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Keikkala, Ville, Development of vertical stirred mill grinding disc and chamber
design. Effect on grinding efficiency and media behaviour and laboratory to plant
size scale-up study
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 863, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

In mineral processing, comminution takes place after blasting and crushing. Particle size reduction
is usually performed using horizontal tumbling mills, which are typically power-wise inefficient
for particle sizes < 50 μm and have a large footprint. Such fine particle sizes are important role
when extracting low-quality ore.

Vertical grinding has been introduced as a solution for grinding low-quality ore, especially to
generate fine product particle sizes. The technology has been used in the calcium carbonate,
pigment and paint industries for decades but is relatively new in mineral processing.

In vertical grinding mills, the grinding process usually involves attrition rather than hammering
as in regular tumbling mills. The energy efficiency of vertical grinding mills is better, which
generates less noise and waste heat, and requires lower energy consumption. The energy is
distributed throughout the whole mill area, in contrast to tumbling mills, where only about 40 %
of the mill area is used owing to the horizontal installation. The feed material, slurry, is pumped
upwards through vertical mills as the particle size is reduced.

One aim of the work outlined in this thesis was to improve the energy efficiency by changing
the grinding disc design and disc position within the grinding chamber. The work was conducted
using laboratory-, pilot- and plant-scale grinding mills, as well as computer-aided design by the
discrete element method (DEM). Another key aim was to verify mill sizing by developing an
equation to scale-up laboratory work to full-size plant equipment. In addition, the media behaviour
during grinding was studied at a mine site for a period of six months.

One outcome of the Studies was development of an improved disc design that significantly
extends the lifetime of discs and enables a lower mill speed to be used for the same product particle
size. Another finding was that with a mechanical change in the grinding mill chamber, it was
possible to generate a downward force and use lower mill speeds. A third result was development
of an equation to scale-up laboratory work to a full-plant-sized mill for estimation of the power
consumption and mill size. The fourth area of study showed that ceramic media remained as
relatively spherical particles during the grinding process and their distribution in the mill was
rather homogenous.

Keywords: ceramic media, fine grinding, stirred mill, vertical grinding mill





Keikkala, Ville, Pystymyllyn jauhinlevyjen ja jauhinkammioiden kehittäminen ja
sen vaikutus jauhatustehokkuuteen, laboratoriomyllytulosten skaalaus täysi-
kokoisiin myllyihin sekä keraamisen jauhinmateriaalin toiminnan havainnointi
jauhinmyllyssä. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 863, 2022
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Mineraaliteknologiassa räjäytyksen ja murskauksen jälkeen materiaali jauhetaan haluttuun koko-
luokkaan. Jauhatukseen on yleensä käytetty vaakasuorassa olevaa myllyä, jossa jauhatusta pyri-
tään tapauskohtaisesti tehostamaan lisäämällä teräskuulia myllyyn. Kyseinen teknologia tarvit-
see paljon energiaa, on tilaa vievä sekä jauhatuskyvyltään vaillinainen, kun halutaan saavuttaa
hieno alle 50μm partikkelikoko.

Pystysuuntaista jauhatusmyllyä pidetään lupaavana ratkaisuna hienontamaan malmikiveä,
kun materiaali halutaan hienontaa 2-50 μm kokoluokkaan. Aiemmin samanlaista teknologiaa on
käytetty pigmentti-, maali- ja kalsiumkarbonaattiteollisuudessa, mutta mineraalitekniikassa se on
uusi.

Tutkimusten mukaan pystymylly on tavanomaisiin myllyihin verrattuna energiatehokkaampi
hienojauhatuksessa ja se vaatii merkittävästi vähemmän tilaa. Pystymyllyyn syötetään jauhettava
liete pohjan kautta pumppaamalla. Pystysuoraan, ylhäältä kiinni olevaan, akseliin on kiinnitetty
jauhinlevyjä ja myllyn seinämällä, vuorauksessa, on kiinteitä haittoja näiden jauhinlevyjen välil-
lä. Myllyssä käytetään yleensä keraamisia jauhinkuulia. Jauhinkuulien määrää ja myllyn akselin
pyörintänopeutta muuttamalla voidaan säätää lopputuotteen hienoutta.

Väitöskirjatyöni keskittyy märkänä tehtävään pystymyllyjauhatukseen ja erityisesti myllyyn,
jossa haittalevyt on kiinnitetty vuoraukseen. Tutkimusta tehtiin laboratorio-, pilotti- ja laitoskoon
myllyillä sekä mallinnettiin DEM (Discrete Element Method) menetelmällä.

Osatöiden tuloksina saatiin kehitettyä jauhinlevyjen muotoa niin, että jauhatuksen energiate-
hokkuus parani. Toiseksi jauhinkammion kehityksen seurauksena jauhatustehokkuutta pystyttiin
entisestään parantamaan lisää. Kolmanneksi kehitettiin kaava, jolla pystytään skaalaamaan labo-
ratoriossa tehtävien kokeiden perusteella täysikokoisen myllyn energian kulutus ja tarvittava
myllykoko. Viimeisessä tutkimuksessa todettiin keraamisien jauhinkuulien jakautuvan tasaisesti
myllyn sisällä sekä niiden pysyvän suhteellisen pyöreinä kuuden kuukauden aikana laitoskoon
myllyssä.

Asiasanat: hienojauhatus, jauhinmylly, keraaminen jauhinmateriaali, pystymylly
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1 Introduction 

1.1 Background 

In mineral processing, size reduction is usually performed with autogenous (AG), 

semi-autogenous (SAG) or ball mills after blasting and crushing the material. These 

horizontal tumbling mills are industry standard for producing particles at the coarse 

end, defined as particle sizes roughly < 300 µm. However, at the fine end, defined 

as product particle sizes < 50 µm, these types of mills are power-wise inefficient 

and have a large footprint (Wills et al., 2006). Nowadays, small particle size 

grinding plays an increasingly important role when extracting low-quality ore. Thus, 

new energy-efficient grinding technology is needed, especially to comply with 

increasingly stringent environmental laws. 

Vertical grinding was introduced as a solution for grinding low-quality ore and 

generating fine product particle sizes up to 50 μm. Vertical grinding mill 

development started in the 1950s. Japan Tower Mill Co., Ltd was the first one on 

the market to bring TowerMill for fine grinding of copper in the mining sector. 

This type of mill has been used in the calcium carbonate, paint and pigment 

industries. A breakthrough in mineral processing by vertical grinding mills was 

made in the 21st century, improving the efficiency of low-quality ore grinding in 

pilot test work. 

The major difference of vertical mills compared to conventional horizontal 

mills is the vertical arrangement: discs are used instead of gravitational hammering 

and the small grinding media usually consist of ceramic particles to enhance the 

effect of grinding. According to previous findings at the laboratory scale, vertical 

grinding may solve several problems encountered in mineral processing: its energy-

efficient, the footprint is small, and it is suitable for producing particles down to 

micron size. 

As the vertical grinding mill technology is relatively new in mineral processing, 

only a few studies have so far been conducted, mainly concentrating on specific 

technologies. Former Outotec, nowadays Metso Outotec, started the development 

of the vertical grinding mill, HIGmill, with Swiss Tower Mills Minerals AG. The 

development has involved experts from both above-mentioned companies as well 

as researchers from different mine sites and research laboratories around the world.  

The goal has been to understand and develop an efficient vertical fine grinding 

mill technology to be used in the mining sector. Main targets have been to increase 
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the energy efficiency, increase the wear life of the mill and increase the 

understanding around the new equipment. Along the process test work and articles 

included in this work have made it possible to improve the original design of the 

fine grinding mill. As the requirements grow and knowledge increases further 

research is needed to optimize the vertical grinding mill design and operation. 

1.2 Aim and scope 

Our aim was to improve the grinding efficiency and prolong the lifetime of the mill 

internals. The focus of the work described in this thesis was to assess the effects of 

mechanical changes of the grinding discs and grinding chamber and evaluate the 

media. One of the main mechanical changes was the design change from flat 

grinding disc to castellated discs. In castellated disc the surface has castellations 

where the media stays and the disc surface are less prone to abrasion. The specific 

research questions were as follows: 

– Q1: What is the effect of changing from a flat grinding disc design to a 

castellated disc design on disc wear and the grinding efficiency? 

– Q2: What is the effect of using a vertically displaced grinding disc on the 

energy efficiency of a wet vertical grinding mill? 

– Q3: Create a power model to scale-up laboratory and pilot size mill results to 

design full plant size mills. 

– Q4: What changes regarding to wear occur in the media and its distribution 

within the mill during the grinding process over a longer time period? 

1.3 Outline of the thesis 

This thesis is divided into five chapters. The first chapter provides an introduction 

to the topic and explains the aim and scope of the study. The second chapter 

provides an overview of relevant literature. The third chapter specifies the most 

important materials and methods used in the study. The results of the study and 

discussion are included in the fourth chapter, and conclusions are given in the final 

fifth chapter. 
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2 Literature review 

2.1 Basics of stirred milling 

Grinding is the largest energy consuming process in the mineral industry, and it can 

have a significant effect on the grade and recovery (Lehto et al., 2016). In grinding 

the target is to break the material to smaller fractions. These fractions can be 

separated in the downstream process into valuable and non-valuable fraction. The 

first vertical stirred mill for the mineral processing industry was installed at a 

platinum plant in 2002 (Rule, 2010). The vertical stirred mill more energy efficient 

at the finer end, i.e. product particle sizes < 50 µm, than that of tumbling mills 

(Lehto et al., 2016; Shi et al., 2009). 

Vertical grinding mills can be divided into two main groups based on the stirrer 

speed: fluidised mills and gravity-induced mills (Taylor et al., 2020). The energy is 

transferred first from the rotor to the media and then to the product (Breitung-Faes, 

2017). In fluidised mills, the media is fluidised by the pumped feed material or 

rotational effect of the mill, whereas in gravity-induced mills, the media bed lies at 

the bottom. All stirred mills can be operated in both ways by altering the mill speed 

and/or pumping speed of the feed material. To keep the wear rate low, lower mill 

speeds are preferred provided the desired grind size can be reached. Use of finer 

media increases the mill efficiency (Jayasundara, Yang, & Yu, 2011), although the 

particle size needs to be sufficient to grind the largest particles. 

Particles near the disc move faster because the mechanical force from the 

rotating disc is greater than in peripheral (Yang et al., 2006). The discs transfer the 

mill motor energy to the media and further on to the slurry (feed material entering 

the grinding mill). In mineral processing, grinding is normally conducted under wet 

conditions to reduce the amount of dust generated and because transportation of a 

liquid is cheaper via pumping than that of solid material via conveyors. Under dry 

conditions, additives can be used to promote grinding by ensuring a good 

flowability (Patino et al., 2022; Prziwara, Breitung-Faes, et al., 2018; Prziwara et 

al., 2021; Prziwara, Hamilton, et al., 2018). Additives such as heptanoic acid 

(HepAc), diethylene glycol (DEG) and triethanolamine (TEA) are currently used 

in mineral processing but only at the ultra-fine end of dry grinding to improve the 

grinding quality (Ding et al., 2007; He et al., 2004). Additives have not yet been 

thoroughly studied or used in wet grinding mills.  
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In many vertical mills, internal classifiers are used to retain the media within 

the grinding chamber (Hasan, 2016). Depending on the grinding conditions and 

mill type, it might be possible to remove the media classifier, which only keeps the 

grinding media within the mill and doesn’t have influence in the size reduction. 

This will reduce the power intake of the mill whilst keeping the product size the 

same. Classifiers play a more important role in horizontal stirred mills than in 

vertical stirred mills. In the vertical orientation, gravity keeps the grinding media 

within the mill, provided the operating conditions, e.g. flowrate and mill speed, are 

not pushed to the limit. 

In grinding, the main breakage mechanisms are abrasion, chipping, cleavage 

and shattering (Semsari Parapari et al., 2020). Abrasion and attrition occur when 

fractions of the material surface are disseminated. In chipping, topographically 

significant properties are separated. Cleavage can include chipping, but the 

breakage mainly occurs along preferred material surfaces. This is the most 

desirable way of grinding because overgrinding does not take place and the 

downstream process of separation into valuable and non-valuable fractions is easier. 

Shattering takes place when a particle is crushed without following grain 

boundaries in an explosion type of breakage. The latter breakage type is more 

common in tumbling mills. 

Studies have shown that the operating parameters of wet comminution in 

stirred mills and material properties can have a significant effect on the product 

quality (Kwade & Schwedes, 2007). Several reports have demonstrated that a stress 

model can be applied to investigate comminution within stirred mills (Blecher & 

Schwedes, 1996; Kwade et al., 1996; Kwade & Schwedes, 2002). Such models 

consider the frequency and intensity of the particle collision events. 

Using positron emission particle tracking (PEPT), it has been shown that the 

media loading, slurry density and baffle conditions have a significant effect on the 

grinding (Barley et al., 2004). Research by Jankovic supported this finding with 

test results from several stirred mills (Jankovic, 2003). It was found that there is an 

optimal solid concentration, which varies depending on the slurry characteristics 

(Breitung-Faes & Kwade, 2019; Patino et al., 2022). Tip speed and viscosity also 

have a strong influence on the distribution of media and fine particles within the 

mill (Böttcher et al., 2021; Sinnott, Cleary, & Morrison, 2011a). 

The particle size and shape affect the free surface segregation. Particle size is 

the most significant factor, whereas shape is not as important (Combarros et al., 

2014). It has been demonstrated that it is not possible to gain a significant advantage 

merely by adjusting the slurry density as a function of media size (Bazin & Obiang, 
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2007). The same study also concluded that the mill feed distribution may have an 

influence on the preferred choice of slurry density. 

With an optimal grinding media distribution, a so-called seasoned charge, the 

grinding is most efficient (Patel et al., 2014). During the initial start-up, a seasoned 

charge can be created by using two or more different sized grinding media. If only 

one size of media is used, it may take some time for the charge to season, and during 

that period, the grinding will not be optimal. 

The operating parameters in vertical stirred mills and material characteristics 

have significant effects on the grinding. The main influencing parameters are the 

slurry density, flowrate, media type and size, arrangement of the mill internals and 

mill speed. The slurry density plays an important role (Breitung-Faes & Kwade, 

2019; Patino et al., 2022), but downstream processes usually dictate the limits for 

the slurry specific gravity (SG). 

2.2 Stirred mill types 

Stirred milling technologies vary by manufacturer and specific purpose. The main 

stirrer-type technologies are based on disc-, screw- and pin-type stirrers. Each of 

type has pros and cons and are best suited for certain particle size ranges and feed 

volumes. Screw-type stirrers function better at the coarser side of fine grinding, 

whereas and the two others rest in the finer end. However, studies have shown that 

stirred mills can also be used to some extent for coarse grinding (Shi et al., 2009). 

Disc and pin stirrer type mills are normally operated with ceramic media, whereas 

screw-type stirred mills use steel media. 

Another distinctive difference is the orientation of the mill, i.e. vertical or 

horizontal. The footprint is smaller in the vertical mill than in the horizontal mill. 

Also, auxiliaries can be placed freely around the vertical mill, which is often desired, 

especially in brownfield projects. However, the vertical orientation makes short-

circuiting of the slurry within the mill impossible because the material needs to pass 

through the whole mill and media bed. Also, the maintenance of horizontal mills is 

usually easier because cranes and lifting devices are not necessarily needed.  

Particle movement differs between the different mill types, placing specific 

requirements on the mill speed, and thus affecting their wear life. Several studies 

have shown that most particles stay at the bottom of horizontal stirred mills with 

only a little movement (Jayasundara et al., 2010; Yang et al., 2006). Hence, the only 

way to promote grinding in the full grinding chamber is by using relatively high 

mill speeds, which increase wear in the mill. In vertical grinding mills, all the feed 
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material needs to pass through the media bed and gravity supports the grinding by 

keeping the media packed together. When the media is packed at the bottom, voids 

between the media are small and the probability of collision is greater, leading to 

better grinding results. 

2.3 Grinding chamber and discs 

Regardless of the mill orientation, the grinding takes place in grinding chambers. 

The mill may consist of one large grinding chamber or separate grinding chambers 

separated by stationary discs attached to the mill shell. The addition of stationary 

discs to the mill shell can increase the capacity (Ford & Naude, 2021). In the latter 

set-up, the “grinding chamber” refers to the area or volume between two non-

moving counter discs mounted on the mill liner and one rotating grinding disc in-

between. In the lowest section of the mill, there may be two rotating discs between 

the counter discs to generate turbulent motion in the incoming slurry, and this 

configuration is considered as one grinding chamber. 

Daraio et al. showed that use of longer impeller arms, the structure attached to 

the mill’s rotating axel, leads to more thorough mixing of the grinding media within 

the vertical grinding chamber (Daraio et al., 2020). However, longer impeller arms 

also resulted in a higher hydrostatic pressure at the bottom of the grinding chamber, 

which may lead to undesirable outcomes, e.g. powder caking or compaction at the 

bottom of the mill and on the walls (Daraio et al., 2020). Therefore, increasing the 

impellor arms results in only limited improvement of the vertical grinding process. 

Castellated discs and their effect compared to flat discs have also been 

concluded (Article III; Lehto et al., 2016). The latter studies are currently the only 

ones directly applicable to the work presented here. 

Rotating discs generate two contra-rotating vortices, which fill the whole mill 

chamber (Gers et al., 2010). Displacing the disc within the grinding chamber 

changes the grinding chamber dynamics. Work by Kwade et al. (1996) showed that 

there are two zones of high energy density: around the stirrer and at the grinding 

chamber wall. Thus, altering the position of the rotating discs changes the internal 

flow pattern (Kwade et al., 1996). 

Individual discs often show a unique pattern of wear. Usually, discs closest to 

the feed inlet have the highest wear (Heath et al., 2017; Paz et al., 2018; Sterling et 

al., 2022). In vertically positioned mills, parts closest to the feed inlet experience 

the greatest gravitational pressure for the media, in agreement with the findings of 

the aforementioned articles regarding the wear. With increasing height within the 
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mill, the media usually becomes more easily distributed, and the top part usually 

does not have any wear at all. An extra area is located at the top to allow certain 

process changes, e.g. higher media volume, to compensate for wear in the bottom 

section, by transferring the grinding upwards inside the mill and retaining the media 

within the mill.  

To enhance the grinding chamber design to promote grinding, it has been 

proposed that conical spacers could be added to horizontal stirred mills (Anderson 

& Bandarian, 2019). It might also be useful to test different types of spacers in 

vertical stirred mills.  

2.4 Grinding media 

The main advantage of the vertical grinding mill compared to the tumbling mill is 

the greater number of interactions between the media and particles. Increasing the 

interactions is especially suitable for generating smaller particles. Different types 

of grinding media are available on the market, which vary in the quality, size, type, 

manufacturing method, roundness and material. Ceramic media are considered a 

good option because they are relatively inert, low cost, and easy and safe to handle. 

If media wear is significant, the concentration of solids could be increased (Flach 

et al., 2019). The recoveries of mineral particles may vary greatly between different 

media types (Zhang et al., 2020). For example, the flotation separation index of 

chalcopyrite and pyrite with ceramic ball media is better than cast iron grinding 

media (Zhang et al., 2021). The grinding media may also affect the material surface. 

The surface is smoother with less corrosion with ceramic media than with cast iron 

media, which enhances the hydrophobicity (Zhang et al., 2020) .  

In another interesting study, Hu et al. (2022) utilised a horizontal hammer mill 

equipped with a cylindrical container and a series of flat blades equally positioned 

along the rotating shaft and showed that the higher the media density, the greater 

was the energy dissipation (Hu et al., 2022). The effect of energy dissipation 

reduced at the higher end of the grinding media SG. This may be because the media 

was then more gravity driven and increasing the SG did not make much difference 

because the media was already sitting at the bottom of the grinding chamber. It has 

also been shown that the density affects the product fineness for a given specific 

energy, e.g. using denser media, the particle size may be smaller for the same 

specific grinding energy (SGE; Altun et al., 2021). 

The media size is also crucial. Larger particles require larger-sized media, 

whereas smaller particles need smaller-sized media. Identification of the optimal 
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media size can help improve energy efficiency (He & Forssberg, 2007; Rocha et 

al., 2018). 

There are two main ways to manufacture the grinding media: dripping and 

granulation. The former method involves a plasticised paste, which is pushed 

through a fine forming nozzle. This produces very solid and homogenous particles, 

but their shape is usually non-spherical, which may cause difficulties at the process 

plant. The granulation process produces spherical particles but control over the 

formation process is more difficult. If the particles are formed too quickly, the 

layers may detach, causing delamination. Both processes are valid provided that 

quality control is handled properly. 

The composition of ceramic media varies but mainly consists of oxides silica 

(SiO2), alumina (Al2O3) and zirconia (ZrO2). The durability or consistency not only 

depends on the formulation of oxides but also the binding material. The binding 

material binds together the granular parts and fills the grain boundaries, which will 

form the grinding media. Corrosion may take place at the grain boundaries (King 

et al., 2015), especially if the used media is not washed and dried properly or is of 

low quality. 

Studies have shown that spherical media draw the most power (Lameck & 

Moys, 2006; Simba & Moys, 2014). Media with sphericities of 1, 0.93, 0.67 and 

0.57 were shown to draw powers of “full power”, –2%, –22% and –30% (Sinnott, 

Cleary, & Morrison, 2011b), indicating that the most efficient grinding is achieved 

with spherical media. The sphericity is not only related to power draw but also 

abrasion against the mill. Research has shown that the energy between media vs. 

media and media vs. screw is lower with spherical media (Sinnott, Cleary, & 

Morrison, 2011b). 

2.5 Computer-aided test work 

Test work on grinding mills in the laboratory is time consuming and requires many 

man hours from several professionals. Small things can affect the outcome of tests 

or even make the results unusable. Nowadays, computer calculation power is 

widely available and initial ideas can be tested at the desktop before commencing 

hands-on work. This applies to investigations of minor changes in mechanical 

design, whereas differences in, e.g. wear, may be difficult to measure in short 

laboratory tests. Such programs can e.g. be HSC Sim for circuit simulation or DEM 

software for wear pattern evaluation. 
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Computer-aided tests can be used to analyse the stirred milling process. For 

example, when comparing normal and tangential forces, simulations have shown 

that stress levels inside the media are stronger in fluids (Laniel et al., 2012). Weak 

impacts were suggested to be more frequent in dry mills, whereas strong impacts 

were more frequent in simulations with fluids. Comparison between dry and wet 

stirred milling is important when considering industrial-scale equipment. The 

easier transportation of slurry and possible dust issues are factors disfavouring use 

of dry grinding in mineral processing applications. 

In computer-aided design, lower breakage rates observed for fine and large 

particles have been shown to be due to the smaller mass of particles involved in the 

collisions and progressively larger proportion with insufficient energy as the size 

increases, respectively (de Oliveira et al., 2021). The latter study also noted the 

importance of the stirrer speed, which increases the breakage rates approximately 

in proportion to the specific power of the mill. 

In computerised modelling, it is often possible to use different methods to 

model different aspects of the system. For example, in one study, the discrete 

element method (DEM) was used for the grinding media, PFEM for the slurry and 

FEM for the mill structure (Larsson et al., 2020). Thus, it was possible to evaluate 

the effects of changing the slurry, grinding media and operational conditions 

separately. In the future, it would be beneficial to combine suitable modelling 

technologies before starting field test work. Usually, better results are obtained 

when methods are combined, e.g. DEM and SPH (Sinnott, Cleary, & Morrison, 

2017). 

Several new technologies have also been introduced for computerised analysis, 

e.g. association indicator matrix (AIM), which has been shown to provide excellent 

agreement with experimental results (Parian et al., 2018). 

Simulators can be used to simulate plant operations in desktop environment. 

Simulations can focus only on a specific part, e.g. grinding, or involve simulation 

of the whole plant, e.g. Modsim and HSC Sim. For instance, in Modsim, grinding 

can be evaluated by impact breakage models (Mazzinghy et al., 2015). 
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3 Materials and methods 

The work described in this thesis involved several test settings at different locations, 

including laboratory-, pilot- and plant-scale equipment, as detailed below. Various 

slurry test materials were used to investigate the particle size reduction. These 

materials included Nilsiä fine quartz sand with particles of 0–200 μm diameter and 

various feed materials from mine sites. As grinding media, ceramic media were 

used of different types and quality depending on the purpose. 

The main locations to operate the test work were Metso Outotec research 

laboratory in Pori, Kevitsa mine site located about 40 km’s North of Sodankylä in 

Finland and Geological Survey of Finland GTK laboratory in Outokumpu. 

Depending on the mill size and material availability the test protocol was 

roughly the following. Slurry was prepared and density was measured. The test 

procedure was started by pumping the slurry into the grinding mill. Immediately 

after that the grinding mill was started. Before measuring any test point one needed 

to wait four times the retention time (=slurry within the mill has changed four 

times). Feed and product samples were collected as well as density was measured. 

Test points were operated until there was no slurry left or all the planned test points 

had been measured.  

Personally, I was operating most of the tests. Significant input to the work on 

the field, laboratory testing and result analyses was by Harri Lehto, Andres Paz, 

Alex Heath and Hannu Heiskari. The tests were operated during the years 

depending on the laboratory availability and needed test work. 

3.1 Test mills 

Laboratory and pilot vertical grinding mills were used to study the grinding 

characteristics. Such mills can be used to predict full-sized equipment. Detailed 

information of the test work procedure with these types of mills is available in 

(Junnola, 2013). Basic information about the mills used in the Studies (Table 1). 

Table 1. Basic information of the mills used in Articles I–IV. 

Test mills Laboratory Pilot Pilot / production Plant 

Mill power (kW) 7.5 30 75 700 

Mill volume (l) 6 20 200 4000 

Mill location Laboratory Laboratory Lab. / Mine site Mine site 
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The following parameters were changed in the mills depending on the test purpose: 

– Number of discs 

– Disc shape 

– Disc size 

– Grinding chamber count 

– Disc location 

3.1.1 Laboratory mill 

The smallest test mill was model HIG5™. The volume was approximately six litres 

depending on the disc arrangement within the mill. The motor power was 7.5 kW. 

During the tests, multiple similar mills were used at different locations. The 

equipment data sheets were the same for all the mills. 

3.1.2 Pilot mill 

The pilot mill was model HIG25™. The volume of the mill was about 20 litres, 

depending on the internals within the mill (see the list in Section 3.1). The motor 

power was 30 kW. Like the laboratory-scale mill, several mills of this type were 

tested at different locations with similar dimensions. The test work is reported in 

Articles I–III.  

3.1.3 Pilot / production mill 

The pilot or production size mill is HIG75™. It can be considered as pilot mill, but 

in small plants it can be used for continuous production size mill. The volume of 

this mill is approximately 200 l and motor size 75 kW. This mill was transported to 

the Kevitsa mine site to operate the test work next to the plant size mill with the 

exact same material. This mill was used specifically for the power model 

development. 

3.1.4 Plant mill  

Plant trials for Articles I, III and IV were conducted at the Kevitsa mine site located 

in Northern Finland. The plant-scale wet vertical grinding mill had a motor power 



29 

of 700 kW and a 4000-litre gross volume. Data were collected via the plant’s DCS 

system. 

3.2 Test materials 

Nilsiä fine quartz sand was manufactured in Finland by SP Minerals. According to 

the manufacturer’s specifications, the estimated particle size was 0–200 μm 

diameter. Fine quartz was chosen because it is known to be a good grinding material 

and prevents overgrinding. Nilsiä fine quartz was used in Articles I–III. 

3.3 Particle size analysis 

Particle size analysis was conducted using a Malvern Mastersizer 3000 Hydro MV 

laser particle size analyser by Panalytical. 
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4 Results and discussion 

4.1 Flat vs. castellated discs 

Flat discs have been used for calcium carbonate grinding as well as in paint and 

pigments industries, where abrasiveness is not an issue. In mineral processing, the 

material tends to be competent (difficult to break), and the flat disc design might 

not be optimal. The work described in Article I concentrated on comparison of flat 

vs. castellated discs regarding the energy efficiency. 

An industrial-scale vertical grinding mill was installed at the Kevitsa mine site 

in February 2015. Before our study (Article I), preliminary studies were performed 

to improve the original design of the flat discs due to the high wear. The grade and 

recovery improvements were clear. This proved that the new type of mill did work 

well. The copper grade improved by one to three percent and the recovery by five 

to ten percent (Lehto et al., 2016). The first improved castellated disc design was 

implemented at the Kevitsa mill in August 2015. The design was further optimised 

using DEM modelling, second castellated disc design (Heath et al., 2017). Using 

DEM, initial development of the disc design was verified without the need for time 

consuming tests at the plant site. In certain types of pilot vertical grinding mills, 

differences between DEM and experimental power modelling of less than 3.5% 

have been reported (Oliveira et al., 2020). 

In Article I, before implementing the first castellated disc design at the plant-

scale mill, discs were tested with the laboratory-scale HIG25 mill (Table 2 and 

Table 3). The specifications of the HIG25 mill were as follows: 

– 30 kW unit 

– 19 litre internal volume 

– 12 rotors/discs installation capability 

– Vertically oriented body 

Details of the test programs used, labelled A and B, are shown in (Table 2) and 

(Table 3), respectively. 
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Table 2. Test program A for flat (F) and castellated (C) disc comparison in the HIG25 

laboratory-scale mill (Adapted, with permission, from Article I © 2018 Elsevier Ltd.). 

Test program A  Flat discs Castellated discs 

Disc arrangement*  12x F (5) 1x F(5) + 6x C(22) + 5x F(5) 

Media fill level %v/v 60 60 

Media SG  3.9 3.9 

Media type  ceramic ceramic 

Media size distribution  50% 2–3mm, 50% 3–4 mm 50% 2–3 mm, 50% 3–4 mm 

Slurry density %w/w 56 56 

Flowrate l/h 360 360 

Residence time S 120 120 

F80 (wet sieve) µm 90 90 

P80 (target) µm 30 30 

* Listed from the bottom: F = flat, C= castellated, Thickness in mm in parentheses. 

Table 3. Test program B for fat flat (FF) and castellated (C) disc comparison in the HIG25 

laboratory-scale mill (Adapted, with permission, from Article I © 2018 Elsevier Ltd.)). 

Test program B  Flat discs Castellated discs 

Disc arrangement*  10x FF(22) + 2x F(5) 10x C(22) + 2x F(5) 

Media fill level %v/v 68.4 68.4 

Media SG  3.9 3.9 

Media type  ceramic ceramic 

Media size distribution  50% 2–3 mm, 50% 3–4 mm 50% 2–3 mm, 50% 3–4 mm 

Slurry density %w/w 52 52 

Flowrate l/h 360 360 

Residence time s 120 120 

F80 (laser) µm 190 190 

P80 (target) µm 30 30 

* Listed from the bottom: F = flat, FF = fat flat, C= castellated, Thickness in mm in parentheses. 

Photographs of the setups used for test programs A and B are presented in Figure 1 

and Figure 2, respectively, showing the arrangement of castellated, flat, and fat flat 

discs. 
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Fig. 1. Thin flat discs (left) and castellated rotors (right) (Reprinted, with permission, 

from Article I © 2018 Elsevier Ltd.). 
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Fig. 2. Fat flat discs (left) and castellated rotors (right) (Reprinted, with permission, from 

Article I © 2018 Elsevier Ltd.). 

In the laboratory-scale mill tests, it was found that the castellated disc design was 

more energy efficient than that of flat discs. Based on the promising results from 

the laboratory tests, the updated castellated disc design was implemented at the 

Kevitsa full-plant-sized wet vertical grinding mill. This resulted in an immediate 

28.2% energy saving compared to the original flat disc design when the target 

product size was 40 µm, with corresponding SGE values of 22.7 kWh/t and 16.3 

kWh/t (Article I).  

After a prolonged operating time, the first improved castellated design (2nd 

castellated disc design) further improved the energy efficiency to 11.3 kWh/t. In 

comparison to the original flat design, the energy efficiency was 50.3% better 

(Figure 3). 
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Fig. 3. Comparison between the original flat disc design vs. case A, the first castellated 

design in 2017 (Reprinted, with permission, from Article I © 2018 Elsevier Ltd.).). 

The second updated design of castellated disc was further improved to generate the 

third castellated disc design. The best outcome was 10.1 kWh/t corresponding to a 

55.5% energy saving compared to the initial flat design. After the flat disc design 

three different castellated disc designs were developed, the last design being the 

best. 

The slurry characteristics changed over time since the test work and 

development was conducted for 1.5 years. However, there were no major changes 

in feed particle size, slurry density, media type and plant or mill operating 

conditions during that time. The full development process for the Kevitsa plant-

scale mill with updated disc design is described in Article I. 

The change from flat to castellated discs described in Article I resulted in an 

energy improvement of between 28.2–55.5% at the Kevitsa mine site. The Kevitsa 

mine still operates the vertical grinding mill with the improved design shown above. 

Improvements in the energy efficiency at a large-scale are remarkable in the field 

of fine grinding. 

The work presented in the Article I concentrated on castellated disc design 

improvements. However, the optimal disc surface may have another shape or 

design. Thus, further changes in the design might provide additional energy savings 

and other desired improvements in size reduction or wear life. 

To optimise the wear life of mills, there is continuous work being done to 

accommodate better designs and operating conditions, as represented by Articles I 

and II and others (Esteves et al., 2021; Jayasundara, Yang, Yu, & Curry, 2011; Shi 

et al., 2009). 
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4.2 Vertical displacement of the discs 

In vertical and horizontal stirred mills, the design may include counter discs, which 

form multiple grinding chambers, or have no counter discs. In the study reported in 

Article II, the focus was on the location of the grinding discs within the grinding 

chamber. 

The work consisted of tests with two vertical wet grinding test mills: HIG5 and 

HIG25. The hypothesis was that displacing the discs upwards within the grinding 

chamber would create a downward pressure, which would push the media against 

the slurry flow. By pushing the media downwards, the media would become more 

packed, which in turn would increase interactions and collisions between the media 

and slurry particles. By increasing the probability of collisions, it could be possible 

to lower the mill speed whilst still obtaining the desired product particle size. This 

would increase the energy efficiency and reduce wear to the grinding mill. A similar 

effect of back pressing from an internal classifier in a horizontal mill has been 

documented before (Schons & Kwade, 2019). 

In numerical modelling, DEM and PEPT have been used to simulate how 

particles move when a grinding mill is in operation (Barley et al., 2004; Daraio et 

al., 2020; Gers et al., 2010; Heath et al., 2017). When the discs are positioned 

symmetrically, the power and flow distributions are symmetrically away from the 

rotating discs (Figure 4) if the feed flowrate is not taking into consideration. When 

the discs are positioned at the upper end of the grinding chamber (Figure 5), the 

main flow direction is towards the “free end” of the chamber, again not considering 

the feed flowrate. 

 

Fig. 4. Disc positioned in the centre of the grinding chamber. 
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Fig. 5. Disc displaced upwards within the grinding chamber. 

To prevent internal grinding of media vs. media within the mill, the distance from 

the moving rotor to the stationary disc needs to be three times the media diameter. 

With the laboratory mill HIG5, 120, 240, 360 and 480 l/h flowrates were used. 

The displaced discs were shown to be the most efficient at the lowest flowrate. On 

average, the energy efficiency was 22% better with the upward displaced discs, 

peaking at 48% more energy efficient. At the highest flowrate, the displaced discs 

still gave a better SGE compared to the normal disc position, but the difference was 

not significant (only a few percent) (Figure 6). The lowest flowrate efficiency did 

not have the same graph shape as the other flowrates. This might be due to the 

starting of the test as this was the first test point. 

 

Fig. 6. SGE efficiency gain (in percent) of displaced vs. normal disc position in the HIG5 

laboratory mill. 

Similar test work was conducted on the pilot-scale mill and about 500 l/h and 700 

l/h flowrate. However, the lower flowrate results had to be excluded due to media 

packing in the outer shell of the mill liner, giving inconsistent and unreliable data. 

Therefore, here, only the results for ~700 l/h flowrate are presented. 
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The lowest tip speed, 3.1 m/s, was 25% more efficient with the normal disc 

position. For the other two-disc tip speeds, 4.7 m/s and 6.3 m/s, SGE was 40% less 

with the upward displaced discs (0). It is probable that the first data point was not 

reliable because other test points on laboratory-scale mills indicated that the 

efficiency was higher with the displaced disc. The same was also observed with the 

laboratory mill at 120 l/h flowrate (Figure 6). 

 

Fig. 7. SGE efficiency gain (in percent) of displaced vs. normal disc position in the 

HIG25 laboratory mill. 

At the outer tip of the disc, the grinding media is accelerated by centrifugal forces. 

This increases the kinetic energy of the media (Hennart et al., 2009). Reducing the 

mill speed can help to reduce wear in the mill. In this work, the wear was not 

evaluated, but upward displacement of the disc probably increased wear of the 

counter disc. Thus, further test work is needed to assess the disc shape design if 

grinding discs are displaced to prevent adverse effects on the wear life of mill liners 

and discs.  

Overall, displacing the disc location upwards in the grinding chamber seemed 

to have a positive effect on the mill power and SGE in the laboratory- and pilot-

scale mills. Displacement of the rotors was not tested in the plant-sized mill. This 

topic needs further study. 

4.3 Power model development 

Article III concentrated on development of a power model for the HIGmill with 

castellated rotors. The power model was based on test work with laboratory-, pilot-, 

and plant-scale mills. The main objective of this work was to develop a power 

model that could be used in industry to upscale results from laboratory- or pilot-

scale mills. 
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The power draw of the mill is influenced by a variety of factors, ranging from 

simple geometric factors like the grinding disc diameter, spacing and speed to 

various process factors like the viscosity, density, grinding bead size, fill level 

and fluidisation velocity. The focus of the model is on scale up to full-scale 

from laboratory and pilot-scale data, and how to configure the mill for different 

process scenarios. (Article III, Abstract) 

Several models are available that can simulate the vertical grinding mill power draw, 

including semi-empirical, first principals or modified impeller power type 

equations. The basic approach in these methods is similar: calculation of algebraic 

power law equations considering certain important process variables, derived from 

assumed physics or experimental data used to fit the equations. It has been stated 

that current models are not accurate enough to be used in vertical grinding mill 

design and manufacturing in full-plant-sized mills (Radziszewski & Allen, 2014). 

Existing models do not include sufficient data to cover all possible mill sizes and 

only work for a limited range of mills (Article III). 

The developed model was based on specific campaigns conducted on three 

different sized mills: 

– Lab-scale mill, 30 kW 

– Pilot- / production-scale mill, 75 kW 

– Plant-scale mill, 700 kW 

The variables changed included tip speed, media type and size, media filling level 

and residence time. Altogether, 790 measurements were taken for this study (457, 

207 and 126 measurements for the laboratory-, pilot- and plant-scale mills, 

respectively). 

The target was to develop a steady-state model in the form of an algebraic 

equation to support vertical grinding mill sizing and estimation of full-size 

equipment based on laboratory test work. The fitted data seemed to correlate well 

with the desired slope (Figure 8). The measured vs. predicted power (kW) was close 

to 1:1.  
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Fig. 8. Predicted vs. measured power, all model development data. Logarithmic axis 

(Reprinted, with permission, from Article III © 2016 Elsevier Ltd.). 

Such intensive test work related to scale-up is relatively rare. However, at the 

Minas-Rio mine site in Brazil, similar scale-up work was carried out for different 

types of vertical grinding mill (Mazzinghy et al., 2017). 

In the present work, the developed equation was tested soon afterwards with 

data from newer laboratory test work (see Article III and Figure 9).  

 

Fig. 9. Predicted vs. measured power, subsequent data for model checking (Reprinted, 

with permission, from Article III © 2016 Elsevier Ltd.). 
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It was found that the model fitted well to the laboratory mill power but 

underpredicted the plant-scale mill power by 20% (Figure 8). This conservative 

prediction is not optimal, but it is preferable for the model to underpredict rather 

than overpredict. The full-plant-sized mill is easily adapted for a lower power by 

reducing, e.g. the mill speed and media filling level, whereas increasing the power 

of an already installed mill is difficult. 

4.4 Media behaviour in vertical grinding 

An inert, easy-to-handle and wear-resistant grinding media material is preferred in 

wet stirred milling. In addition, the media needs to be economically viable, taking 

all aspects into account (Kotzé, 2012).  

As there are almost unlimited consistency possibilities and several 

manufacturing options, selection of the best media requires careful evaluation for 

each specific case. The optimisation can be made using a laboratory-scale mill with 

material samples from the process (Curry & Clermont, 2005). Choosing the best 

media type can boost the efficiency and affect the viability of the process. 

In Article IV, the grinding media quality and stability were studied in a plant-

scale mill at different timepoints. The study time was six months, and it included 

an analysis of how the sphericity and media size changed over time. 

To ensure the media bed is efficient for grinding, it needs to be of a certain size. 

In Article IV, it was shown that after 1000 hours with the same media, only 25% 

was within the original size. Fine media did not escape from the mill, but most 

remained within the mill. The remaining small media not only takes power but does 

not contribute towards the grinding, and hence the grinding efficiency suffers. 

During normal operation, fresh media is constantly added into the mill to keep the 

media charge level optimal. This is to ensure that sufficient large media is available 

for grinding. 

In the present study, the test work considered three sampling points for the 

media: at the beginning, six weeks from start-up and six months from start-up. The 

main observations after six weeks were as follows: 

– A seasoned charge of the grinding media was obtained. 

– The media remained mostly spherical with few broken or disformed beads. 

– Most of the media had particle sizes of 2.5–3.2 mm in diameter. 

  



42 

After 6 months of operation, the following observations were made: 

– The distribution of the grinding media size (mm) across the mill was basically 

identical to that at 6 weeks. 

– The media charge remained predominantly 2.5–3.2 mm, with an increased 

proportion in the 2.0–2.2 mm range. 

– Only 0.4% of the total media was broken. 

– 8.9% existed as facetted media, which did not influence the grinding efficiency, 

The results obtained agreed with another study, which showed that particles from 

100 µm to 20 µm are likely ground when the media diameter is 2 mm (Guo et al., 

2021). 

During the tests, we noticed that the quality of the media had a significant effect 

on the wear life. It is possible to opt for a higher price and longer wear life or the 

opposite. Naturally, there are multiple options in-between, but selection of the best 

media for each process requires separate evaluation because the comminution takes 

place between the grinding beads (Becker & Schwedes, 1999). Although a 

reasonable initial judgement can be made, fine tuning always needs to be process 

specific, e.g. if the material hardness is greater than that of the media, the particles 

will penetrate the media surface, increasing wear (Breitung-Faes & Kwade, 2013).  

An interesting finding in Article IV was that none of the media was below size 

1.6 mm. At the same time, it was observed that the small fraction was not 

transported to the downstream process. The small media disappeared from the mill 

and was not visible in any of the other analyses at different downstream process 

locations in the plant. To date, there is no clear explanation of what caused this. 

In the tests, it was noticed that the media quality, size distribution and SG had 

a significant effect on the grinding efficiency as well as operating costs of the total 

mill circuit. It is highly recommended that the optimal media type and quality are 

estimated and checked before full-scale operation begins. 
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5 Conclusions 

In the work included in this thesis, wet, disc-type, vertical grinding mills were 

studied with different mill sizes, one being full plant size mill at the working mine 

site. The main findings are listed below, with the numbers referring to the 

corresponding articles. 

I  By changing from a flat to castellated disc design, the wear life of grinding 

discs was prolonged from a few weeks up to about a year and the energy 

efficiency of a plant-scale mill was improved by 55.5%. 

II  By repositioning the grinding discs upwards along the shaft instead of 

remaining in the centre position, it was possible to reach about 50% more 

energy efficient grinding.  

III  A power model was developed to describe the power draw of a vertical grinding 

mill with castellated discs. This enabled scaling-up from a laboratory-sized 

mill to a full-plant-sized mill.  

IV  The particle size of the media was found to be homogenously distributed within 

the mill. The sphericity of the media largely remained for the duration of the 

test (six months). However, very fine media appeared to disappear from the 

mill, with no clear explanation. 

The vertical grinding mill technology is a novel technology in its area and research 

work with lab-pilot-plant size units limited due to high costs and time needed. The 

work presented here consider many viewpoints such as scale-up accuracy, 

mechanical development of the mill and the effect of grinding media. 

The articles included in this work represent essential work in developing 

vertical grinding technology in the mineral processing industry. The findings are 

still being used in the industry. 
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