around the circuit for chalcopyrite ore-Test 7

Cumulative US (%)

—o—Fresh Feed

—o—Mill feed

| —s—Mill product
V Sep. Feed

|~e—V sep. Reject

|—#—Dyn. Sep. Feed

| ~#—Dyn. Sep. Reject

| —#—Final Product

Particle Size (mm)

Figure 4.24 Mass balanced particle size distributions around the circuit for

chalcopyrite ore-Test 7

The success of the mass balance studies was checked out by plotting the
experimental and mass balanced particle size distributions (Figure 4.25). The
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agreement between the measured and mass balanced data in a good fit and data

could be used in modelling studies.
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Figure 4.25 Comparison of measured and calculated data for polymetallic and

chalcopyrite ore
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Figure 4.25 (continued)

4.2.Industrial Scale Mass Balancing

Mass balance studies were performed for industrial scale vertical roller mill circuit.
Data obtained from two surveys was used to calculate the particle size distributions
and flowrates of each stream. Statistical adjustment of the raw data was made by
reconciliation procedure presented for vertical roller mills [99]. Lagrange multiplier
method are used in this procedure. According to Lagrange multiplier method,
general form of the function is given in Equation 4.3, when problem is defined as in
Equation 4.2.

min f(X)
X
subject to

NX)=0

(4.2))

LOO = FOO + ) ACOLM) = FOO + ) LX) (4.3)

where,

L :Lagrangian (new function)
Q :Constaint function

A :‘Lagrange multiplier

f :Criterion function
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After reconciliation procedure, flowrates around the vertical roller mill system and

particle size distributions for survey 1 and survey 2 were calculated. Balanced data

are presented in Figure 4.26 - Figure 4.29.
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Figure 4.26 Mass balanced flowrates around the circuit for Survey 1
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Figure 4.27 Mass balanced particle size distributions around the circuit for Survey

1
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Figure 4.28 Mass balanced flowrates around the circuit for Survey 2
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Figure 4.29 Mass balanced particle size distributions around the circuit for

Survey 2

Accuracy of the results was assessed by plotting the experimental and mass

balanced cumulative passing percentages on a graph (Figure 4.30). Experimental

and calculated data set are good in agreement. This situation corresponds to an

accurate sampling.
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5. MODELLING STUDIES

Various theoretical and empirical approaches were developed to analyze and model
the vertical roller mill systems. Most part of these studies were based on the effect
of the relationships between operational parameters. Mostly, developed models is
not supported by industrial scale data and not reliable for simulation of non-tested
conditions. On the basis of this gap, it was aimed to developed a model for vertical
roller mills supported with controlled data set. At the data collection stage, mobile
unit enabled to evaluate each operation in the system, individually. For the industrial
scale tests, grinding and separation operations were analyzed by sampling method
developed by Aydogan [99]. By means of this opportunities, vertical roller mill
system was divided into two sections as grinding and classification like models
developed by Austin et al. [92] and Kersting [3]. In this section, model development
studies were presented for grinding and separation operations. Full circuit model fit

results are summarized in Appendix 2.

5.1.Modelling of Grinding Section

In this section, grinding operation was investigated to predict the flowrate and the
particle size distribution of the grinding table product. With this aim, the population
balance model was applied to vertical roller mill grinding operation. The population
balance model which is referred as a simple mass balance for the size reduction
was considered as a starting point. The population balance model was developed
by Epstein [102]. In this model, size reduction process was described by two
mechanisms: breakage rate and breakage distribution. Breakage mechanism of the

model is presented in Figure 5.1.

Figure 5.1 Breakage mechanism in population balance model [103]

87



A mass balance for size fraction of i in product can be calculated as follows;

e particles coarser than i size are broken into i size fraction,
e particles in i size fraction are broken into smaller sizes,
o feedin sizei.

The mass balance equation can be written as follows;

l

pi =fi + z ajTjSj — IjS; (5.1))
j=1
where,
pi  :Product size i
fi : Feed size i
aij : Size dependent breakage function (appearance of size i material produced
by breakage of size j material)
rj : Breakage rate of size |
Si  : Amount of size j material within the mill
ri : Breakage rate of size i
si  : Amount of size i material within the mill

As a second step of the modelling of grinding operation in the vertical roller mill,
breakage rate was defined by function developed by Austin et al. [92]. Breakage

rate formula is given in Equation 5.2.

r = ax? (5.2.)

r : Breakage rate
aand 6 : Model parameters
X : Particle size

During the modelling studies, mill product size distributions were estimated by back
calculating the model parameters “a” and “8”. For this estimation; mill throughput,
feed and product size distributions of grinding table which are defined as mill feed
and mill product, size dependent breakage distribution functions (a) determined from

bed breakage tests under pressure were used. Amount of material inside the mill
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(s) was represented as material under the grinding rollers. Particle size distributions
of the material under the rollers were assumed as similar as mill feed. For this
purpose, initially the volume under the rollers between 1° and 10° by using grinding
bed height and roller dimensions was calculated geometrically. Bulk densities under
the roller are assumed as 75% percent of the solid densities because the material
gets compressed under the roller and densities reaches up to 75-80 % of the solid

densities.

Estimated product size distributions of each test for chalcopyrite and polymetallic
ore are given in Figure 5.2. and Figure 5.3., respectively. Calculated product size
distributions are in quite good agreement with the measured size distributions. It

was decided that calculated parameters is reliable for model development studies.
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Figure 5.2 Measured and estimated product size distributions for chalcopyrite ore
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Figure 5.3 Measured and estimated product size distributions for polymetallic ore
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After estimation of the product size distributions, back calculated model parameters

were investigated. Calculated model parameters for chalcopyrite and polymetallic

ore are given in Table 5.1.

Table 5.1 Calculated model parameters

a 0
T1 11527.15 0.239
T2 11680.09 0.138
T3 11597.84 0.094
Chalcopyrite ore T4 19401.23 0.136
T5 19410.46 0.179
T6 15073.74 0.145
T7 19410.46 0.120
T1 7591.42 0.010
T2 7685.01 0.098
Polymetallic ore T3 7695.37 0.019
T4 7781.90 0.072
T5 7723.08 0.062
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It is observed that “a” parameters are similar for each polymetallic ore grinding tests.
Common characteristic of these tests is having similar specific grinding force, which
is a function of the applied pressure and roller dimensions. On the basis of this,
relationship between specific grinding force and “a” parameter was investigated for
these two tested ores (Figure 5.4.). Specific grinding force has an influence on
breakage rate. Breakage rate increases with the increasing specific grinding force.
“a” parameter has thesame effect on breakage rate as specific grinding force. There

is a directly proportional relationship between “a” parameter and specific grinding

force.
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Figure 5.4 Relationship between specific grinding force and “a” parameter

Variation of the calculate “a” parameter at the same specific grinding force was
investigated, individually. Average of “a” parameter at the same specific grinding
force is take into consideration for further calculations because difference in data is
acceptable. The data presented in Figure 5.5 were for the polymetallic and

chalcopyrite ore.
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Figure 5.5 Variation of “a” parameter

On the other hand, different “a” parameters were calculated for different materials
at the same specific grinding force. This difference results from the material
characteristics. A material constant should be defined into the rate model to reflect
the material effect on “a” parameter. This constant was determined by evaluating
the bed breakage test results. Multiplication of C and d parameters obtained from
Ecs*X- disappearing rate relationship was defined as material index which was
explained in Section 3.3 in detail. Specific grinding force was normalized with the
material index and it was able to calculate “a” parameter for various specific grinding

force and material. Normalized data are presented in Figure 5.6.
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Figure 5.6 Relationship between normalized specific grinding force and “a”

parameter

In the second part of the modelling of grinding operation, “0” parameters were
investigated. “0” parameter defines the slope of breakage rate in the model
(Equation 5.2.).

In vertical roller mill modelling, particle size distribution of the material bed is
represented by “6” parameter similarly to HPGR model developed by Dundar et al.
[104]. Specific surface area was used to define the size distributions of the material
bed. Specific surface area was calculated theoretically and correlated with “6”
parameter. Relationship between specific surface area of material bed under the
rollers and “0” parameter for chalcopyrite and polymetallic ores are presented in

Figure 5.7.
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Figure 5.7 Relationship between theoretical specific surface area and “0”

parameter for chalcopyrite and polymetallic ore

Size distribution of the material bed affects the grinding efficiency because applied
load under pressure during breakage operation is transferred to the material through
the surrounding particles. Finer table feed affects the bed stabilization and improve
the breakage. This effect can be observed with “8” parameter. Decrease in the table

feed size increases the “0” parameter.

5.1.1. Application Of Grinding Model To Industrial Scale Data

Model development studies were carried out by the data obtained from the pilot
scale tests. In this section, applicability of the developed model of grinding operation
to industrial scale data were investigated. Within this context, model parameters “0”
was calculated using defined equation given in Section 5.1. “a” parameter was back
calculated by using table feed and table product size distributions and flowrates.
Specific grinding force is 816 kN/m? for two test. Estimated product size distributions
of clinkers are given in Figure 5.8. The results showed that the presented modelling
concept was applicable for the modelling of grinding operation in industrial scale

vertical roller mills.
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Figure 5.8 Measured and estimated product size distributions for clinkers
Calculated model parameters for two clinker samples are given in Table 5.2.

Table 5.2 Calculated model parameters for industrial scale data

a 0
Clinker-1 31141.28 0.238
Clinker-2  26320.83 0.286

It is observed that there is a big difference between calculated “a” parameters for
pilot and industrial scale tests (Figure 5.9). Implementation of the industrial scale
test data into the developed approach is a preliminary work, it is necessary to
develop a scale up procedure by more industrial scale data as a future work.
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Figure 5.9 Integration of the industrial scale “a” parameter to the pilot scale model
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5.2.Modelling of Separation Section

In this part of the study, modelling studies were performed for dynamic air classifier.
It was aimed to calculate the flowrates and the particle size distributions around the
high efficiency dynamic air classifier. Within this context, modelling approaches
were investigated and efficiency curve approach was applied to develop a model
structure for high efficiency air classifier. Among the efficiency curve approaches
[105-110], Whiten’s approach [103] was preferred because of its success of fit with
high accuracy at finer sizes. The mathematical expression of Whiten's approach is

given in Equation 5.4.

_ o [A+BEX)(" ~ 1)

E,q cTF X § (e = 2) (5.4.)
where,
Eoa : The actual efficiency to overflow
C : Fraction subjected to real classification; (100-bypass)
B . Parameter that controls the initial rise of the curve in fine sizes (fish-hook)
B* : Parameter that preserves the definition of dsoc; d = dsoc when E= (1/2)C
a : Sharpness of separation
X - d/dsoc
d : Size

dsoc  : Corrected cut size

High efficiency dynamic air classifier data obtained from grinding tests were fitted to
Whiten’s approach and model parameters were back calculated for chalcopyrite and
polymetallic ore grinding tests. Particle size distributions around the classifier
obtained by model fitting study and mass balancing were compared to determine
the success of model fit of the model. Experimental and calculated particle size
distributions are given in Figure 5.10 and Figure 5.11 for chalcopyrite and

polymetallic ore, repectively.
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Figure 5.10 Measured and estimated product size distributions for chalcopyrite ore
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Figure 5.11 Measured and estimated product size distributions for polymetallic ore

After comparison of measured and calculated size distributions, it was decided to
use the data for modelling of dynamic air classifier. Calculated parameters for
chalcopyrite and polymetallic ore are summarized in Table 5.3.
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Table 5.3 Model parameters of dynamic air classifier

100-C *
(Bypass) a dsoc B ‘3
T1 11.65 20 0.055 0.10 1.086
T2 12.70 20 0.039 0.10 1.086
T3 15.90 20 0.130 0.10 1.086
Chalcopyrite ore T4 13.30 20 0.035 0.10 1.086
T5 15.00 20 0.069 0.10 1.086
T6 15.80 20 0.058 0.10 1.086
T7 11.30 20 0.160 0.10 1.086
T1 2.68 1.4 0.079 0.07 1.000
T2 4.76 1.4 0.078 0.07 1.000
Polymetallic ore T3 3.68 1.4 0.069 0.07 1.000
T4 7.13 1.4 0.092 0.07 1.000
T5 11.96 1.4 0.092 0.07 1.000

At the first stage, relationships between fitted efficiency curve model parameters
and operational parameters were investigated. Initially, bypass (100-C) which is
defines as fine materials in the circulating stream was tried to correlate with
operational parameters. It was reported that the bypass fraction is mainly influenced
by the dust load of the separator feed [87,93,110]. Based on this, variation of bypass
fraction with separator feed tonnage is investigated (Figure 5.12). An increase in the
amount of material fed to the classifier results in high bypass fraction.
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Figure 5.12 Relationship between separator feed amount and bypass fraction

Dust load of the separator feed was correlated with bypass to integrate the air
flowrate which is an effective parameter on separator performance. Correlations
between dust loading of the separator and bypass fraction is given in Figure 5.13.
Dust load and bypass of the separator are directly proportional to each other.
Bypass fraction of chalcopyrite and polymetallic ore is different for the same dust

load of the separator feed. It is thought that this results from the differences of the
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material densities. Chalcopyrite ore which has the highest density (4.1 g/cm?®) has
the highest bypass value. For this reason, density of the material was correlated
with bypass- dust load relationship. The ratio of equation coefficients is equal to ratio
of densities of the materials where 4.1 g/cm?3 for chalcopyrite ore and 2.8 g/cm? for
polymetallic ore. Derived equation is given in Equation 5.5. This equation allows to
calculate bypass fraction of each material.
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Figure 5.13 Relationship between dust load of the separator and bypass fraction

Bypass = 7.8398 x In(DL * p) + 11.809 (5.5)
Where,
P : Density of the material (g/cm3)
DL : Dust load of the separator feed (kg/m?3)

After defining bypass fraction, corrected cut size (dsoc) parameter was investigated.
Rotor speed and air speed are effective parameters on the cut size of the separator
[111]. Effect of separator rotor speed on corrected cut size is given in Figure 5.14.
Rotor speed was converted from rpm to m/s for taking into consideration of
separator rotor diameter. There is decreasing trend between rotor speed and dsoc
as reported in literature [87,91,111]. Increase in rotor speed increases the

centrifugal force and possibility of particle reporting to the coarse product.
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Figure 5.14 Relationship between separator rotor speed and dsoc

An improved correlation was obtained when the ratio of air speed and rotor speed
was correlated with corrected cut size. Air speed was calculated by dividing air
flowrate by the separator rotor area. This relationship is illustrated in Figure 5.15.
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Figure 5.15 Relationship between dust load of the separator and bypass fraction

Air speed-rotor speed ratio and dsoc is directly proportional to each other. Also,
density effect can be seen from the Figure 5.15. Density effect on cut size was also
confirmed by literature studies [112,113]. Cut size of the separator is low for the

denser feed. Derived equation for dsoc is given in Equation 5.6.

Air speed 0.1324
) + (5.6

dsoc = 0.1682 (
>0¢ i Rotor speed p

It was assumed that, “a” and “B” parameters were constant for different operational
conditions. These parameters were correlated only density of the material.

According to this assumption, developed formulas are given in Equation 5.7. and
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Equation 5.8. “B*” parameter is correction factor of the equation and iteratively
calculated in the model.

a=05%p (5.7.)

B =0.025%p (5.8.)
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6. SIMULATION STUDIES

Within the concept of the study, simulation studies were performed for airswept
vertical roller mill system by using model equations presented in modelling studies
section 5. Simulation studies were aimed to validate the developed modelling
approaches. With this aim, data obtained from pilot scale airswept vertical roller mill
tests were used. Airswept mill is a compact unit consisting of grinding part and
dynamic air separator. Also, a kind of static classification occurs in this system which
was explained in Section 3.2. After grinding under the rollers, ground material is
transported to the dynamic air classifier. But, coarser material was recycled to the
mill by air. This operation is defined as a static separation in the simulation studies.
This closed design was converted into a circuit for simulation. Simplified flowsheet
of the airswept system used in simulation studies is illustrated in Figure 6.1. In this
study, model parameters for static separation section were defined and flowrates,
particle size distributions around the vertical roller mill circuit were estimated for
chalcopyrite, gold, copper and platinum ores (platinum ore-1, platinum ore-2).
Experimental and calculated product size distributions were compared to test the

precision of the model estimations.

1
2 3 . . 5 . . 7
N ®—| Grinding Section - Static Separatmn @ | Dynamic Sn_aparatlnn ——
Section Section
1-Fresh feed
2-Table feed

3-Table product

4-Static separation coarse
5-Dynamic classifier feed
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7- Final product

Figure 6.1 Flowsheet of airswept vertical roller mill system

103



6.1.Simulations for Loesche OGP mobile

In this part of the study, simulations were carried out for chalcopyrite and gold ore

grinding tests in airswept mode. In airswept mode, feed and product streams could

be sampled. Calculated model parameters for grinding and separation sections are

given in Table 6.1 and Table 6.2. for chalcopyrite ore.

Table 6.1 Grinding model parameters used for simulation for chalcopyrite ore

Grinding Section

a (]
T1 12245 0.135
T2 12245 0.144

T3 17737 0.152
T4 15074 0.136
T5 15074 0.066

Table 6.2 Separation model parameters used for simulation for chalcopyrite ore

Static Separation Section

Dynamic Separation Section

C a dsoc B B* C a dsoc B B*
T1 90.2 40 0.060 0.0 1.0 87.9 20 0.045 0.10 1.09
T2 790 40 009 0.0 1.0 79.1 2.0 0.066 0.10 1.09
T3 73.1 4.0 0.130 0.0 1.0 69.2 20 0.044 0.10 1.09
T4 795 40 0.110 0.0 1.0 73.9 2.0 0.067 0.10 1.09
T5 66.0 4.0 0.140 0.0 1.0 64.5 20 0.082 0.10 1.09

As a result of this simulation study, flowrates and patrticle size distributions around

the vertical roller mill circuit were estimated. Experimental product size distribution

of the final product was compared to the calculated distribution by simulation.

Calculated flowrates around the circuit are given in Table 6.3. and particle size

distributions are presented in Figure 6.2.

Table 6.3 Calculated flowrates (in kg/h) by simulation for chalcopyrite ore

Flowrates (kg/h)

Fresh Table Table  Static Class. Dynamic Final

Feed Feed Product Coarse Classifier UF  Product
T1 189.0 650.4 650.4 381.0 80.5 189.0
T2 480.5 1987.1 1987.1 1210.7 295.9 480.5
T3 765.4 3900.6 3900.6 2294.0 841.3 765.4
T4 682.4 3869.1 3869.1 2593.4 593.3 682.4
T5 921.3 12754.3  12754.3 10517.5 1315.5 921.3
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Accuracy of the model on product size estimations are quite high except Test 1.
Size distribution of the simulated product is finer than the experimental data.
Estimation results of Test 1 is still reasonable despite this deviation.
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Figure 6.2 Calculated particle size distributions by simulation for chalcopyrite ore

Same procedure was applied to gold ore and model parameters were calculated
(Table 6.4 and Table 6.5) for grinding and separation sections.
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Table 6.4 Grinding model parameters used for simulation for gold ore

Grinding section

a ?]
T1 7662.8 0.204
T2 7662.8 0.194
T3 7662.8 0.215
T4 7662.8 0.200
T5 7783.3 0.171
T6 7783.3 0.159
T7 7783.3 0.206
T8 8071.9 0.175
T9 8071.9 0.191

T10 8071.9 0.191

Table 6.5 Separation model parameters used for simulation for gold ore

Static Separation section Dynamic Separation section
C a dsoc B B* C a dsoc B B*

T1 684 4.0 0.179 0.00 1.00|83.7 1.4 0.077 0.07 1.093
T2 508 4.0 0.260 0.00 1.00|71.4 1.4 0.085 0.07 1.093
T3 541 4.0 0.249 0.00 1.00|741 1.4 0.094 0.07 1.093
T4 75.0 4.0 0.148 0.00 1.00|94.2 1.4 0.060 0.07 1.093
5 605 4.0 0.201 0.00 1.00|79.5 1.4 0.077 0.07 1.093
T6 545 4.0 0.246 0.00 1.00|70.2 1.4 0.086 0.07 1.093
T7 67.2 40 0.171 0.00 1.00|86.6 1.4 0.063 0.07 1.093
T8 55.0 4.0 0.260 0.00 1.00|73.3 1.4 0.077 0.07 1.093
T9 554 14 0.241 0.00 1.00|715 1.4 0.086 0.07 1.093
T10 67.5 4.0 0.194 0.00 1.00|86.5 1.4 0.063 0.07 1.093

Flowrates and particle size distributions around the circuit are estimated by

simulation studies. Estimated flowrates and size distributions are presented in Table
6.6 and Figure 6.3.

Table 6.6 Calculated flowrates (in kg/h) by simulation for gold ore
Flowrates (kg/h)

Fresh Table Table Static Class. Dynamic Final

Feed Feed Product Coarse Classifier UF Product
T1 315.0 1771.4 1771.4 1102.3 354.1 315.0
T2 392.6 8544.5 8544.5 7371.2 780.7 392.6
T3 4535 6069.9 6069.9 4699.5 916.9 453.5
T4 137.0 467.4 467.4 224.7 105.7 137.0
T5 349.0 3020.5 3020.5 2118.7 552.9 349.0
T6 468.2 9892.3 9892.3 7995.8 1428.3 468.2
T7 188.0 1231.0 1231.0 773.2 269.8 188.0
T8 431.6 6650.9 6650.9 4984.7 1234.7 431.6
T9 540.5 8411.5 8411.5 6472.5 1398.6 540.5
T10 213.8 1244.4 1244.4 734.5 296.1 213.8
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Product size distributions obtained mass balancing and simulation were compared
to evaluate the estimation performance of the developed model. Estimated and
product size distributions are in good agreement. Some part of the predictions is
finer than actual distribution under 500 micron. It is thought that this difference
results from the breakage distribution function determined by piston-die tests. For
further studies, breakage distribution function can be calculated by combination of
two different test method because shear forces are effective besides compression
forces. On the other hand, size distributions of mill feed and product are acceptable

because reduction ratio of the grinding part is low as expected.
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Figure 6.3 Calculated particle size distributions by simulation for gold ore
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Figure 6.3. (continued)

6.2.Simulations for LM 3,6
In this part of the study, simulations were carried out for two different platinum ores

and copper ore by LM 3,6 which is a conventional airswept vertical roller mill. The

main objective of this simulation is to test the precision of the model for different

sized vertical roller mills. Calculated model parameters for grinding and separation

sections are given in Table 6.7 - Table 6.12.

Table 6.7 Grinding model parameters used for simulation for platinum ore-1

Grinding section

a 6
T1 7394.4 0.114
T2 7394.4 0.110
T3 7394.4 0.095
T4 7394.4 0.107
T5 7394.4 0.126
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Table 6.8 Separation model parameters used for simulation for platinum ore-1

Static Separation section

C a B B*

dsoc

Dynamic Separation section

C a B B*

dsoc

T1
T2
T3
T4
15

75.0 4.0 0.0 1.0
66.8 4.0 0.0 1.0
65.3 4.0 0.0 1.0
63.2 4.0 0.0 1.0
65.2 4.0 0.0 1.0

0.137
0.170
0.185
0.190
0.181

0.065
0.070
0.073
0.079
0.089

83.2 1.9 0.095 1.095
76.9 1.9 0.095 1.095
72.8 1.9 0.095 1.095
715 1.9 0.095 1.095
73.7 1.9 0.095 1.095

Table 6.9 Grinding model parameters used for simulation for platinum ore-2

Grinding section

a 6
T1 7394.4 0.114
T2 7394.4 0.110
T3 7394.4 0.095
T4 7394.4 0.107
T5 7394.4 0.126

Table 6.10 Separation model parameters used for simulation for platinum ore-2

Static Separation section

C a B B*

dsoc

Dynamic Separation section

C a B B*

dsoc

T1
T2
T3
T4
T5

60.2 4.0 0.0 1.0
58.0 4.0 0.0 1.0
59.9 4.0 0.0 1.0
70.9 4.0 0.0 1.0
60.1 4.0 0.0 1.0

0.180
0.230
0.205
0.159
0.214

71.7 1.9 0.095 1.095
64.8 1.9 0.095 1.095
67.1 1.9 0.095 1.095
77.7 1.9 0.095 1.095
65.5 1.9 0.095 1.095

0.074
0.077
0.079
0.067
0.091

Table 6.11 Grinding model parameters used for simulation for copper ore

Grinding section

a 6
T1 9435.2 0.0983
T2 9435.2 0.0857
T3 9435.2 0.0925

Table 6.12 Separation model parameters used for simulation for copper ore

Static Separation section
C a dsc B B*

Dynamic Separation section
C a dscc pB B*

T1 76.1 4.0 0.119 0.0 1.0
T2 714 4.0 0.138 0.0 1.0
T3 68.1 40 0.152 0.0 1.0

754 2.0 0.062 0.1 1.095
70.8 2.0 0.0/73 0.1 1.095
67.1 2.0 0.082 0.1 1.095
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After simulation studies, flowrates of the streams defined in the vertical roller mill
system were calculated. Simulated flowrates are given in Table 6.13 - Table 6.15

for tested ores.

Table 6.13 Calculated flowrates (in kg/h) by simulation for platinum-1 ore

Flowrates (kg/h)

Fresh Table Table Static Class. Dynamic Final

Feed Feed Product Coarse Classifier UF Product
T1 181.0 881.4 881.4 542.5 157.9 181.0
T2 231.0 1968.7 1968.7 1422.0 315.7 231.0
T3 263.0 3335.7 3335.7 2593.8 478.9 263.0
T4 319.0 3922.8 3922.8 3063.6 540.2 319.0
T5 423.0 2949.5 2949.5 1987.9 538.6 423.0

Table 6.14 Calculated flowrates (in kg/h) by simulation for platinum-2 ore

Flowrates (kg/h)

Fresh Table Table Static Class. Dynamic Final

Feed Feed Product Coarse Classifier UF Product
T1 305.0 3503.7 3503.7 2692.6 506.1 305.0
T2 319.0 8449.1 8449.1 7396.9 733.2 319.0
T3 329.0 6318.9 6318.9 5205.4 784.6 329.0
T4 187.0 1638.4 1638.4 1175.0 276.4 187.0
T5 414.9 7703.3 7703.3 6404.3 884.1 414.9

Table 6.15 Calculated flowrates (in kg/h) by simulation for copper ore

Flowrates (kg/h)

Fresh Table Table Static Class. Dynamic Final

Feed Feed Product Coarse Classifier UF Product
T1 166.0 2222.9 2222.9 1763.1 293.8 166.0
T2 222.0 4017.3 4017.3 3334.9 460.4 222.0
T3 262.0 6473.3 5572.3 6473.3 639.0 262.0

Estimated particle size distributions are presented in Figure 6.4 - Figure 6.6. It was
observed that there is an acceptable small difference between experimental data
and its simulated precision when all simulation results were evaluated. Model
estimations of product size distributions are finer than measured. It can be

concluded that developed modelling approaches is valid for LM 3,6 pilot scale mill.

110



100
90
T1
BO
= 70 -
5 5
B0
] g
= 50 =
= =
2 = —— Fresh Feed
E E —— Millfeed
G 30 § a e Ml Product
—Static Class. Coarse e Sttic Class. Coarse
20 = Dyn. Class.Feed Dyn. Clas.Feed
———Dyn. Class. Coarse X
10 Findl Product Dyn. Class. Coarse
- - = Final Product
) #_ Final Product (Sim.) 3 Final Product {Sim )
0.001 001 01 1 10 100 0.001 001 01 1 i1 TO0
Particle Size (mm) Particle Size (mm)
100 100
o0 90
T3 T4
BO 80
= 70 3 T
5 5
50 60
g g
= 50 = 50
= ——Fresh Feed b}
s a0 —— Millfeed 2 40 resh Feed
. e W
E ——— Mill Product £ o pe=d
3 ! 3 e Ml Proocluct
e Static Class. Coarse e Stic Class. Coase
20 —— Dyn. Class.Feed 20 Dyn. Class Feed
o e : e
_— ——Final Product
0 »__Fina Product (5im.) [1] .  Final Product (Sim.)
0.001 0.01 01 1 10 100 0.001 0.01 01 1 10 100
Particle Size (mm) Particle Size (mm)

Cumulative US(%)

0.001

TS5

0.01 01 1

Particle Size (mm)

—— Fresh Feed
lifeed

~——— Mill Product
Static Class. Coarse
——Dyn. Cla=.Feed
——Dyn. Class. Coarse
——Final Product

% Final Product (Sim.)

10 100

Figure 6.4 Calculated particle size distributions by simulation for platinum ore-1
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7. RESULTS AND DISCUSSION

In this study, a modelling approach was developed for vertical roller mills. Within the
context, pilot scale and industrial scale tests were performed successfully. New
concept mobile vertical roller mill unit Loesche OGP mobile manufactured by Loesche
GmbH was used in this study. Operation of this system in overflow and airswept
modes provide an advantage to analyze the system in detail. It enables to collect
samples around the grinding and classification sections. Also, it is possible to obtain
two products as coarse and fine in one test. Mechanical external circulation system
of overflow mode reduces the energy consumption. Comparison of energy
consumptions of airswept and overflow modes for chalcopyrite ore is given in Figure
7.1. In pilot scale tests, such a remarkable difference couldn’'t be observed. It is
thought that, overflow mode operation would be more beneficial for industrial scale
applications. Because, pressure drop of the conventional airswept mode will be

higher in industrial scale mill because of the increasing fan power.
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Figure 7.1 Specific energy consumptions of grinding operation for different product

sizes

Additional to the grinding energy the classifier motor and the fan motor are
consuming energy in the system. The specific energy consumption of the classifier
and the fan are determined by a separate scale up procedure and can’t be directly

taken over from pilot plant.

A comparison was made between two grinding modes on the basis of product
quality in terms of shape of the particle size distribution curve. As an example,

particle size distribution of two products having similar Pso values are presented in
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Figure 7.2. Shape of the size distributions were compared by using Rosin-Rammler-
Sperling-Bennet (RRSB) equation [114]. “n” parameter which refer to the steepness
of distribution was calculated for airswept and overflow model products. “n”
parameters of the airswept and overflow modes are 1.08 and 1.04, respectively.
Significiant difference wasn’'t observed between two products although product of

airswept mode was steeper.
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Figure 7.2 Comparison of product particle size distributions of two grinding modes

As stated in previous sections, overflow mode has two-stage air classification
system. This system enables to decrease the amount of material fed to the dynamic
air classifier. In conventional airswept mode, amount of material in the separator
feed is higher and this increases the dust loading of the separator feed. Dust loading
of the separator affects the separation performance adversely. In parallel with this

increment, by pass fraction increases.

As a suplementary part of this study, industrial scale tests were performed. A new
sampling technique developed by Aydogan [99] was applied to industrial scale tests.
Grinding table was sampled by the help of this technique. Care should be taken in
during sampling at grinding table. It is important not to mix the material outside the
roller diameter. Because, suspended particles and material in classifier fall down

onto the table after crash stop.

Collected fresh feed samples from pilot and industrial scale tests were subjected to
material characterization tests. Characterization of the material plays a crucial role
in modelling studies. Compressed bed breakage test was preferred to define the

breakage behavior of material under compression force. Size dependent breakage
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distribution function was determined by using breakage model developed by Eksi et
al. [100]. More reliable definition of breakage was aimed by using this method.

In addition to breakage distribution function, a material index conformably to Bond
work index was created to define the resistance of material against the compression
forces. Disappearing rate of the material was correlated with specific comminution
energy and particle size. This correlation was defined by a mathematical equation.
Multiplication of this equation parameters was defined as material index. Bond work
index of the materials gives an idea about grindabilities of the materials but
grindabilities of materials for compression machines are not correlated with Bond
Work Indices. Bond work index doesn’t represent the energy size relationship of
vertical roller mill system. Estimated specific grinding energy consumption to reduce
the size of the chalcopyrite ore from 8.7 mm to 75 pum is 12.9 kWh/t according to
Bond Index. But in operation the energy consumption is 14.7 kWh/t. Relationship
between Bond work index and material index for all tested materials are presented
in Figure 7.3. A material with high resistance to impact force are broken easier under
compression force. This difference arises from the breakage mechanisms and the
components of the tested materials. This variation is limited and only valid for this
study. A detailed further study should be carried out to analyze and comment on this

output.
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Figure 7.3 Relationship between Bond work index and material index

Mass balance studies were performed for pilot scale overflow mode tests data and
industrial test data. Mass balanced data was used for model development. It was
expected to estimate the particle size distributions and the flowrates around the
grinding and classifying sections. Based on this, vertical roller mill was separated
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into the two section as grinding and separation during the modeling studies. For the
modelling of the grinding section, population balance model [102] was used based
on the simplicity and success of the defining breakage operation of the model.
Breakage rate in this model was defined by function developed by Austin et al. [92].
Amount of material inside the mill (s) was represented as material under the grinding
rollers. “s” was calculated by using grinding bed height, roller dimensions and
density of the material. Nipping angles were chosen 1° and 10° as a standard.
Material load on the grinding table has an effect on fineness of the table product.
Because of its importance, detailed studies could be performed for calculation of the

material amount inside the mill.

By using breakage models, “a” and “0” model parameters were back calculated. It
was observed that “a” parameters are similar for polymetallic ore therewith it was
found that specific grinding force is the common point of these tests. Starting from
this point, relationships between specific grinding force and calculated “a”
parameters of chalcopyrite ore were investigated. It was concluded that “a”
parameter is directly proportional to the specific grinding force as expected.
Because, an increase in “a” parameter increase the breakage rate and cause finer
product as similar as specific grinding force. Another effective parameter on “a”
model parameter is material characteristics. Therefore, “a” parameter was
correlated with specific grinding force and material index determined by compressed
bed breakage tests. By this way, it is possible to determine the “a” parameters for
each material at any specific grinding force.

In the model, effect of size distribution of material in the grinding zone was defined
depending on the theoretical surface area. “0” grinding model parameter was
represented by specific surface area of the material bed similarly to HPGR model
[104]. Obtained specific surface area and model parameter relationships are given
for vertical roller mill and HPGR in Figure 7.4. Specific surface area trend of vertical
roller mill is logarithmic while trend of HPGR is linear. It is expected that after a
saturation point, “6” parameter will not increase with the increasing specific surface
area. Owing to varied product size range of vertical roller mill, limits of the specific
surface area-"0" parameter relationship are wider. Also, these differences could be
resulted from the shear forces which is the affected breakage mechanism in vertical

roller mills.
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Figure 7.4 Specific surface area & model parameter (“8” and “a”) relationship for
vertical roller mill (a) and HPGR (b) [104]

After modelling studies of grinding section, adaptation of the developed model of
grinding operation to industrial scale data were investigated. “6” parameter was
calculated by using correlation used in pilot scale modelling studies. “a” parameter
was back calculated for two different clinker and compared to the pilot scale
modelling results. There are differences between "a” parameters of pilot and
industrial scale tests. Structure of the developed modelling approach is applicable
for industrial scale vertical roller mills. Number of industrial scale tests should be
carried out for different materials to analyze the reasons of this difference. After
evaluation of obtained data, a scale-up procedure could be developed for industrial

mills.

For the modelling of separation section, Whiten's efficiency curve approach [103]
was used because of the high accurate fit. Model parameters were back calculated
and relationships between effective operational parameters were investigated. At
first, by pass fraction of the separator and dust loading of the separator feed was
investigated. By pass fraction of the separator increases with the increasing amount
of material in separator feed. This kind of dependency is also existed in the literature
[87,93,110]. From this point, bypass was correlated with dust load of the separator
feed. Bypass fraction of chalcopyrite and polymetallic ore differ for the same dust
load of the separator feed. Ore with the highest density has the highest by pass
value. As a result, by pass fraction was correlated with density and dust load of the
separator feed. By pass fraction was correlated with dust load of the separator feed
and material density.

Cut size of the separator is another effective parameter. Variation of the cut size

with the rotor speed of the separator was investigated in regard to literature
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[87,91,111]. A decreasing trend was observed for rotor speed and cut size of the
separator. The ratio of air speed and rotor speed was correlated with corrected cut
size. Density effect on cut size was confirmed by literature studies [112,113] and

this density effect was reflected to the relationship.

“a” and “B” parameters were assumed constant for different operational conditions.

These parameters were correlated with only density of the material.

At the end of the modelling studies, mathematical equations were derived based on
obtained relationships between model parameters and operational parameters.
Simulation studies were performed for pilot scale airswept grinding tests by using
these equations. The purpose of the simulation study is to validate the developed

modelling approach.

In the simulation studies, static separation section was implemented. During the
studies, efficiency curve parameters for static separation operation was defined.
Circulating load in this point was not measured because of the unfavorable
conditions inside the mill. Because of this reason, “a”, “B” and “B*” parameters were
accepted as constant for all tests. It is possible to calculate the circulation ratios
inside the mill by CFD (Computational Fluid Dynamics) method. This assumption
should be confirmed by this method. “C” parameter and dust loading of the static
separation feed for tested ores were investigated as similar as in the modelling of
dynamic classification. Variation of bypass fraction with dust load is illustrated in
Figure 7.5 for different ores. There is a similar increasing trend with dynamic
classification modelling results. Curves shifted in parallel. Slope of the curves shows
the effect of density on bypass fraction. An equation was derived to calculate the
bypass fraction as a function of density and dust load (Equation 7.1).
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Figure 7.5 Relationship between dust load of the separator and bypass fraction

Bypass (100 — C) = 7.53 = In(DL) + 138.43 x ¢~ 0449*, (7.1)
Where,
P : Density of the material (g/cm?)
DL : Dust load of the separator feed (kg/m?3)

After defining bypass fraction for static classification, corrected cut size (dsoc)
parameter was investigated. Cut size parameter was correlated with bypass
fraction. Relationships are given in Figure 7.6. Bypass and cut size is directly
proportional to each other. Trends show a change with the variable density of the

ores. Derived equation by using these outputs is given in Equation 7.2.
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Figure 7.6 Relationship between bypass fraction and cut size (dsoc)
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dsoc = (—0.0006 * p + 0.0072) * bypass (7.2)

As a consequence of this study, measured and simulated product particle size
distributions were compared. A major part of the estimations is in good agreement
with each other. Deviations at fine sizes were observed in some part of the
simulations. It was concluded that modelling approach developed is successful in
estimation. This model would be upgraded by comprehensive test plan including
different dam ring height, table speed and roller type.
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8. CONCLUSIONS

In this study, a modelling approach was developed for vertical roller mills. Within the

context, pilot scale and industrial scale tests were performed successfully.

New concept mobile vertical roller mill unit manufactured by Loesche GmbH
was used in this study and data obtained from this unit was used for model
development studies.
A new sampling technique developed by Aydogan [96] was applied to
industrial scale tests.

Breakage behavior under compression of the materials were investigated by piston-

die test equipment.

Size dependent breakage distribution functions were calculated for each
material.

Disappearing rate of the material was correlated with specific comminution
energy and particle size. This correlation was defined by a mathematical
equation. Multiplication of this equation parameters were defined as material

index.

Mass balance studies were performed for pilot scale overflow mode tests data and

industrial test data.

During the modeling studies, vertical roller mill was separated into the two section

as grinding and separation.

For the modelling of grinding section, population balance model [98] was
used. Breakage rate in this model was defined by function developed by
Austin [88].

It was observed that “a” grinding model parameter is dependent on specific
grinding force and material properties. Therefore, “a” parameter was
correlated with specific grinding force and material index determined by
compressed bed breakage tests.

0” grinding model parameter was represented by specific surface area of the
material bed similarly to HPGR model [104].

121



— It was concluded that, developed modelling approach is applicable for
industrial scale vertical roller mills. But, it is need to develop a scale-up
procedure.

— For the modelling of separation section, Whiten's efficiency curve approach
[103] was used. Model parameters were back calculated and relationships
between operational parameters were investigated.

— As reported in the literature, by pass fraction of the separator increases with
the increasing amount of material in separator feed. From this point, by pass
was correlated with dust load of the separator feed.

— Effect of material density was investigated. Ore with the highest density has
the highest by pass value. As a result, by pass fraction was correlated with
density and dust load of the separator feed.

— Decreasing trend was observed rotor speed and cut size of the separator.
The ratio of air speed and rotor speed was correlated with corrected cut size.
In addition to this density effect was reflected to this relationship.

— “o” and “B” parameters were correlated only density of the material.

Simulation studies were performed for pilot scale airswept grinding tests. Measured
and simulated product particle size distributions were compared. It was concluded

that developed modelling approach is successful in estimation.
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9. RECOMENDATIONS

Dam ring height and table speed are effective parameters on vertical roller
mill performance. Developed model could be improved by incorporating
these parameters into the model structure. It is recommended to carry out
controlled tests to investigate the effects of dam ring height and table speed.
There is a requirement for a scale-up procedure in industrial vertical roller mill
modelling. In this context, it is possible to develop this procedure by
increasing number of industrial scale tests.

Breakage characterization of the materials requires a further study. A new
characterization method could be developed combining compression and
shear forces.

During the modelling of static separation section, some assumptions were
made. Internal circulation loads should be investigated and determined by
the aid of CFD modelling. With this approach, the model could be improved.
Developed model estimates the size distributions and flowrates. As a further
study, per energy modelling of vertical roller mills should be investigated.
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APPENDICES

APPENDIX-1: Measured raw patrticle size distributions of polymetallic ore (Loesche
OGPmobile-overflow mode)
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APPENDIX-2: Measured raw particle size distributions of chalcopyrite ore (Loesche

OGPmobile-overflow mode)
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APPENDIX-3: Full circuit model fit results for polymetallic ore

Dyn.

Dyn.

Fresh : Mill V Sep. V Sep. Final
Mill feed : Sep. Sep.
Feed product Feed Reject Fegd Rejgct Product
Flowrate Balanced 86.5 2233.5 2233.5 2320.0 2023.9 296.1 | 209.6 86.5
T1 (kgh) Fit 86.5 2233.4 2233.4 2319.9 2024.3 295.6 | 209.1 86.5
Pso (mm) Balanced 5.86 3.94 3.79 3.86 4.18 0.32 0.37 0.10
Fit 5.86 3.96 3.71 3.86 4.19 0.30 0.34 0.11
Flowrate Balanced 121.9 2893.4 2893.4 3015.3 2746.2 269.1 | 147.2 121.9
T2 (kgh) Fit 121.9 2894.4 2894.4 3016.3 2746.9 269.4 | 147.6 121.9
Pso (mm) | Balanced 5.86 3.25 2.99 3.15 3.39 0.29 0.38 0.08
Fit 5.86 3.04 3.08 2.90 3.20 0.16 0.19 0.08
Flowrate Balanced 85.6 3325.9 3325.9 3411.5 3205.5 206.0 120.4 85.6
T3 (kgh) Fit 85.6 3327.9 3327.9 34135 3207.5 206.0 | 120.4 85.6
Pso (mm) | Balanced 5.86 4.43 4.31 4.36 4.53 0.17 0.21 0.08
Fit 5.86 4.43 4.28 4.36 4.53 0.17 0.20 0.08
Flowrate Balanced 106.2 2236.0 2236.0 2342.2 2123.5 218.7 | 112.5 106.2
T4 (kgh) Fit 106.2 2236.9 2236.9 2343.1 2124.7 218.4 | 112.2 106.2
Pso (mm) | Balanced 5.86 2.58 2.27 2.42 2.74 0.17 0.20 0.10
Fit 5.86 2.58 2.34 2.42 2.74 0.17 0.20 0.10
Flowrate Balanced 196.1 3734.1 3734.1 3930.2 3441.4 488.8 | 292.7 196.1
5 (kgh) Fit 196.1 3732.6 3732.6 3928.7 3501.3 427.3 | 231.3 196.1
Pso (mm) Balanced 5.86 3.07 2.68 2.90 3.31 0.16 0.18 0.10
Fit 5.86 3.07 2.87 2.90 3.26 0.16 0.19 0.10




APPENDIX-4: Full circuit model fit results for chalcopyrite ore

Fresh Mill feed Mill V Sep. | V Sep. Dyn. Sep. Dyn. Sep. Final
Feed product Feed Reject Feed Reject Product
Flowrate Balanced | 198.0 2818.6 2818.6 | 3016.7 | 2350.5 666.2 468.1 198.0
T (kgh) Fit 198.0 2818.6 2818.6 | 3016.7 | 2349.3 667.4 469.4 198.0
Pso (mm) Balanced 8.70 1.17 0.86 1.08 1.54 0.14 0.16 0.04
Fit 8.70 1.17 0.86 1.15 1.57 0.14 0.22 0.04
Flowrate Balanced | 204.1 3234.8 3234.8 | 3438.9 | 2720.3 718.5 514.4 204.1
T2 (kgh) Fit 204.1 3234.8 3234.8 | 3438.9 | 27204 718.4 514.4 204.1
Pso (mm) Balanced 8.70 1.76 1.45 1.65 2.10 0.14 0.15 0.04
Fit 8.70 1.76 1.45 1.65 2.10 0.14 0.16 0.04
Flowrate Balanced | 475.7 4584.0 | 4584.0 | 5059.7 | 4176.0 883.6 408.0 475.7
T3 (kgh) Fit 475.7 4584.0 | 4584.0 | 5059.7 | 4176.0 883.6 408.0 475.7
Pso (mm) Balanced 8.70 3.05 2.43 2.81 3.25 0.17 0.25 0.10
Fit 8.70 3.05 2.43 2.81 3.25 0.17 0.22 0.11
Flowrate Balanced | 198.0 2218.4 2218.4 | 2416.4 | 1981.5 435.0 236.9 198.0
T4 (kgh) Fit 198.0 2218.4 2218.4 | 2416.4 | 18435 572.9 374.9 198.0
Pao (mm) Balar_1ced 8.70 2.05 1.56 1.87 2.27 0.12 0.18 0.03
Fit 8.70 1.90 1.56 1.87 2.27 0.12 0.15 0.03
Flowrate Balanced | 373.1 3821.8 3821.8 | 41949 | 3359.7 835.2 462.1 373.1
TS (kgh) Fit 373.1 3821.8 3821.8 | 41949 | 3356.5 838.4 465.3 373.1
Pao (mm) Balar_1ced 8.70 2.05 1.51 1.84 2.31 0.14 0.17 0.06
Fit 8.70 2.05 151 1.84 2.31 0.14 0.18 0.06
Flowrate Balanced | 312.3 3676.5 3676.5 | 3988.8 | 3098.5 890.4 578.1 312.3
T6 (kgh) Fit 312.3 3676.5 3676.5 | 3988.8 | 3098.1 890.7 578.4 312.3
Pao (mm) Balanced 8.70 2.16 1.69 2.00 2.50 0.16 0.21 0.05
Fit 8.70 2.16 1.69 2.00 2.50 0.17 0.21 0.05
Flowrate Balanced | 459.3 3507.7 3507.7 3967.0 | 3331.4 635.6 176.3 459.3
T7 (kgh) Fit 459.3 3507.7 3507.7 | 3967.0 | 3331.3 635.7 176.4 459.3
Pao (mm) Balanced 8.70 2.48 1.84 2.23 2.60 0.13 0.22 0.10
Fit 8.70 2.48 1.84 2.23 2.60 0.13 0.15 0.10
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