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OZET

MUGLA-KARACAOREN BOLGESIi KROM CEVHERININ KURU OGUTME
DAVRANIMININ STANDART BOND BiLYALI DEGIRMENINDE
INCELENMESI

Zehra GOKALP

Yiiksek Lisans Tezi
Fen Bilimleri Enstitiisii
Maden Miihendisligi Ana Bilim Dali
Danisman: Dog. Dr. Omiirden GENC
Aralik 2018, 135 sayfa

Bu tezin amaci, krom cevherinin bilyali degirmende 6giitme performansinin, 6giitlicii
ortam boyu ve dagilimimin degirmen iiriinii inceligi ve 6zgil kirilma hiz1 fonksiyonlari
lizerine etkilerinin kuru ogiitme kosullarinda incelenmesiyle degerlendirilmesidir.
Ayrica, degirmen liriinii inceligine bagl olarak 6gilitme enerjisi gereksiniminin tahmin
edilmesidir.Bu amagla, Mugla-Karacadren bolgesinden temin edilen ocak ¢ikisi cevher,
ceneli kirici, gubuklu ve standard Bond bilyali degirmenleri kullanilarak bir dizi kirma
ve kuru ogiitme islemlerinden gecirilmistir. Cubuklu degirmen o6giitme asamasindan,
3.35mm’den ince malzeme elde edilmis ve Bond bilyali degirmeninde yiiriitiilen kesikli
ogiitme testlerinde kullanilmistir. Boylece, kesikli 6giitme testlerinde tam bir tane boyu
dagilimi kullanilmistir. Testler, farkli bilya sarj1 dagilimlar1 kullanilarak 25sn, 1dk, 3dk,
5dk, 10dk ve 15dk’hik kesikli 6giitme zaman araliklarinda yiritilmustiir. Test
sonuglarmin birbirleri ile karsilastirilabilirligini belirlemek amaciyla, tekrarlanabilirlik
testleri yiiriitiilmiistlir. Degirmen beslemesi ve ¢ikist malzemenin tane boyu dagilimlari
en iri boydan (3.35mm) 0.038mm’ye kadar Ro-tap kullanilarak kuru elemeyle
belirlenmistir. Kesikli 6glitme isleminin 6zgiil enerji tiiketimleri Bond’un enertji
esitliginden tahmin edilmistir. Degirmen beslemesi, ¢ikisi tane boyu dagilimlari ve
teorik Broadbent-Callcott kirilma fonksiyonu, 6zgiil kirilma hizi1 fonksiyonlarinin
mitkemmel karigim matematiksel boyut kiiciiltme modelinden geri hesaplanmasinda
kullanilmistir.  Ozgiil kirilma hizlarmin geri hesaplanmasinda JKSimMet cevher
hazirlama yazilimmin model uydurma modiilii kullanilmugtir.

Test sonuglarinin tekrarlanabilir oldugu belirlenmistir. Bilya boyu ve sarj dagilimlarinin
Ozgiil kirtlma hizi fonksiyonlari iizerine etkilerinin onerilen yontem ile basarili bir
sekilde yansitilabildigi belirlenmistir. Onerilen ydntem ile, her bir bilya sarj
uygulamasinda sistematik boyut kiiciiltme elde edilebilmistir. Degirmende durma
zaman arttik¢a, daha ince boyut dagilimi elde edilmistir. Fakat, 15dk’lik 6gtlitme zamani
araliginda degirmen astarinda ve bilya yiizeylerinde malzeme sivanmasi
gozlemlenmistir. Durma zamaninin artmasiyla, -0.038mm’nin altindaki malzeme
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miktarinda 6nemli diizeyde bir artig saglanamamistir. 25mm ve 20mm tek boyutlu bilya
sarji uygulamalarimin &giitme performansi, -3.35+0.850mm tane boyu fraksiyonunun
ogiitiilmesinde diigmiistiir. Fakat, 20mm tek boyutlu sarj uygulamasi, 0.212mm’den ince
tane fraksiyonlarmin 6giitiilmesinde yiliksek 0giitme performansi gostermistir. 40mm,
30mm ve 25mm tek boyutlu sarj kompozisyonlari, 10dk’dan daha kisa durma zamani
araliklarinda, Standard Bond bilya sarjina goére daha yiiksek oglitme performansi
gostermistir. Sarj dagilimi inceldikg¢e, degirmen {iriinliniin irilestigi gdzlemlenmistir.
Farkli incelik degerlerine sahip bilya dagilimlari uygulamasi, 0.212mm’ den ince boyut
fraksiyonlarindaki ince malzeme miktar1 iiretimini 6nemli diizeyde degistirmemistir.
Sonuglar, kromun ogiitiilmesinde yiiksek Ogiitme performansi elde edebilmek i¢in
20mm’den iri, farkli boyutlarda bilya kullanilmas1 gerektigini gostermistir. Farkli sarj
uygulamalarinda, durma zamani ve degirmen {riinii’niin P80 boyu arasinda anlaml
korelasyonlar ¢ikartilabilmistir. Ogiitme enerjisi gereksinimi ve degirmen iiriinii inceligi
(P80) arasinda logaritmik bir korelasyon oldugu gozlemlenmistir. Malzeme durma
zamani ve 0zgiil enerji tiikketimleri arasinda test kosullar1 i¢in iligkiler kurulabilmistir.
Ozgiil kirilma hizlarinin durma zamani ile degistigi bulunmustur. Tek boyutlu bilya sarj1
uygulamalar arasinda, en yiiksek kirilma hizlari, malzemenin 25mm’lik bilya sarji ile
1dk, ve 3dk’lik zaman araliklari i¢in 6giitiilmesinde elde edilmistir. 20mm’lik bilya sarj1
uygulamasinin 10dk’lik durma zamanindan sonra, 6zgiil kirilma hizlarint artirdigini
gostermistir. Tek boyutlu bilya sarji uygulamalar icin, 15dk’dan daha kisa durma
zamani araliklarinda, degirmendeki maksimum bilya boyu (bmax) tarafindan
kirilabilecek maksimum tane boyu (Xm) arasinda anlamli korelasyonlar
cikartilabilmistir. Xm ve maksimum kirilma hizi (rmax) degerleri arasinda korelasyonlar
kurulabilmistir. bmax ve rmax degerleri arasinda da oldukca iyi korelasyonlar
kurulabilmistir.

Tam bir boyut dagilimmin bilyali degirmene beslenmis olmasi nedeniyle, test
sonuglarinin endiistriyel 6l¢ekli uygulamalar1 temsil edebilecegi diisiiniilmiistiir. Bilya
boyunun 06zgiil kirilma hizlar1 {izerine etkileri yansitilabilmistir. Sonuglar, islem
optimizasyonu i¢in, kuru 6giitme kosullarinda bilya sarji dagilimlarinin 6zgil kirilma
hiz1 fonksiyonlar1 {izerine etkileri konusunun derinlemesine anlasilmasini saglayan
kullanighi  bilgiler saglamistir. Boyut kiigiiltme performansi {izerine yapilan
degerlendirmeler, krom cevherinin bilyal1 degirmende kuru ogiitiilmesi konusunda
literatiire orjinal bilgiler saglamstir.

Anahtar Kelimeler: Ogiitme, Matematiksel Modelleme, Bilyali Degirmen, Enerji,
Krom
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ABSTRACT

INVESTIGATION OF THE DRY GRINDING BEHAVIOUR OF A CHROMITE
ORE FROM MUGLA-KARACAOREN REGION IN A STANDARD BOND
BALL MILL

Zehra GOKALP

Master of Science (M.Sc.)

Graduate School of Natural and Applied Sciences
Department of Mining Engineering
Supervisor: Assoc. Prof. Dr. Omiirden GENC
December 2018, 135 pages

The purpose of this thesis is to evaluate the ball mill grinding performance of a chromite
ore by investigating the grinding media size and charge distribution effects on mill
product fineness and specific breakage rate functions in dry grinding conditions.
Additionally, to estimate grinding energy requirement on the basis of mill product
fineness. For this purpose, run-of-mine ore was provided from Mugla-Karacadren region
and subjected to a series crushing and dry grinding processes by using a jaw crusher, rod
mill and standard Bond ball mill. Material finer than 3.35mm was obtained from rod
mill grinding stage and used in the batch grinding tests in a Bond ball mill. Thus, a full
particle size distribution (-3.35mm) was used in all the batch test conditions. Tests were
conducted at batch grinding time intervals of 25sec, 1min, 3min, 5min, 10min and
15min by using different ball charge distributions. Reproducibility tests were performed
to determine if test results were comparable over each other. Particle size distributions of
mill feed and discharge materials were determined by dry screening in a Ro-tap from the
top size (3.35mm) down to 0.038mm. Specific energy consumptions of batch grinding
process were estimated from Bond’s energy equation. Mill feed, discharge particle size
distributions and Broadbent-Callcott theoretical breakage function were used to back-
calculate specific breakage rate functions from perfect mixing mathematical size
reduction model. Model fitting module of the JKSimMet mineral processing software
was used in the back-calculation of specific breakage rates.

Test results were determined to be repeatable. Ball size and charge distribution effects
were found to be successfully reflected on specific breakage rate functions with the
proposed methodology. Systematic size reduction was achieved in each ball charge
application case with the proposed methodology. Finer particle size distribution was
obtained as the retention in the mill was increased. However, coating on the mill liner
and on the surface of the balls were observed for 15min grinding time interval.
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A significant increase in the amount of -0.038mm material could not have been achieved
with the increase in residence time. Grinding performance of 25mm and 20mm
monosize ball charge applications were observed to decrease in grinding the size
fraction of -3.35+0.850mm. However, 20mm monosize charge application indicated
higher grinding performance in grinding the size fractions finer than 0.212mm. 40mm,
30mm and 25mm monosize charge compositions indicated higher grinding performance
as compared to Standard Bond ball charge at residence time intervals shorter than
10min. As the charge distribution got finer, coarser mill product was observed.
Production of fine material amount did not change significantly in the size fractions finer
than 0.212mm with the application of ball distributions with different fineness values.
Results indicated that, different ball sizes which are coarser than 20mm should be used
in the charge in grinding of chromite ore for higher grinding performance. Meaningful
correlations could have been drawn between residence time and P80 size of the mill
product in different charge applications. A logarithmic correlation between grinding
energy requirement and mill product fineness (P80) was observed. Relationships
between material residence time and specific energy consumptions could have been
established for the test conditions. Specific breakage rates were found to change with
residence time. Among the monosize ball charge applications, highest breakage rates
were obtained by grinding the material with 25mm ball charge for 1min and 3min time
intervals. 20mm ball charge application indicated to increase the specific breakage rates
after 10min residence time. Meaningful correlations could have been derived between
maximum particle size (Xm) that can be broken by the maximum ball size in the mill
and maximum ball size (bmax) for monosize charge applications at residence time
intervals shorter than 15min. Correlations could have been established between Xm and
maximum breakage rate (rmax) values. Relatively good correlations could have been
established between bmax and rmax values as well.

Test results were thought to be representative of the industrial scale applications as a full
size distribution was fed to ball mills. Ball size effects could have been reflected on the
specific breakage rates. Results, provided useful information for insights about ball
charge distribution effects on specific breakage rate functions in dry grinding conditions
for process optimization. Evaluations on size reduction performance provided original
information to the literature on dry grinding of chromite ore in a ball mill.

Keywords: Grinding, Mathematical Modelling, Ball Mill, Energy, Chromite
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1. INTRODUCTION

Chromite reserves of Turkey are estimated to be about 26 million tons as stated in the
report of USGS (2018) and thus, chromite ore processing has a vital importance in

Turkey.

Comminution, which includes crushing and grinding unit operations, is the first in the
mineral processing plants after mining operations. The ore should be ground in mills to
obtain the required particle size distribution for concentration stages so that, the ore can
be sold in the market. Comminution is an energy intensive process and consumes about
3-4% of the electricity generated worldwide and typically, 70% of the total energy
requirement in a typical mineral processing plant is consumed in comminution
operations as stated in Geng (2008). In this context, it is the most important processing
stage in mineral processing plants. Rod and ball mills are widely applied technologies
for grinding of the ore in chromite processing plants. Especially, ball mill operation is
very energy intensive due to a series of operational conditions such that, the energy can
be consumed in overgrinding the material and poor breakage actions can exist in the mill
as stated in Austin (1984). For example; under filling of the mill by material that will
result in steel to steel contact without particle breakage between the balls whereas
overfilling of the mill with excess material which will result to the existence of ball-
powder-ball action which is known as cushioning effect as stated in Austin (1984). Both
conditions will reduce the grinding performance and increase the energy consumption
and hence, understanding of the ball mill grinding performance is crucial in order to be
able to determine the optimum operational conditions for the milling process as given in
Geng (2008). Specific energy consumption of the process can be reduced which will
accordingly reduce the annual total electrical energy consumption of the grinding stage

when mills are operated at optimum conditions as stated in Geng (2008).



Best way for optimization of the energy consumption per ton of material produced is to
build up reliable comprehensive mathematical models of the size reduction equipment as
stated in Geng (2008). If reliable models of grinding equipment can be established, mills
can be simulated for the estimation of the optimum conditions and thus, size reduction or
grinding models are required for the design and simulation of comminution equipment

and circuits as given in Geng (2008).

Components of size reduction models are specific breakage rate, discharge rate and
breakage distribution functions of particles in the mill as mentioned in Geng (2008).
Reliable laboratory and industrial scale grinding data which gives information on
grinding performance of the mills under different operational conditions, are required to
establish reliable predictive grinding models as stated in Geng (2008). Thus, it is
important to investigate the effect of different operational parameters such as ball size,
ball load, feed size distribution etc. on grinding performance and thus, resulting data can
be used to estimate specific breakage rate functions to establish models of grinding mills
as stated in Geng (2008). Relationship among the operational and design parameters of
the size reduction equipment, breakage and discharge rates should be defined for
simulation work as stated in Geng (2008).

Ball charge distribution is one of the important parameter of ball mill grinding which
effects size reduction performance and consequently energy consumption of the mills as
given in Geng (2008). Ball size effects on specific breakage rates of particles should be
investigated and defined so that, realistic estimations on mill products can be done.
Various size reduction models are defined in the literature to estimate breakage rates of
particles most of which are complex that require a series of laboratory batch tests to
estimate model parameters as mentioned in Geng (2008). Modelling approach, which is
well known and widely applied was used in many research studies that requires batch
grinding tests on monosize particles and determination of empirical coefficients for the
estimation of specific breakage rates of monosize particles, was proposed by Austin
(1984). More than one solution can be obtained in the estimation of empirical
coefficients and thus, it is not an easily applicable modelling study by the engineers and
researchers due to its complexity as mentioned in Geng¢ (2008). Perfect mixing

modelling approach which was developed by Whiten (1976) does not require complex
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calculations for the estimation of specific breakage rates of particles and is more
practical and thus, widely used to model grinding mills in industrial scale applications as
mentioned in Geng (2008).

In this thesis, an average specific breakage rate function was estimated from the perfect
mixing model by using a full mill feed size distribution instead of estimating the specific
breakage rates of monosize particles as in the work of Austin et.al. (1984). Batch
grinding tests were performed using different ball charge distributions in which material
was ground in the mill for different residence time intervals and the changes in specific
breakage rates of particles were investigated as stated in Geng (2008). Effects of ball
size and its distribution on mill product fineness and breakage rate functions could have
been investigated as different ball charge distributions were used in the batch tests for
chromite ore grinding. Specific energy consumptions of the grinding processes were
estimated according to the Bond’s theory (1952) and results were evaluated as a function

of mill product fineness and residence time.



2. GENERAL INFORMATION ON CHROMITE ORE

Chromium is a chemical element and its symbol is “Cr” with a atomic number of 24 and
atomic weight of 52g/mole and the name of the element is coming from the Greek word
“Chroma” which means color as many chromium compounds are colored as given in
Brandes (1956). Chromium metal can be economically produced from a chromite ore. It
is a steely-grey, lustrous, hard and brittle transition metal as given by Brandes et.al.
(1956) and as stated in Acar and Anagiil (2018). Chromium has remarkable magnetic
properties and is the only elemental solid which shows anti-ferromagnetic at room
temperatures and below and it changes to paramagnetic above 38°C as mentioned in
Fawcett (1988). Chromite is an oxide mineral composed of iron, chromium, and oxygen
with a chemical formula of FeCr,O,4 as mentioned in Acar and Anagiil (2018).

Sellable chromite ore products are chromite concentrate, ferrochrome and chromium
metal and the main use of chromite concentrate is the production of stainless steel in the
metallurgical industry as given in Papp (1994). Approximately 90% of chromium is used
in stainless steel production and special steel production by electroplating with
chromium in the industry mostly to produce ferrochromium and chromium metal as
mentioned in Callaghan (2013). 6% is recorded to be used in chemical industries such as
pigment, catalyst and wood preservative and the rest which is 4% is used in foundry and
refractory industries as it shows high resistance to temperatures around 2000°C as given
in Callaghan (2013). Ferrochromium alloy (FeCr) is commercially produced from
chromite by carbothermic, silicothermic or aluminothermic reactions and chromium
metal is produced from chromite by roasting and leaching processes followed by
reduction with aluminum as stated in Acar and Anagiil (2018). Chromium metal has a
high corrosion resistance and hardness value thus, stainless steel can be made highly
resistant to corrosion and discoloration by adding metallic chromium as mentioned in
Acar and Anagiil (2018).



2.1. Chromite Deposits

The ore mineral in all chromite ore deposits is chromite as stated in Anonymous (2017).
Chromite ore deposits in the world are magmatic and found in various levels within
basic and ultrabasic rocks but found mostly in ultrabasic rocks as stated in Anonymous
(2017). Chromite crystals are primarily fractionally crystallized from magma and
accumulate at certain levels due to their density to form chromite ore deposits and
chromite is mostly crystallized after olivine and before orthopyroxenes as given in
Anonymous (2017).

Chromite is generally found as orthocumulate lenses in ultrabasic rocks such as
peridotites and also occurs in layered ultramafic intrusive rocks and found in
metamorphic rocks such as serpentinites as stated in Gu and Wills (1988). Chromite is
associated with olivine, magnetite and serpentine and clayish gangue embedded in
chromite crystals formed by ultrabasic rocks such as dunite and serpentinite as given in
the report of DPT (2001). Chromite ore is characterized as massive, disseminated,
nodular, orbicular, banded, massive banded and disseminated banded according to the
abundance, texture and embedding type of the chromite crystals in the ultrabasic hosting
rock as given in the report of DPT (2001). Chromite deposits generally exist as
stratiform and podiform type since they are feasible to process them as stated in Murthy
etal. (2011) and Papp and Lipin (2001). The origin of the ultrabasic-basic rock
assemblages in the chromite deposits, geological location, mineralogy, texture, etc. are
the characteristics used to classify chromite deposits into three main types by Giiltekin (
2006), and Onal et.al. (1986) which are given as below:

1. Chromite deposits associated with stratiform intrusions found in straddle continental
regions (cratons) such as Bushveld (South Africa) and Stillwater (United States) and
they are large, layered beddings of continuity for kilometers and structurally
complex as stated by Giiltekin (2006), and Onal et.al. (1986). The small grains are
tall, uniformly crystalline with low Cr/Fe ratio and high amount of iron ore and
stratified type deposits constitute 90% of the world’s chromium reserve whose ages
are mainly Paleozoic as given in Giiltekin (2006), and Onal et.al. (1986).
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2. Chromite deposits known as podiform type are associated with ultrabasic-basic rock
assemblages which are known as ophiolite deposits and often referred as Alpine
types due to their appearance during the Alpine belt formation as given in Giiltekin
(2006), and Onal et.al. (1986). Alpine types are lenticular or irregular shaped,
generally small sized, complex structures and coarse grains have irregular crystal
shape, high Cr/Fe ratio and high chromium content and their ages are inverted type
of which are usually observed at places where tectonism is abundant, and the
changes that they undergo are tectonic movements and magmatic events as given in
Giiltekin (2006), and Onal et.al. (1986).

3. Chromite deposits which are connected to concentric ultrabasic rock assemblages
with concentric interior planes are not economically feasible today as there is no
production from these types of beds, which are usually found in Alaska as stated by
Giiltekin (2006), and Onal et.al. (1986). However, it is known that, studies on the
enrichment tests of chromite ore from these type of deposits showed that, such beds
usually contain high amount of iron chromium ore and their economics have been
carried out in the United States as stated by Giiltekin (2006), and Onal et.al. (1986).

The result of magmatic differentiation, during cooling from magmatism result in the
formation of rich chromite deposits as given in the report of DPT (2001). All of the
chromite deposits were formed in the auto-magmatic phase and the degree of
crystallization of the chromite minerals is very high and they sometimes crystallize
before the olivine and sometimes with the silicates, according to the degree of saturation
of Magma as stated in Onal et.al. (1986). Its typical specific gravity is between 4.1-
4.5g/cm® and hardness is 5.5 and Cr,O3 content in the chromite composition ranges from
17 to 68% which determines the quality of the ore as expected that, this ratio is 48% and
that of Fe/Cr ratio is 1/3 in the market as stated in Hacioglu (2010).



2.2.Physical and Chemical Properties of Chromite

Main characteristics of chromite ore is presented in Table 2.1 whereas atomic, physical
and other properties are presented in Table 2.2 and Table 2.3 respectively as given in
Hacioglu (2010).

Table 2.1. Main characteristics of chromite ore (Hacioglu, 2010)

Chromite ore characteristics

Atom Number 24

Element Series Transition Metals
Group, Periods, Blocks 6,4d
Appearance Metallic Silver
Atom Weight 51.9961 g-mol™
Electron Array [Ar] 3d° 4s*

Energy Level, Electron Press 2, 8, 13, 1 (Image)

Table 2.2. Atomic properties of chromite ore (Hacioglu, 2010)

Chromite’s Properties

Crystal Structure Cubic
Electronegativity 1.66 (Pauling scale)
lonization Energy 1% 652.90 kJ-mol
Atom Radius 128 ppm

Covalent Radius 139+5 ppm

Table 2.3. Physical and other properties of chromite ore (Hacioglu, 2010)

Physical Properties Other Properties

Substance State Solid Thermal Conductivity (300K) 93.90 W-m™-K™*
Density 7.19 g-cm™ Electrical Resistance (20 °C) 125 nQ'm
Liquid state 6.30 g-em™ Young's modulus 279 GPa
Melting point 2180 K, 1907°C Shear Modulus 115 GPa
Boiling Point 2944 K, 2671°C Thermal Expansion (25°C) 4.90 pm-m™*-K™*
Melting Heat 21.00 kJ-mol™ Sound Speed (20°C) 5940 m/s
Evaporation Heat 339.50 kJ-mol™ Mohs Hardness 8.5
Heat Capacity (at 25 °C)  23.35 J'mol ™K Vickers Hardness 1060 MPa

Brinell Hardness 1120 MPa

Poisson's ratio 0.21




2.3. Mineralogy of Chromite Ore

There are variety of chromium bearing minerals such as fuchsite [K(Al,
Cr)2(AlSi3010)(OH),] and uverovite [CazCry(SiOy4)3] in nature as stated by Knorring
et.al. (1986). However, chromite is the only mineral that can be economically mined to
produce chromium and chromite is an iron chromium oxide mineral with a chemical
formula of FeCr,Q, as given in the report of DPT (2001). Chromite mineral belonging to
the spinel group is crystalized in the cubic system and the theoretical formula is given by
FeCr,04(Mg, Fe) (Cr, Al, Fe),04 as recorded in the report of DPT (2001).

Due to the spinel structure, “Fe” and “Cr” may be substituted by “Mg” and “Al” and
some other elements to form (Mg, Fe)(Cr, Al, Fe),04 which represents the common
occurrence of chromite in nature as stated by Acar and Anagiil (2018). The grade of
“Cr” varies in the ore depending on the degree of replacement of the elements in the

spinel crystal structure of the chromite ore as stated by Acar and Anagiil (2018).

The typical accompanying secondary minerals found in chromite deposits are mainly harsburgite,
olivine, serpentine, and talc while magnesite and hematite vary in the minor amounts as stated by
Giinay and Colakoglu (2015). Chromium (Cr) minerals and their properties are given in Table 2.4
as given in the report of DPT (2001). Typical chromite ore, gangue and guided minerals in addition

to chromium minerals and their properties are given in

Table 2.5 as given by Hacioglu (2010).

Table 2.4. Chromium (Cr) minerals and their properties (Hacioglu, 2010)

Chromium Cr,0; Crystal Color Stripe Hardness Specific
minerals % system Color weight
(glem®)
Chromite 68.00 Cubic Black Dark 5.5 45
Brown
Uvarovite 30.60 Cubic Green Green 7 3.1
Krokoit 30.10  Monoclinal Yellow-Red Orange 2.5
Dietzeit 15.30 Monoclinal Golden Yellow - 3.4 3.7
Phoneix 1750  Orthorombic Yellow-Red Brick-Red 3 5.7
Bellit 17.30 Hexagonal Yellow-Orange - 2.5 5.5




Table 2.5. Chromite ore, gangue and guided minerals (Hacioglu,2010)

Chromite ore Gangue Guided
minerals Minerals minerals
Magnetite Olivine (Forsterite to Fayalite) Kammererite
Titanomagnetite Pyroxene (Enstatite, Hypersten, Bronzite) Uvarovite
Pyrotine Serpentine Group (Antigorite, Lizardite, Chrysotile) -
Chalcopyrite Magnesia -

Pyrite, limenite, Rutile Talc -

Platinum Group Metals Chlorite -

2.4.Chromite Reserves in the World

World’s total chromite reserve is recorded to be 510 million tons with a 45% Cr,03
content and Turkey is ranked fourth in the world with a share of around 9% with 2.8
million tons of chromite production as recorded in the report of USGS (2018). World’s
chromite production and reserves are given in Table 2.6 as recorded in the report of
USGS (2018).

Table 2.6. World’s chromite mine production and reserves (USGS, 2018)

Country Mine Production’ Reserves®
(thousand tons) (Shipping grade)®
2016 2017*

Kazakhstan 5,380 5,400 230,000
South Africa 14,700 15,000 200,000
India 3,200 3,200 54,000
Turkey 2,800 2,800 26,000
Others 4,160 4,200 NA
World total (rounded) 30,200 31,000 510,000

lgross weight of marketable chromite ore

“hased on specific definition and may change according to market conditions
*equivalents of 45% Cr,05 grade

*estimated

Turkey was in the first row in the world rankings in chromite ore production for some
years and in the world it is placed in the row between 3 and 6™ in the recent years as
mentioned in the report of DPT (2001).



2.5. Genesis of Chromite Deposits in Turkey

Ultrabasic rocks with generic name of peridotites which host chromite minerals are
ophiolitic rocks cover wide areas in Turkey and are located along the Alpine orogeny
belt as given in Acar and Anagiil (2018). The chromite deposits in these peridotites are
named as alpine type (podiform type) and their complex structural associations, textural
properties and relatively small scale of deposition are characteristics of alpine type
chromite deposits as given in Acar and Anagiil (2018). They are spreaded alongside the
tethyan belt across Turkey within ultrabasic rocks with disorganized distribution. There
are more than 800 chromite occurrences within individual or a group deposition
identified in Turkey and can be grouped into six regions geographically according to
their importance which are given in Table 2.7 and Figure 2.1 respectively as stated in
Acar and Anagiil (2018).

Table 2.7. Chromite ore deposits in Turkey (Acar and Anagiil, 2018)

Rank Region

1 Guleman (Elaz1g)

2 Fethiye-Koycegiz-Denizli
3 Bursa-Kiitahya-Eskisehir
4

5

6

Mersin-Karsanti-Pinarbasi
Erzincan-Kopdag
Iskenderun-Kahramanmaras
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Figure 2.1. Distribution of chromite ore deposits in Turkey

There are important chromite deposits in the Guleman region which is a district 65-
70km south east of Elazig and these deposits are called “Sark chromite” deposits and are
classified into three types according to geology as mentioned by Ozkan (1982) and
Cakmak (2006). The Kef mountain type chromite beds are one of these and they are in
the form of two similar beds lined up 800meters long in east-west direction as stated in
Cakmak (2006). These are called the Kef and western Kef mountain chromite deposits
and the length of the western Kef mountain deposit is about 1km and the thickness of

this deposit varies between a few meters to 50m as given in Acar and Anagiil (2018).

The chromite deposit in Guleman region shows different physical, structural and
elemental characteristics in different locations such that, the massive chromite ore body
has Cr,03 grade usually between 20% and 46% while the Al content of the high-grade
ores varies depending on the location between 8% and 16% as given in Acar and Anagiil
(2018). The Cr,O3 grade of the pure chromite ore is limited to approximately 48-50%
especially in the Kef region due to the substitution of Fe and Cr elements by Al and Mg
in spinel crystal structure which is relatively high as compared to the other regions as
stated in Acar and Anagiil (2018). Chromite crystals with less than 1mm size are

embedded in a matrix composed of olivine and serpentine in lower grade ore bodies and
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the grade of that type of chromite ores changes between a few per cent to 30% Cr,03 as
stated in Acar and Anagiil (2018). It is required to concentrate that type of ores to higher
grades before feeding them to electric arc furnace (EAF) and the reasons for such
concentration process are given as follows: the reduction process is conducted at high
temperatures in EAF so the mass to be smelted should be reduced by removing the
siliceous gangue in order to reduce the energy consumption; the Fe content of the
gangue minerals decreases the Cr/Fe ratio of the feed which reports to the metal during
reduction process and leads to the production of lower quality FeCr alloy with lower
Cr%, Mg and Al contents of the feed should be kept in certain level as they affect the
smelting temperature and viscosity of the furnace feed and also gangue minerals which
are olivine and serpentine are rich in Mg and Al and they need to be removed from the
feed down to certain levels before the reduction process and Si content of the gangue
material effects the quality of the finished FeCr alloy as some portion of Si may report to
the metal as stated in Acar and Anagiil (2018).

2.6. Chromite Ore Deposits and Reserves in Turkey

Peridotites which are ultrabasic rocks cover large areas in Turkey and a significant
distribution pattern showing the chromite deposits in Turkey are spread across the
country over the peridotites as given in the report of DPT (2001). Totally, one thousand
single or groups of chromite ore bed occurrences are available in Turkey and their
distribution in the geographical direction can be classified into regions which are known
as major occurrences and given below with Cr,03% content values as mentioned in the
report of DPT (2001).

1. Guleman-Elazig region in which the deposits are; West Kef (6.8 million tons, 33%),
Eastern Kef (500,000tons, 40-45%), Sori Quarries (2.5 million tons, 42-48% and 43-
47%) as given in the report of DPT (2001),

2. Fethiye-Koycegiz-Denizli region in which the deposits are; Kazandere-Karaismailler
(800,000tons, 30-38%), Uziimlii-Sazl1 (100,000tons, 36%), Biticealan (102,000tons, 44-
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48%), Kazandere (236,000tons, 37.5%), Kandak (100,000tons, 40-46%) as given in the
report of DPT (2001),

3. Bursa-Kiitahya-Eskisehir region in which the deposits are; Harmancik-Basalan
(163,000tons, 20%), Omeralti-Kinalibatak (100,000tons, 23%), Miran-Hudut-Koca
Ocaklar (120,000tons, 43%), Orhaneli-Karincali (40,000tons, 5-30%),

4. Bursa region in which the deposit is Biiyiikorhan-Kirocak (277,000tons, 10-18%), as
given in the report of DPT (2001),

5. Eskisehir region in which the deposits are; Eskisehir-Karaburhan (1,800,000tons, 22-
26%), Eskisehir-Karacaoren (35,000tons, 15-45%), Kavak Chromites (1 million tons,
30-45%) as given in the report of DPT (2001),

6. Mersin-Adana-Kayseri region in which the deposits are; Adana-Aladag (198 million
tons, 5.60%), Kayseri-Pinarbasi-Dedeman (490,000 tons, 20-30%) as given in the report
of DPT (2001),

7. Sivas-Erzincan-Kopdag region in which the deposits are; Sivas-Kangal-Karanlikdere
(2.3 million tons, 5-15%),

8. Erzurum-Erzincan-Bayburt region in which the deposit is Erzincan-Kopdag (3.6
million tons, 38-54%) as given in the report of DPT (2001),

9. Sivas region in which the deposit is Karadere (55,000 tons, 43-44%) as given in the
report of DPT (2001),

10. Iskenderun-Kahramanmaras region in which the deposit is Hatay-Kizildag (117,000
tons, 34-44%) as given in the report of DPT (2001).

2.7. Chromite ore concentration processes

Chromite concentrates that contain different chromite grades, varying from lumpy
chromite to fine size concentrates, are produced in Turkey and gravity methods which
are based on the density differences between chromite and gangue minerals are often

used in concentration plants as mentioned in Burt (1987) and Giiney et.al. (2009). Heavy
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medium separation and jigs in coarse sizes whereas spiral, shaking table, magnetic
separators, multi gravity separators and flotation in fine sizes (approximately below

0.5mm) are well known methods as mentioned in Burt (1987) and Giiney et.al. (2009).

Jigging and shaking table processes are combined in some plants such as in Eti Krom
Inc. AGK Plant in Elaz1g in Turkey as mentioned by Acar and Anagiil (2018). Spirals
are preferred in South Africa due to their high capacities and lower construction layout
although their efficiency is low as mentioned by Acar and Anagiil (2018). Shaking
tables are mostly applied in Turkey due to the precise control of operational parameters
as stated by Giiney et.al. (1993), Giiney (1992;1994), Ozdag et.al. (1993;1994), Ugbas
and Ozdag (1994). However, performance of shaking tables is inefficient below 100um
and thus, their recoveries are low and rejected waste material from shaking tables have
considerable economic value as mentioned in Giiney et.al. (1993), Giiney (1992;1994),
Ozdag et.al. (1993;1994), Ucbas and Ozdag (1994).

The most encountered problems in the plants are disregarded mineral properties and
over-grinding of materials and both cases consume significant amount of energy and
valuable mineral losses in slime fractions as given in Yiice et.al. (2017). In this context,
it is very important to investigate the mineralogical structure of the ores, liberation
degree of valuable and gangue minerals, grindability which can be characterized by the

Bond work index value.

Heavy medium separation is another method used to concentrate chromite ore which can
be applied as in Kazakhstan below 100mm to clean massive high-grade chromite ore
from the internal and external dilution of hosting rock as mentioned by Acar and Anagiil
(2018). Optical and X-ray sorters have been recently applied for coarsely liberated
minerals as mentioned by Acar and Anagiil (2018). However, there is not any recorded
application in industrial scale plants as stated in Acar and Anagiil (2018). Optical sorters
may become popular for the concentration of coarse sizes of light colored gangue such
as serpentine and olivine as similar to hand picking as stated in Acar and Anagiil (2018).
High intensity wet magnetic separators were used but they were inefficient in terms of
recovery and product grade as given in Acar and Anagil (2018). Wet magnetic

separators can be applied to separate free hematite (Fe,O3) from the final concentrate to
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increase the Cr/Fe ratio and it was shown that, Cr/Fe ratio of a chromite ore from
Kayseri region can be increased from 2.19 to 2.30 with 95.39% recovery by appliying

2200 Gauss in permanent wet magnetic separator as given in Acar and Anagiil (2018).

Flotation, hydrometallurgy, Multi Garavity (MGS) and magnetic separation processes
have become popular in the concentration of low grade chromite ores and plant tailings
in the recent years as stated in Acar and Anagiil (2018). As the difference between
magnetic susceptibility between chromite and gangue minerals is limited, low separation
efficiencies and concentrate qualities are obtained as also stated in Acar and Anagiil (
2018).

Table 2.8. Physical properties of chromite, olivine and serpentine (Dahlin and Rule, 1993)

Mineral Chemical Formula Magnetic Density Color
Susceptibility y  (g/cm®)
(10° m¥kg)
Chromite (Mg, Fe)(Cr, Al, Fe),04 586-1088 4.1-4.9 Black
Olivine (Mg%, Fe*"),Si0, 204-2088 3.3-34 White-Gray
Serpentine (Mg, Fe, Ni, Al, Zn, Mn),3(Si, Al, 1100-6300 2.5-3.2 Dark Green
Fe)205(OH)4
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3. COMMINUTION

3.1. Comminution Fundamentals

Comminution can be defined as the reduction of solid materials from a coarser particle
size to a smaller particle size by crushing and grinding mechanisms as stated in Lynch (
2015). Objective of comminution processes for ores is to reduce the size of coarse rocks
to a size at which particles of valuable minerals can be liberated and concentrated as
given in Lynch (2015). Crushing reduces the particle size of run-of-mine ore to a level
that, the grinding mill can produce valuable and gangue minerals as liberated particles as
stated in Lynch (2015). Crushing mechanisms are impact, compression, abrasion, and
attrition as mentioned in Lynch (2015). Compression is performed by compression of
ore against rigid or particle surfaces, impact is performed by rapid loading where force is
applied almost normally to the particle or rigid surface in both mechanisms as stated in
Wills and Finch (2016) and also as given in Lynch (2015). Crushing is a dry process and
it is performed in several stages and reduction ratio which is defined as the ratio of
maximum particle size entering the crusher to the maximum particle size leaving the
crusher, can be within the range of three to six as given in Lynch (2015). Crushers in use

are gyratory, jaw, cone, roll and impact crushers as stated in Lynch (2015).

Grinding mechanisms are impact (tumbling mills), compression (roller mills), abrasion
(tumbling mills) as given in Lynch (2015). Grinding of ores are performed usually wet
as most concentration processes are carried out as slurries whereas dry grinding has
limited applications as given in Lynch (2015). Tumbling mills use steel rods, steel balls,
or sized ore which are applied in AG and SAG mills as grinding media whereas stirred
or agitated mills use a stirrer to provide motion to the steel, ceramic or rock media as
given in Lynch (2015). Both vertical and horizontal configurations exist and can be
operated with smaller media sizes and thus they are more suitable for fine grinding than
tumbling mills as stated in Lynch (2015). Stirred mills are thought to be more energy
efficient up to 50 per cent as compared to conventional ball mills as stated by Stief et.al.

(1987) and they are now widely used for fine comminution as given in Lynch (2015).
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3.1.1. Comminution Theories

Comminution theories concerned with the relationship between energy input and the
particle size produced from a given feed size and the general form of the energy-size
reduction relationship is given by Equation (3.1) in Kelly and Spottiswood (1982) as
also given in Geng (2008). This empirical equation is the generalized form of the
theoretical and empirical energy-size reduction equations of Rittinger, Kick, Bond,
Holmes, Charles, Svensson and Murkes and others as stated in Kelly and Spottiswood
(1982) and also given in Geng (2008).

-K

dE
& = 3.1
dx X" (1)

“Ey” is the specific energy necessarry to supply the surface energy of the new surface,
“x is the particle size, “n” and “K” are constants as stated in Kelly and Spottiswood
(1982). Breakage energy is proportional to the new surface area produced according to
the Rittenger theory, and the relationship is given by Equation (3.2) as stated in Kelly
and Spottiswood (1982) and also given in Geng (2008).

Eo = Kz[i_lJ (32)

X X

0 1

“x,” is the initial particle size, “x,” is the particle size after the breakage event, “K,” is a

constant as given in Kelly and Spottiswood (1982).

Equivalent geometrical changes in the sizes of particles require equal energy according
to Kick’s law and the relationship is given by Equation (3.3) where “K3” is a constant as
stated in Kelly and Spottiswood (1982) and also given in Geng (2008).

E, =K, In{ﬁj (3.3)
X

0
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Bond’s comminution theory is given by Equation (3.4) as given in Kelly and
Spottiswood (1982).

(3.4)

1 1
E, =K -
4[\1 Xso,o \/;SO,I J

“Xgo,0” 18 “B0%” passing size before the breakage event, “Xgp,” is the 80 per cent passing
size after the breakage event and “K,” is a constant as given in Kelly and Spottiswood
(1982).

Holmes, Charles, Murkes and Svensson have used a size distribution in the energy-size
reduction relationship which is given by Equation (3.5) as given in Kelly and
Spottiswood (1982).

E, =K,(x)™ (3.5)

“x*” is the size modulus as described in the Gates-Gaudin-Schuhmann equation, “n;”

and “Ks” are constants as given in Kelly and Spottiswood (1982).

3.2. Mathematical Models of Comminution

Size reduction models are required for the design and simulation of comminution
equipment and if reliable models of comminution machines could be established, mills
could be simulated for the estimation of the optimum conditions for the grinding process
as mentioned in Geng (2008). Specific breakage rates of particles at different operational
conditions should be investigated to establish reliable grinding models to be able to
make reliable predictions on mill product fineness and thus size reduction performance
at different operational conditions as mentioned in Geng (2008). Additionally,
relationships between breakage rate and design and operational parameters should be
established to perform simulations using the established grinding models. In this context,

grinding models were introduced as mentioned in Geng (2008).
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There are two basic models to represent size reduction process which are matrix and
kinetic models as given in Lynch (1977). Comminution is considered as a succession of
breakage events in the matrix model and feed to each breakage event is the product from
the previous event as stated in Lynch (1977). Comminution is considered as a
continuous process in the kinetic model and the longer the period of grinding and greater
is the size reduction attained as stated in Lynch (1977) and also given in Geng (2008).
Both models are based on the concepts of selection or breakage rate function which can
be defined as the probability of breakage and breakage distribution or appearance
function which can be defined as the characteristic size distribution after breakage event
and classification or discharge rate function or size dependent diffusion coefficient
which can be defined as the differential movement of particles through or out of a
continuous mill that is generally size-dependent as stated in Lynch (1977) and also given
in Geng (2008).

3.2.1. Matrix model

Probability of breakage of each size fraction and size distribution of each broken product

was given in a matrix model by Broadbent and Callcott (1956) as given in Lynch (1977).

Table 3.1. Feed and product size distributions from a size-reduction process (Lynch, 1977)

Size range Feed Product
1 f1 pl

2 f2 p2

3 f3 p3

n fn Pn

n+1 fn+1 pn+1

™ size fraction refers to the

Size fraction (range) one is the maximum size and “(n+1)
subsieve sample in Table 3.1 as given in Lynch (1977). Particles in all size fractions
have some probability of being broken and the products of breakage may fall in that size
interval and in any smaller size interval during the grinding process as stated in Lynch

(1977) and also given in Geng (2008).
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Table 3.2. Mass balance for a size-reduction process (Lynch,1977)

Sizerange  Feed Product

1 fi P11 0 0 0 0

2 fz P21 P22 0 . . 0 0

3 f3 P31 P32 P33 : : 0 0

N fn pn,l pn,2 pn,3 . . pn,n 0

n+l o1 Pn+1.1 Pn+1.2 Pn+13 . . Pn+1.n Pr+1n+1

n+l

“Zfi ” represents the total feed mass F as given in Lynch (1977). The particles falling
1

in the subsieve fraction which is “n+1” can be calculated for both feed and product by
substracting the cumulative weight retained on size “n” from “F” and the element “p;;”
in the array representing the products of breakage may be written as “p;j=Xi;. F;”” where
“Xij” represents the mass fraction of the particles in the “j™ size fraction in the feed
which fall in the “i"™ size fraction in the product as stated in Lynch (1977) and the
product array may be re-written as shown in Table 3.3 as also given in Geng (2008).

Table 3.3. The product from a size-reduction process expressed in terms of the feed (Lynch, 1977)

X11.f1 0 0 : , 0
X2,1-f1 X2,2-f2 0 . . 0
X3,1-f1 X3,2-f2 X3I3.f3 0
Xn.l-fl Xn,Z-fZ Xn,3-f3 . : Xn,n-fn

Size reduction process can be represented by the matrix equation given in Equation (3.6)
as stated in Lynch (1977) and also given in Geng (2008).

p=X.f (3.6)
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Table 3.4. General matrix equation of breakage (Lynch, 1977)

X, 0 0 0 f)
)(2 1 )(2,2 () () f2
)(3 1 )(3,2 )(3 3 () f3
Xanp %42 %43 0 * f4 _
)(5 1 )(5,2 X5 3 () f5
0
0
_Xn,l Xi2  Xns : : Xn,n_ _fn_

3.3.3.1. The selection function

Xpp Fi+0+ +0
Xo0 F 4%, 0, +0+ +0
Xap Fy X, F + X5 F o +0
Xy B+ %5 0, + X, 5.+ +0
O P P T Y A +0
Xpp- T+ X0 F5 + X, 5. F5 +e +0

Py
P
Ps
Pa
Ps

P _

Particles of all sizes which enter a grinding process have some probability of being

broken and this probability may change as the size of the particle changes and a certain

proportion of the particles in each size fraction is selected for breakage and the

remainder pass through the process unbroken during the size reduction process as stated

in Lynch (1977). If “S;” is the proportion of particles in the largest size range which is

selected for breakage, then the mass of particles in that size range which is broken will

be “S;.f;” and the mass of particles that are broken in the “n

thys

size range will be “Sp.f,”

as given in Lynch (1977). Matrix equation can be written as in Table 3.5 as given in

Lynch (1977).
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Table 3.5. Selection in a size-reduction process (Lynch, 1977)

S, 0 0 0 o1 ] [s, f
0sS, 0 0 . . O0f|f,] s, f
0 0 S, 0 ol[f] |S f
0 0 0 0 s, | f.] s, f.]

Selection function is denoted by S and the particles which are broken are represented by
“S.f” as stated in Lynch (1977). The remainder of particles will pass through the process
unbroken and the unbroken fraction will be “(1-S,).f,” for the “n™ size range and the
total mass of particles which pass through the process unbroken may be represented by
the product “(1-S).f” as given in Lynch (1977). Breakage process can be represented by
Equation (3.7) and (3.8) as stated in Lynch (1977) and also given in Geng (2008).

p=BS.f +(1 -S)f (3.7)

p=(BS+1-S)f (3.8)
3.3.2.2. The classification function

Many breakage events occur during a comminution process where selection and
breakage occur in each breakage event as stated in Lynch (1977). However, product
from each event may be subjected to some size classification process before some
fraction of it is subjected to the next breakage event and the mathematical model of this
event is given as in Equation (3.9) if the classification is insignificant and C approaches
0 as given in Lynch (1977).

p=(1-C)BS+I1-S)[I -C(BS+1-S)|".f (3.9)
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3.2.2. Kinetic model

Kinetic models are known as size-mass balance models or population balance models
and these models consider comminution as a first order rate process as given in Geng
(2008). The kinetic models were expressed in terms of continuous functions and as
discretized distributions and resemble to matrix models as given in Geng (2008). Kinetic
models consider the comminution as a continuous process with the amount of breakage
dependent on the mass of material in a particular particle size fraction and the residence
time of the particles of that size interval as given in Geng (2008). The first-order kinetic
equation which defines the rate of breakage of particles was stated by Loveday (1967) as

given in Equation (3.10) and also as given in Geng (2008).

dw(D)
dt

=—k(D)*W(D) (3.10)

“W(D)” is the weight of particles with a size of “D” and “K(D)” is the rate constant for
size “D” which characterizes the rate of disappearance of each size fraction in Equation
(3.10) as stated in Geng (2008). First order rate or kinetic model assumes that, the
production of ground material per unit time within the mill depends only on the mass of
that size fraction which is present in the mill contents as explained in Napier Munn et.al.
(2005) and given in Geng (2008). First order breakage (normal breakage) prevail when
particles are small as compared to the ball diameter. Breakage distributions have a
constant slope and specific breakage rates of particles decrease as particles become
smaller as stated by Austin (1984) and also as given in Geng (2008). Non-first order
breakage (abnormal breakage) previal when particles are too large for the ball diameter
and if the mill is considered as a black box of volume “V” by containing a mass of
powder “W” and the rate of breakage of size “i” will be given by Equation (3.11) as
stated by Austin (1984) and also given in Geng (2008).

i = Si-wiw (3.11)

“i”” is the size interval, “w; W” is the mass of size “i”, “S;” is the specific breakage rate as
stated by Austin (1984) and also given in Geng (2008).
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3.2.3. Size-Mass balance batch model

Breakage rate of particles of size “i” in a batch grinding is defined by Gardner and
Austin (1962) by Equation (3.12) as given in Geng (2008).

d t i—-1
V;—'t():—riwi(t)+z irw(t) n>i>j>1 (3.12)
=)

\Y
\Y
\Y

“W; (t)” is the mass fraction of particle size “i” at time “t”, “r;”” is the specific breakage
rate of size “1”, “bj;” is the breakage distribution function representing the mass fraction
size “J” that appeares at size “i” fraction after breakage and the net rate of production of
size “i” material equals the sum rate of appearance from breakage of all coarser sizes
minus the rate of its disappearance by breakage according to Equation (3.12) as given in
Geng (2008).

The specific breakage rate (selection function) which is denoted by “r;”” and the breakage
distribution (appearance function) which is denoted by “b;;” are independent of time due
to the first order hypothesis in the batch grinding model given in Equation (3.12) as
given in Geng (2008). Breakage rate and breakage function can be determined from
either laboratory batch grinding tests or back-calculation using functions given by
Austin et al. (1984) as stated in Geng (2008). The solution of the batch grinding model
for all particle size fractions was described by Reid (1965), Herbst and Fuerstenau
(1968), Luckie and Austin (1972) as stated in Geng (2008). Validity of the first order
hypothesis and ability of the batch grinding parameters to describe continuous grinding
systems have been questioned in the literature by Harris (1969), Fruhwein (1976), Lynch
(1977), Jowett and Weller (1979), Berube et al. (1979), Gupta (1986), Austin et al.
(1982), Hopple (1983), Fuerstenau and Aboouzeid (1991) and it was reported that,
specific breakage rate did not follow the first order hyphothesis for different materials
under certain experimental conditions as given in Geng (2008).
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3.2.4. Population balance model

Population balance modelling approach was widely applied for the analysis of the
comminution process among the size reduction models as stated in Lynch (1977) and the
model was introduced by Epstein (1948) as stated in Geng (2008). Comminution process
was described by two basic mechanisms as stated in Lynch (1977). These are,

probability of breakage of a particle of size “y” in the “n"™

step of the breakage process
as denoted by “P,(y)” and the distribution by weight of the particles of size “x” less than
or equal to “y” arising from the breakage of a unit mass of size y as denoted by “F(x,y)”

as stated in Lynch (1977) and also given in Geng (2008).

Any information about the material transport mechanism was not included in the
Epsteins’s model given by Epstein (1948) as stated in Lynch (1977). A matrix model
was developed by Broadbent and Callcott (1956) and was applied to the grinding of coal
which defines a size dependent material transport mechanism that was described as a
classification function as stated in Lynch (1977) and also given in Geng (2008).
Performance of a steady-state, fully mixed, continuous mill was described by Austin and
Gardner (1962) based on the size-mass balance on the mill and the model is given by
Equation (3.13) as stated in Lynch (1977) and also given in Geng (2008).

-1
f _riWiT+Tzlbijerj =P; n>i>j>1 (3.13)
j=
“f;” is the weight fraction of size “i” in the mill feed, “r;” is the specific breakage rate of
size fraction “i”, “w;” is the weight fraction of size “i” in the mill contents, “b;;” is the
mass fraction of the size “j” that appeares at size “i” fraction after breakage, “p;” is the
weight fraction of size “i” in mill discharge or product, “t” is the mean residence time
defined by the ratio of powder mass in the mill which is denoted by “W” to the mass of
feed rate which is denoted by “F” and the value of “t” is determined from experimental
measurement of the residence time distribution (RTD) as stated in Lynch (1977) and

also as given in Geng (2008). Many other researchers developed the model after Epstein
(1948) such that, Kelsall et.al. (1969), Whiten (1974), Herbst and Fuerstenau (1968),
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Herbst et.al. (1972), Austin and Brame (1983) and the model concepts are widely used

in modern process simulation as stated in Geng (2008).

3.2.5. Estimation of ball mill model parameters

Three fundamental mathematical functions are defined in the ball model structure
according to population balance approach which are specific breakage rate or selection
function denoted by “r” which represents the probability of particles selected to be
broken and breakage distribution or appearance function denoted by “B” which defines
the breakage pattern of a particle after single breakage as stated in Lynch (1977).
Transport or residence time distribution function (RTD) defines the transportation of
particles through and out of the mill as stated in Austin (1984) and also given in Geng
(2008).

Specific breakage rate function is a size reduction model parameter and gives
information on the size reduction performance of the equipments. Breakage rate function
denoted by “ri” can be determined by two techniques which are laboratory batch

grinding tests and back-calculation techniques as stated in Geng (2008).

3.2.6. Estimation of specific breakage rate from batch grinding tests

Size-discrete form of the population balance equation for batch comminution is linear
and assumes first-order breakage Kkinetics as stated in Austin (1971). If the starting mill
feed is all within the top size interval, the first size interval which is numbered as one
will have material “W;(0)=1" in a batch mill as given in Austin (1984). The feed is
ground for a time interval of “t;”, and the sample is removed from the mill as stated in
Austin (1984). The fraction remaining still within the original size interval is determined
by sieving and weighing and the sample is returned to the mill for further grinding for a
time interval of “t,” and reanalyzed and so on as stated in Austin (1984) and also given
in Geng (2008). This is a typical batch grinding procedure and the rate of disappearance

of size one might fit to a first-order law as stated in Austin (1984) and also given in
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Geng (2008). Breakage rate of material that is in the top size interval is given by
Equation (3.14) as stated in Austin (1984).

dw W] (ow (3.14)
dt
Total mass “W” is constant in Equation (3.14) and thus the equation can be rewritten as
in Equation (3.15) as stated in Austin (1984):

dw, (t)

—g = Sw(t) (3.15)

Where; “S;” is the proportionality constant and called specific rate of breakage with

units of hour to the minus one as stated in Austin (1984) and also given in Geng (2008).

If “S;” does not change with time, it can be concluded that, it is a first-order breakage
process and in that case, Equation (3.15) can be rewritten as given in Equation (3.16) as
stated in Austin (1984).

logfw (1]~ log[w, 0] - >34 5 3.6

“wi(t)” is the weight fraction of the mill hold-up of size one at time “t” and “S;” is the
specific breakage rate in Equation (3.16) as stated in Austin (1984) and also given in
Geng (2008). Variation of the specific breakage rate denoted by “Si” with particle size is
given in Equation (3.17) as stated in Austin et.al. (1984) and also given in Geng (2008).

S =a;X{ (3.17)

“Xi” is the upper limits of the size interval indexed by “i” in mm and “ar” and “o.” are
model parameters that depend on the properties of the material and the grinding
conditions as stated in Austin et.al. (1984) and also given in Geng (2008).

Operational variables in batch ball mills are ball diameter and ball size distribution, mill

speed, grindability of material, material feed size distribution, fractional ball loading,
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fractional material filling as stated in Austin et.al. (1984). Correlations between
breakage rate parameters and the process variables such as mill diameter, ball diameter,
ball load, percent critical speed were developed by Austin et al. (1984) as stated in Geng
(2008). Breakage rate parameters were estimated from experimental size distributions
for different grinding time intervals as given by Koka and Trass (1987), Yekeler et al.
(2000), Kotake et al. (2000), Austin and Bagga (1981) as stated in Geng (2008). The
kinetics of dry grinding of cement clinker and coals were investigated in a laboratory
tumbling mill by Austin and Bagga (1981) as stated in Geng (2008). Effect of powder
filling, fraction of mill critical speed on breakage rates were investigated by batch
Kinetic tests according to Austin’s approach (1984) by Deniz (2002; 2003) as stated in
Geng (2008). Effects of ball diameter and feed size on breakage rates using dry batch
grinding conditions on limestone, trass and clinker samples based on a kinetic model
were investigated by Deniz (2002) and the dry and wet grinding kinetics of a chromite
ore from Konya-Beysehir region and the effect of pulp density in a ceramic mill
according to Austin’s approach (1984) was investigated by Ozkan et.al. (2006) as stated
in Geng (2008).

3.2.7. Breakage distribution function

Breakage distribution function is a material specific parameter of comminution models
and assumed to be invariant with process conditions that is usually expressed in a form
which is independent of particle size as given in Geng¢ (2008). Breakage function
changes with comminution energy level but it may or may not change with particle size
depending on the material tested as given in Narayanan (1986) and also stated in Geng
(2008). Non-normalizable breakage distribution functions were reported by Austin and
Luckie (1971;1972), Laplante and Redstone (1983), Spring et al. (1984), Gao and
Forssberg (1990).

The breakage function is assumed to be normalized which means that, the cumulative
breakage distribution function expressed on a relative basis which is given by “Xi/xj” is
independent of initial particle size as reported in Epstein (1948), Broadbent and Callcott
(1956), Gardner and Austin (1962), Kelsall and Reid (1965), Austin et al. (1966), Herbst
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and Fuerstenau (1968), Stewart and Restarick (1971), Schonert (1972), Fruhwein
(1976), Whiten (1976), Lynch (1977), Krogh (1978), Kavetsky and Whiten (1982),
Austin et al. (1982). Broadbent and Callcott (1956) modified Rosin-Rammler equation
and defined a standard distribution of particles after breakage by Equation (3.18) as
given in Napier Munn et.al. (2005):

B (1_e%j (3.18)

“B(X,y)” represents the proportion of particles after breakage and this function
represents the proportion of particles initially of size “y” which appear in size fractions
smaller than “x” after breakage as stated in Napier Munn et.al. (2005) and also given in
Geng (2008). The important point in this concept is the distribution obtained after the
breakage of a particle relative to the initial size as stated in Geng (2008). Usage of a
standard breakage distribution such as Broadbent and Callcott function was criticized by
Bull et al. (1975), Austin and Weller (1982), Austin and Klimpel (1984), Narayanan
(1986) as given in Geng (2008).

3.2.8. Discharge rate and residence time distribution functions

Material discharge mechanism was described in a different way in each type of ball mill
model as stated in Napier Munn et.al. (2005) and also given in Geng (2008). Material
transport was described by using a diagonal classification matrix to represent the size
dependent material flow through the mill in the matrix models as stated by Lynch
(1977). Retention time distribution (RTD) can be defined as the total time which the
material remains in the mill as stated in Austin et al. (1984) and also given in Geng (
2008). RTD depends on ball load and mill geometry and formulated in Equation (3.19)
as given in Austin et al. (1984).

T=-Y
F

(3.19)
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Where; “W” is the mass of the powder material in the mill or hold-up in the mill in “kg”
and “F” is the feed rate in “kg/min” as stated in Napier Munn et.al. (2005) and also
given in Geng (2008).

Particle size dependent residence time distribution was used to describe the probability
of particles remaining inside the mill for a certain period of time in population balance
models as stated by Awustin et al. (1984). The RTD function was modelled by
experimental measurement using tracer technique by Austin et al. (1984) or emprical
equations by Mori et al. (1964) or perfect mixers in series by Kelsall et al. (1968), Horst
and Freeh (1970), Gardner and Sukanjuajtee (1972) or a convective-diffusion model by
Austin et al. (1971) as given in Geng (2008). RTD function depends on mill operating
conditions such as circulating load, mill feed size distribution etc. as these variables

affect the mass in the mill as stated in Austin et al. (1984) and given in Geng (2008).

A non-uniform material flow behaviour and a particle size dependent discharge rate
function was used to describe the transport mechanism in perfect mixing models by
Austin et al. (1984) as given in Geng (2008). Discharge rate function was normalized
and related to the mill volumetric feed rate and mill dimensions in perfect mixing

models as stated in Napier Munn et.al. (2005) and also given in Geng (2008).

3.2.9. Perfect mixing model

Perfect mixing modelling approach was developed by Whiten (1974) and it is similar to
the general population balance model as stated in Napier Munn et.al. (2005) and as
given in Geng¢ (2008). According to the perfect mixing modelling approach, the
discharge of «i"™

Napier Munn et.al. (2005) and also given in Geng (2008).

size fraction from the mill is given by Equation (3.20) as stated in

d =P (3.20)

Where; “s;”” is the mass of size fraction “i” in tons in the mill hold-up which is denoted

by “S” as in tons and “p;” is the mass flow rate of particle fraction which is denoted by
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“i” out of the mill as product as stated in Napier Munn et.al. (2005) and also given in
Geng (2008).

Breakage rate as denoted by “r” can be back-calculated independent of discharge rate
function based on mill hold-up from Equation (3.21) as stated in Napier Munn et.al.
(2005) and also given in Geng (2008).

fo—p,+> ars;—rs; =0 (3.21)
j=1

Where; “f;” is the mass flow rate of size fraction “i”” in the mill feed, “p;” is the mass
flow rate of size fraction “i” in mill discharge, “r;”” is the specific breakage rate of size
fraction “i”, “a;” is the mass fraction of size “j” that appear in size “i” after breakage,
“d;i” is the specific discharge rate of size fraction “i”, “s;”” is the mass of size fraction “i”
in the mill hold-up as given by Napier Munn et al. (2005) and also stated in Geng
(2008). In the model “f;i’, “p;”” and “s;” are vector, “d;” and “r;”” are diagonal matrices and
“a;” is a lower triangular matrix as stated in Napier Munn et.al. (2005) and also given in
Geng (2008).

Wet and dry grinding ball mills were modelled by back-calculating the ratio of breakage
rate to discharge rate represented by “r/d” in the literature by Napier Munn et al. (2005),
Zhang (1992), Weedon (2001), Man (2001), Benzer (2000), Hashim (2003) as stated in
Geng (2008). The ratio of breakage rate to discharge rate represented by “r/d” was
defined as the ball mill model parameter was back-calculated from Equation (3.22) as
stated in Napier Munn et.al. (2005) and also given in Geng (2008).

f, +iaijpj[£]—pi(&)—pi =0 (3.22)

Where; “p;” is the mass flow rate of size fraction “i” in mill discharge in tons per hour,
“fi”” is the mass flow rate of size fraction “i” in the mill feed in tons per hour, “r;” is the

breakage rate of size fraction “i” in hour to the minus one, “d;” is the discharge rate of
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size fraction “i” in hour to the minus one, “a;;” is the appearance function (mass fraction
of the size “j” that appears at size “i” fraction after breakage) as stated in Napier Munn
et al. (2005) and also given in Geng (2008).

“ai)” is a step triangular breakage matrix and multiplication of “r;”” and “a;;” is the rate of
breakage within that size fraction as stated in Napier Munn et al. (2005) and also given
in Geng (2008). “d;” is scaled in terms of mill volume and volumetric feed rate “Q” to
the term “di*” for the correction of variations in residence time as stated in Napier Munn
et.al. (2005) and also given in Geng (2008). “D” and “L” are the diameter and the length
of the mill respectively as stated in Napier Munn et.al. (2005) and also given in Geng
(2008). “di*” is a function of particle size as stated in Napier Munn et.al. (2005) and also
given in Geng (2008).

d.
gro_ Y (3.23)
4Q
%)ZL
r—‘*=r—‘(£j (3.24)
d° d, (DL

Ratio of breakage rate to normalized discharge rate functions were defined by spline
functions by Whiten (1972) in modelling of the mills as stated in Napier Munn et.al.
(2005) and also given in Geng (2008). For this calculation suitable points for “r”” or “r/d”
values at particle sizes were picked out and drawn a smooth line through them and fit to
the model as stated in Napier Munn et.al. (2005) and also given in Geng (2008). The

points called “spline knots” and define the “r/d” curve as stated in Geng (2008).

Briefly, perfect mixing modelling approach removes the complexities in the general
population balance model since it was assumed that, the mill is perfectly mixed as stated
in Geng (2008). It is more simple and specific breakage rates of particles can be directly
calculated once the mill feed, discharge size distributions and material breakage
functions are measured as stated in Geng (2008). The approach was widely applied in
modelling of the industrial scale mills as given in the literature by Whiten (1972),
Kavetsky and Whiten (1982a;1982b), Whiten and Kavetsky (1983), Kavetsky and
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McKee (1984), Narayanan (1986;1987), Narayanan et al. (1987), McKee and Napier
Munn (1990), Zhang (1992), Lynch et al. (2000), Benzer (2000), Benzer et al. (2001),
Weedon (2001), Man (2001), Hasim  (2003), Gen¢ (2008),
Hosseinzadehgharehgheshlagh (2014). Hosseinzadehgharehgheshlang (2014) conducted
laboratory scale batch grinding experiments in a Bond mill using different ball size and
feed size distributions for copper-molybdenum ore. Breakage rates were estimated using

the kinetic and perfect mixing models by Hosseinzadehgharehgheshlang (2014).
3.2.9.1. Ball size scaling in perfect mixing model

Impact and attrition mechanisms occur in a ball mill and thus, the following relationship
was derived by Morrell (1992a) as stated in Geng (2008). The following relationships
were given in Napier Munn et.al. (2005) and also in Geng (2008).

e Impact breakage a “b*” (ball mass) as given in Napier Munn et.al. (2005)
e Attrition breakage a “1/b” (ball surface area) as given in Napier Munn et.al.
(2005)

“b” is the ball diameter in “mm” in the above relationships given in Geng (2008). Impact
breakage is assumed to be effective above a certain size “X,,” in “mm” while attrition is
the main size reduction mechanism at sizes below “Xy” as given in Napier Munn et.al.
(2005). “Xp” size is assumed to be equivalent to that at which maximum breakage
occurs as stated in Napier Munn et.al. (2005) and given in Geng (2008). “Xn,” can be
related to maximum ball diameter by Equation (3.25) as given in Napier Munn et.al.
(2005) and stated in Geng (2008).

Xm = K*b? (3.25)

“K” is the maximum breakage rate factor and its value is equal to 4.4*10™* as given in
Napier Munn et.al. (2005) and stated in Geng (2008).
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3.2.10. Discrete element modelling (DEM)

The motion of every particle in the flow and each collision between the particles and
their environment such as with the mill liner are modelled in discrete element modelling
as stated in Geng (2008). Many studies were performed based on this modelling
approach as stated in Geng (2008) by Campbell (1990), Barker (1994), Walton (1994),
Cleary (1998a, 1998c), Schafer et al. (1996). Discrete Element Modelling method was
used to describe the ball mill behaviour in the literature by Mishra and Rajamani
(1992,1994), Rajamani et.al. (1999), Cleary (1998a; 1998c; 2000; 2001; 2001a), Cleary
and Sawley (1999), Cleary and Hoyer (2000) as stated in Geng (2008). Ball size effect
on dry grinding breakage rate was studied by Kano et al. (2001) to show the significant
effect of specific impact energy of balls on the grinding rate of particles as given in
Geng (2008).
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4. EXPERIMENTAL

4.1. Field Sampling

The samples were collected from the run-of-mine ore open stockpile of the Karacatren
underground mine by sampling from different spots of the stockpile. The coarse run-of-
mine ore particles were collected as samples. A view from the sampling work is given in
Figure 4.1. Samples were transported to the Mineral Processing Laboratories at the

Mining Engineering Department of Mugla Sitki Kogman University.

Figure 4.1. Sampling of the run-of-mine chromite ore from the stockpile
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4.2.Description of the Karacaéren Chromite Ore Deposit

In the entire area (Karacadren region), only tectonites from the ophiolites can be seen.
Tectonites, which are the most important units of ophiolites in terms of chromite
deposits, are represented by three members of the peridodites (harzburgite, dunite and
pyroxenite veins). The harzburgite constitute more than 65% of the rocks in the study

region as given in Mugla Entity Project Report (2017).

In the harzburgites, where lithological differentiation planes are observed very clearly,
serpentinized olivine and occasionally folded enstatite and lesser extent cataclastic
chromite are seen. Although the harzburgites occupy more space than the dunites in
volume, the chromite occurrences around them are developed depend on the dunites.
Dunites are usually in the form of bands in thicknesses ranging from 1 cm to 5 m, with
obvious boundaries as well as those with interbedded harzburgite and uncertain
boundaries. In addition to the pyroxenes in the harzburgite composition, pyroxenite
dykes (cut the general structure) were determined with thicknesses ranging from 1 cm to
10 cm and with continuity not exceeding a few meters. The lithological differentiation
planes, which can be observed very easily in almost everywhere forming a regular
structure in the region. The ore direction is approximately northwest-southeast and the

ore is north-easterly inclined.

4.3. Material Characterization

Chemical, mineralogical, and texture analysis and Standard Bond work index grinding
test with 75um classifying screen were performed in the context of the material

characterization studies.

XRF Spectroscopy (X-ray fluorescence) method was used to identify the elements
contained in a sample material. Chemical composition of the ore sample obtained by
XRF Analysis is given in Table 4.1. Mineralogical microstructure and texture properties
were determined by detailed ore microscopic analysis with Image Analysis System and

presented in Appendix 1.
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Table 4.1. XRF results

Compound Cr,03 Fe,03 SiO, A|203 MgO CaO TiO, NiO
% 14.31 9.43 34.83 2.39 43.65 0.18 0.07 0.37

4.3.1. Standard Bond Work Index Test

Standard Bond ball mill grindability test was used to determine the work index value of
the material which is a comminution parameter expressing the resistance of the material
to crushing and grinding. Work index can be defined as the kilowatt hours per short ton
required to reduce the material from a theoretically infinite size to 80% passing size of
100pum (Bond, 1960).

The ball mill grindability test was conducted in a standard Bond ball mill with a
diameter of 304.8 mm and a length of 304.8 mm (inside dimensions). It is a horizontal
axis mill with rounded corners and has a smooth lining. There are no lifters inside of the
mill. Access to the mill is through a cover plate on the curved surface. A photograph of
the mill is given in Figure 4.2. The mill rotates at 70 rpm. Standard Bond ball series was
used in the tests which is tabulated in Table 4.2. Weighted average ball diameter of the

distribution was calculated as 31.6mm.
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Figure 4.2. Standard Bond ball mill

(Mineral Processing Laboratory, Mugla Sitki Ko¢cman University)

Table 4.2. Standard Bond ball charge distribution (Turkish Standards 7700)

Nominal ball diameter Average ball diameter Number of Weight
(mm) (mm) balls (9)
38.10 36.83 43 8730
31.75 29.72 67 7197
25.40 25.91 10 705
19.05 19.30 71 2058
12.70 15.49 94 1441
Total 285 20131

Mill product (-75um material) collected from the last three periods of the test were
mixed thoroughly and screened by using a V2 sieve series down to 38um to determine
P80 size of the Bond test product. Mill product particle size distribution is given in

Figure 4.3.
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Figure 4.3. Standard Bond Work Index test mill feed and product size distributions

The work index of the ore was calculated as 20.66kWh/t from Equation (4.1) by using a
75um classifying screen (TS 7700).

44.5
Wi= g < 110 (4.1)
P10.23 X Gb 0.82 % ___/
P VP VB

Where;

Wi: Work index (kWh/t)

P1: Classifying screen (um)

P: 80% passing size of the mill product (finer than P1 control test screen) (um)
F: 80% passing size of the mill feed (um)

The factor 1.10 converts the bond work index in kWh/St to kWh/t.
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4.4. Sample Preparation Stages

Run-of-mine samples were initially subjected to hand crushing by using a hammer as the
size of the ore particles were too coarse for the jaw crusher feed. 120.70kg sample was
used in the sample preparation stage. A view from hand crushing stage is given in Figure
4.4,

Figure 4.4. Hand crushing of run-of-mine ore samples

Following hand crushing, samples were fed to the jaw crusher once. Jaw crusher
discharge was sampled by cone and quartering method and ground in the rod mill with
an effective diameter of 19.5cm (external diameter: 21.5cm) and an external length of
31.1cm. Rod mill charge composition used in the sample preparation stage is given in
Table 4.5.

Table 4.3. Rod mill charge composition distribution

Rod class 1 2 3 4 5
Weight of single rod (kg)  0.40 1.14 2.20 1.62 0.72
Length (cm) 29.30 2930 2930 29.30 29.30
Diameter (cm) 1.5 25 35 3 2
Number of rods 15 1 3 4 6
Total weight (kg) 6.1 1.14 6.60 6.54 4.34
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During the sample preparation in the rod milling stage, the sample was kept in the mill
for 1min not to produce too much fines. 3.35mm screen was used to screen the rod mill
product after each time interval. Material finer than 3.35mm was collected and not
returned to the mill again in the second grinding time interval. The grinding was
performed until all the material passes 3.35mm screen. -3.35mm material was mixed
thoroughly and a sample riffler was used to split the material until obtaining 700cc mill
feed samples. Mill feed samples were dried at 70°C for 2 hours before the tests to give
off the moisture in the ore. The drying time was kept short not to effect the grindability
of the minerals contained in the ore. 700cc sample (reference sample) was passed
through \2 sieve series from the top size (3.35mm) down to 38um ahead of the batch

grinding tests.

4.5. Batch Grinding Tests

Batch grinding tests conducted in the literature according to the Austin’s (1984)
methodology used monosize particles (single size fraction) as mill feed. In this study, a
full particle size distribution which is -3.35mm was obtained by crushing, grinding and
screening unit operations and used in the tests. Batch grinding of chromite ore in dry-
state in a ball mill using a full mill feed particle size distribution have not been

investigated in the literature.

In this context, different ball size distributions were used as a grinding media in the
batch tests in addition to the Standard Bond charge distribution to analyze the breakage
kinetics. For this purpose, 700cc representative sample was ground in the standard Bond
ball mill for a total retention time of 25sec, 1min, 3min, 5min, 10min, 15min for each

test condition.
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4.6. Particle Size Distribution Analysis

The mill was discharged and ground material was screened by using a V2 screen series
from the top size which is 3.35mm down to 0.038mm after each grinding stage. Retsch
brand test screens that were used in the tests are; 3.35mm, 2.5mm, 1.7mm, 1.18mm,
0.85mm, 0.6mm, 0.425mm, 0.3mm, 0.212mm, 0.15mm, 0.106mm, 0.075mm, 0.053mm,
0.038mm. A ro-tap screen shaker (Retsch brand) was used for dry screening of the

samples for 20minutes.
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5. RESULTS AND DISCUSSIONS

5.1. Repeatability Tests

700cc ore sample was ground for 25sec, 1min, 3min, 5min, 10min, 15min. The same test
was repeated for another 700cc ore sample. The results were statistically analyzed to
determine the repeatability. For this purpose, the root mean square (RMS) of the test

results were determined from Equation (5.1).

(5.1)

RMS = SQRT [Zim(:lci-yi)z]

Particle size distributions of the feed samples used in the tests are given in Figure 5.1.
Batch grinding test results for the analysis of the repeatability are given in Figure 5.21
and Figure 5.3. Results are compared and given in 5.4 to Figure 5.9. Root mean square
(RMS) of the results are calculated and tabulated in Table 5.1.
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Figure 5.1. Comparison of the mill feed particle size distributions for the tests
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Figure 5.2. Particle size distributions of the repeatability test-1
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Figure 5.3. Particle size distributions of the repeatability test-2
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Figure 5.4. Comparison of the particle size distributions for batch grinding time at 25 sec
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Figure 5.5. Comparison of the particle size distributions for batch grinding time at 1 min
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Figure 5.6. Comparison of the particle size distributions for batch grinding time at 3 min
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Figure 5.7. Comparison of the particle size distributions for batch grinding time at 5 min
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Figure 5.8. Comparison of the particle size distributions for batch grinding time at 10 min
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Figure 5.9. Comparison of the particle size distributions for batch grinding time at 15 min

Table 5.1. RMS of the test results

. Cumulative grinding time
MITIHEED 0.25sec 1min 3min 5min 10min 15min
RMS 0.36 0.84 0.44 1.54 2.30 2.42 6.44

5.2. Calculation of Bond Ball Filling Ratio

Ahead of the selection of the charge distributions, Bond ball mill filling ratio is

calculated from Equation (5.2).

Total ball volume in the mill
Vmillx0.60

Ball filling ratio = (5.2)
Where, V is the volume of the mill. In the calculation, it was assumed that, 60% of the
filled mill volume corresponded to the total ball volume. 40% of the filled ball mill
volume corresponded to the void volume between the balls. Bond ball filling ratio was
calculated as 21.03%. Bond ball filling (ball plus void volumes) was calculated as
21.03%. All the tests were performed by using the Bond ball filling ratio. Volume of the

selected ball mass in each ball size class can be calculated by Equation (5.3).
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|3

(5.3)

5.3. Calculation of Number of Balls

Balls which were used in the tests, excluded of the balls in the Standard Bond ball size
distribution, were casted iron balls with high chromium content. Density of the balls in
the Standard Bond ball size distribution were recorded to be 7.2g/cm® and casted iron
balls 7.6g/cm®. Number of balls for each ball size class was calculated by the following

equation for the same filling ratio which is 0.21:

Total ball volume
Number of balls = (5.4)
Volume of one ball

Volume of one spherical ball was calculated by Equation 5.5.

Vball = Z7r3 (5.5)
3

Where; r is the radius of the spherical ball in cm.

5.4. Batch grinding test conditions

5.4.1. Selected grinding media size distributions

Tests were planned to analyze the effect of different ball size and distributions on size
reduction performance. For this purpose, monosize and different ball charge
distributions were used. Ball charge distributions selected in the study can be grouped in

three main classes as follows:

e Monosize ball distribution application (Test group-1)
o Ball size distributions coarser and finer than Standard Bond charge distribution

(Test group-2)
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e Different ball size distributions which have the same weighed average ball size
with that of the Standard Bond ball charge distribution. (Test group-3)

Test group-1 results were used to analyze the effect of ball size on size reduction
performance and specific breakage rates in the mill. Ball size distributions arranged in
test group-2 were parallel to each other. Thus, the distributions have approximately the
same distribution slopes with different weighed average ball size. Test group-2 results
were used to analyze the effect of ball size distribution fineness effect on size reduction
performance and specific breakage rates. On the other hand, ball size distribution slopes
were changed in test group-3. Results were analyzed as compared to the obtained results
from the application of Standard Bond charge distribution. However, weighed average
ball size was set to the size of the Standard Bond ball size in test group-3. In that case,
ball distribution effect on size reduction performance and specific breakage rates in the
mill could have been analyzed. Selected grinding media distributions for the batch
grinding tests are given in Table 5.2.

Table 5.2. Grinding media (charge) distributions

Test no Applied ball size distributions

1 Standard Bond ball size distribution (D ayerage=30.62mm)

2 Mono-size ball distribution of 40mm

3 Mono-size ball distribution of 30mm

4 Mono-size ball distribution of 25mm

5 Mono-size ball distribution of 20mm

6 Ball size distribution coarser than Standard Bond ball size distribution (D ,yerage=36.70mm)
7 Ball size distribution finer than Standard Bond ball size distribution (D ayerage=25.45mm)

8 Ball size distribution finer than Standard Bond ball size distribution (D ayerage=21.18mm)

9 Ball size distribution of charge-1 (D ayeraqe=30.59mm)

1 Ball size distribution of charge-2 (D ,yeraqe=30.42mm)

1

0
1 Ball size distribution of charge-3 (D ayeraqe=30.64mm)
D averace IS the weighted average ball size in mm in the selected distribution

*

Detailed charge distributions used in the batch grinding tests are tabulated in Table 5.3
to Table 5.10 Ball charge distributions as cumulative passing % ball size were calculated
and plotted. Comparisons among the Standard Bond ball charge, selected coarser and
finer distributions which have the same distribution slopes with that of Bond ball charge
distribution are given in Figure 5.10 as cumulative passing % ball size. Other charge

distributions which were determined according to the weighted average ball size of the
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Standard Bond charge distribution are compared and given in Figure 5.11 as cumulative

passing % ball size.

Table 5.3. Standard Bond ball size distribution (Test-1)

Ball Size (mm) Weight (kg) Weight%
36.83 8.73 43.37
29.82 7.20 35.75
25.91 0.71 3.50
19.30 2.06 10.22
15.49 1.44 7.16
Total 20.13 100.00

Table 5.4. Monosize ball distribution applications

Tests no Ball size (mm) Total weight of balls (kg) Number of balls
Test-2 40 21.39 84

Test-3 30 21.39 199

Test-4 25 21.32 344

Test-5 20 21.34 670

Table 5.5. Ball size distribution coarser than Standard Bond ball size distribution (Test-6)

Ball Size (mm) Weight (kg) Weight%
40 16.88 79.00

30 0.85 4.00

25 2.14 10.00

20 1.50 7.00
Total 21.37 100.00

Table 5.6. Ball size distribution finer than Standard Bond ball size distribution (Test-7)

Ball Size (mm) Weight (kg) Weight%
30 9.19 43.00

25 7.69 36.00

20 0.85 4.00

17 2.14 10.00

15 1.50 7.00
Total 21.37 100.00

Table 5.7. Ball size distribution finer than Standard Bond ball size distribution (Test-8)

Ball Size (mm) Weight (kg) Weight%
25 9.19 43.00

20 7.69 36.00

17 0.85 4.00

15 3.63 17.00
Total 21.37 100
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Table 5.8. Ball size distribution of charge-1 (Test-9)

Ball Size (mm) Weight (kg) Weight%
40 5.40 25.27

30 11.46 53.63

25 2.00 9.36

20 0.9 4.21

17 0.91 4.26

15 0.70 3.28
Total 21.37 100.00

Table 5.9. Ball size distribution of charge-2 (Test-10)

Ball Size (mm) Weight (kg) Weight%
40 3.7 17.31

30 12.07 56.48

25 5.6 26.20
Total 21.37 100.00

Table 5.10. Ball size distribution of charge-3 (Test-11)

Ball Size (mm) Weight (kg) Weight%
40 1.37 6.41
30 20 93.59
Total 21.37 100.00
100 f o
90
80
70
S 60
£
& 50
a
= 40
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20
10
0
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Ball size (mm)
- Standard Bond Dist. (Average ball dia.=30.62mm)
—e—Coarser Dist. (Average ball dia.=36.70mm)
Finer Dist. (Average ball dia.=25.45mm)
—#—Finer. Dist. (Average ball dia.=21.18mm)

Figure 5.10. Comparison among the standard bond and the selected coarser and finer charge

distributions
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Figure 5.11. Selected charge distributions with the same weighed average ball size

5.4.2. Batch grinding test mill feed particle size distributions

Particle size distributions of the mill feed samples used in the tests are presented in
Figure 5.12. Mill feed particle size distributions indicated variations for the batch test

grinding conditions.
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Figure 5.12. Variation of mill feed particle size distributions

5.5. Batch grinding test results

Rod and ball mills are widely used in chromite ore industry. Rod mills are usually used
in wet grinding applications. For finer ball mill feeds, wet overflow rod mills are used.
For the coarser products, where a minimum amount of extreme fines is desired, center
peripheral discharge rod mills are used. It is known that, dry grinding in rod mills is
generally not recommended as dry materials flow poorly, which causes swelling of the
rod charge leading to rod breakage and tangling. They have applications in grinding of
coke breeze in iron ore sintering plants and cement clinker. Energy consumption is
lower but the capital cost is high in such applications. Dry grinding rod mills are usually
designed for end peripheral discharge but can be center peripheral discharge. Dry rod
mills are inefficient in the use of power and have mechanical problems such as rod

tangling except in cement clinker grinding as stated in Mular et.al. (2002).

Peripheral discharge steel ball and rod mills produce a uniformly ground product with a
minimum amount of fines since they have rapid pass design which provided shorter
residence time of material in the mill as stated in the book of Denver Equipment
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Company (1962). These mills were used to remove high grade chromite with very little
grinding and thus, without overgrinding. This type of process will save significant
amount of energy in grinding process as stated in the book of Denver Equipment
Company (1962). In this context, it is important to have knowledge about the mill
product size distributions thus grind size (P80) at different operational conditions and
residence time intervals. Knowledge on the fineness of grind (P80) at shorter and longer

residence time intervals have a vital importance in terms of energy saving.

Particle size distributions obtained after batch grinding tests for the selected residence
time intervals with the selected ball distributions are presented in Figure 5.13 to Figure
5.23.

Standard Bond Ball Distribution: Test no-1
100
90
80
2 70 —o—mill feed
o
§ 60 t=25§ec
Ay —<—t=1min
2 2 ——t=3min
& 40 t=5min
§ 30 ——t=10min
20 —t=15min
10
0
0.01 0.1 1 10
Particle Size (mm)

Figure 5.13. Particle size distributions obtained by batch grinding with Standard Bond ball size

distribution
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Monosize Ball Distribution-40mm: Test no-2
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Figure 5.14. Particle size distributions obtained by batch grinding with monosize ball distribution of

40mm

Monosize Ball Distribution-30mm: Test no-3
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Figure 5.15. Particle size distributions obtained by batch grinding with monosize ball distribution of
30mm
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Monosize Ball Distribution-25mm: Test no-4
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Figure 5.16. Particle size distributions obtained by batch grinding with mono-size ball distribution

of 25mm

Monosize Ball Distribution-20mm: Test no-5
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Figure 5.17. Particle size distributions obtained by batch grinding with mono-size ball distribution
of 20mm
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Coarser Ball Distribution: Test no-6
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Figure 5.18. Particle size distributions obtained by batch grinding with ball size distribution coarser

than Standard Bond charge distribution (D average=36.79mm)

Finer Ball Distribution: Test no-7
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Figure 5.19. Particle size distributions obtained by batch grinding with ball size distribution finer
than Standard Bond charge distribution (D average=25.51mm)
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Finer Ball Distribution: Test no-8
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Figure 5.20. Particle size distributions obtained by batch grinding with ball size distribution finer

than Standard Bond charge distribution (D average=21.18mm)

Charge-1 distribution: Test no-9
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Figure 5.21. Particle size distributions obtained by batch grinding with ball size distribution of
charge-1 (D average=30.59mm)
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Charge-2 distribution: Test no-10
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Figure 5.22. Particle size distributions obtained by batch grinding with ball size distribution of

charge-2 (D average=30.42mm)

Charge-3 distribution: Test no-11
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Figure 5.23. Particle size distributions obtained by batch grinding with ball size distribution of
charge-3 (D average=30.64mm)

Characteristic particle size distribution analysis that were presented indicated a
systematic size reduction in each test condition. Size distributions became finer as the

retention in the mill was increased. However, after 10min grinding, coating on the liner
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of the mill and balls were observed which was expected to reduce the grinding
performance. Thus, the data presented for 15min residence time included the effect of
coating on the results. If there had been no coating, finer particle size distributions could
have been obtained for 15min grinding condition. During the evaluation of the 15min
results, this effect was taken into consideration. Another observation was the production
of -38um material amount could not have been increased significantly with the increase
in residence time. This indicated the inefficiency of ball milling in fine grinding. This
indicated the necessity of the application of different equipments which will be effective

in the production of more fine material in the fine size ranges.

A plateau on the particle size distributions were observed which showed the
accumulation of particles coarser than 212pm. Particles in the coarse size ranges could
not have been broken completely by the 20mm balls. Especially particles are
accumulated in the size fraction of -3.35+0.850mm. This condition was also observed
when grinding with 25mm balls. However, much less particles were accumulated

without being broken.

5.6. Comparison of Batch Grinding Test Results

Particle size distributions obtained by batch grinding with Standard Bond ball charge
and monosize ball charge compositions are compared for the same batch grinding time

intervals and presented in Figure 5.24 to Figure 5.29.
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Figure 5.24. Particle size distributions at 25sec obtained by batch grinding with Standard Bond

charge and monosize distributions
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Figure 5.25. Particle size distributions at 1min obtained by batch grinding with Standard Bond

charge and monosize distributions
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Figure 5.26. Particle size distributions at 3min obtained by batch grinding with Standard Bond

charge and monosize distributions
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Figure 5.27. Particle size distributions at 5min obtained by batch grinding with Standard Bond

charge and monosize distributions
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Figure 5.28. Particle size distributions at 10min obtained by batch grinding with Standard Bond

charge and monosize distributions
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Figure 5.29. Particle size distributions at 15min obtained by batch grinding with Standard Bond

charge and monosize distributions

Comparisons indicated that, ball size effects could have been reflected on the mill

product size distributions successfully. Grinding performance of 40mm, 30mm and
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25mm charge compositions were observed to be higher as compared to Standard Bond
distribution at shorter residence time intervals (t<10min). At higher retention time
intervals, grinding performance of 20mm charge composition was observed to increase
for the size fractions below approximately 212um as more specific surface area was
provided by the ball charge as compared to other distributions which was expected to
increase the abrasion in the mill. This effect was started to be observed at 5min grinding
time such that, as the ball charge got finer, less fine material was produced in the size
ranges coarser than 212pum. However, grinding performance of finest ball charge (20mm

charge) increased below 212pum.

As the retention time was increased up to 3min, particles coarser than 850um was found
to be ground by 40mm with the highest performance. Since specific surface area of the
40mm ball charge distribution was expected to be lower than the other charge
distributions, less collisions will occur in the mill in a shorter residence time and lower
performance figures are expected to be obtained for coarser particles when charge

distribution gets coarser.

Coarse size ranges such that, particles coarser than approximately 600um could have
been ground by the coarsest ball charge better as the retention was increased. Material
inside the mill become much finer and the effects of finenest charge compositions which
is 20mm could have been analysed more clearly as the retention time was increased.
Grinding performance of the 20mm ball charge was observed to be higher for particles
below 212um as compared to the other charge distributions above 3min time interval,
since more specific surface area was provided by the charge and no coating problem was

observed as well.

It was observed that, particles coarser than 212um can not be ground by the 20mm ball
charge distribution. Breakage energy imparted to the particles in the coarse size ranges
(x>212um) might not be enough to break particles in addition to the more coating effect
which reduced the grinding efficiency in the mill for longer retention time intervals
(t>10min). However, much fines could have been produced in the size ranges below

212pum by the 20mm balls above 3min time interval as compared to other distributions.
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Test results of 15min included the coating effect thus, grinding performance was lower

than as expected.

Finer monosize ball charge distributions are suitable for fine feeds such that below
212um for retention time intervals longer and equal to 3min. It was observed that,
finenest monosize ball charge composition (20mm charge) application for longer

retention time (10min) produced much fine material below 212pum.

Particle size distributions obtained by batch grinding with Standard Bond ball charge
and selected coarser and finer ball charge compositions are compared for the same batch
grinding time intervals and presented in Figure 5.30 to Figure 5.34.
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Figure 5.30. Particle size distributions at 25sec obtained by batch grinding with Standard Bond,

coarser and finer charge compositions
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Figure 5.31. Particle size distributions at 1min obtained by batch grinding with Standard Bond,

coarser and finer charge compositions
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Figure 5.32. Particle size distributions at 3min obtained by batch grinding with Standard Bond,

coarser and finer charge compositions
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Figure 5.33. Particle size distributions at 5min obtained by batch grinding with Standard Bond,

coarser and finer charge compositions
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Figure 5.34. Particle size distributions at 10min obtained by batch grinding with Standard Bond,

coarser and finer charge compositions

The slope of the ball charge distributions was not changed. However, the fineness of the
ball distributions was changed and the effects on mill product fineness was investigated.
It was observed that, systematic size reduction progress could have been achieved by the

application of the coarser and finer charge distributions as compared to Bond charge
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distribution. To see the net effect, mill product particle size distributions obtained at

different grinding applications for the same residence time intervals were compared.

Comparisons among coarser and finer charge distribution applications indicated that, for
the residence time of 25sec, excluded of the finest charge application (test-8), other
charge distributions produced approximately the same of fines. Coarsest particle size
distribution was obtained with the finest charge application. As the residence time was
increased, coarser charge distribution was observed to be effective in grinding of coarse
size ranges (x>600um). The fineness effect was clearly observed within 1min grinding

time.

As the residence time was increased to 3min, mill content size distribution became finer
and grinding efficiency of the coarser charge distribution was decreased. Bond
distribution and the finer charge distribution (test no-7) showed higher size reduction
performance as compared to the other charge distributions. Increasing the residence time
further to 5min increased the size reduction performance for the coarser distribution.
This indicated that, enough time should be provided so that more collisions should occur
in the mill to break coarse particles when coarse ball charge distribution was applied.
Charge distribution fineness effect on mill product was clearly observed for particle
sizes coarser than 212um such that, coarser charge distribution resulted in finer product.
However, as charge distribution got finer, coarser mill product was observed. Production
of fine material amount did not change significantly below 212um with the application

of different ball distribution fineness.

Increasing the residence time in the mill increased the size reduction performance at
coarser ball size distribution applications. This could show the importance of using long
mills in which material will spent longer time and also closed circuit grinding with
screens and size classifiers. Coarser ball size distribution provided higher levels of
breakage energy for impact breakage and could reduce the size of the coarse particles

efficiently when enough time was allowed in the mill.

As a consequence, ball size distribution fineness effect could have been reflected on the

mill product particle size distributions successfully by the proposed test methodology.
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Particle size distributions obtained by batch grinding with Standard Bond ball charge
and selected different ball charge compositions are compared for the same batch

grinding time intervals and presented in Figure 5.35 to Figure 5.39.
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Figure 5.35. Particle size distributions obtained by batch grinding with Standard Bond, charge-1,

charge-2 and charge-3 compositions for 25sec
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Figure 5.36. Particle size distributions obtained by batch grinding with Standard Bond, charge-1,

charge-2 and charge-3 compositions for 1min
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Figure 5.37. Particle size distributions obtained by batch grinding with Standard Bond, charge-1,

charge-2 and charge-3 compositions for 3min
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Figure 5.38. Particle size distributions obtained by batch grinding with Standard Bond, charge-1,
charge-2 and charge-3 compositions for 5min
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Figure 5.39. Particle size distributions obtained by batch grinding with Standard Bond, charge-1,

charge-2 and charge-3 compositions for 10min

Comparisons on the mill product particle size distributions for the same residence time
intervals enabled the investigation of the mill charge distribution effect. Average
weighed ball size of the distributions were kept constant and the charge distributions
were changed. Charge-3 was the finest distribution whereas charge-1 was selected to be
the coarsest one. Charge-2 lie between charge-1 and charge-3. Charge-2 application
resulted in finer mill product as compared to charge-1 and charge-3 for the shortest
residence time. Since charge-3 composition does not include balls finer than 30mm
which are required for the breakage of finer size particles under the effect of abrasion
and attrition mechanisms, size reduction could not have been improved at fine size
ranges such that, typically below 300um as observed for 25sec and 1min grinding cases.
Residence time was increased to 1min, charge-2 still remained as the one with the
highest grinding performance. Charge-2 composition was found to be the effective one
for all residence time intervals which does not include 20mm, 17mm and 15mm balls.
Addition of only 25mm balls showed improvement in size reduction performance. As
compared to Bond distribution, charge-2 composition also provided approximately the
same mill product fineness. It seemed that, application of ball sizes coarser than 20mm
would be enough in providing the required level of grinding mechanisms to occur in the

mill in obtaining the same degree of size reduction with that of Bond distribution.

72



As the residence time was increased more fine particles were produced and more impact,
abrasion and attrition mechanisms were required for further size reduction. It was known
that, smaller balls in the distributions would increase these mechanisms especially
abrasion and attrition. However, the claim may not work for all ore types.

The selection of the finest ball in the distribution seems critical according to the test
results. The optimum finest ball size may also depend on the ore hardness and also the
hardness of the minerals contained in the ore which will totally effect the breakage
distribution characteristic thus, production of fine material under different grinding

mechanisms.

Consequently, ball distribution effect could have been reflected on the mill product
fineness successfully. Results indicated the importance of using different ball sizes
which are coarser than 20mm during grinding of chromite ore for higher grinding

performance.

5.6.1. Evaluation of mill product fineness as a function of residence time

Relationship between mill product fineness which was represented by the 80%
cumulative passing size of the mill discharge particle size distribution obtained from
batch test was investigated for selected residence time intervals. A comparison of the
obtained relationships is presented in Figure 5.40. Regression analysis was performed
and the established relationships for the test conditions are shown on Figure 5.41 to
Figure 5.53. Data point corresponding to 15min grinding time was excluded in the
regression analysis as high amount of coating was observed during grinding tests. As
coating will decrease the grinding efficiency, obtained results for 15min residence time

was thought to be not representative.
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Figure 5.40. Comparisons of relationships between residence time and P80 for the Bond and

monosize charge distribution applications
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Figure 5.41. Relationship between residence time and P80 for the Bond charge distribution

application
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Figure 5.42. Relationship between residence time and P80 for 40mm monosize charge distribution

application
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Figure 5.43. Relationship between residence time and P80 for 30mm monosize charge distribution

application
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Figure 5.44. Relationship between residence time and P80 for 25mm monosize charge distribution

application
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Figure 5.45. Relationship between residence time and P80 for 20mm monosize charge distribution

application

It was observed that, size reduction performance was decreased when 20mm monosize
ball charge was used (Figure 5.40). Size reduction performance of 40mm and 30mm
monosize distributions were determined to be the best based on the mill product P80
size. Ball size effect diminished at 10min residence time interval. Relatively meaningful
and reliable correlations could have been drawn between residence time and P80 of the

mill product for different ball size applications.
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Figure 5.46. Comparison of the relationship between residence time and P80 for Standard Bond,

coarser and finer charge distributions
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Figure 5.47. Relationship between residence time and P80 for coarser charge distribution (Test-6)
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Figure 5.48. Relationship between residence time and P80 for finer charge distribution (Test-7)
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Figure 5.49. Relationship between residence time and P80 for finer charge distribution (Test-8)

Findings indicated that, coarser ball distribution was effective for grinding of coarser
mill feeds as in the case of 25sec and 1min time intervals. As the residence time was
increased, mill content particle size distribution became finer and the net effect of finer
distributions could have been observed successfully at 3min grinding time. However,
provided grinding energy with the application of very fine ball distribution (test-8) was
thought to be not enough and thus, coarse particles remained in the mill without being
broken and probably decreased the breakage probability of fine particles. Material

should spend enough time so that the appropriate fineness could have been achieved in

78



the mill. Ball size distribution fineness effect was diminished at 10min residence time.
Relatively meaningful and reliable correlations could have been drawn between
residence time and P80 of the mill product for different ball size distribution fineness

applications.
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Figure 5.50. Comparison of the relationship between residence time and P80 for different charge

distributions

When the weighted average ball size was not changed in the distributions, finer
distribution resulted in finer mill product within 1min time. 94% of Charge-3 was
composed of 30mm balls by weight and showed the same size reduction degree within 1
min time with that of charge-2 which contains 56%, 30mm balls by weight and also
26%, 25mm balls by weight in the distribution. Application of charge-2 composition
resulted to produce much fine particles as the residence time was increased. Grinding
performance with charge-2 composition was determined to be the highest. Selecting
balls finer than 25mm in the charge distributions did not increase the size reduction
performance for the grinding case. Ball size distribution effect started to diminish at
5min residence time interval and the same fineness degree was obtained at 10min time.
On the other hand, relatively meaningful and reliable correlations could have been

drawn between residence time and mill product fineness (P80).
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Figure 5.51. Relationship between residence time and P80 for charge-1 distribution (Test-9)
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Figure 5.52. Relationship between residence time and P80 for charge-2 distribution (Test-10)
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Figure 5.53. Relationship between residence time and P80 for charge-3 distribution (Test-11)

5.7. Specific Energy Consumption Evaluation

Bond proposed that, the energy required to crush or grind a material is the total energy
required to produce the 80% passing size of the product from an infinite size minus the
energy used to produce 80% passing size of the feed from an infinite size. Specific
energy consumptions for each grinding test in units of kWh/t was estimated according to

Bond’s energy theory which is given as below:

Work (W) = 10 x Wi x (1/vP80 — 1/VF80) (5.6)

Where;

W : Work input in kilowatt hours per ton

Wi : Bond ball mill work index (kWh/ton)

F80 : Particle size which 80% of the mill feed passes (um)
P80 : Particle size which 80% of the mill product passes (um)

The Bond equation was used to calculate the grinding energy required. It should be

mentioned that, the power (kW) required calculated from Bond’s equation is the power
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that should be delivered to the mill and does not include motor or drive losses. It is a

simple tool for use in as stated in Rowland (2006):

e Determining the power required for crushing and grinding by crushers and
grinding mills,

e Calculating the size reduction efficiency of crushers and grinding mills,

e Comparing crushing and grinding circuits with the same feed to the same product
sizes and the same work index based upon laboratory crushability and

grindability tests.

5.7.1. Relationship between specific energy consumption and P80

Overall empirical relationship between specific energy consumptions and mill product
fineness which was represented by the 80% cumulative passing size (P80) was
established and presented for all the test conditions in Figure 5.54. There is a logarithmic
correlation between grinding energy requirement and mill product fineness (P80). R?
value is 0.98 and thus, it is relatively a good correlation which gives mill product

fineness size and the required specific energy for chromite ore grinding.
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Figure 5.54. Overall relationship between specific energy consumption and P80
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5.7.2. Relationship between residence time and specific energy consumption

Additionally, empirical relationships between batch grinding time intervals (residence or
retention time) and energy requirements were investigated. Related regression analysis
results are presented in Figure 5.55 to Figure 5.68.
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Figure 5.55. Relationship between residence time and energy consumption for Bond and monaosize

charge distribution applications

Lowest energy requirement was obtained for 20mm monosize ball distribution
application within 5 min time. However, highest grinding energy consumption was
observed for 20mm balls for 10min grinding time. Grinding efficiency was decreased for
20mm ball size distribution case. For longer residence time cases (t>10min), grinding
efficiency of 25mm balls was determined to be higher.
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Figure 5.56. Relationship between residence time and energy consumption for Bond charge

distribution application
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Figure 5.57. Relationship between residence time and energy consumption for 40mm monosize

charge distribution application
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Figure 5.58. Relationship between residence time and energy consumption for 30mm monosize

charge distribution application
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Figure 5.59. Relationship between residence time and energy consumption for 25mm monosize

charge distribution application

85



14 :
"iosirr m
12 R2 = 0.9471 ;
10
2 8
<
- 6
o
2
w 4 |
T T 1=
I R
Q Deceeces [Ffeananeneenett
0 1 2 3 4 5 6 7 8 8 &
Grinding time (min)
I O Monosize balls-20mm  «eeeeee Expon. (Monosize balls-20mm) I

Figure 5.60. Relationship between residence time and energy consumption for 20mm monosize

charge distribution application

Relatively good correlations could have been derived between residence time and energy
consumption for different ball size applications. Grinding conditions of 20mm monosize
ball distribution was found to be different than the other monosize distributions as

shown in Figure 5.60.
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Figure 5.61. Comparison of the relationship between residence time and energy consumption for

Bond, coarser, and finer charge distribution applications
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Figure 5.62. Relationship between residence time and energy consumption for coarser charge
distribution application (test-6)
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Figure 5.63. Relationship between residence time and energy consumption for finer charge

distribution application (test-7)
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Figure 5.64. Relationship between residence time and energy consumption for finer charge

distribution application (test-8)

Finest distribution (test-8) was determined to provide energy efficient grinding
conditions. Coarsest distribution required more grinding energy for the same residence
time as compared to the other distributions excluded of 3min condition. Relatively
meaningful correlations could have been drawn between residence time and energy
consumption for the test conditions.
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Figure 5.65. Comparison of the relationship between residence time and energy consumption for
Bond, charge-1 (test-9), charge-2 (test-10) and charge-3 (test-11) distribution applications
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Figure 5.66. Relationship between residence time and energy consumption for charge-1 (test-9)

distribution application
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Figure 5.67. Relationship between residence time and energy consumption for charge-2 (test-10)

distribution application
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Figure 5.68. Relationship between residence time and energy consumption for charge-3 (test-11)

distribution application

Charge-3 composition was determined to be energy efficient for all the residence time
intervals. Relatively good correlations could have been drawn between residence time
and energy consumption for the test conditions.
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6. SPECIFIC BREAKAGE RATE FUNCTION ESTIMATION

Modelling and simulation methodologies require reliable industrial scale data to
establish grinding models to perform simulations. Simulation work will show, what will
happen to the mill product under different operational conditions. Besides the simulation
work, effect of different operational parameters of a mill such as ball size and its
distribution, ball load, mill feed fineness or operational solids% in wet grinding
conditions etc. on mill product fineness and thus on size reduction performance can be
tested by trials in full-scale (industrial scale). However, such trials are time consuming
and costly. In this context, laboratory scale or pilot scale tests become favorable which
can be performed under easily controlled conditions and can provide insightful
information on industrial scale operations. Theoretical approaches can be tested easily
and implemented to make predictions on any size reduction machine by using the
information obtained from laboratory scale tests. Scale-up relationships can be
established to predict full-scale operations or already known scale-up relationships can
be tested and verified so that to be able to use in simulations.

size reduction modelling approach proposed in Austin (1984) by has been implemented
in the literature by many researchers to investigate the effect of operational parameters
of a ball such as ball load, ball size etc. on specific breakage rate functions. The
disadvantage of widely applied Austin’s (1984) approach is the number of model
parameters. The models developed include many parameters and more than one solution
could be obtained during the estimation of model parameters. Additionally, the method
estimates the breakage rates of monosize fractions. In this context, perfect mixing
grinding model was selected for the estimation of the specific breakage rates of particles.
Proposed methodology considered a full particle size distribution (-3.35mm) as the mill
feed. As only single size fraction was not used as the mill feed in the batch tests, an

average specific breakage rate was estimated for the milling conditions. Specific
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breakage rates of each particle was estimated at different grinding media size
applications. The tests were batch type so that to be able to analyze the variations in

breakage rate functions as a function of residence time in the mill.

Specific breakage rate functions were back-calculated by using perfect mixing
mathematical model proposed by Whiten (1976) for the mill products for each grinding
time. The components of the mill model are, mill feed particle size distribution, mill
product particle size distribution, specific breakage rate (hr™), specific discharge rate (hr
1, specific breakage function (aij). Mill feed and product particle size distributions were
measured experimentally. A theoretical breakage function defined by Broadbent and
Callcott (1956) was used in solving the model. The breakage function values are given
in Table 6.1.

Table 6.1. Broadbent and Callcott breakage (appearance) function used in the JKSimMet software
(JKSimMet Software V4.32, 1998)

Particle size (mm) Appearance
38 0.000
26.87 0.193
19 0.157
13.44 0.126
9.5 0.101
6.72 0.082
4.75 0.066
3.36 0.053
2.38 0.043
1.68 0.035
1.19 0.028
0.840 0.022
0.594 0.018
0.420 0.015
0.297 0.012
0.210 0.010
0.148 0.008
0.105 0.006
0.074 0.004
0.052 0.003
0.037 0.002
0.026 0.0015
0.019 0.001
0.013 0.0005
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When these three parameters are defined, the ratio of breakage rate to discharge rate
function which is denoted by “r/d” component in the grinding model could be back-
calculated. The r/d is known to be the ball mill model parameter and can be estimated by
non-linear least squares techniques. JKSimmet mineral processing software was used in
the back-calculation stage of the breakage rates by non-linear least squares techniques
using spline mathematical functions as given in Whiten (1972). Model fitting module of
the JKSimMet software calculates “r/d*” which gives the ratio of breakage rate to
normalized discharge rate “d*” values. “r/d*” values can be obtained when discharge
rate function “di” is scaled in terms of mill volume and volumetric feed rate “Q” (m®h)
to the term d*. By this way, variations in residence time in each test can be corrected and

Equation (6.1) was used in the calculations.

di

4Q
LD?

dr = (6.1)

Where, “D” and “L” are the diameter and length of the Bond ball mill (Napier Munn
et.al., 2005). Perfect mixing mathematical model is coded in the JKSimMet software and
can be used directly when the required mill feed, discharge and breakage function data
are provided. The mill discharge rate function is defined as the ratio of mill product size
distribution to the size distribution of the material inside the mill which is equal to 1
(di=1). Thus, specific breakage rate functions “r”” can be estimated directly from the
perfect mixing mathematical equation once the “r/d*” values are determined.
Relationships between particle size and “r/d*” values can be established for different test
conditions. However, the estimated breakage rates “r” should be normalized according
to the batch grinding time interval “t” in minutes to obtain the unit of breakage rate in
min,

In this study, variations in specific breakage rates or specific breakage rate functions
estimated from perfect mixing model were analysed for different retention time intervals
and selected ball charge distribution applications. Ball charge filling ratios were set to a
constant value which was selected as the Standard Bond charge filling (CF) ratio which

is calculated as 0.21 in all grinding test conditions.
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It should be mentioned that, in industrial scale operations, if specific breakage rates in
the mill could be increased, the production capacity (t/h) of the mills could be increased
as well. That’s why, analysis of the specific breakage rates under different operational

conditions have a vital importance.

6.1. Variation of Specific Breakage Rate Functions with Particle Size at Different
Ball Charge Compositions

Batch grinding test results were fitted to the perfect mixing mathematical model with the
aid of model fitting module of the JKSimMet software to estimate empirical “r/d*”
values for each test condition. Discharge rate function was set to a value of 1 (di=1) and
estimated “r/d*” values used to calculate breakage rate function denoted by “r”.
Breakage rate functions were then normalized according to the residence time in the mill
denoted by “t” to obtain specific breakage rates in units of min™. Standard deviation
(SD) variations for the perfect mixing model fitting calculations obtained from
JKSimMet software are tabulated in Table 6.2. When SD value approaches to a value
one, there is a good match between experimental and calculated data for that stream
when the model is fitted. Statistical data presented in Table 6.2 confirmed the success of
the model fitting thus, the estimation of the breakage rates. Sufficiently good agreement
was observed between experimental and back-calculated (model fitted) particle size
distributions for each test condition. Best fit estimates for the data sets were observed for
the 0.25sec, 1 and 3min grinding time intervals. It should be mentioned that, breakage
rates obtained for 15min grinding time included the coating effect. Resulting breakage
rates are shown on the graphs. It should be mentioned that, related results for all the test
conditions do not show the actual grinding performance in the mill. Thus, related rates
are not included in the grinding performance discussions. Back-calculated specific
breakage rate functions for the Standard Bond and monosize ball distribution

applications are given in Figure 6.1 to Figure 6.9. for the test conditions.
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Table 6.2. Standard deviation (SD) variations obtained in the back-calculation of breakage rates

from perfect mixing model using JKSimMet Software VV4.32

Standard Deviation (SD)

Batch Tests t=25sec t=Imin t=38min t=5min t=10min t=15min
Test-1 0.30 0.78 1.86 2.49 4.35 5.16
Test-2 0.34 0.48 1.61 2.3 3.56 341
Test-3 0.45 0.84 1.95 2.75 4.36 4.43
Test-4 0.42 0.73 1.72 2.43 3.06 3.05
Test-5 0.76 0.99 2.22 3.01 4,73 5.20
Test-6 0.25 0.47 0.69 2.50 3.55 -
Test-7 0.42 0.91 2.68 2.32 4.07 3.92
Test-8 0.41 0.79 1.96 2.76 4.37 -
Test-9 0.97 1.21 2.14 2.85 4.66 -
Test-10 0.42 0.71 1.80 2.65 4.65 -
Test-11 0.45 0.84 1.03 2.23 3.70 -
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Figure 6.1. Specific breakage rates obtained by grinding with Standard Bond charge distribution
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40mm Monosize Ball Distribution Application
100 T

1
0.01
0.0001
1E-06
1E-08
1E-10
1E-12
1E-14
1E-16
1E-18
1E-20
1E-22
0.01 0.1 ¥ 10
Particle size (mm)
[ —+—t=25sec --t=imin —a—t=3min ——t=5min ——t=10min —e—t=15min |

r(min-1)

Figure 6.2. Specific breakage rates obtained by grinding with 40mm monosize ball charge

distribution

40mm Monosize Ball Distribution Application
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Figure 6.3. Specific breakage rates obtained by grinding with 40mm monosize ball charge

distribution (Enlarged y-scale)
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Figure 6.4. Specific breakage rates obtained by grinding with 30mm monosize ball charge

distribution
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30mm Monosize Ball Distribution Application
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Figure 6.5. Specific breakage rates obtained by grinding with 30mm monosize ball charge

distribution (Enlarged y-scale)
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Figure 6.6. Specific breakage rates obtained by grinding with 25mm monosize ball charge

distribution
25mm Monosize Ball Distribution Application
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Figure 6.7. Specific breakage rates obtained by grinding with 25mm monosize ball charge

distribution (Enlarged y-scale)
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20mm Monosize Ball Distribution Application
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Figure 6.8. Specific breakage rates obtained by grinding with 20mm monosize ball charge

distribution

20mm Monosize Ball Distribution Application
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Figure 6.9. Specific breakage rates obtained by grinding with 20mm monosize ball charge
distribution (Enlarged y-scale)
Characteristic average specific breakage rate functions as given in Figure 6.1 to Figure
6.9. were determined to change with time in the mill. As mill content (hold-up)
distribution was changed with time, specific breakage rate functions were accordingly
changed. Particles coarser than 300um were observed to break approximately at the
same rate. Maximum particle size that can be broken by the maximum ball size in the
mill was observed to change with time. Xm sizes were found to vary as 1.25mm,
0.884mm and 0.442 mm. Below Xm size attrition breakage predominates and above Xm
size, impact breakage predominates as stated in Napier Munn et.al. (2005). In this
context, at attrition region of the breakage rate curve, breakage rate curves were found to
change as the residence time was increased A systematic increase or decrease could not

have been observed with time. Highest breakage rates were observed in the first 25sec
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for particles finer than Xm size. Attrition effect resulted in lower rates at residence time

intervals lower than 25sec.

Specific breakage rates were observed to not change for particles coarser than 850pm in
40mm monosize ball distribution application. However, the rate curves were changed
below this size for different residence time intervals in the mill. It could be concluded

that, highest breakage rates were determined for 5Smin residence time.

In the case of 30mm monosize application, similarly, specific breakage rates were
observed to not change for particles coarser than 850um. Breakage rate functions varied
with residence time below this size. Highest and approximately the same breakage rates
were observed for 3, 5 and 10min time intervals. Breakage rates did not vary
considerably. Lowest breakage rate was observed for the grinding times shorter than
3min. As could be seen, as the residence time was increased, breakage rates were
increased as well. A systematic change could have been obtained with the grinding

conditions attained by 30mm monosize ball application.

In the case of grinding with 25mm monosize ball distribution, at the shortest and highest
time intervals specific breakage rates were observed to not change for particles coarser
than 850um. Specific breakage rates were also not changed for particles coarser than
300um for grinding time intervals of 1, 3 and 5min Below 300um, breakage rates were
varied. Highest breakage rates were observed for 25sec time interval. Results indicated
that, high breakage rates could be attained in very short grinding times as in the case of
25mm ball application.

Grinding with 20mm monosize balls in the mill indicated the similar typical variation in
breakage rates with that of 30mm grinding case. Breakage rates were increased with
residence time for particles finer than 850pum. However, the rates did not change above
this size. Effect of impact mechanism resulted in the same rate values. Highest rate was

observed for 10min grinding with 20mm monosize balls below 850pum.

Findings indicated that, grinding conditions such that, number of collisions of balls and
particles, collision probabilities etc. are all expected to change depending on the applied
ball size and number of balls included in the distributions. Hence, breakage rates were

changed with residence time.
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Back-calculated specific breakage rates for different charge distributions are presented
in Figure 6.10 to Figure 6.12.
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Figure 6.10. Specific breakage rates obtained by grinding with charge-1 distribution (test-9)
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Figure 6.11. Specific breakage rates obtained by grinding with charge-2 distribution (test-10)
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Charge-3: Test no-11
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Figure 6.12. Specific breakage rates obtained by grinding with charge-3 distribution (test-11)

Specific breakage rates were observed to not change for particles coarser than 850um in
charge-1 ball distribution application. Breakage rates of particles finer than 850um
varied with residence time. Highest rates were observed for 25sec grinding condition.

Specific breakage rates were observed to not change for particles coarser than 850um in
charge-2 composition application within 5min time. However, rates were increased for
the particles coarser than 300um for 10min grinding time. 20mm, 17mm and 15mm
balls were discarded from the charge composition in charge-2 application case and a
systematic increase in the rates were observed within 5min for particles finer than
850um. Highest size reduction performance was observed for Smin grinding condition.
As a consequence, a systematic increase in the breakage rates could have been achieved
with finer ball size distribution application (charge-2) which do not include balls below

25mm within 5min.

In charge-3 application case, increase in breakage rates within 1min could have been
achieved. The charge was composed of only 40mm and 30mm balls. 94% of the charge-

3 composition was 30mm balls.
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6.1.1. Evaluation of monosize ball distribution effect on specific breakage rate

functions

Comparisons among the back-calculated specific breakage rate functions for Bond and
monosize ball charge distributions are presented in Figure 6.13 to Figure 6.17.
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Figure 6.13. Specific breakage rates obtained by grinding with Bond and monosize distributions for

25 sec
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Figure 6.14. Specific breakage rates obtained by grinding with Bond and monosize distributions for

Imin
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t=3min
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Figure 6.15. Specific breakage rates obtained by grinding with Bond and monosize distributions for

3min
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Figure 6.16. Specific breakage rates obtained by grinding with Bond and monosize distributions for

5min
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Figure 6.17. Specific breakage rates obtained by grinding with Bond and monosize distributions for

10min
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Highest breakage rates were obtained with standard bond charge within 25sec as
compared to monosize applications. Highest breakage rates were observed with 25mm
balls for 1min and 3min grinding cases when monosize application results are
considered only. As the residence time was increased and mill content size distribution
got finer as in the case of 10min time interval, 20mm monosize ball distribution
indicated the highest performance for particles finer than 850um. Longer residence time
in the mill with finer monosize ball charge application (20mm) indicated to increase the

specific breakage rates.

6.1.1.1. Empirical relationships between Xm and maximum ball size (bmax)

Ball size effects on “r/d” functions are reflected by using the relationship between Xm
and maximum ball size denoted by bmax in simulation of ball mill grinding. “r/d”
functions were estimated in the simulation work since it is difficult to determine
discharge rate function, “d” in wet grinding conditions as given in Napier Munn et.al.
(2005). In this context, it is important to know the relationship between Xm and bmax
values at different grinding conditions. The relationship between Xm and maximum ball
size (bmax) was investigated. Established relationships and regression equations are
given in Figure 6.18 to Figure 6.23 for each residence time interval.
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Figure 6.18. Relationship between Xm and bmax for 25sec
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Figure 6.19. Relationship between Xm and bmax for 1min
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Figure 6.20. Relationship between Xm and bmax for 3min
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Figure 6.21. Relationship between Xm and bmax for 5min
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Figure 6.22. Relationship between Xm and bmax for 10 min
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Figure 6.23. Relationship between Xm and bmax for 15 min

Meaningful correlations could have been derived for the test conditions. However, data
points start to show more scatter and could not have been fitted to the linear regression
equation for residence time of 10min since the same Xm was observed for 40mm and
30mm balls. By increasing the residence time in the mill, sufficient grinding time was
allowed to the particles with Xm size and they could have been broken by both 40mm,
30mm and 25mm ball sizes in the mill. Thus, it was concluded that, longer residence
time diminished the effect ball size on Xm size for bmax value greater and equal to
25mm (bmax>25mm). Any meaningful relationship between Xm and bmax could not
been observed for 15min grinding time interval as the same Xm value was obtained for
different ball size applications which indicated that the same grinding conditions previal

in the mill.
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6.1.1.2. Empirical relationships between Xm and maximum breakage rate (rmax)

The relationship between maximum ball size (bmax) and maximum breakage rate
(rmax) was investigated. Established relationships and regression equations are given in
Figure 6.24 to Figure 6.29 for each residence time interval.
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Figure 6.24. Relationship between bmax (mm) and rmax (min™) for 25 sec
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Figure 6.25. Relationship between bmax (mm) and rmax (min™) for 1min
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Figure 6.26. Relationship between bmax (mm) and rmax (min™) for 3min
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Figure 6.27. Relationship between bmax (mm) and rmax (min™) for 5min
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Figure 6.28. Relationship between bmax (mm) and rmax (min™) for 10 min
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Figure 6.29. Relationship between bmax (mm) and rmax (min™) for 15 min

Relatively good correlations could have been drawn between bmax(mm) and rmax
values for the test conditions. However, data was scattered for milling time 15min and

any meaningful correlation was not observed.

6.1.2. Evaluation of ball distribution fineness effect on specific breakage rate

functions

Comparisons among the back-calculated specific breakage rate functions for the same
residence time intervals as compared to Bond charge distribution are presented in Figure
6.30 to Figure 6.34.
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Figure 6.30. Specific breakage rates for 25 sec obtained by grinding with ball distributions of

different fineness values
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Figure 6.31. Specific breakage rates for 1min obtained by grinding with ball distributions of
different fineness values
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Figure 6.32. Specific breakage rates for 3min obtained by grinding with ball distributions of
different fineness values
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Figure 6.33. Specific breakage rates for 5min obtained by grinding with ball distributions of
different fineness values
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Figure 6.34. Specific breakage rates for 10min obtained by grinding with ball distributions of
different fineness values
Specific breakage rates were observed to not change for particles coarser than 850pum
for 25sec residence time. Highest size reduction performance was observed by grinding
with Bond charge composition. Applied finest charge composition (test no-8) resulted in
relatively higher breakage rates as compared to the charge compositions in test-6 and
test-7. Finer ball charge application increased the specific breakage rates. Bond charge
showed higher grinding performance for 1min grinding time. Selected finest distribution
resulted in higher rates as compared to the fine charge composition in test-7. As the
charge composition got finer, higher rates were observed. In case of 3min grinding time,
selected finenest charge composition (test no-8) gave highest breakage rates. When the
residence time was increased to 5min, finer charge compositions still showed higher
grinding performance as compared to coarser ball charge composition. As mill inside
particle size distribution got finer, size reduction performance of the coarser ball
distribution was observed to be reduced. Finer ball size distribution was found to be
effective for grinding of finer mill feed size distributions. It was shown that, coarse ball
charge distribution could increase the breakage rates of coarse size fractions as in the
case of 5min grinding time interval. Ball size effect was observed to diminish at 10min
grinding time. Since the mill content size distribution became finer, ball size effects

could not have been observed at longer residence time intervals.

It could be concluded that, ball size distribution fineness effect could have been reflected

on the specific breakage functions successfully.
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6.1.2.1. Empirical relationships between and Xm and maximum ball size (bmax) for

different ball charge fineness conditions

The relationship between Xm and maximum ball size (bmax) for the test conditions are
presented with their regression equations for each residence time interval. Relatively
meaningful correlations were obtained between Xm and bmax for the test conditions.
However, it should be mentioned that, correlations were based on three data points and

should be improved by obtaining more data points on the graphs.
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Figure 6.35. Relationship between Xm and bmax for 25sec
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Figure 6.36. Relationship between Xm and bmax for 1min
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Figure 6.37. Relationship between Xm and bmax for 3min
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Figure 6.38. Relationship between Xm and bmax for 5min
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Figure 6.39. Relationship between Xm and bmax for 10 min
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6.1.2.2. Empirical relationship between Xm and maximum breakage rate (rmax) for

different ball charge fineness conditions

The relationships between Xm and maximum breakage rate (rmax) are presented in

Figure 6.40 to Figure 6.44 with the regression equations.
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Figure 6.40. Relationship between X,,, (mm) and ry. (min™) for 25sec
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Figure 6.41. Relationship between X, (mm) and rp. (Min™) for Imin
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Figure 6.42. Relationship between X., (mm) and rpa (Min™) for 3min
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Figure 6.43. Relationship between X., (mm) and rpa (Min™) for 5min
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Figure 6.44. Relationship between X, (mm) and rma (Min™) for 10 min
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Xm size is expected to get finer at finer ball charge distribution application and specific
breakage rates are expected to increase below Xm size as recorded in the literature
(Napier Munn et.al., 2005).

Findings indicated that, as the ball size got coarser, Xm size got coarser and specific
breakage rate was increased as well in accordance with the literature. Thus, ball size
effects could have been reflected on the breakage rates. The relationship was best
observed at 5min residence time interval. It should be mentioned that, in order to be able
to generalize the relationship, at least one more test with an appropriate ball charge
distribution should be performed.

6.1.2.3. Empirical relationship between maximum ball size (bmax) and maximum

breakage rate (rmax) for different ball charge fineness conditions

Empirical relationships between maximum ball size (bmax) and maximum breakage rate
are given in Figure 6.45 to Figure 6.49 with the regression equations. Any meaningful
trend could not have been observed for residence time intervals of 3min and 10min.

Presented trends should be improved with more data sets.
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Figure 6.45. Relationship between X, (mm) and rma (Min™) for 25sec
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Figure 6.46. Relationship between X, (mm) and rpa (Min™) for Imin
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Figure 6.47. Relationship between X, (mm) and rpa (Min™) for 3min
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Figure 6.49. Relationship between X, (mm) and rma (Min™) for 10 min

6.1.3. Evaluation of ball size distribution effect on specific breakage rate functions

Comparisons among the back-calculated specific breakage rate functions are presented
in Figure 6.50 to Figure 6.54.
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Figure 6.50. Specific breakage rates for 25sec obtained by grinding with different ball distributions
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Figure 6.51. Specific breakage rates for 1min obtained by grinding with different ball distributions
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Figure 6.52. Specific breakage rates for 3min obtained by grinding with different ball distributions
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Figure 6.53. Specific breakage rates for 5min obtained by grinding with different ball distributions
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Figure 6.54. Specific breakage rates for 10min obtained by grinding with different ball distributions

Specific breakage rates were observed to not change for particles coarser than 850um
for the residence time intervals. Coarser ball charge application (charge-1) increased the
specific breakage rates for particles finer than 300um. Coarser ball charge application
(charge-1) resulted in higher breakage rates for 25sec, 1min, 3min and 5min time
intervals. Finest charge composition resulted in lower breakage rates as the residence

time was increased. Charge-2 composition was observed to increase the rates for
119



particles coarser than 300um. However, specific breakage rates were decreased for
particles finer than 300um as compared to the other distributions. Grinding performance
of finer ball charge (charge-3) was observed to increase as compared to charge-2
composition in 10min time interval which could be linked to the mill content fineness
such that, as the residence time was increased, mill content became finer. Finer charge
distribution was observed to increase the breakage rates. Ball charge effect start to

diminish at 10min grinding time interval excluded of the charge-2 application case.

As maximum ball was not charged in charge-1, charge-2 and charge-3 compositions,
any empirical relationship between Xm and maximum ball size (b max) for the test
conditions could not have been drawn. Similarly, relationship between maximum ball
size (b max) and maximum breakage rate (r max) for different ball charge conditions
could not have been drawn. It was observed that maximum ball size in the distribution
which is 40mm resulted in different breakage rates as shown in Figure 6.55. when
different charge compositions are used. Maximum breakage rates were found to change
for the same Xm size when different charge distributions are used excluded of the trend
obtained for 3min grinding time as shown in Figure 6.56. Time interval of 3min was
concluded to be optimum time to observe the ball size effect on Xm when the weighted

average ball size in the ball charge distributions did not changed.
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7. GENERAL DISCUSSIONS

Ball mills are widely applied size reduction equipments in the processing of chromite
ore. The ore should be ground and then concentrated so that, it could find market in the
minerals industry. It is important not to produce too much fine material during grinding
of chromite ores as valuable minerals may be lost as slimes during concentration
processes. Grinding in ball mills is very energy intensive and should be performed at
optimum conditions without overgrinding. In this context, it is crucial to know the grind
size which can be represented usually by the 80% passing size of the mill product (P80).
On the other hand, dry grinding has become very popular in recent years in countries
where there is a water scarcity and when downstream concentration process will be
handled in dry mode such as magnetic separation. In this context tests were held in dry
grinding conditions to present an insight about size reduction performance in ball mills
for probable dry grinding applications in the industry. It should be mentioned that, since
this study is a laboratory scale work, the results will not represent exactly what will
happen in industrial scale applications. However, research outputs provided insightful
information on dry ball milling performance and typical specific energy consumptions of
the comminution process under different operational conditions (ball charge
applications). Additionally, detailed analysis on the investigation of the ball size effects
on mill product fineness and specific breakage rates provided an extensive data base.
Mathematical relationships were derived which could be beneficial for mill modelling

and simulation.
In this context, research results are beneficial in terms of:

e estimation of grind size and typical specific energy consumptions,
e estimation of fine material amounts at fine size fractions,
e determining optimum grinding conditions by analyzing the size reduction

performance at different ball size distribution applications,
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e establishing size reduction models to estimate mill products under different
operational conditions such as work index of the ore, feed size distribution, ball

size, ball load etc.

In this context, batch type grinding tests were performed by using a laboratory scale
Standard Bond mill to analyse ball size and its distribution effects. Test results are used
to develop grinding models at different grinding media distributions on the basis of the

perfect mixing modelling approach.

In this study, instead of estimating the specific breakage rates of monosize particles as in
the work of Austin et.al (1984) an average specific breakage rate function was estimated
from the perfect mixing model for the batch grinding conditions and the variations in
specific breakage rate functions were analysed for different residence time intervals in
the mill. In this respect, test results are thought to be more representative of the
industrial scale mills as a full size distribution (-3.35mm) was fed to the mill as similar
to the industrial scale applications. Additionally, the modelling approach which was
previously used by Hosseinzadehgharehgheshlagh (2014) was determined to be more
simple and convenient as compared to Austin’s approach (1984). Calculated breakage
rate functions provided more realistic and predictive results on dry grinding performance
of the chromite ore in ball mills.
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8. CONCLUSIONS AND RECOMMENDATIONS

Research results have provided significant information to the literature on size reduction

modelling and estimation of performance of ball mills under different ball charge

applications in dry conditions. Main conclusions were;

Repeatable particle size distributions were obtained by the proposed test
methodology,

Batch grinding test results provided estimation of grind size for different
residence time intervals and specific energy consumptions,

Batch grinding test results provided estimation of grind size for different ball size
and distribution applications and the related specific energy consumptions,

Batch grinding test results could have been successfully fitted to the perfect
mixing mathematical model to estimate specific breakage rates in the mill,

Ball size and distribution effects could have been reflected on the mill product
particle size distributions,

Optimum grinding time intervals were concluded to be 3 and 5min to observe the
effect of ball size and its distribution,

Ball size effects could have been reflected on the specific breakage rates
estimated from perfect mixing mathematical model which is not a complex
model as compared to Austin’s approach,

Ball size distribution and fineness effects could have been reflected on the
specific breakage rates successfully with the proposed methodology,

Specific breakage rates have been successfully estimated based on the perfect
mixing modelling approach which reflect ball size and distribution effects.

Recommendations are;

Size reduction performance of different grinding media shapes such as silpebs
(cylindrical grinding media) can be tested and required energy consumptions can
be estimated for comparisons with the ball distributions,

Mill feed size distribution is another important parameter in size reduction

performance and thus, its effect should be investigated,
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e Wet grinding of chromite ore can be studied under different operational
conditions (i.e. ball load, ball size, ball size distribution, solids%, feed size
distribution etc.) and compared with the dry grinding performance as most of the

concentration processes are held in wet conditions.
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APPENDIX

Mineralogical Analysis Results with Image Analysis System

In polished section, trace amount of ore minerals are detected; in a decreasing order they
are as follows: chromite, magnetite, pyrite, chalcopyrite and native copper. Chromites
are in euhedral habit with a size range between 15-600um. Almost all of the grains
appear to undergo cataclasis in that some chromite fragments through the lamellae start

to alter into magnetite.
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