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ABSTRACT 

In the iron and steel industry, the production of desired particle size distribution 

(PSD) for pellet feed making from the iron ore is very difficult. This study is carried 

out to achieve desired pellet feed particle size distribution from the iron ore. The iron 

ores have been collected from three different sources (mines in Karnataka state) and 

milled. Iron ore obtained from different sources differ in their chemical and physical 

properties. These variations make the process of grinding a difficult task. The work 

carried out in this context focuses on three different samples of iron ore, viz., High 

Silica High Alumina (HSHA), Low Silica High Alumina (LSHA), and Low Silica low 

Alumina (LSLA).  

  

The grinding process for all the three iron ores is carried out individually in Bond‟s 

ball mill and the total retention time taken by each iron ore sample is calculated. The 

present investigation focuses on utilizing the calculated retention time of the iron ore 

as a standard grinding reference time to the laboratory ball mill for optimizing the 

grinding time of each ore. The desired P80 (150 µm) with an acceptable range of 

hematite liberation (>75%) was obtained in laboratory ball mill after reducing 6 min 

from the total retention time taken in the Bond‟s ball mill. The blend as iron ore feed 

sample was prepared by using High Silica High Alumina, Low Silica High Alumina, 

and Low Silica low Alumina iron samples, in various proportions. 

  

The iron ore blend feed sample is analyzed in the Optical Microscope (OM) and 

QEMSCAN (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) 

to understand the PSD and percentage of hematite liberation. A new approach was 

adapted to identify the retention time (RT) of the iron ore blend  in the mill, and the 

total retention time (TRT) taken for the blend sample in the Bond‟s ball mill (BBM) 

was considered as the reference grinding time for milling in the Laboratory Ball Mill 

(LBM). The desired PSD (-150 µm) with acceptable hematite liberation was achieved 

at an optimal grinding time of 7 min in the LBM.  
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The discharge end design of a ball mill plays an important role in discharging the 

desired particle sizes (-150 + 10 µm) and the percentage of recirculating load from the 

discharge end of the ball mill. In continuous wet ball mills, the composition of feed 

(hard ore or soft ore) to the mill varies continuously, leading to uncontrolled grinding 

in the mill. In view of this, a new design of the discharge mechanism has been 

implemented to remove the ground particles of desired particle size fraction with 

minimum recirculating load (+150 µm).  

  

The results from the discharge end with lifters (closed and open) show that the 

particle size fraction obtained from the discharge end has a maximum percentage of 

desired particle size fraction when the mill is operating at 60% critical speed. 

Discharge end without lifters has an uncontrolled particle size distribution in the 

discharge and the percentage of desired-size particles discharged was found to be very 

less. Also, the percentage of the recirculating load is minimum in the case of 

discharge end with lifter design compared with discharge end without a lifter. Hence, 

a new design of lifters in the discharge end leads to the discharge of the desired 

particle size fraction with minimum recirculating load.  

  

A new ball mill hydro-squeeze classifier has been developed for particle size 

reduction and wet classification of different particle sizes. The mill classifier consists 

of milling and classification sections with a squeezing disc with a mesh of 150 µm. 

This study analyses the size of particles discharged from the ball mill and the 

efficiency of hydro-squeeze classifier in separating oversize particles from undersize 

particles. The ball mill hydro-squeeze classifier was tested at different iron ore feed 

slurry concentrations and the ball mill operating discharge end opening time. A 

significant increase in coarse particle discharge from the mill to the classification 

section was achieved at a higher (75%) slurry solid concentration. The squeezing of 

the slurry increases the recirculating load to the mill. The squeezing efficiency is 

maximum (84.8%) at a solid slurry concentration of 55% at a mill discharge opening 

time of 150 s. The separated particles in the hydro-squeeze classifier consist of 100% 

-150 µm particles. Further, these particles can be directly used for downstream 

processing without any classification. The results obtained are applicable for the pilot-
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scale development of a new ball mill hydro-squeeze classifier unit for wet grinding 

and classification process. 

 

Key words: Particle Size Distribution, Retention time, Bond Work Index and 

Circulating load, Optical Microscope, QEMSCAN 
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ACRONYMS 

 

PSD  Particle Size Distribution  

OM   Optical Microscope 

QEMSCAN  Quantitative Evaluation of Minerals by Scanning Electron Microscopy 

RT   Retention Time 

TRT   Total Retention Time 

BBM   Bond‟s ball mill 

BWI   Bond Work Index  

LBM   Laboratory Ball Mill 

HSHA   High Silica High Alumina 

LSHA  Low Silica High Alumina  

LSLA   Low Silica low Alumina  

Cs
   

Critical speed of the mill 

D   Mill diameter in meters 

MH    Material mass holdup in kg 

ψs  Fractional cross sectional area opened for discharge at mill 

Vop  Mill opening velocity of material discharge in m/s 

MHo  Mill retained mass of the material at F=0 in kg 

F   Mass feed rate in kg/s 

L   Mill length in m 

C1   Constant expressing the discharge properties at the mill exit 

θpool   Power Function 

C, k    Fitting Parameters 

SAG   Semi-Autogenous Grinding   

AG  Autogenous Grinding  

A1, A2, A3,  Constants depend on the mill speed and ball filling  

 B   Constant depend on the ore properties 

 U*   Slurry filling before pool formation when net power draw is maximum 

B1, B2, B3,  Constants  depend on the mill speed and slurry properties 

d   Constants depend on ball filling 
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 C*   Slurry concentration for maximum net power draw 

RTD  Residence Time Distribution  

AR  Attainable Region technique 

MRT   Mean Residence Time  

DEM  Discrete Element Method 

XRF   X-ray fluorescence 

LALLS  Low Angle Laser Light Scattering 

T  Total retention time taken by the BBM for each iron ore sample 

R   Total number of revolutions taken by each ore sample in the BBM 

F80   80% passing particle size of the feed in μm 

 P80   80% passing particle size of the final grinding cycle product in μm 

 A   Mesh size of the test in m,  

 Gbp   Grindability of the undersized product produced per mill revolution 

T%  Degree of liberation in the iron ore sample 

L%  Apparent degree of liberation 

SEM  Scanning Electron Microscope  

EDS  Energy-dispersive X-ray spectroscopy  

η  Efficiency of classifier disc 

G  Goethite  

H  Hematite 

K  Kaolinite  

A  Fe Ox-Al Silicate interface 

Q  Quartz 

L  Limonite 

BMA  Bulk Mineral Analysis  

PMA  Particle Mineral Analysis  
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CHAPTER 1 

1 INTRODUCTION 

This chapter deals with the brief introduction about ball mill, its operating 

charateristics, need for development of new equipment for producing desired particle 

size for pellet feed making along with research objectives and methodology.  

1.1 General 

Communition is one of the most important process in the mining and mineral 

processing industry for the liberation of different concentrates and the gangue. The 

first stage of communition in the mining industry is the blasting operation (both 

primary and secondary blasting) followed with crushing by making use of different 

types of crushers (Primary, secondary, tertiary crushers etc). After crushing, the next 

stage of communition is the grinding operation. 

In general, conventional grinding takes place in tumbling mills. Here, the ore is 

introduced into a horizontal mill where the cylindrical body of the mill is rotated by 

making use of motor, causing the mill charge (ore and grinding media) to tumble. 

Grinding is accomplished by impact, attrition and abrasion of the ore by the free 

motion of unconnected media such as steel rods, steel or ceramic balls, or coarse ore 

pebbles. Grinding is usually performed “wet” to provide a slurry feed to the 

concentration process.  

The biggest consumers of energy in comminution (as much as 90%) are undoubtedly 

the grinding equipment, especially grinding mills (Abazarpoor and Halali 2017). It 

has been reported that comminution consumes, on average, 36% of the energy utilized 

by the industry (Ballantyne et al. 2018). The total input energy in grinding mills will 

be absorbed by the machines and a small percentage of total input energy is converted 

into rock breakage. This implies that the existing grinding machines are inefficient. 

A number of developments have taken place in the past in the area of grinding 

technology as well as design of different types of grinding mills (Chimwani et al. 
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2013). In mining industry, for all the downstream extraction/separation, liberation of 

valuable mineral as well as gangue from the ore is one of the important steps. Ball 

mills have been used for generating fine and ultrafine particles of ores in mineral 

industries due to their flexibility (Chimwani et al. 2013; Danha et al. 2015; Fuerstenau 

et al. 2004). A number of developments have taken place in the past regarding the 

grinding technology as well as design of different types of grinding mills.  

The presently available ball mills have certain drawback especially in the design of its 

discharge end. The discharge ends are fitted with slotted grates acting as a diaphragm 

as shown in Fig.1.1. There is a chance of holds back of the smaller particles along 

with larger particles from discharging into the product stream. The size, spacing and 

design of the holes in the diaphragm are important as they affect the rate of 

throughput and product size (Gupta and Yan 2016). Three types of discharge ends are 

used, namely, mills with wide peripheral discharge, mills with scoop and mills with 

trunnion. All these discharge ends are not able to separate different size particles 

produced in the ball mill efficiently.  It is also difficult to produce controlled size 

particles in the mill in this type of discharge end. 

 

Fig. 1.1 Square AG/SAG Mill with Grating. 

For sustainable development of mineral processing industry, it is very important to 

develop energy-efficient comminution circuits. Classification plays an important role 

in improving the energy efficiency of comminution circuits. The potential of 

classifiers in the comminution circuits is assessed based on the circulating load to the 

ball mill (Morrell 2008).   
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The conventional equipment utilised for wet classification is hydro-cyclone, screening 

machine, hydraulic, and centrifugal classifiers which are used for separating oversize 

particles from undersized particles. Among them, screens are commonly used 

classifiers compared with the other classifying devices (Markauskas and Kruggel-

Emden 2019). Wet screen classifiers encounter high screen blinding, leading to an 

increased circulating load and a decreased throughput(Barkhuysen 2009; Jankovic et 

al. 2015; Shanmugam et al. 2019a; b, 2020, 2021). 

Therefore, for obtaining proper and enhanced liberation of valuables and also for 

controlling particle size and getting particles of appropriate sizes as output for pellet 

feed making, there is a need to design a new type of ball mill to cater the desire 

particle size distribution for downstream process.  

1.2 Organization of Thesis  

CHAPTER 1  

The background on the ball mill is given; brief note on ball mill performance and the 

operation principal are presented in this chapter.  

 

CHAPTER 2  

A comprehensive literature review has been carried out regarding the studies 

undertaken by previous researchers in the area of iron ore grinding in ball mill with 

respect to mill performance based on varying mill operation parameters and its effect 

on particle size distribution, liberation. Based on the literature review gap objectives 

and research methodology are presented in this chapter.  

.  

CHAPTER 3  

Details of iron ore samples used, chemical analysis of iron ore sample and particle 

size analysis of iron ore samples are discussed in this chapter. The grindabality tests 

by using Bond‟s Ball mill and laboratory ball mill are discussed. 
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CHAPTER 4 

 Laboratory studies by using newly designed ball mill discharge end and newly 

fabricated ball mill hydro-squeeze classifier are discussed in terms of size of the 

particles discharged from the mill and classification efficiency of classifier section are 

presented in this chapter.  

 

CHAPTER 5 

This chapter presents the detailed discussion on results and observations of the 

product particle size analysis obtained from Bonds ball mill and laboratory ball mill. 

The performance of newly designed ball mill discharge end and newly fabricated ball 

mill hydro-squeeze classifier are evaluated in this chapter with respect to size of the 

particles discharged from the mill and classifier separation efficiency.  

 

CHAPTER 6 

Conclusions drawn based on the investigations; recommendations and scope for the 

future study are presented in this chapter. 
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CHAPTER 2 

2 LITERATURE REVIEW AND OBJETİVES OF THE 

RESEARCH WORK 

This chapter deals with a detailed literature study on characterization studies, ball mill 

design, ball mill operation parameters and classification devices. 

2.1 General  

Iron ore is commonly used in the steel making industry for producing different grades 

of steel, which are useful in motor, aerospace, medical equipment, and transportation 

fields. In India, the leading steel producing industry, JSW Steel Ltd. in Hospet, India, 

is facing acute shortage of high-grade iron ore, and hence the JSW plant is converting 

low-grade iron ore, which is available as fine particle size, to high- grade ore. These 

iron ore fines cannot be fed directly into the blast furnace because of higher gangue 

materials in their composition. Hence, it is required to process the iron ore before 

feeding it into the blast furnace.  

 

Comminution has an extensive range of applications in the mineral industry. In the 

mineral processing plant, operations such as grinding, crushing and separation are 

carried out to liberate the appropriate minerals from the ore, so that they can be 

classified from the gangue minerals in the downstream process(Shanmugam et al. 

2019b; a). Ball mills are commonly used to grind the ores for particle size reduction 

and to liberate valuable minerals from the ores. The grinding of ore is a highly 

energy-intensive process (Narayanan and Whiten 1988; Saeidi et al. 2013; Singh et al. 

2018). In this process, the size of the particle obtained depends on the energy 

consumption of the ball mill. The major challenge encountered in the process of iron 

ore grinding is to maintain the desired product Particle size distribution (PSD) with 

sufficient liberation of valuable minerals. The demand for desired particle size with 

maximum liberation of valuables is increasing, particularly in the last phase of the 

grinding, for primary feed preparation for the making of pellets.  
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2.2 Characterization Studies 

In the present scenario, characterization studies were carried out pertaining to ore 

liberation and associations of mineral phases, grain size, and textural features by using 

automated microscopic techniques (Donskoi et al. 2007; Lane et al. 2008; Sutherland 

and Gottlieb 1991). The mineralogical characterization is considered as a vital tool 

governing the process of grinding and liberation related productivity improvement. 

The study of microstructure and mineralogy plays a significant role in understanding 

mineral behavior at different stages of the grinding process (Dwarapudi et al. 2008).  

 

Improvement of computerized microscopic systems has now made it possible to scan 

the mineral components of different types of ores (Devasahayam 2015). An ore can be 

characterized by QEMSCAN based on the presence of minerals and their association 

with respect to every single mineral (Hagni 2008; Hoal et al. 2009). The analysis rate 

of QEMSCAN is rapid to determine the mineralogy and individual ore particle size 

measurement. The QEMSCAN analysis data consists of minerals association, the 

grain size of the minerals, and the phase of the minerals. 

 

Many types of liberation studies have been proposed beginning with Gaudin (Petrakis 

et al. 2017), but at present, no such process has been standardized for different types 

of rocks. In the literature, a vast amount of work has been reported on mineral 

liberation models by assuming random breakage of ore, which helps in simplifying 

the mathematical consideration (Ahmadi and Shahsavari 2009).  

 

It is well-recognized in conventional grinding that PSD and effective liberation of 

valuable materials from the gangue, which occurs at different particle sizes, depends 

mainly on the properties of the ore being ground. The liberation properties of the 

valuables depend on its chemical and physical composition, which helps in the 

selection of the processing methods enabling effective utilization of the iron ore 

(Angadi et al. 2012; Rao et al. 2015; Rath et al. 2016; Srivastava et al. 2001). The size 

reduction and liberation of the particles is accomplished by the grinding process 

(Kotake et al. 2011). It is often hard to control the PSD in the end product. In mineral 

processing, the liberation of valuables assists as a link between the grinding and the 
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separation by creating particle structure information for the ground products (Chen et 

al. 2014). However, it has been documented that there is uneven breakage in ores, 

which leads to uneven liberation of minerals (Engmeermg 1990; Horst, W. E. 1998).  

2.3 Assessing Ball Mill Response Based on Mill Performance 

Ball mills are commonly used for size reduction of ores in processing plants. About 

50% of the total energy is utilized for ore grinding in a concentrator plant (Yang et al. 

2010; Yin et al. 2019). In general, grinding process is used to produce the desired 

particle size with minimum fine particle recirculating to the ball mill. This process 

plays a vital role in the recovery of valuable minerals (Hanumanthappa et al. 2020a; 

Harish et al. 2020). The maximum valuable liberation depends on the composition of 

the ores. However, ore hardness, feed particle size, and feed rate frequently change in 

the grinding circuit, which can intensely vary the mill capacity.  

 

In case of pellet and sinter making, the pellet plant of JSW Steel Ltd. gets fines from 

different mines in Karnataka state. The physical and chemical composition of the iron 

ore varies for each mine site. So, it is challenging to produce the desired particle size 

with acceptable hematite liberation from the iron ore for pellet and sinter making  

(Dwarapudi et al. 2008; Hanumanthappa et al. 2020b).  

 

Hardness and grindabality are the major physical properties, which influence the 

fracture parameters of the materials (Harish et al. 2020; Kumar 2017). However, the 

performance of a grinding circuit is typically developed and designed based on PSD, 

rather than liberation. Hence, to determine the behaviour of different ores, raw ores 

are ground in a BBM (Bond‟s Ball Mill), which adopts the standard grinding 

procedures, which help in the grinding analysis. The ore physical grindabality 

characteristics are identified based on the Bond Work Index (BWI) (Bond FC 1960; 

Gupta and Hussain 2017) to approximate the energy necessary for ore breakage, to 

compare different ore behaviours while grinding, and for designing new ball mill 

circuits. Bond's standard grinding procedure has attracted much attention in recent 

days due to its wide range of applications, and a lot of research has been done on 

Bond‟s work to optimize the grinding circuits (Jankovic et al. 2015; Mosher and 
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Tague 2001). Deniz et al. (Deniz et al. 2012) stated that Bond‟s work index is more 

effective than the sink- and- float method to determine the physical behaviour of the 

materials. Hacıfazlıoğlu & Korkmaz (Hacıfazlıoğlu and Korkmaz 2019)  also used 

Bond‟s ball mill for particle size reduction from 780 to 455 µm and recorded that the 

time required by the Bond‟s ball mill to reduce the required size was 3 min.  

 

From the literature, it is revealed that extensive research has been done explaining the 

overall performance of the ball mill when the mill is operated under different 

conditions. The overall performance of the ball mill depends on different factors viz., 

energy consumption, slurry filling, impact forces, net power draw, mill hold-up and 

discharge of mill. 

 Energy consumption 2.3.1

In the ball mill, energy consumption for a particular ore depends on bond work index 

in producing targeted product size. But in the real field, the actual power consumed by 

the mill is much more. This is due to over grinding of material inside the mill. The 

main parameters influencing for ball mill energy consumption are feed rate and speed 

of the mill. 

 Feed rate 2.3.1.1

In many cases it was noted that, with increasing feed rate in ball mill, the power 

consumption will also increase.  In mill, retention time of the material mainly depends 

on the rate of feeding to the mill. If the feed rate to the mill is low and retention time 

in mill is high, then it will ultimately increase the ultrafines generation in the mill. To 

overcome this effect it is better to reduce the retention time of mill by increasing feed 

to the mill. Hence, with increased feed the discharge rate increases. Also, specific 

power consumption per ton production of the product will reduce. Based on the 

ultrafine generation, feed rate and power consumptions are correlated. By adequately 

controlling feed rate, the power consumption and ultrafines generation in a ball mill 

can be optimized. 

 

 Speed of the mill 2.3.1.2
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Energy consumption by the mill depends upon the mill speed. At higher critical speed 

ball mill consumes high energy  (Napier-Munn and Lynch 1992). The critical speed of 

the mill was calculated by using equation 1. 

                                           

r/min 
3.42

D
Cs 

                                             (1)

 

 

Where, 

Cs
  

Critical speed of the mill 

D   Mill diameter in meters 

However, in many cases, more effective grinding mills are operated at 80% critical 

speed. The rate of energy consumption is high at higher critical speed. To overcome 

these, many experimental trials have been carried out to optimize the speed of the 

mill. Whenever mills operated at 15- 17 r/min i.e., 60-70% critical speeds, the energy 

consumption of mill were reduced (Abouzeid et al. 1974). 

 Mill hold-up 2.3.2

In ball mills, grates are used for effective grinding and to remove slurry from mills. In 

many cases, this grate obstructs the flow of slurry inside the mill by forming a pool of 

slurry inside the mill. This results in filling up of the mill with excessive slurry and 

decreasing the efficiency of grinding. 

 The excessive slurry in the mill will reduce the further fine generation in the mill due 

to reducing density of charge or media in the mill. It also leads to reducing internal 

friction between media and charge (Napier-Munn et al. 1996). It was revealed that, 

mill holdup mainly influenced based on the grate hole size and its position. Mill 

holdup not only depends on the position and size of the hole, but it also depends on 

the density of the charge or media. 
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 Variation of slurry hold-up based on time 2.3.2.1

At dynamic condition, slurry holdup cannot be measured accurately with respect to 

the time. The holdup may decrease or increase non-uniformly from one state to 

another study state with respect to time and percentage of solids in the feed.  

 Effect of mill feed rate 2.3.2.2

Mill holdup and feed rate are linearly related to dry grinding conditions for open-end 

and constricted-end mills (Morrell and Stephenson 1996; Nasr-El-Din et al. 1992). At 

lower feed rate, slurry levels will be less than the lip of discharge end of the mill. 

Hence, discharge of solids from the mill will not take place. Discharge in the mill is 

due to gravity force generated at the top of the discharge end and movements of lifters 

in the mill. 

 Also, it has been recorded by several researchers that, the slurry hold-up consist of 

higher percentage of solids and hence, mean residence time of the solids is higher 

than the mean residence time of liquid (Powell et al. 2001; Rezaeizadeh et al. 2010; 

Rogers and Austin 1984; Shoji et al. 1982). The material mass holdup in the mill was 

calculated by using equation (2). 

                           

HOHO

opS

H MLFcMF
v

L
M 














 1


         (2)             

Where, 

MH    Material mass holdup in kg 

ψs   Fractional cross sectional area opened for discharge at mill 

Vop   Mill opening velocity of material discharge in m/s 

MHo  Mill retained mass of the material at F=0 in kg 

F   Mass feed rate in kg/s 

L   Mill length in m 

c1   Constant expressing the discharge properties at the mill exit. 
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 Influence of percentage of solids in feed on mill hold-up 2.3.2.3

Horst and Freeh (1972) carried out studies by varying percentage of solids in the feed 

with respect to slurry hold-up. The results revealed that, with the increasing feed 

percentage solid, slurry hold-up was exponential increasing as the percentage of solids 

in the mill increases frictional factors (Horst and Freeh 1972).   

 Effect of mill speed 2.3.2.4

In dry grinding, mill hold-up decreases with the increasing mill speed with respect to 

mill critical speed (Morrell and Stephenson 1996). In case of wet grinding, the mill 

holdup increases with increasing mill speed and it is low at 60% to 70% critical speed 

compared to 70% to 80% at constant feed rate (Nomura 2012). It was recorded that, at 

the higher critical speeds the large voids are formed which intern disturbs the 

tumbling charge (Shoji et al. 1980). Due to this effect, slurry inside the mill starts to 

fill in newly formed voids. Hence pool of slurry increase which in turn increases the 

mill holdup. Also, above 80% critical speed it was observed that there is sudden drop 

in mill holdup, this is due to free movement of charges inside the mill.  

  Parameters influencing the ball mill discharge  2.3.3

Pulp lifters and grate mainly controls discharge from the mills. Slurry discharge from 

the mill also depended on grinding media and mill design. 

 Discharge grate 2.3.3.1

The design of grate in a mill plays a very important role in the discharge of products 

from the mill. Design of grate depends upon the size of the product required. The 

discharge grates mainly consist of apertures with different size. It may be larger size 

apertures or smaller size apertures in the discharge grates. The configuration of grate 

mainly depends on open aperture area and its radial position. 

 

 Pebble discharge  2.3.3.2

Pebble ports are mainly used to minimize over grinding in the mill and slurry 

transport through the mill. In large open circuit, rate of discharge depends on a 
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number of apertures open in the pebble port. The mills with high number of the pulp 

lifters will increases discharge capacity with increase in pebble ports.  

  Mill hold-up  2.3.3.3

Latchireddi and Morrell, (1997) demonstrated that mill hold up increases with slurry 

pooling inside the mill. They also demonstrated that with increased feed flow inside 

the mill, mill hold up drastically increased (Latchireddi and Morrell 1997). Morrell 

and Stephenson 1996 studies revealed that the mill hold-up is a response variable for 

discharge from the mill (Morrell and Stephenson 1996). 

 Pulp lifters  2.3.3.4

Pulp lifter plays a very important role in removal of materials from the mills. The pulp 

lifters are used to maximize the discharge capacity of the mill. The discharge capacity 

of mill depends on kind of pulp lifter design profiles used in the mill.   

  Influence of slurry pool volume on milling efficiency  2.3.4

The discharge from the  ball mill  depends on mill hold-up and the rate of feed to the 

mill. In any case, overfilling the mill is not recommended. As, overfilling to the mill 

increases the formation of voids in the media which leads to formation of a slurry of 

pool in the lower region of media charge. It was reported that, mill with higher speed 

increases dynamic bed porosity (Sichalwe et al. 2011). Due to this, mills can hold-up 

more slurry with added residence time to a pulp outside the grinding zone. 

  Impact of slurry pool volume on net power draw  2.3.4.1

Moys and Smit (1998) accepted that the net power draw by mill decreases with 

presence of the pool. As slurry filling in the mill increases, power drawn by the mill 

also increases initially. The power drawn starts to decrease, once slurry of the pool is 

formed in the mill. The power drawn in dry condition is less than wet condition when 

its compared with mill operated at same parameters (Moys and Smit 1998). Also, with 

increasing slurry filling to the mill, slurry pool formation in the mill takes place.  As 

slurry pool formation inside the mill increase more than unity, then the mill net power 

drawn by the mill drops (Mulenga and Moys 2014).  The net power drawn will also 
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depend on the density of slurry. To justify these, laboratory experiments are carried 

out by taking two liquids (water and slurry) with different density (Bu et al. 2019). 

The results confirm that, the liquid which is having less density has consumed less net 

power than the liquid (water) which is having higher density (slurry). The net power 

drawn was maximum at threshold slurry filling at the mill critical speed below 75% 

(Bu et al. 2019). 

 Effects on the specific energy consumption due to pool volume 2.3.4.2

It was observed that, for any given grinding time the slurry pooling process is more 

energy efficient (Mulenga and Moys 2014). This is due to the presence of slurry pool 

ultimately reduces energy drawn by the mill. At high slurry filling, energy 

consumption will be low as the product particles size distribution is not varying much. 

In practical condition, it is difficult to find the effect of pool volume on the specific 

energy consumption.  

 Effects on the size reduction index due to the pool volume 2.3.4.3

The size reduction index does not play a very important role in the presence of pool 

volume in a mill. But it was observed that, with an increase in pool volume there is a 

slight reduction of the size reduction index(Mulenga and Moys 2014). However, with 

decrease in size reduction index it will not increase the overall mass of the solids in 

the mill.  

 Effects on grinding index due to the pool volume 2.3.4.4

A review on the effect of a pool of slurry on milling was reviewed by grinding index. 

In general, the material with the highest grinding index can achieve more fines. In 

case, if the mill is fed with less feed, the time taken to grind is slightly high compared 

to the mill fed with high feed. But in case of slurry filling, grinding index is high at 

smaller filling capacity. The lower slurry level in a mill accelerates fines production. 

In case of high production of fines in the mill, it is better to choose the high volume of 

charge and filling low volume of slurry(Mulenga et al. 2016). 

  Effects of slurry filling on load orientation  2.3.4.5
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It is observed from the literature review that, insufficient number of experiments have 

been carried on the influence of slurry pool on load orientation. It was observed that 

load orientation depends on speed, but has negligible effect due to pool formation. 

The level of the liquid in the mill will not impinge on  change of shoulder angle and 

impact angle(Chimwani et al. 2015). 

 Impact angle variation due to slurry filling  2.3.5

The slurry filling will not influence the impact angle θ, but it is influenced by speed of 

the mill. It has been observed that, the angle of impact will decrease by 2
0
 with 

increase in 1% of critical speed (Soleymani, 2014). It was observed that the impact 

angle decreases slightly with the increasing content of mill only at higher speeds of 

the mill. Also, recorded that with the increased speed of the mill, shoulder angle will 

increase and balls release rate from mill shell also increases. The main drawback 

observed with increasing speed of mill is the distance traveled by the ball is very less. 

This is due to shorter flying paths of the balls. Due to decrease in impact angle, there 

are chances for improper landing of the balls, which damage the liners and reduce the 

grinding efficiency.   

 

 Toe angle variation due to slurry filling 2.3.5.1

Toe angles are weak at lower speeds of the mill and it is almost fixed for lower filling. 

It was observed that toe angle increased to a certain degree once slurry of the pool is 

formed. The increase of the toe angle is due to increasing of flotation force caused by 

pooling and flotation of balls in the pool. The movement of the toe was calculated by 

using equation 3. 

Δs=RΔθt      (3) 

where  

R  mill radius 

 

  Shoulder angle variation due to slurry filling  2.3.5.2
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Shoulder angle depends on the speed of mill rather than the level of filling. In the mill 

with increased slurry level shoulder angle will remains constant. The results show that 

the increase or decrease in shoulder angle depends on the increase or decrease of 

centrifugal force.. At higher speed, centrifugal forces lead balls to cataract with each 

other at a higher angle. Due to this effect shoulder angle will increase (Moys and Smit 

1998). 

 

 Pool angle variation due to slurry filling 2.3.5.3

In any mill, pool formation takes place whenever slurry reaches a certain level in the 

mill. According to Soleymani et al. (2016) pool angle in the mill will not depend on 

the speed of the mill. They also recorded that with increasing slurry level in the mill 

liquid level in mill rises and pool angle will decrease. Katubilwa and Moys (2011) 

proposed power function which can be used to describe the pool angle results. The 

expression of the power function is given in equation 4. 

θpool = C. U
k
                                                                                 (4) 

where, 

 C, k   fitting parameters  

   Impact forces 2.3.6

Whenever forces acting normal to the particles, breakage of particles takes place due 

to impact forces. This kind of fracture mechanism leads to cleavage in the particles 

54]. In wet milling, impact forces depend on buoyancy force, the diameter of the 

balls, the mass of the balls, velocity with which balls hits pool slurry, density, drag 

coefficient and viscosity of fluid (Soleymani et al. 2016). 

 Variation of impact forces with speed 2.3.6.1

Location and amount of the impact forces are highly influenced inside the mill due to 

speed of the mill. The experimental results of Soleymani et al. (2016) revealed that at 

a lower level of slurry filling and about 30% of charge filling in the mill, impact 

forces will increase with increasing speed of the mill. They also recorded that with 

increasing critical speed from 65% to 85%, the maximum impact force has been 
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increased from 600N to 1700N and also impact frequency increased. It was also 

observed that the rate of collision in the mill increased with increasing speed of mill. 

Therefore its necessary to run the mill with optimal speed for producing required 

impact forces. By running the mill with appropriate speed its possible to increase 

grinding efficiency and prevent excessive wear in the mill. Mill speed is a very 

important parameter in the operation of Semi-Autogenous Grinding (SAG) and 

Autogenous Grinding (AG). 

 

 Impact forces variations with slurry filling 2.3.6.2

The energy generated between the ball and ore inside the mill is observed by the pool 

based on the level of pool formation. In mill with the increased level of liquid 

increases the pool formation which leads to decrease in impact forces.  

The experimental study was carried by Soleymani et al. (2016) to record the impact 

forces generated on the liners, both dry and wet condition by using sensors.  It was 

observed that at dry condition impact load were more on liners compared to wet 

milling. Impact load on liners in wet condition decreases due to the resistance offered 

by a pool of slurry in the mill. Impact forces will also depend on speed and slurry 

level filling. In lower speed, cascading motion will not reach slurry, due to this high 

impact forces will act on the slurry. At higher speed, cascading motion formation in 

the mill is larger and balls fall directly into pool of slurry. Also, at higher speeds of 

the mill impact forces will drop, due to balls land in the center of the pool subjected to 

damping inside the mill. This damping will prevent the transfer of energy from balls 

to the ore. 

 

 Impact forces variations with slurry concentration 2.3.6.3

Slurry concentration in the mill plays a very important role on impact forces.  If solid 

percentage is low in the slurry, pool formation takes place, contact between balls and 

ores will be less and consumes large amount of balls. Due to this maximum mill 

volume will be filled with liquid which leads to reduction in efficiency of the mill. 

The slurry which is having high density and viscosity will reduces the grinding 
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efficiency. Slurry with high density and viscosity will be having high damping and 

increases resistance to the balls movements against impact. Grinding efficiency can be 

improved by reducing slurry viscosity. In the mill packing of material takes place, 

when slurry concentration is more. Also, if slurry concentration in the mill is more 

than 70%, coating of balls with slurry takes place which decreases impact forces and 

increases grinding time. 

 Effect of net power draw  2.3.7

In the ball mill, net power draw depends on many parameters like, media charge 

filling, mill speed, slurry filling and slurry concentration. 

 

  Variation of power draw with media charge filling 2.3.7.1

Controlled milling depends on the load filling condition, in terms of power 

consumption. The Fig.2.1 suggest that the mill draws more power to rotate and lift the 

whole load in the mill. Soleymani et al. (2016) reported that the power draw in dry 

condition was less than that of wet condition when mill operated with same initial 

conditions. They also recorded that, with increasing ball filling to the mill, power 

consumption has been increased for both wet and dry conditions. 

 

Fig. 2.1 Ball filling effect  on mill power draw data (Soleymani et al. 2016) 
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  Variation of power draw with mill speed 2.3.7.2

In general, power draw increases linearly with increase in speed of the mill. During 

mill operation at similar speeds, the power drawn in wet condition is more compared 

to the dry condition. Various mathematical models have been developed for relating 

power drawn with respect to increase or decrease of speed.With respective to mill 

speed, power draw is given by good co-relating mathematical relationship, i.e power α  

  
      and  R2=0.98 (Cleary 2001). The reason behind high power consumption at 

higher speeds is due to  lifting of shoulder load, effective radius change and center of 

mass displacement. 

 

  Power draw variations with slurry filling 2.3.7.3

The power draw increases initially with irrespective to slurry filling and ball speed. At 

a certain level of slurry filling, pool formation takes place, at this stage power draw 

starts to reduces. At dry milling, power draw is slightly lower than a wet condition 

with similar operating conditions. The mill power draw in wet milling increases with 

increase in the slurry filling. This is due to slurry starts to fill in pores between the 

charges and also fills porosity between the solids.  Mathematical expression for power 

draw and slurry filling is given in Equation 5 (Cleary 2001). 

Power=f(U)= {
                        

   
                            

                                              (5) 

where A1, A2, A3, and b are constants and depend on the mill speed, ball filling and 

ore properties. 

 U* is the slurry filling before pool formation when net power draw is maximum.  

 

 Power draw variations with slurry concentration 2.3.7.4

 Magnitude of power draw in mills depends on slurry concentration. Power draw by 

the mill increases with increasing slurry concentration initially. Further increasing 

slurry concentration to the mill increases slurry compact of materials, hence power 

draw by mill reduces. A mathematical expression was used to calculate the power 
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draw due to increase in slurry concentration is give in equation 6 (Nkwanyana and 

Loveday 2018). 

Power=f(U)= {
                          

   
                            

                       (6) 

Where  

B1, B2, B3, and d are constants and depend on the mill speed and slurry properties 

 C*   Slurry concentration for maximum net power draw 

 Residence time distribution 2.3.8

Along with different operating parameters of the mill and mineralogical 

characterization, the Residence Time Distribution (RTD) of the mill also plays a very 

important role in the design of the ball mill circuit. Numerous studies have focused on 

RTD measurement with respect to solid flow effect, solid transport alongside the mill 

axis, and variation of ball mill diameter on RTD in the ball mill (Cho and Austin 

2002; Hassanzadeh and Hassanzadeh 2018; Mulenga and Chimwani 2013). The 

different types of RTD measurement methods used were attainable region technique, 

one-parameter RTD model, and radioactive tracer (Chimwani et al. 2015; Vinnett et 

al. 2018). 

  

Cho and Austin (2002) examined the solid flow effect on RTD due to variation of 

operating variables in a dry ball mill. It was recorded that as the mill speed revolution 

increased, solid carrying along with the mill axis increased with decreasing RTD of 

the solids (Cho and Austin 2002). The optimal RTD of the ore was determined by 

Chimwani et al.2015 using the Attainable Region technique (AR). It was observed 

that with higher volume of charge filling in the mill and the mill operating at lower 

speed resulted in a highly significant effect on particle retention time inside the mill, 

which ultimately saved the energy consumption of the mill (Chimwani et al. 2015). 

Further, an open ball mill circuit was optimized for Mean Residence Time (MRT) by 

Mulenga and Chimwani. They calculated the ball mill MRT while keeping all the 

operating parameters constant and varied the diameter of the ball to 10, 20, 30, and 40 

mm. It was seen that when the mill was operated with smaller ball diameter, it led to 
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an earlier production of fines, and with increased ball diameter, the production of fine 

particles required more time (Mulenga and Chimwani 2013). In a recent study, Gupta 

and Patel proposed a new RTD model called as one-parameter RTD model suitable 

for both ball and rod mill for predicting the RTDs of the mills accurately (Gupta and 

Patel 2015).  

2.4 Effect of Ball Mill Design on Slurry Discharge  

The slurry discharge from the ball mill not only depends on the ball mill operating 

condition and it also depends on design of ball mill (Kotake et al. 2011). The variation 

in PSD might be due to the ball mill design (Gao et al. 2017). The quantity of the 

particles discharge from the mill depends on type of lifters used in the mill and 

discharge end design of the mill. 

 Pulp lifters 2.4.1

Pulp lifters are used to transport slurry from the feed to the discharge end through 

grate holes in the mill. At the discharge end of the mill, based on the requirement, 

different types of lifter designs are used. Earlier, to lift the pulp, "pan pulp lifters" 

were used (Makokha and Moys 2007), however, their design prevented their usage 

especially during increasing pulp flow. In order to overcome this, pulp lifters with an 

advanced design were used at the peripheral or discharge end of the mill and were 

found to operate effectively with an increase in the pulp flow and have improved 

power utilisation (Makokha and Moys 2007).  

 

The main drawback of lifters is that the slurry held up inside the mill is high as lifters 

are always in contact with the slurry; thus, the complete flowback of slurry to the mill 

cannot be avoided. This increasing backflow and formation of a pool of slurry 

ultimately affect the grinding efficiency of the mill (Latchireddi and Morrell 2003).  

 

Mishra and Rajamani (1992 & 1994) used 2DMILL code to predict the effect of 

liners/lifters on the motion of the balls and the power drawn(Mishra and Rajamai 

1994; Mishra and Rajamani 1992). Hlungwani et al. (2003) studied the effect of mill 

speed and lifter shape on power draw by using the Discrete Element Method (DEM) 

simulator Millsoft (2D), which can predict whether square lifters draw lesser power 
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than trapezoidal lifters when the mill operates at a normal operating speed of 

production mill (Hlungwani et al. 2003). 

 

Latchireddi and Morrell (2003) stated that the lower discharge rates in grate-pulp 

lifter assemblies are due to the inherent drawbacks in both radial and curved pulp 

lifter, allowing a proportion of the slurry to flow back into the mill before being 

discharged. In this system of design, a minor part of the slurry flows back to the mill 

while the major part is discharged through the grate-pulp system (Latchireddi and 

Morrell 2003). Also, at higher mill speeds (typically > 80% of the critical speed) in 

addition to the flow back, a part of the slurry is carried over to the inside of the pulp 

lifter, which further reduces the discharge rate (Latchireddi and Morrell 2003). 

Furthermore, it has been demonstrated that the discharge rate, performance and 

effectiveness of mills are controlled by pulp lifters (Weerasekara and Powell 2014).  

 

Djordjevic et al. (2004) adopted the DEM particle flow code (3D) to study the effect 

of lifter height and mill speed on power draw and found that as the mill speed 

increases, the mill with lower lifter height draws more power, but the mill with higher 

lifter height draws less power (Djordjevic et al. 2004). It was also recorded that when 

grinding smaller particles, the power consumed was high for a mill with different 

lifter heights compared to the one with similar lifter heights. Makokha and Moys 

(2007) used cone lifters at the discharge end of the mill and observed, improvement in 

the mill product discharge as compared to the mill operated without cone-

lifters(Makokha and Moys 2007). 

 

Mill speed significantly affects the behavior of a particle inside the mill when it 

rotates at different operating speeds. At a rotating rate of 75%–80% critical speed of 

the mill, particle behavior is highly consistent due to particle trajectory (Bian et al. 

2017). The lifter design also plays a very important role in the inconsistent particle 

trajectory falling position. The particle movement towards the discharge end reduces 

when the height of the lifter is bigger. The number of lifters also influences the 

particle stream flow inside the mill. More lifters increase catatracting of particles 
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inside the mill, leading to an increasingly dense flow stream of particles (Bian et al. 

2017).  

 

Gutiérrez et al. (2018) used DEM to simulate the material transport of different lifter 

profiles in the mill and found that the material discharge flow is higher in the case of a 

mill with inclined and radial lifters compared to the one with straight and radial pulp 

lifters (Gutiérrez et al. 2018). 

2.5 Wet Classification 

Wet grinding is one of the methods used to reduce various size particles to fine scale 

particles (Kotake et al. 2004). In wet grinding, the slurry phase executes various key 

roles, viz., coarse particle dynamics modification, particle breakage, and transport of 

finer particles (Austin and Bagga 1981; Bu et al. 2020; Danha et al. 2015; 

Tangsathitkulchai 2002). Also, slurry solid concentration and the viscosity of the 

slurry influences optimum wet grinding (Mori et al. 2004; Yin et al. 2019). The 

percentage of water present in the slurry alters the behaviour of the balls and the 

coarse particles in the wet grinding process (Ulusoy and Igathinathane 2016). Further, 

the reduced particles are classified in the downstream process, i.e., wet and dry 

process. The wet classification process is generally used for particle classification of 

the iron ore slurry.    

 

Hydrocyclone is the most commonly used classifiers in the grinding circuits for the 

classification of the particles from dispersed liquid in environmental, chemical and 

mineral processes (Vakamalla et al. 2017). Based on the review of previous 

researchers, a few major drawbacks in the existing hydrocyclone and other classifiers 

were identified. Hydro-cyclones are recognized as wet classifiers, which play a major 

role in solid-fluid classification based on size, shape, and density of the particles 

(Wang et al. 2018).  

 

Even a minor change in a geometric shape parameter of hydro-cyclone will have a 

major effect on the classification performance (He et al. 2020; Tue Nenu and Yoshida 

2009). Generally, due to basic operational constraints of the hydrocyclone, the size 
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distribution of the hydrocyclone product has a broad range. This results in over 

grinding and excess ultra-fine generation from the recirculated portion and undesired 

over size fractions in the final overflow product. The recirculation of the underflow 

product increases the load on the mill and is a function of the ore type/ore blends 

resulting in requirements of change in media and mill operation set points reflecting 

on the mill throughput/efficiency (Eswaraiah et al. 2012). However, quantifying the 

effect of the ball mill and the hydrocyclone as individual is difficult because the 

parameters of the ball mill and the hydrocyclone are interrelated.   

 

The classification efficiency of the hydrocyclone varies with varying operating 

parameters of the ball mill. Due to this variation, the output from the hydrocyclone 

may have more coarse or fine particles in the underflow and overflow, thus affecting 

the circulating loads. This in turn reduces the grinding efficiency of the ball mill 

(Kumar et al. 2009). A major drawback of the hydrocyclone is that it can produce 

neither moderately clean underflow nor overflow. Also, a rope type discharge occurs 

when the hydrocyclone is operated at optimal control condition causing major loss in 

classification efficiency with variation in pulp rheology (Yianatos et al. 2002).  

 

Fish-hook is one of the physical phenomena observed in hydro-cyclones (Kraipech et 

al. 2002, 2005; Majumder et al. 2003, 2007). However, the fish-hook phenomenon 

occurs in the periphery layer flow, which pushes the fine particles to the underflow 

stream (Frachon and Cilliers 1999). The fish-hook also produces low quantities of 

particles, which reduces the classification sharpness and increases the cost in 

downstream processing (Dueck et al. 2014; Roldán-Villasana et al. 1993). The fish-

hook effect reduces the performance of the hydrocyclone, and several studies 

regarding the fish-hook phenomena are reported (Kraipech et al. 2005; Roldán-

Villasana et al. 1993).  

 

A few fine size classification technologies such as screening, hydraulic, and 

centrifugal were developed. Among them, screens are commonly used classifiers 

compared with the hydrocyclone and other classifying devices (Markauskas and 

Kruggel-Emden 2019). Continuous wet fine screening encounters many issues such as 
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high screen panel consumption, low capacity, and blinding leading to increase in 

circulating load and decrease in throughput (Barkhuysen 2009; Jankovic et al. 2015; 

Shanmugam et al. 2019a; b). 

2.6 Summary 

However, from the literature survey, it was observed that PSD and size-by-size 

liberation in the fine grinding phase is not clear with a variation of grinding time 

(Chapman et al. 2011; Gilvarry and Bergstrom 1961; Solomon et al. 2011; Vizcarra et 

al. 2010). Hence, liberation of minerals from ores is still uncertain and conflicting, 

and this may be associated with the mineralogical textures of dissimilar ores. 

Furthermore, the difference in the relation between PSD and hematite liberation in the 

product size has not been specified clearly in earlier works. Also, in previous studies, 

size reduction was done in the ball mill and the reduced particles were classified in 

different classifier devices with few limitations in the classification efficiency. 

However, a single unit with size reduction and classification was not completely 

explored. In view of the knowledge gap, the objective of the present study is to 

evaluate a newly developed ball mill hydro-squeeze classifier for restricting the 

recirculation of very fine materials to the grinding mill by efficient separation of the 

desired fine particles from oversize particles and to provide desired particle sizes to 

pellet making. 

2.7 Objectives of Present Research Study  

The main objectives of the research work are as follows:     

1. To study the mineralogical characterization of iron ores to identify the operating 

window through matrix mapping for ball mill communition process. 

2. To develop new process to bridge the gaps to improve the ball mill efficiency and 

built-in flexibility for selective size output. 

3. To demonstrate the new concept through lab scale equipment design development, 

bench scale tests and results. 
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2.8 Research Methodology  

Following is the methodology followed for achieving the above objectives of the 

research and a schematic diagram of the same is shown in Fig. 2.2. 

1. Literature review on different types and designs of ball mill will be carried out in 

detail to understand the new technology used in the ball milling operation. 

2. Review on different operating parameters of ball mill to understand its 

performance will be carried out in detail through online journals, thesis and in 

case required visiting other reputed research and academic institutions. 

3. Three different types of ore samples are collected from mines located in Bellary, 

Chitradurga and Tumkur districts of Karnataka State.  

4. The collected ore samples are in the form of fines and lumps with different sizes. 

Size reduction was carried out by selecting suitable crushing equipment. The size 

of the ore samples was reduced below 3mm using crushing equipment.  

5. After size reduction sieving was carried out to remove over size particles. 

6. For three iron ore samples and for its blend sample chemical analysis, 

characterization studies, dry grinding studies and liberation analysis was carried 

out to understand the nature of ore. 

7. Ball mill hydro-squeeze was designed and fabricated (as described earlier) to 

enhance the performance of ball mill equipment in terms of separation of different 

particle size for pellet feed making. 

8. A new type of lifter was designed and fabricated to enhance the performance of 

ball mill equipment in terms of discharging of ground product from mill section to 

classification section. 

9. The experiment was conducted by using newly designed Ball mill hydro-squeeze 

for iron ore.  

10. The result obtained was analyzed for efficiency of produced participle size 

separation in stationary cylinder in ball mill hydro-squeeze.  
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Fig. 2.2 Schematic representation of the methodology 

 

Desired PSD is not obtained 

Ball mill hydro-squeeze will be 

designed and fabricated 

 

PSD analysis of ores and blend product 

obtained at different grinding time in LBM 

 

Liberation analysis of ores and blend 

product obtained in LBM 

Grinding of feed samples in LBM based on RT taken by each sample in BBM 

 

BWI of iron ores  

 

Identifying of RT of ores and blend samples  

 

PSD of iron ore products 

Characterization and liberation studies of feed samples in OM and QEMSCAN 

LSLA iron ore LSHA iron ore HSHA iron ore 

Selection of iron ores 

Grinding of iron ore and blend feed samples in BBM 

 Blend iron ore 

Ball mill hydro-squeeze designed and fabricated for desired PSD 

 

Testing of lifters in Ball mill hydro-squeeze for discharge of PSD 

 

Testing of Ball mill hydro-squeeze for particle size reduction and classification 

 

Analysis of Test Results for pellet feed to obtain desired PSD  
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CHAPTER 3 

3 EQUIPMENTS AND METHODS USED IN THIS RESEARCH 

WORK 

3.1 Introduction 

Materials used in the present research study and their characterization are discussed in 

this chapter. The specimen preparation for characterization study and details of the 

procedure adopted to determine the Bond Work Index (BWI) of iron ores, particle 

size distribution before and after grinding of iron ores and liberation analysis of each 

iron ore are discussed in this chapter.  

Three types of iron ore mine samples were considered in the present study i.e., viz., 

High Silica High Alumina (HSHA), Low Silica High Alumina (LSHA), and Low 

Silica Low Alumina (LSLA). Blend was prepared by blending three types of iron ores 

with different percentages of HSHA, LSHA, and LSLA. The grinding process for all 

the iron ores is carried out individually in Bond‟s Ball Mill (BBM) and the total 

retention time taken by each iron ore sample is calculated. The present investigation 

focuses on utilizing the calculated retention time of the iron ore as a standard grinding 

reference time to the Laboratory Ball Mill (LBM) for optimizing the grinding time of 

each ore.  

3.2 Collection of Iron Ore Samples 

In the present study, iron ore of three different chemical compositions was selected 

from Karnataka region. These samples are typical raw materials used in JSW Steel, 

Ballari Pellet Plant, to produce pellets. The selected iron ores are mainly classified 

into three groups based on the percentage of silica and alumina present in each 

sample, as shown in Table 3.1. The selected iron ores are blended in terms of 

percentage as shown in Table 3.2. 
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Table 3.1 Percentage variation of silica and alumina by weight in iron ore 

  

Table 3.2 Chemical composition of iron ores 

 

 

 

 

 

 

 

 

3.3 Chemical Analysis 

The X-ray fluorescence (XRF) technique was used to find the iron ores chemical 

composition. Since there is no any other technique which gives quantitative as well as 

qualitative reading for chemical analysis of iron ore sample. In the existing X-ray 

fluorescence technique sample is exposed to polychromatic radiation, where the 

accurate elemental composition of ores can‟t be identified. But in XRF technique, 

each element in the ore excited to release their specific X-ray with high intensity 

curve. These curves can easily identify for each element in the ore based on the 

intensity of the peak of the curve. Hence XRF technique was used to find the 

chemical composition of iron ores 

 Sample preparation for XRF scan 3.1.1

For XRF scan iron ore samples are powdered and pressed. The iron ore sample of 10 

gm is mixed with binder by using -300 mesh.  The mixed sample is then pressed into 

a boric acid cup to obtain a pellet of required diameter. The prepared sample is placed 

Sl. 

No. 
Type of ore 

Silica% by wt. in Iron 

ore 

Alumina% by wt. in Iron 

ore 

1 HSHA Iron ore >4.5% >3.5 

2 LSHA Iron ore <4.5% >3.5 

3 LSLA Iron ore <4.5% <3.5 

Sl. No. Type of ore Fe T% SiO2% Al2O3% LOI% 

1 HSHA Iron ore 60.61 5.63 4.45 2.6 

2 LSHA Iron ore 60.95 4.29 4.59 3.09 

3 LSLA Iron ore 59 3.72 3.42 5.55 

4 Iron ore blend 59.746 4.082 3.874 4.517 
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in to XRF equipment and initial settings are made to find the elements present in the 

ore. The chemical composition of the selected iron ore samples and its blend is shown 

in Table 3.2.  

3.2 Particle Size Analysis 

In the crushing machine, all the iron ore and blend samples were crushed to -3mm and 

analyzed for desired P80 passing (-150 µm). For all iron ore samples, particle size 

analysis was carried out before and after grinding. The particle size measurement was 

carried by using mechanical vibratory sieve shaker and HELOS; a parallel beam laser 

diffraction set-up. Before particle size analysis, sampling for all iron ore sample are 

carried by using cone and quartering method.  

 Quadrant divider  3.2.1

Sampling of any ore is done by using quadrant divider. Sampling is a process of 

taking representative sample from a given large quantity of sample and is done by 

various techniques. The coning and quartering technique was adopted to carry out the 

sampling process as shown in Fig. 3.1. Coning & quartering technique is basically a 

sample reduction technique as its successive iterations reduces the sample to half of 

its previous value (quantity) each time. This method is convenient for any quantity of 

material. Steps involved in this method are making pile of material (conical in shape), 

settled at its natural angle of repose. The cone has to be radially symmetrical. Then 

with the help of a spatula, it is flattened into a circular disc and subsequently 

quartered using the Quadrant Divider. Quarter of opposite quadrants is taken and 

remaining material is discarded. This process is repeated till the desired sample 

quantity is achieved.    

 
 Fig. 3.1 Quadrant divider 

Quadrant 

divider 

Samples made 

in conical 

shape 
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 Sieve shaker 3.2.2

Sieve analysis was carried out with the help of Ro-Tap reciprocating mechanical sieve 

shaker to determine the percentage of different grain sizes contained within a sample. 

The sieve shaker used in the present investigation is shown in Fig. 3.2.  

 
Fig. 3.2 Sieve shaker 

 Particle size analyzer 3.2.3

The Particle Size analyser used in the present investigation is HELOS laser diffraction 

series together with the unequaled dry dispersing system RODOS as shown in the Fig. 

3.3. The analyzer has a range of 0.1 µm up to 8,750 µm of particle size to measure 

either in dry or suspended condition. The Particle size analyzer works on the principle 

of laser diffraction in parallel beam using forward scattering only (Low Angle Laser 

Light Scattering (LALLS)). This setup guaranties both the high reliability of 

measurements and the good comparability of the measuring instruments.  

 

 

Fig. 3.3 Particle size analyzer 
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3.3 Grindabality Test 

There are many tests for determining grindability. The most commonly used test is the 

Bond‟s Ball Mill (BBM). It enables the installation of a plant scale ball mill 

(Rodríguez et al. 2016). The Bond Work Index test is used to measure the energy 

required for the desired particle size reduction and for designing new circuits for 

comminution (Rodríguez et al. 2016). The Bond‟s Work Index is commonly agreed as 

a grindability factor for ores in order to relate different materials‟ composition 

(Ahmadi and Shahsavari 2009). Several works are discussed and strength the Bond 

test with respective to grindabality factor (Aguado et al. 2006; Coello Velázquez et al. 

2008; Jankovic et al. 2015; Magdalinovic et al. 2012; Morrell 2004; Mosher and 

Tague 2001; Tavares et al. 2012). The Bond‟s test analysis specifies that one of the 

vital parameters for computing work indices is PSD (Mosher and Tague 2001). In this 

sense, the standard Bond‟s test procedure is used to analyze PSD in terms of F80 and 

P80 parameters. 

 Bond Work Index 3.3.1

In the laboratory, work index of HSHA, LSHA, LSLA, and blend iron ore samples is 

determined in a standard test mill (Bonds Ball mill) under standard conditions. The 

grindability test determines the hardness of the ore and the work index obtained is 

important in the design of a grinding circuit. The work index is used while 

determining the size of the mill and grinding power required for producing the 

required ore throughput in a ball mill. The BBM is a standard ball mill having length 

and diameter of 300 mm X 300 mm with smooth liner as shown in Fig. 3.4. A rotating 

drum is attached to a gearbox and has adjustable speed nob. The number of steel balls 

and the weight of the balls are selected according to Bond‟s standard procedure (Bond 

FC 1960). 

 

A bench test was developed for dry grinding to determine the Bond Work Index and 

to know the PSD and hematite liberation in all the six iron ore product samples 

obtained from the BBM. For each iron ore sample, 700cc of feed was weighed and 

added into the BBM. The BBM was set for 100 revolutions in the first iteration. The 

product from the mill was withdrawn after completion of 100 revolutions. The 
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product was then screened and analyzed. Oversized fractions were added back into 

the mill (as it is a closed-circuit operation). The amount of fresh feed added to the mill 

is equal to the amount of undersized fractions produced in the first iteration. The 

number of revolutions for the second iteration is determined based on Bond‟s standard 

test procedure (Bond FC 1960). The experiments were continued for a minimum of 

five consecutive iterations until the net grams per revolution became constant. 

 

A new method was adopted to measure the total retention time taken by each ore in 

the BBM. The retention time of the ore in the mill is measured based on the total 

number of revolutions taken by each ore to produce 250% of circulating load. The 

number of revolutions for each trail is set to the BBM based on Bond‟s procedure. For 

each trial, the set number of revolutions are recorded and represented as R1, R2, R3, 

R4,…..Rn. The total number of revolutions taken by each ore sample in the BBM is 

calculated using Equation 7.  

 

R= R1+ R2+ R3+ R4+…..+Rn-1+Rn                     (7) 

The total retention time taken by the BBM for each iron ore sample is given 

by Equation (8). 

 

  
                                                                                                 

                                
          

          (8)   

The standard equation used to determine the work index is given in Equation (9). 

     
     

         
    (

  

√   

 
  

√   

)

                                                                                         

Where, F80 is 80% passing particle size of the feed in μm, P80 is 80% passing particle 

size of the final grinding cycle product in μm, A is the mesh size of the test in m, and 

Gbp is the grindability of the undersized product produced per mill revolution (g/rev). 
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Fig. 3.4 Standard test mill (Bonds Ball mill) 

 Laboratory ball mill 3.3.2

Grinding of samples is carried out in laboratory ball mill (LBM). The test mill has an 

internal diameter of 500 mm and it is 1000 mm long as shown in the Fig. 3.5. A ball 

mill is a type of grinder used to grind and blend materials for use in mineral dressing 

processes, paints, pyrotechnics, ceramics and selective laser sintering. It works on 

the principle of impact and attrition, i.e., size reduction is done by impact as the balls 

drop from near top of the shell. 

 

The same feed samples of HSHA, LSHA, LSLA and blend samples used in the BBM 

are used as feed for the LBM. In LBM, the experiments were conducted based on the 

total retention time taken by HSHA, LSHA, LSLA, and blend iron ore samples in the 

BBM. The LBM experiments were performed based on trial and error method, i.e., 

by reducing the total retention time obtained from BBM by 2 min, 4 min, and 6 min 

for the HSHA, LSHA, LSLA, and blend samples, respectively.  

 

For all the samples, the speed of the mill, feed to the mill, and media (balls) 

were kept constant. The only parameter, which varied in the LBM, was the grinding 

time. The grinding time of LBM in each case was changed by reducing two minutes 

from the total retention time taken to produce 250% circulating load in the BBM. 

After the completion of each experiment in the LBM, particle size analysis was 
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carried out to identify the P80 passing percentage particle size fraction and percentage 

of liberation. The operations were repeated in the LBM for the HSHA, LSHA, 

LSLA, and blend samples until the P80 passing particle size fraction of 150 µm was 

achieved.  

 

Fig. 3.5 Laboratory ball mill 

3.4 Charaterızatıon Study on İron Ore Samples 

Characterization is commenly used technic in mineral processing to identify mineral 

phases, interface, surrounding enviroment and flow parameters. Iron ore 

characterization is most important since it helps to select suitable proceces based on 

the ore formation. Bulk chemical analysis is insufficient to identify the indiuial 

elements present in the ores. But charaterization study can identify the minerals 

chemistry, minerals structure, quntification of phases, occurance of elements and 

elemental association. Also more complex amorphous phase, structural disorder, 

strain and crystallite size can also identified through charaterization study (Kumar 

2017). For the HSHA, LSHA, LSLA, and blend iron ores different types of 

charaterization analysis are carried out i.e. opticla microscopy analyis, QEMSCAN 

analysis, and sink float analysis.  

 Optical Microscopy and QEMSCAN analysis 3.4.1

The micrographs and degree of hematite liberation from the iron ore feed samples 

were analyzed and compared using the optical microscope (model Leica DMLP) and 

the QEMSCAN (Quanta FEG 650). Optical microscope consists of system of lens 

which uses visible light for magnification of images of small objects as shown in Fig. 

3.6.  Optical microscope is generally used to find mineralogy of the rocks, minerals 

and man-made materials.  
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QEMSCAN is a device which is used to know petrology and mineralogy by means of 

quantitative analysis as shown in Fig. 3.7.  It is mainly used to scan rocks, minerals 

and moulded samples to know their nature of occurrences at different conditions. The 

abbreviation for QEMSCAN is Quantitative Evaluation of Minerals by SCANning 

electron microscopy.  

 

 

Fig. 3.6 Optical Microscope 

 

 

Fig. 3.7 QEMSCAN 
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 Preparation of iron ore sample for Optical Microscopy and QEMSCAN 3.4.1.1

analysis 

For the characterization study, both feed and product samples of HSHA, LSHA, 

LSLA, and blend iron ores were used. For both the feed and product samples moulds 

were prepared as shown in Fig. 3.8. For preparing of mould 10gm of iron ore samples 

is added to 9gm of resin and 15gm of hardener. Then the mixture is thoroughly mixed 

and poured in to mould. Later mould is placed in vacuum chamber to dry with 

compressed pressure. After 24 hours the mould is removed from vacuum chamber. 

The dried mould is polished on grinding wheel equipment. The mounting and 

polishing of a sample is typically done on grinding wheel equipment as shown in Fig. 

3.9. To obtain a metal sample possessing the proper conditions for the purpose of 

viewing its microstructure, grinding wheel equipment is used. It mainly consists of 

grinding wheel where the speed of grinding wheel can be controlled based on the 

required surface finish of the sample. The grinding wheel has a provision to change 

the different abrasive sandpapers during smoothing and polishing of sample. Also 

grinding wheel equipment consists of a jet of water which is made to fall on grinding 

disc continuously to prevent excess of deformation of sample during grinding. After 

grinding process, the samples are examined in optical microscopy and QEMSCAN. 

 

 

Fig. 3.8 Mould 
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Fig. 3.9 Grinding wheel equipment 

 Liberation analyisis 3.4.2

For liberation analysis, the sink and float study was conducted using the di-iodo-

methane organic liquid (3.3 g/cm
3
). The sink and float test was conducted to identify 

the degree of hematite liberation in the iron ore blend feed and for iron ore products 

obtained at different grinding times in the BBM and the LBM. A specimen was 

prepared from the iron ore blend feed and ground product for the liberation study. The 

degree of liberation in the iron ore sample was determined by using equations 10 and 

11. 

   
                               

                       
                                                                       

 

The following Equation 11 ratio expresses the apparent degree of liberation of the 

sample of particles represented in a section of the sample. 

   
                               

                                  
                                                                      

 

 Scanning Electron Microscope 3.4.3

A Scanning Electron Microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam of 

electrons. The electrons interact with atoms in the sample, producing various signals 

that contain information about the surface topography and composition of the sample. 

The surface morphology and particle size of iron ore were examined by SEM and 
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Energy-dispersive X-ray spectroscopy (EDS) by using Hitachi-Japan with 

magnification 40 to 300000x. 
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CHAPTER 4 

4 DESIGN AND FABRICATION OF NEW BALL MILL HYDRO-

SQUEEZE CLASSIFIER 

 

In this chapter new ball mill hydro-squeeze classifier design, fabrication and 

experimental strategies are presented. The experimental design framework is 

structured for newly developed ball mill hydro-squeeze classifier according to the key 

objectives. Each objective is talked separately. 

4.1 Introduction 

For sustainable development of the mineral processing industry, it is vital to develop 

energy-efficient comminution circuits. Classification plays a crucial role in improving 

the energy efficiency of comminution circuits. The classifier potential in the 

comminution circuits is assessed based on the particle size classification efficiency 

and circulating load to the ball mill.  So, attempted have mad to obtained high 

classification efficiency with  minimum  recirculating load to the mill by combining 

the grinding and screening process in the newly developed hydro squeeze ball mill.  

 

It is also found from the literature that the wet grinding and wet classification are 

carried out separately for particle size reduction and classification. So, new machine 

was developed for exploring the possibility of combining the process of wet grinding 

and wet classification in a single unit. Also keen on developing a unit that integrates 

grinding and classification processes. In the new machine, wet grinding and 

classification are carried simultaneously in the ball mill section and classification 

section. The classification section has the flexibility to classify the particles to the 

desired size and recirculate the entire coarser particles from the classifier section to 

the mill section. The classification section will also restrict the flow of the coarser 

particle to the downstream process completely.  
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4.2 Experimental Setup 

A ball mill hydro-squeeze classifier is designed and fabricated for removing narrow 

size particles from the mill as shown in Fig. 4.1. The three dimensional view of new 

laboratory ball mill with classifier set-up, shown in Fig. 4.2, was specially designed 

for conducting experiments in the laboratory. The grinding chamber has a length and 

diameter of 1900 mm and 962mm, respectively as shown in Fig. 4.3 and 4.4. The feed 

end of the rotating drum has an opening of 0.3 m to feed the sample. An external 

feeding stand with feeder in the opening is provided at the feed end of the rotating 

drum as shown in Fig. 4.5. The rotating mill is filled with three steel balls of sizes 25 

mm, 40 mm and 50 mm with 45%, 40% and 15% weight percentage, respectively. For 

collecting the ground product, the discharge end of the mill is connected to the 

classifier section, as shown in Fig. 4.6 and 4.7. For providing continuous feed to the 

mill, a pump set-up is used to pump the slurry from the feed sump to the rotating mill. 

The rotating drum is driven by a motor with variable speed. The rated power of the 

motor was 3.7 kW and the rated speed 1450 rpm. A gearbox was used to decrease the 

speed of the motor. The reduction ratio of the gearbox was found to be 1:7; thus, the 

speed of the motor was reduced to 200 rpm. The motor speed was controlled using a 

potentiometer. 

The mill classification section is fixed to the frame and is called the stationary section. 

The ball mill discharge end is retrofitted into the stationary section, as depicted in 

Fig.4.1. The classifier mainly consists of a pressure gauge, two outlet valves, and a 

squeezing mechanism.  

The pressure gauge was used to measure the classifier section pressure during the 

squeezing process, as shown in Fig.4.1. Two outlet valves were proved in the 

classifier section to collect separated oversize and undersize particles. The squeezing 

mechanism consists of a squeezing disc, closing cap, guide rod, screw rod, and guide 

plate. The classifier section was divided into two chambers based on the position of 

the classifier disc. Figures 4.8 and 4.9 shows the classifying disc used to separate 

oversize and undersize particles from milled discharge slurry product. The dimension 

of the classifying disc was selected based on the internal diameter of the squeezing 

section. Teflon material was used to avoid excess weight, and it also helps in easy 

disc movement in the classifier section without any resistance. The classifier disc is 
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provided with a grove for rubber sealing, which prevents the transfer of particles from 

Chamber-1 to Chamber-2. The classifier disc is provided with a one-third opening to 

fit the screen. The disc is fitted with a 150 µm screen for separating oversize particles 

from undersize particles. Figures 4.10 and 4.11 shows a closing cap connected to the 

rod, and the other end of the rod is connected to the flange. This newly designed 

closing cap rod system in the ball mill hydro-squeeze classifier helps to control the 

inlet flow of the ground material from the grinding section to the classifier section 

based on the product particle size requirement. It also helps to block the material 

backflow into the ball mill during the squeezing of slurry in the classifier section. The 

closing cap diameter is 5 mm larger than the mill discharge end diameter. The larger 

diameter of the closing cap helps close the mouth of the mill discharge end inside the 

classification section. The closing cap rod is placed inside the classifier disc pipe, 

where the cap rod and disc pipe are independently operated. One end of the classifier 

disc pipe consists of a flange that is placed into the guide plate, as shown in Figs.4.12 

and 4.13.  

The purpose of the guide-plate is to guide the screw rod, support the guide rod, and 

convert the screw rod rotation to the classifier disc linear movement inside the 

classifier section as shown in Figs 4.14 and 4.15. The guide rod dimensions are 

selected based on the length between the mill discharge end and the classifier disc 

parking position inside the classifier section, as shown in Figs.4.16 and 4.17.  One end 

of the screw rod is connected to the classifier closing plate as shown in Figs.4.18 

and4.19, and the other end is connected to the electric hand drill device for the 

rotating screw rod as shown in Figs.4.20 and 4.21. The electric hand drill device with 

a reversible motor is used for forward and backward the classifier disc movement 

inside the classification section. The classifier disc speed inside the classification 

section is controlled using the speed control knob in an electric hand drill. The screw 

rod end was machined for 15mm*15mm to connect the screw rod to the hand drill 

based on the electric hand drill chuck size dimension. The guide plate moves forward 

when the screw rod rotates in a clockwise direction, and it moves backward when the 

screw rod rotates in an anticlockwise direction. The screw rod can rotate either 

clockwise or anticlockwise by using a reversible motor in a hand drill. 
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Fig. 4.1 Ball mill hydro-squeeze classifier 

 

 

Fig. 4.2 Three dimensional view of ball mill hydro-squeeze 
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Fig. 4.3 Two dimensional view of rotary drum ball mill grinding shell 

 

 

Fig. 4.4 Fabricated grinding shell 
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Fig. 4.5 Fabricated feeder arrangement 

 

 

Fig. 4.6 Two dimensional view of classifier section 
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Fig. 4.7 Fabricated classifier section 

 

 

Fig. 4.8 Two dimensional view of classifier disc 
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Fig. 4.9 Two dimensional view of classifier disc 

 

 

 

Fig. 4.10 Two dimensional view of slip-in cap 
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Fig. 4.11 Fabricated slip-in cap 

 

 

 

Fig. 4.12 Two dimensional view of flange 
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Fig. 4.13 Fabricated flange 

 

 

Fig. 4.14 Two dimensional view of guide plate 
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Fig. 4.15 Fabricated guide plate 

 

Fig. 4.16 Two dimensional view of guide rod 
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Fig. 4.17 Fabricated guide rod 

 

 

Fig. 4.18 Two dimensional view of in classifier closing plate 
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Fig. 4.19 Fabricated classifier closing plate 

 

Fig. 4.20 Three dimensional view of screw rod 

 

Fig. 4.21 Screw rod 
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4.3 Design of Outlet Discharge Trunnion With Lifter Arrangement  

In the present work, in order to improve the grinding equipment‟s performance, a 

special type of discharge end overflow trunnion was designed for fitting or removing 

lifters, as shown in Figs.4.22 and 4.23 (Nelson, 1980). The ball mill was differentiated 

into two parts (Figs.4.24), the first part known as the grinding section and the second 

as the discharge section. Both parts are fabricated in such a way that they can easily 

be fitted by using bolts and nuts, as shown in Figs.4.25.  

 

In this system, the slurry flows through the inlet feed trunnion due to the gradient 

between the inlet and outlet openings of the rotating drum. The inlet feed trunnion 

section is steeped with a higher angular position of 15
0
 to 20

0 
to the horizontal 

compared to discharge end overflow trunnion. The steeped angle at the inlet restricts 

backward flow and maintains better settling and enhanced initial acceleration to the 

material flow in the pulp. As shown in Figs.4.24, reverse double helixes in the 

discharge-end trunnion liner retains a major portion of the balls (grinding media) in 

the mill and discharges the pulp to the next section through the extended section of 

the discharge-end overflow trunnion.  

 

Figure 4.23 shows the lifter design with different orientation of lifter plates, which 

were installed at the discharge end of the experimental ball mill. A lifter plate mainly 

consists of primary, secondary and tertiary plates which are fixed and inclined at 30
0
, 

35
0
 and 30

0
 respectively to the diaphragm plate. A total of six lifters were installed at 

the discharge end of the experimental ball mill. The lifter plates were made of rubber 

but they can also be made of other materials, such as PVC, steel, etc. The lifters were 

fitted at the discharge end of the ball mill using rivets. This shorter length of the lifter 

plates on the diaphragm acts as a separation zone from which fine particles are raised. 

Coarse particles and balls which enter the separation zone due to the tumbling action 

and gradient, and flow between the inlet and outlet of the mill are not carried by the 

lifter blades. This is because the lifter plates are inclined towards the mill section and 

of shorter length. The coarse particles and the balls are rolled back to the mill section. 
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Fig. 4.22 2D view of the mill discharge trunnion (after Nelson, 1980) 

 

Fig. 4.23 2D view of the lifter arrangement (after Nelson, 1980) 
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Fig. 4.24 Ball mill with newly fabricated discharge end 

 

 

Fig. 4.25 Discharge end with provision for bolting 

 Experimental procedure for newly designed ball mill outlet discharge 4.3.1

trunnion with lifter arrangement 

Before starting the experiment, the chemical and physical composition of the selected 

iron ore sample was determined, as shown in Table 4.1. In the present study, the 

experiments were carried out at different discharge end operating conditions, as 



55 

 

shown in Table 4.2. The discharge end was kept open for all the experiments in Case 

1 and Case 2, as shown in Table 4.2. In Case 3, for all the experiments, the discharge 

end was kept open for 30 sec, during which the discharge particles were collected into 

the classifier unit. In Case 3, the discharge-end time was kept constant for all the 

experiments. After 30 sec, the mill discharge end was closed for another 30 sec by 

using a cap, during which the particles collected in the classification unit were 

removed and analysed. In Case 3, the discharge-end time was kept constant for all the 

experiments. 

 

Initially, the mill discharge end is kept open by using an open-and-close mechanism at 

the discharge end. The mill is started by switching on the power button. The mill 

volume was maintained with 40% of charge throughout the experiment (Gupta & 

Yan, 2016). A rotating speed of 35.3 rpm, which corresponds to 100% of the mill‟s 

critical speed, was calculated using Equation 12. The mill speed was varied from 20% 

to 70% of the critical speed of the mill with an interval of 10% mill critical speed, as 

shown in Table 4.2. Once the mill starts to rotate, it is fed with -3 mm particles size of 

iron ore slurry having a slurry density of 2.1 kg/m
3
. For each critical speed, the mill 

was operated for 20 min. For the first 10 min of each critical speed, the mill was 

allowed to stabilise. During the stabilisation of the mill, the classifier section outlet 

valve of chamber one was kept open in order to remove the product discharged from 

the mill during the initial 10 min of grinding. After 10min, the classification outlet 

valve was closed for another 10 min to collect the discharged product from the mill; 

once the mill reached a stable condition. The collected samples were then removed 

from chamber one of the classifier section through the outlet valve and dried in the 

oven. After drying, a sample was collected for particle size analysis using a parallel 

beam laser diffraction set-up.  

                    
    

√   
                                                    (12) 

where, 

Vc= critical speed of the mill (in rpm); 

D = the inner diameter of the mill (in meters); and  

d = the size of the grinding balls (in meters). 
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Table 4.1 Chemical and physical specification of iron ore sample 

Type of ore Chemical Specification % Grinding Specification 

Iron ore 
Fe T SiO2 Al2O3 LOI F80 (mm) BWI(kWh/t) 

60.42 5.58 4.03 3.17 1.65 8.42 

 

Table 4.2 Experimental operating condition 

Constant 

Parameters 
Varied  Parameter 

 Different Operating Conditions 

Case-1 Case-2 Case-3 

Feed rate, Charge 

and Slurry density  

Percentage of Critical 

speed (%)  

(20,30,40,50,60 &70) 

without lifters 

(cap open) 

 with lifters 

(cap open)  

 with lifters 

(cap closed)  

 Particle size measurements for Case-1, Case-2 and Case-3 4.3.2

The particle size measurement for the feed sample was conducted using a mechanical 

vibratory sieve shaker. The product particle size analysis was conducted using 

HELOS; a parallel beam laser diffraction set-up, which offers a powerful technology. 

The equipment set-up is presented in Fig. 3.3. 

 

The discharge product from the mill was dried in the oven. After drying, the samples 

were subjected to the parallel beam laser-diffraction set-up for particle size 

measurement. The particle size analysis obtained from the parallel beam laser-

diffraction set-up is in terms of the cumulative passing particle size fraction. Based on 

the particle size analysis data, the size above +150 µm was considered as a 

recirculating load  to the mill, the particle size range in  -150 µm /+10 µm was 

considered as desired the size particles and  particle size below -10 µm was 

considered as fine particles. This classification was done based on the different 

particle size range requirement for pellet feed. Pellet making requires feed particles to 

contain about 60 - 70% of 150 - 10µm, less than 30% for particles smaller than 10µm 

and no particles above 150µm (Umadevi et al., 2013). 

4.4 Preparation of Feed Sample for New Ball Mill Hydro-Squeeze Classifier 

Iron ore samples were used as feed to the ball mill. The samples were crushed in a jaw 

crusher to reduce the lump size to -3 mm size particles. The crushed samples were 

then screened using sieve shakers to remove oversize particles. The feed particle size 
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was analyzed before feeding into the ball mill. The screened particles were used to 

prepare different iron ore feeds of varying slurry solid concentration of 55%, 60%, 

65%, 70%, and 75%. The different percentages of solid slurry concentration were 

prepared based on the grinding performance of the ball mill.  The slurry below 55% 

solid concentration was not considered, as the diluted slurry  could cause a pool of 

slurry at the bottom of the mill shell, which might reduce the grinding capacity of the 

mill (Tangsathitkulchai and Austin 1989). The slurry solids concentration above 75% 

would be very viscous, leading to a high cushioning effect resulting in low grinding 

efficiency (Tangsathitkulchai and Austin 1989). Hence, the slurry with a solid 

concentration below 55% and above 75% was not considered. Therefore solid slurry 

concentration to the mill was varied from 55% to 75%
 
with an interval of 5%. 

 Operation of ball mill hydro-squeeze classifier  4.4.1

For each varied slurry solid concentration (55% to 75% solids), mill discharge end 

open time was varied from 30 s to 150 s with an interval of 30 s mill discharge end 

open time. For all varying conditions, the mill discharge end closing time was kept 

constant for 120 s as represented in Table 4.3. During discharge end closing time, 

slurry discharged from ball mill to the classifier section was squeezed to separate 

oversized particles from undersized particles. In the meantime, the separated particles 

are removed from the classifier section.  

The newly designed ball mill hydro-squeeze classifier was operated in two cases. In 

case-1, the ball mill hydro-squeeze classifier was operated to know the size of 

particles discharged from the ball mill to the classifier section. In case-2, a ball mill 

with a classifier disc was operated inside the classifier section to know the classifier 

disc classification efficiency. In case-1, initially, the discharge end of the mill and 

outlet valves of the hydro-squeeze classifier chambers were kept open, and the mill 

was continuously fed with iron ore slurry by using a slurry pump system. The mill 

volume was maintained with 40% of the charge and operated for about 10 min at 60% 

mill critical speed. The classifier disc in the classifier section was parked at its 

parking position, about 400 mm distance from the mill discharge end, as shown in 

Fig.4.26. Once the mill reached stable condition, the mill discharge end was closed 

for 120 s using the closing cap. The outlet valve of Chamber-1 and Chamber-2 were 
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kept open to remove the slurry discharged from the mill. After closing the mill 

discharge end for 120 s, the closing cap was retracted to open the mill discharge end, 

as shown in Fig.4.27. As the mill discharge end opens, slurry starts to flow from the 

mill discharge end to Chamber-1 of the classifier section. The discharge end of the 

mill was kept open for 30 s. After 30 s, the mill discharge end was closed for another 

120 s using the closing cap. In this duration, the slurry was removed from the outlet 

valves of Chamber-1 and 2. The slurry collected from Chamber-1 and 2 were mixed 

and dried. The dried samples were used to determine the particle size discharged from 

the ball mill section to the classifier section. Dried product samples were analyzed for 

P80 particle size passing percentage, the weight percentage of oversize particles (+150 

µm), and the weight percentage of undersize particles (-150 µm) discharged from the 

ball mill section to the classifier section. The experiment was repeated by varying the 

discharge end opening time and the slurry solids concentration to the mill.   

 

In Case-2, both ball mill and classifier disc was operated all together to determine the 

classification efficiency of the newly designed ball mill hydro-squeeze classifier. In 

this case, the grinding operation parameters, discharge end opening time, discharge 

end closing time, and slurry solid concentration were maintained the same as in Case-

1. Initially, the mill discharge end was closed using a closing cap, the outlet valve of 

Chamber-1 was closed, the outlet valve of Chamber-2 was kept open, and the 

classifier disc was placed at the parking position, as shown in Fig.4.26. The mill was 

continuously fed with iron ore slurry, and the discharge end of the mill was closed for 

120 s using the closing cap. After 120 s, the closing cap was retracted to open the mill 

discharge end, as shown in Fig.4.27. The slurry starts to flow from the discharge end 

of the mill to Chamber-1 of the classifier section. The discharge end of the mill was 

kept open for a set time. Soon after completion of the mill opening time, the mill 

discharge end was closed for 120 s using the closing cap, as shown in Fig.26. In this 

duration, the classifier disc was moved inside the classifier section by switching on an 

electric hand drill. The slurry collected in Chamber-1 was squeezed by moving the 

classifier disc from its parking position to the mill discharge end, as shown in 

Fig.4.28. As the classification disc reaches the mill discharge end, the electric hand 

drill automatically gets switched off. Further, the classifier disc was moved back from 
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the mill discharge end to the classifier disc parking position by switching to reverse 

mode in an electric hand drill. Meantime, the outlet valve of Chamber-1 was opened 

to remove the leftover slurry in Chamber-1, as shown in Fig.4.29. Since the outlet 

valve of Chamber-2 was opened, the slurry entering into Chamber-2 is continuously 

removed. Simultaneously, after removing slurry from Chamber-1 and 2, the outlet 

valve of Chamber-1 was closed before the opening of the discharge end of the mill, as 

shown in Fig.4.26. The entire squeezing process, along with the removal of the 

classified particles in Chamber-1 and  2, was completed within 120 s of mill discharge 

end closing time. The slurry collected from the outlet valves of Chamber-1 & 2 after 

squeezing was dried separately in the oven after each trial. The dried samples from 

Chamber-1 and 2 were separately analyzed to calculate classifier disc separation 

efficiency.  Analyses were carried to find P80 particle size passing percentage, the 

weight percentage of oversize particles (+150 µm), and undersize particles (-150 µm) 

collected from Chamber-1 and 2 during the different operating condition. The process 

was repeated for various slurry solid concentrations at varying discharge end opening 

times of the mill, as given in Table 4.3. The efficiency of the classifier disc was 

calculated as follows: 

 

  
                                                               

                                                                
           (13) 

 

Where, η= efficiency of classifier disc 

 

Table 4.3 Ball mill hydro-squeeze classifier operating conditions  

Constant operating parameters 
Slurry solid 

concentration (%) 

Mill discharge end 

open time (s) 

Feed rate, Charge,  Mill speed  and 

Mill discharge end close time  
55,60,65,70 and 75 30,60,90,120 and 150 
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Fig. 4.26 Discharge end closed and classifier disc at parking position 

 

Fig. 4.27 Discharge end open and classifier disc at parking position 

 

Fig. 4.28 Discharge end closed and classifier disc is moved towards discharge end 
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Fig. 4.29 Discharge end closed and classifier disc is moving towards parking position 

 Product Particle size analysis of ball mill hydro-squeeze classifier 4.4.2

Analysis were carried to find P80 particle size passing percentage, the weight 

percentage of oversize particles (+150 µm), and undersize particles (-150 µm) 

collected from Chamber-1 and 2 for different operating conditions. Optical image 

acquisition model Leica DMLP was used to find different mineral phases for feed and 

samples collected in Chamber-1and 2 after the classification. An optical microscope 

with image analyser software (Carl Zeiss AxioVision SE64) was also used to find the 

feed particle size and product particle size collected in Chamber-1and 2 after the 

classification. The surface morphology and particle size of iron ore were examined by 

Scanning Electron Microscope (SEM) and Energy-dispersive X-ray spectroscopy 

(EDS) by using Hitachi-Japan with magnification 40 to 300000x. 
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CHAPTER 5 

5 RESULTS OF EXPERIMENTAL INVESTIGATIONS 

 

In this chapter, the results of experimental investigations to determine the iron ores 

Bond Work Index and its optimum grinding time  to obtain desired particale size are 

discussed. Also, the new ball mill hydro-squeez classifier performance is evulated for 

various operating conditions are discussed in this chapter. 

5.1 Bond Work Index Determination Using Standard Ball Mill 

The grinding studies were conducted based on Bond‟s standard procedure to 

determine Bond‟s Work Index and retention time using the BBM. The effect of 

retention time on PSD and the liberation of hematite from the iron ore for all the 

samples were analyzed. Bond Work Index, time taken to produce 250% circulating 

load and particle size distribution of iron ores are determined and the results obtained 

are analysed. To obtain Bond Work Index for HSHA, LSHA, LSLA, and blend iron 

ore samples Standard ball mill was used. The Bond Work Index of each over is 

calculated by using Equation 9. 

 Bond Work Index calculation for HSHA iron ore sample 5.1.1

The required under size fraction which is used to calculate BWI for HSHA iron ore 

sample is obtained by iterative process as shown in Table 5.1.  

Required size below which particles are categorized as undersize particles  =75μm 

Weight of 700cc feed         =1600gm 

Weight % of undersize fraction in the feed (700cc)    =10% 

Circulating load of the mill       =250% 

Weight of undersize fraction to be produced in an iteration   =457.14gm 
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Table 5.1 BWI iterative process for HSHA 

Sl.  

No 

No. of 

Revolutions 

Return 

feed 

(gm) 

Fresh 

feed 

(gm) 

Undersize 

in the feed 

(gm) 

Undersize  

produced 

(gm) 

Net under 

size  

produced 

(gm) 

Grams per 

revolution   

(Gbp) 

Next 

Revolution 

Circulating 

load (%) 

1 100 0 1600 160 430 270 2.9 147 219 

2 147 1170 430 43 420 377 1.78 165 285 

3 165 1180 420 42 425 383 1.67 184 270 

4 184 1175 425 42 430 387.5 1.59 187 266 

5 187 1170 430 43 445 402 1.589 203 255 

6 203 1150 445 44 457 412.5 1.57  217  250 

7 217 1143 457 45.7 374 328.3       

Note: 

The total number of revolution required to produce 250% circulating load   = 1204 

Total time taken to produce 250% circulating load      = 16 min 

Average grams per revolution   produced      =1.68 Gbp 

From the Fig 5.1 the size through which 80% of the feed passes              =2500 μm 

From the Fig 5.2 the size through which 80% of the product passes                     =70 μm 

Bond Work Index for HSHA             =12.8 KWh/mt 
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Table 5.2 shows the HSHA iron ore sample particle sieve analysis of feed and product 

respectively. The 80% passing feed and product size is 2400 µm and 60 µm as shown 

in Figs 5.1 and 5.2. The calculated BWI of HSHA iron ore sample is 14 KWh/mt. The 

total time taken by HSHA iron ore sample in standard ball mill to produce 250% 

circulating load is 16 min.  

 

Table 5.2 Sieve analysis of HSHA with respective to feed and product 

Sieve analysis of the feed 
Sieve analysis of final undersize fraction 

(product) 

screen 

size 

(µm) 

wt 

retaine

d (gm) 

%retaine

d 

%passin

g 

screen 

size 

(µm) 

wt 

retaine

d (gm) 

%retaine

d 
%passing 

3150 0 0 100 75 0 0 100 

2000 172 34.4 65.6 63 78 16.2 83.8 

1000 100 20 45.6 53 89 18.5 65.4 

500 67 13.4 32.2 45 102 21.2 44.2 

210 61 12.2 20 25 124 25.7 18.5 

75 41 8.2 11.8 0 89 18.5 0.0 

0 50 10 0         

 

 

Fig. 5.1 Particle size analysis for HSHA iron ore feed sample 

0

20

40

60

80

100

120

0 500 1000 1500 2000 2500 3000 3500

C
u

m
u

la
ti

v
e 

p
a

ss
in

g
 (

%
) 

Screen size (µm) 



66 

 

 

Fig. 5.2 Particle size analyses for HSHA iron ore product sample 

 Bond Work Index calculation for LSHA iron ore sample 5.1.2

The required under size fraction which is used to calculate BWI for LSHA iron ore 

sample is obtained by iterative process as shown in Table 5.3.  

Required size below which particles are categorized as undersize particles  =75μm 

Weight of 700cc feed         =1500gm 

Weight % of undersize fraction in the feed (700cc)    =12% 

Circulating load of the mill       =250% 

Weight of undersize fraction to be produced in an iteration   =428.14gm 
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Table 5.3 BWI iterative process for LSHA to get the undersized fraction 

Sl.  

No 

No. of 

Revolutions 

Return 

feed 

(gm) 

Fresh 

feed 

(gm) 

Undersize 

in the feed 

(gm) 

Undersize  

produced 

(gm) 

Net under 

size  

produced 

(gm) 

Grams per 

revolution   

(Gbp) 

Next 

Revolution 

Circulating 

load (%) 

1 100 0.0 1500 180.0 470.0 290.0 2.9 123 219 

2 123 1030 470 56.4 390.0 333.6 1.7 155 285 

3 155 1110 390 46.8 405.0 358.2 1.6 182 270 

4 182 1095 405 48.6 410.0 361.4 1.5 200 266 

5 200 1090 410 49.2 428.0 378.8 1.5 237 250 

6 237 1072 428 51.4 457.0 405.6   

 
 

 

The total number of revolution required to produce 250% circulating load   = 997 

Total time taken to produce 250% circulating load      = 13 min 

Average grams per revolution   produced      =1.68 Gbp 

From the Fig.5.3, the size through which 80% of the feed passes               =2350 μm 

From the Fig.5.4, the size through which 80% of the product passes  =60 μm 

Bond Work Index for LSHA        =10.2 KWh/mt 
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Table 5.4 shows the LSHA iron ore sample particle sieve analysis of feed and product 

respectively. From Figs 5.3 and 5.4, 80% passing feed and product size is 2500 µm 

and 55 µm respectively. The calculated BWI of LSHA iron ore sample is 11 KWh/mt. 

The total time taken by LSHA iron ore sample in standard ball mill to produce 250% 

circulating load is 13 min.  

 

Table 5.4 Sieve analysis of LSHA with respective to feed and product 

Sieve analysis of the feed 
Sieve analysis of final undersize fraction 

(product) 

screen 

size 

(µm) 

wt 

retained 

(gm) 

%retained %passing 

screen 

size 

(µm) 

wt 

retained 

(gm) 

%retained %passing 

3150 0 0 100 75 0 0 100 

2000 142 28.4 71.6 63 38 7.9 92.1 

1000 85 17 54.6 53 77 16.0 76.1 

500 68 13.6 41 45 72 14.9 61.2 

210 84 16.8 24.2 25 160 33.2 28.0 

75 61 12.2 12 0 135 28.0 0.0 

0 60 12 0         

 

 

Fig. 5.3 Particle size analysis for LSHA feed sample 
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Fig. 5.4 Particle size analysis for LSHA iron ore product sample 

  Bond Work Index calculation for LSLA iron ore sample 5.1.3

The required under size fraction which is used to calculate BWI for LSLA iron ore 

sample is obtained by iterative process as shown in Table 5.5.  

Required size below which particles are categorized as undersize particles  =75μm 

Weight of 700cc feed         =1390gm 

Weight % of undersize fraction in the feed (700cc)    =16% 

Circulating load of the mill       =250% 

Weight of undersize fraction to be produced in an iteration   =397.14gm 
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Table 5.5 BWI iterative process for LSLA to get the undersized fraction 

Sl.  

No 

No. of 

Revolutions 

Return 

feed 

(gm) 

Fresh 

feed 

(gm) 

Undersize 

in the feed 

(gm) 

Undersize  

produced 

(gm) 

Net under 

size  

produced 

(gm) 

Grams per 

revolution   

(Gbp) 

Next 

Revolution 

Circulating 

load (%) 

1 100 0.0 1390 222.4 450.0 227.6 2.276 187 209 

2 187 940.0 450 72.0 371.0 299.0 1.599 211 275 

3 211 1019.0 371 59.4 389.0 329.6 1.560 215 257 

4 215 1001.0 389 62.2 397.0 334.8 1.559 214 250 

5 214 993.0 397 63.5 428.0 364.5    

 

The total number of revolution required to produce 250% circulating load  = 927 

Total time taken to produce 250% circulating load     = 12 min 

Average grams per revolution   produced     =1.5 Gbp 

From the Fig. 5.5, the size through which 80% of the feed passes  =2700 μm 

From the Fig. 5.6, the size through which 80% of the product passes =52 μm 

 Bond Work Index for LSLA       =8.5KWh/mt
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Table 5.6 shows the LSLA iron ore sample particle sieve analysis of feed and product 

respectively. From Figs 5.5 and 5.6, 80% passing feed and product size is 2700 µm 

and 53 µm respectively. The calculated BWI for LSLA iron ore sample is 8 KWh/mt. 

The total time taken by LSHA iron ore sample in standard ball mill to produce 250% 

circulating load is 12 min.  

 

Table 5.6 Sieve analysis of LSLA with respective to feed and product 

Sieve analysis of the feed 
Sieve analysis of final undersize fraction 

(product) 

screen 

size 

(µm) 

wt 

retained 

(gm) 

%retained %passing 

screen 

size 

(µm) 

wt retained 

(gm) 
%retained %passing 

3150 0 0 100 75 0.0 0.00 100.00 

2000 240 48.00 52.00 63 50.0 10.37 89.63 

1000 95 19.00 33.00 53 49.0 10.17 79.46 

500 58 11.60 21.40 45 92.0 19.09 60.37 

210 44 8.80 12.60 25 179 37.14 23.24 

75 13 2.60 10.00 0 112 23.24 0.00 

 

 

Fig. 5.5 Particle size analysis for LSLA iron ore feed sample 
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Fig. 5.6 Particle size analysis for LSLA Product sample 

 

Table 5.7 Physical analysis of iron ore by using bond work index method 

Sl. 

No. 

Type of 

ore 

F80 

(µm) 

P80 by BBM 

(µm) 

BWI 

KWh/mt 

Time for 

250% 

CL(min) 

1 HSHA 2500 70 12.8 16 

2 LSHA 2350 60 10.2 13 

3 LSLA 2700 52 8.5 12 

 

Table 5.7 shows the BWI for all the samples and HSHA has maximum work index of 

12.8 KWh/mt. Also, Table 5.7 shows the total retention time taken by iron ore 

samples to produce 250% circulating load in the BBM. The total retention time taken 

to produce 250% circulating load for HSHA is maximum when compared to all other 

samples. Further, the particle size analysis of ground samples reveal that the particle 

size fraction passing at P80 in all the samples which is about 100% by weight (<150 

µm) are finer size fractions. The product size fraction produced during grinding is 

undesirable to use in new hydro-squeeze ball mill for classification. Hence, to obtain 
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desire product particle size, all the iron ore samples are grounded in the laboratory 

ball mill with references to the BBM total retention time taken to produce 250% 

circulating load. 

5.2 Grindability Studies Using Laboratory Ball Mill 

The grinding studies in the LBM for all the iron ore samples were carried out based 

on the BBM total retention time taken for each representative sample to obtaining 

80% passing of the desired particle size fraction of 150 µm. This study was conducted 

with an acceptable range of hematite liberation, and the results are analyzed and 

discussed in the following sections. 

 Effect of varying grinding time in laboratory ball mill on particle size 5.2.1

distribution of HSHA 

The HSHA feed sample used in BBM was also ground in the LBM. From Table 5.7, 

the total retention time taken for HSHA from BBM was 16 min. For HSHA the P80 

passing percentage was 70 µm. But the desired passing percentage of 150 µm for a 

confined retention time was not achieved in the case of BBM. Hence, the BBM 

grinding behavior of HSHA was used in the LBM by considering retention times of 

16 min. The HSHA iron ore feed sample used in the BBM was also ground in the 

LBM by reducing 2 min, 4 min and 6 min from the total retention time of 16 m. By 

trial and error method the grinding time of 14 min, 12 min, and 10 min was 

considered for HSHA. The sieve analysis of HSHA product at different grinding time 

is as shown in Table 5.8, 5.9 and 5.10. From the Fig. 5.7, P80 passing % was 96 µm, 

130 µm, and 168 µm respectively. Finally the desired narrow particle size range for 

HSHA iron ore sample was achieved at 10 min with 80% passing product size of 168 

µm. 
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Table 5.8 Sieve analysis of HSHA product after 14 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 40 9.7 90.3 

75 73 17.7 72.6 

45 140 33.9 38.7 

25 90 21.8 16.9 

0 70 16.9 0 

 

Table 5.9 Sieve analysis of HSHA product after 12 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 73 14.6 85.4 

75 85 17 68.4 

45 79 15.8 52.6 

25 134 26.8 25.8 

0 129 25.8 0 

 

Table 5.10 Sieve analysis of HSHA product after 10 (min) of grinding in LBM 

Screen size (µm) Wt. retained(gm) %Retained %Passing 

 180 0 0 100 

150 136 27.2 72.8 

75 96 19.2 53.6 

45 79 15.8 37.8 

25 90 18 19.8 

0 99 19.8 0 
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Fig. 5.7 Particle size analysis for HSHA Product sample  

 Effect of varying grinding time in laboratory ball mill for LSHA on 5.2.2

particle size  

The LSHA feed sample used in BBM was also ground in the LBM. From Table 5.7, 

the total retention time taken for LSHA from BBM was 13 min. For HSHA the P80 

passing percentage was 60 µm. But the desired passing percentage of 150 µm for a 

confined retention time was not achieved in the case of BBM. Hence, the BBM 

grinding behavior of LSHA was used in the LBM by considering retention times of 13 

min. The LSHA iron ore feed sample used in the BBM was also ground in the LBM 

by reducing 2 min, 4 min and 6 min from the total retention time of 13 m. By trial and 

error method the grinding time of 11 min, 9 min, and 7 min was considered for 

LSHA. The sieve analysis of LSHA product at different grinding time is as shown in 

Table 5.11, 5.12 and 5.13. From the Fig. 5.8, P80 passing % was 87 µm, 119 µm, and 

152 µm respectively. Finally the desired narrow particle size range for LSHA iron ore 

sample was achieved at 7 min with 80% passing product size of 152 µm. 
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Table 5.11 Sieve analysis of LSHA product after 11 (min) of grinding in LBM 

Screen size (µm) Wt. retained(gm) %Retained %Passing 

 180 0 0 100 

150 40 8.2 91.8 

75 74 15.2 76.6 

45 100 20.5 56.1 

25 150 30.8 25.3 

0 123 25.3 0 

 

Table 5.12 Sieve analysis of LSHA product after 9 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 59 12.1 87.9 

75 89 18.3 69.6 

45 95 19.5 50.1 

25 130 26.7 23.4 

0 114 23.4 0 

 

Table 5.13 Sieve analysis of LSHA product after 7 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 102 20.6 79.4 

75 115 23.3 56.1 

45 89 18 38.1 

25 99 20 18 

0 89 18 0 
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Fig. 5.8 Particle size analyses for LSHA Product sample 

  Effect of varying grinding time in laboratory ball mill for LSLA on 5.2.3

particle size  

The LSLA feed sample used in standard ball mill was also ground in the LBM by 

reducing 2min, 4min and 6 min from the 12 min total time taken to produce 250% 

circulating load during grinding as shown in Fig.5.9. The sieve analysis of LSLA 

product at different grinding time is as shown in Table 5.14, 5.15 and 5.16. The 80% 

passing product size achieved was 75 µm and 100 µm at grinding time 10 min and 8 

min respectively. Finally the desired narrow particle size range with 80% passing 

product size of 140 µm was achieved at 6 min.  

 

The LSLA feed sample used in BBM was also ground in the LBM .From Table 5.7, 

the total retention time taken for LSLA from BBM was 12 min. For LSLA the P80 

passing percentage was 52 µm. But the desired passing percentage of 150 µm for a 

confined retention time was not achieved in the case of BBM. Hence, the BBM 

grinding behavior of LSLA was used in the LBM by considering retention times of 12 

min. The LSLA iron ore feed sample used in the BBM was also ground in the LBM 
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by reducing 2 min, 4 min and 6 min from the total retention time of 12 m. By trial and 

error method the grinding time of 10 min, 8 min, and 6 min was considered for LSLA. 

The sieve analysis of LSLA product at different grinding time is as shown in Table 

5.14, 5.15 and 5.16. From the Fig. 5.9, P80 passing % was 75 µm, 100 µm, and 140 

µm respectively. Finally the desired narrow particle size range for LSLA iron ore 

sample was achieved at 6 min with 80% passing product size of 140 µm. 

 

Table 5.14 Sieve analysis of LSLA product after 10 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 102 20.6 79.4 

75 115 23.3 56.1 

45 89 18 38.1 

25 99 20 18 

0 89 18 0 

 

Table 5.15 Sieve analysis of LSLA product after 8 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 59 11.9 88.1 

75 65 13.2 74.9 

45 100 20.2 54.7 

25 126 25.5 29.1 

0 144 29.1 0 
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Table 5.16 Sieve analysis of LSLA product after 6 (min) of grinding in LBM 

Screen size (µm) Wt. retained (gm) %Retained %Passing 

 180 0 0 100 

150 78 16.4 83.6 

75 89 18.7 64.9 

45 93 19.5 45.4 

25 111 23.3 22.1 

0 105 22.1 0 

 

 

Fig. 5.9 Particle size analyses for LSLA Product sample 
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Table 5.17 Physical analysis of HSHA, LSHA and LSLA using Bond‟s Work Index 

Method 

Sl. 

No. 

Type of 

ore 
F80(µm) 

P80 by 

BBM (µm) BWI 

KWh/mt 

Time for 250% 

Circulating 

load(min) 

Percentage 

of 

Hematite 

Liberated 

1 HSHA 2500 72 12.8 16 85 

2 LSHA 2400 60 10.2 13 87 

3 LSLA 2700 48 8.5 12 93 

 

When compared with grinding parameters, it can be found that the higher the weight 

percentage of silica and alumina (SiO2 is >4.5% and Al2O3 > 3.5 %), higher is the P80 

passing size of the grinding product (and therefore, the harder it is to grind). Also, 

lower the weight percentage of the silica and alumina (SiO2 is <4.5% and Al2O3 < 3.5 

%), lower is the P80 passing size of the grinding product. This indicates that the 

presence of alumina and silica in the iron ore affects the grinding parameters of the 

ore. It is also clear that to obtain the desired percentage of P80 passing particle size in 

HSHA takes high grinding time compared with LSHA and LSLA, since the 

percentage of alumina and silica percent in HSHA is high compared with LSHA and 

LSLA. 

On comparing, the total retention time taken by each ore in the BBM is higher than 

the required grinding time of the ore to produce the desired PSD. The desired P80 is 

obtained after reducing 6 min from the retention time taken by each ore in the BBM. 

This method of controlling the retention time of the ore may save energy consumption 

by the mills. Finally, the optimum desired P80 passing (150 µm) percentage for 

HSHA, LSHA, and LSLA was 168 µm, 152 µm, and 140 µm, respectively, and is 

shown in Figures 5.7, 5.8, and 5.9 respectively. 

5.3 Characterization Analysis of HSHA, LSHA, and LSLA Iron Ore Samples 

The association of different phases present in the iron ore feed and product was 

quantified through optical microscopy and QEMSCAN, and the quantified mineral 

phases of samples are detailed analysed.  
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 Mineralogical analysis of feed sample by optical microscopy  5.3.1

 Figures 5.10, 5.11, and 5.12 illustrate the mineralogical analysis of the feed 

samples of HSHA, LSHA, and LSLA using an optical microscope. The analysis 

derived through optical microscopy was measured with a discontinuous method. 

Figure 5.10 and 5.11 represent HSHA and LSHA samples with a significant portion 

of hematite, and it are majorly distributed in spheroid form. In addition to this, some 

finer tubular structures of hematite are also observed in the optical microscopy. 

However, a major portion of HSHA is composed of Fe Ox-Al silicate interphase and 

goethite. The LSLA sample consists of major portions of hematite, and it is well- 

distributed in tubular and spheroid form, whereas LSHA samples include a minor part 

of limonite and kaolinite as shown in Fig.5.12. The gangue minerals in both LSHA 

and HSHA are majorly distributed in quartz form and other gangue mineral such as 

kaolinite and alumina are distributed separately from the quartz.  

 

Where, 

         G-Goethite, H-Hematite, K-Kaolinite, A- Fe Ox-Al Silicate interface, Q-Quartz, 

and L-limonite 

 

 

Fig. 5.10 Optical microscope photo for feed samples of HSHA 
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Fig. 5.11 Optical microscope photo for feed samples of LSHA 

 

Fig. 5.12 Optical microscope photo for feed samples of LSLA 

 Mineralogical analysis of feed sample by QEMSCAN 5.3.2

Figures 5.13, 5.14, and 5.15 shows the mineralogical analysis of the feed 

samples of HSHA, LSHA, and LSLA using the QEMSCAN Quanta FEG 650. The 
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report obtained from the QEMSCAN was three major selections of field image, Bulk 

Mineral Analysis (BMA), and Particle Mineral Analysis (PMA).  In the samples, 

HSHA and LSHA of Figures 5.13 and 5.14, respectively, the major quantified phase 

is hematite. From Fig. 5.15, in the LSLA sample, most of the quartz is present in bulk 

phase, which can be liberated easily by controlled grinding. In the samples of HSHA 

and LSHA, the quartz phase has a high proportion of hematite in composite form, and 

hence, the removal of gangue material from the hematite will require intensive 

grinding. 

 

 

Fig. 5.13 QEMSCAN photos for feed samples of HSHA  
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Fig. 5.14 QEMSCAN photos for feed samples of LSHA 

 

Fig. 5.15 QEMSCAN photos for feed samples of LSLA 

 Effect of retention time on the degree of hematite liberation in HSHA, 5.3.3

LSHA, and LSLA  

Figures, 5.16, 5.17, and 5.18 represent the optical microscope images of the liberated 

hematite of HSHA (retention time of 16 min), LSHA (retention time of 13 min), and 

LSLA (retention time of 12 min) obtained in the BBM. From Fig. 5.16, hematite 

liberation is high compared with LSHA and LSLA, as shown in Figs 5.17 and 5.18. 

This is because most of the hematite particles are in a liberated state in the feed 
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samples and most of the quartz present in bulk phase, which can be liberated easily 

from the locked hematite as shown in Figure 5.12 and 5.15. But in the case of HSHA 

and LSHA, the hematite particles were locked in quartz as finer tubular structures in 

feed samples and required intensive grinding to be liberated as shown in Figs 5.10, 

5.11, 5.13, and  5.14. Hence, the liberation of hematite in the LSLA product sample is 

higher than the HSHA and LSHA product samples. 

 

The optical microscope analysis suggested that for HSHA, LSHA, and LSLA, the 

hematite liberation was 85%, 87%, and 93%, respectively, as shown in Table 5.17. 

However, the liberation of hematite in all the cases was well within the acceptable 

range (>75%) and the P80 passing of all the three samples was very fine (72 µm, 

60µm, and 48µm).  The grinding results indicated that the desired P80 passing of 150 

µm particles was not achieved for all the three types of the iron ore samples.  Hence, 

all the three iron ore samples were further ground in the LBM based on the BBM 

retention time.  

 

 

Fig. 5.16 Optical microscopy of HSHA sink sample of size -150 µm grounded for 16 

min in BBM 
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Fig. 5.17 Optical microscopy of LSHA sink sample of size -150 µm grounded for 13 

min in BBM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.18 Optical microscopy of LSLA sink sample of size -150 µm grounded for 12 

min in BBM 

Figures 5.19, 5.20, and 5.21 indicate that the optical microscope images of the 

liberated hematite of HSHA is 82% at 14 min, of LSHA is 84% at 11 min, and of 

LSLA is 90% at 10 min, respectively, using the LBM. The hematite liberation in all 

the cases was well within the acceptable range (hematite liberation >75%). The P80 
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passing for all three iron ore samples was 96 µm at 14 min, 87 µm at 11 min, and 75 

µm at 10 min. Hence, the retention time of the LBM was further reduced to obtain the 

desirable P80 passing of 150 µm particles. 

 

Fig.5.19 Optical microscopy of HSHA sink sample of size -150 µm grounded for 14 

min in LBM 

 

Fig.5.20 Optical microscopy of LSHA sink sample of size -150 µm grounded for 11 

min in LBM 
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Fig.5.21 Optical microscopy of LSLA sink sample of size -150 µm grounded for 10 

min in LBM 

Figures 5.22, 5.23 and 5.24 indicate that the optical microscope images of the 

liberated hematite of HSHA is 79% at 12 min, of LSHA is 81.5% at 9 min, and of 

LSLA is 87% at 8 min, respectively, using the LBM. The hematite liberation in all the 

cases was well within the acceptable range (hematite liberation >75%). The P80 

passing for all the three iron ore samples was 130 µm at 12 min, 119 µm at 9 min, and 

100 µm at 8 min. Hence, the retention time of the LBM was further reduced to obtain 

the desirable P80 passing of 150 µm particles. 

 

Fig. 5.22 Optical microscopy of HSHA sink sample of size -150 µm grounded for 12 

min in LBM 
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Fig. 5.23 Optical microscopy of LSHA sink sample of size -150 µm grounded for 9 

min in LBM 

 

Fig. 5.24 Optical microscopy of LSLA sink sample of size -150 µm grounded for 8 

min in LBM 

Figures 5.25, 5.26, and 5.27 indicate that the optical microscope images of the 

liberated hematite of HSHA is 78% at 10 min, of LSHA is 80% at 7 min, and of 

LSLA is 85% at 6 min, respectively, using the LBM. The hematite liberation in all the 

cases was well within the acceptable range (hematite liberation >75%). The P80 
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passing for all three iron ore samples was within the desired P80 passing of 150 µm 

particles.  

 

On the other hand, Table 5.18 shows the influence of varying the grinding time on 

hematite liberation for HSHA, LSHA, and LSLA when ground in the LBM. The 

percentage of hematite liberated in all the three samples was less when ground for 

shorter duration. This may be due to the insufficiency of energy transmitted from the 

ball to the particles to crack the boundaries between the quartz and the oxidized iron 

minerals during the short period of grinding leading to the generation of a large 

number of “complex- type” locked-particles without hematite liberation 

(Hanumanthappa et al. 2020a). Due to this, mineral liberation, during short period 

grinding, is also very less. Also, with increasing milling time, the cracks between the 

quartz and the oxidized iron boundaries increase and propagate and gets fractured to 

liberate the hematite from the locked quartz. Hence, hematite liberation is higher with 

longer grinding period.  

 

 

Fig. 5.25 Optical microscopy of HSHA sink sample of size -150 µm grounded for 10 

min in LBM 



91 

 

 

Fig. 5.26 Optical microscopy of LSHA sink sample of size -150 µm grounded for 7 

min in LBM 

 

Fig. 5.27 Optical microscopy of LSLA sink sample of size -150 µm grounded for 6 

min in LBM 
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Table 5.18 Physical analysis of HSHA, LSHA and LSLA using LBM 

Sl. 

No. 

Type of 

ore 
F80(µm) 

P80 by 

LBM 

(µm) 

 Reduced 

grinding time 

in LBM (min) 

Percentage of 

Hematite 

liberated 

1 HSHA 2500 

96  14 82 

130  12 79 

168 10 78 

2 LSHA 2400 

87 11 84 

119 9 81.5 

152 7 80 

3 LSLA 2700 

75 10 90 

100 8 87 

140 6 85 

 

 Comparing PSD, percentage of hematite liberation and total grinding 5.3.4

time taken for HSHA, LSHA and LSLA iron ore samples in BBM and 

LBM 

Figures 5.28 to 5.31 shows the PSD, percentage of hematite liberation, and total 

grinding time  taken for HSHA, LSHA, and LSLA iron ore samples using BBM and 

LBM. The P80 passing percentage for HSHA is higher compared with LSHA and 

LSLA. This is because the percentage of SiO2 and Al2O3
 
is higher in the HSHA feed 

sample, which leads to higher grinding time compared with LSHA and LSLA. It can 

be observed that with increased grinding time, the P80 passing percentage for all the 

three samples decreases, but the hematite liberation in all the three samples increases. 

This indicates that the grinding time is directly proportional to hematite liberation, 

and it is inversely proportional to the P80 passing percentage.  
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Fig.5.28 PSD, percentage of hematite liberation and total grinding time taken for 

HSHA, LSHA and LSLA iron ore samples in BBM 

 

Fig. 5.29 PSD, percentage of hematite liberation and after reducing 2 min from total 

grinding time for HSHA, LSHA and LSLA iron ore samples in LBM 
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Fig. 5.30 PSD, percentage of hematite liberation and after reducing 4 min from total 

grinding time for HSHA, LSHA and LSLA iron ore samples in LBM 

 

Fig. 5.31 PSD, percentage of hematite liberation and after reducing 6 min from total 

grinding time for HSHA, LSHA and LSLA iron ore samples in LBM 

The present work was used to find the total grinding retention time of each ore in the 

mill. Based on the total retention time of each ore, the optimum grinding time for each 

ore was identified to obtain the desired P80 passing particle size with acceptable 

hematite liberation. The results obtained after considering the standard reference 

retention time to the LBM were improved with respect to the desired P80  passing 
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percentage of 150 µm and hematite liberation. Finally, the optimum grinding time 

required to achieve the desired P80 passing percentage of 150 µm with acceptable 

hematite liberation percentage (75%) for HSHA, LSHA, and LSLA was 10 min, 7 

min, and 6 min, respectively. The new method followed in the present work to obtain 

the desired P80 passing percentage and hematite liberation from different types of iron 

ore can be implemented in a pellet plant to produce desire products for pellet feed 

making. 

5.4 Characterization of Blend Iron Ore Samples 

The association of different phases present in the iron ore blend feed and product was 

quantified through optical microscopy and QEMSCAN, and the quantified mineral 

phases of sample are detailed analysed.  

 OM and QEMSCAN analysis of blend feed sample with respect to 5.4.1

liberation and locking of hematite 

Figure 5.32 illustrates the mineralogical aspects of the iron ore feed blend. The 

percentage of sample LSLA was 50% of the total blends composition, where sample 

LSLA consists of hematite as the major iron-bearing mineral. Based on the blending 

percentage, it was clearly observed in blend that hematite is the major iron-bearing 

mineral. The blend also consists traces of goethite and limonite. Quartz is the major 

gangue bearing mineral in the blend, and most of the quartz is present in the bulk 

phase and can be easily liberated with controlled grinding.   

 

 

 

 

 

 

 

Fig. 5.32 OM images of the iron ore feed blend 

The association of different phases present in the iron ore feed blend was quantified 

through QEMSCAN. Figures 5.33 and 5.34 illustrate the liberation and locking of 
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hematite in the blend feed sample in which the quartz phase is mainly associated with 

the FeOx-Alsilicate interphase, hematite, limonite, and kaolinite. The hematite phase 

does not have any association with the phase FeOx-Alsilicate interphase, but it has 

clear association with quartz and kaolinite as shown in Fig. 5.35. For the liberation of 

hematite from the iron ore feed blend sample, it was required to grind the sample for 

breaking the lock between the hematite and the quartz. 

 

Fig. 5.33 3-dimensional view of liberation and locking of minerals in blend feed 

samples 

 

 

 

 

 

 

 

 

Fig. 5.34 Mineralogical analysis and phases in the blend feed sample by QEMSCAN 

The specific gravity for the blend feed sample was determined by using the 

QEMSCAN. The specific gravity of the particles ranged between <5.10 and >4.75 in 

 Background 

 Others 

 Magnetite 

 Hematite 

 Goethite (BSE<60) 

 FeOx-AlSilicate interface 

 Limenite 

 Mn-mineral 

 Quartz 

 Kaolinite (clay) 
 



97 

 

which 82% was about hematite and about 18% was an association of quartz with 

hematite. From Fig. 5.35, it is evident that specific gravity range between <4.75 and 

>4 mainly consists of a major association of hematite with quartz interphase and 

kaolinite. For specific gravity <4, it may consist of gangue particles. 

 

 

Fig. 5.35 Specific gravity classification analysis of blend feed sample by QEMSCAN 

 Grinding of blend sample in the BBM and LBM 5.4.2

The experimental results show that the blend has BWI of 10 KWh/t and TRT of 13 

min. From Figs 5.29 to 5.31, the passing particle size at P80 for the HSHA, LSHA, and 

LSLA is very fine and not suitable for pellet making. So, for producing the desired 

particle size fraction a blend iron ore sample is prepared from HSHA, LSHA, and 

LSLA iron ore sample.  

 

The quality of comminution is primarily determined by particle size analysis. Figure 

5.36 presents the particle size analysis for the blend sample, which was ground for 11, 

9, and 7 min in the LBM. From Fig. 5.36, it is clear that the grinding time of 11, 9, 

and 7 min of size fraction of 85, 120, and 148 µm, respectively, enabled to achieve 

80% passing of particles. The grinding results in the LBM showed that with reduced 

grinding time, 80% passing of particles size increased. This may be because 

decreasing the milling time decreased the force acting on the ore leading to less 

grinding of the ore. 
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Fig. 5.36 Particle size analysis for blend sample ground in the LBM 

 Particle size analyses in OM for blend Product sample grounded in LBM 5.4.3

at different grinding time 

Figures 5.37, 5.38, 5.39 and Table 5.19 show particle size analyses in the OM for 

blend product sample grounded in the LBM at grinding times of 11, 9, and 7 min. 

Figure 5.37 shows that at grinding time of 11 min, the blended product is composed 

of very fine particles with approximate average size fraction less than 85 µm when 

compared with Figs 5.38 and 5.39. In addition, Fig. 5.39 shows that maximum 

particles of the blend product are coarse of approximate average size fraction of 130 

µm. The OM analysis also indicates that with reduced grinding time of the mill, the 

particle size of the ground product increased as shown by the grey-white regions in. 

Fig.5.39. However, the degree of hematite liberation from the locked-particles is not 

clear; therefore, additional study is required.  

 

From Table 5.20, it can be observed that at grinding time of 13 to 9 min, about 33-

42% of particle size fraction is less than -10 µm. The particle size analysis represents 

that grinding above 9 min produces excess fine particles (-10 µm). The presence of 

this excess fine (>30%) particles is not suitable for pellet making. But, at grinding 

time 7 min, about 76% of the ground product consisting of narrow size particles lie in 

the range of -150 to +10 µm size. Moreover, at grinding time 7 min, about 17% fine 
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particle size fraction of the total product is less than -10 µm, and the weight 

percentage of the fine particles produced is in the acceptable range(<30%) for pellet 

making (Hanumanthappa et al. 2020b).  

 

Fig. 5.37 Particle size analyses in OM for blend Product sample grounded in LBM at 

11 min grinding time  

 

Fig. 5.38 Particle size analyses in OM for blend Product sample grounded in LBM at 

9 min grinding time 
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Fig. 5.39 Particle size analyses in OM for blend Product sample grounded in LBM at 

7 min grinding time 

Table 5.19 Physical properties of iron ore blend by using LBM 

Sl. No. Type of ore 
P80 by LBM  

(µm) 

 Reduced 

grinding time in 

LBM (min) 

Hematite 

Liberated 

Percentage 

(%) 

1 Blend 

85 11 79 

120 9 74 

148 7 70 

 

Table 5.20 Weight percentage of narrow blend particle size fraction analysis of feed 

and product obtained in BBM and LBM 

Type of sample 
Type of 

ball mill 

Total 

grinding 

time (min) 

Wt.% of narrow band particle size 

fraction analysis (%) 

+150 

(µm) 

-150/+10  

(µm) 

-10   

(µm) 

Feed analysis of blend     70 19 11 

Product analysis of 

blend 

BBM 13 0 45 55 

LBM 

11 0 58 42 

9 0 67 33 

7 7 76 17 
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  Sink and float test for iron ore blend with varied grinding time 5.4.4

The sink and float was conducted to study the liberation of valuables from gangue 

particles by using a separating liquid having specific gravity of 3.3 g/cm
3
. Tests were 

conducted for the iron ore blend feed sample, and for products obtained at different 

grinding times. For this analysis, -3 mm feed blend was selected and the final product 

obtained at each varied grinding time was used. The results are shown in Table 5.21. 

From Fig. 5.40, it can be observed that, in feed sample float consist of less free 

alumina and silica is observed compared with ground iron ore blend. The feed float 

consists of 32.74% Fe. This indicates that few liberated small hematite particles are 

associated with the gangue particles. In the case of increasing grinding time, the 

ground sample float consists of increased free alumina or silica, and the alumina is 

increased from 18.33% to 28.5% and silica is increased from 30.48% to 44.43%. This 

indicates that with increasing grinding time, the gangue particles are liberated from 

the hematite. From Fig. 5.41, it can also be observed that in the sink with increasing 

grinding time, the Fe value increases from 54.28% to 61.16 %. The sink results 

clearly indicate that with increasing grinding time, the locked hematite in the gangue 

particles gets liberated. The results also show that at grinding time of 11 min, 

maximum grade is recorded compared with 9 min and 7 min grinding time, and the 

yield decreases as the grinding time increases.  

 

Fig. 5.40 Float analysis of iron ore blend with varied grinding time 
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Fig. 5.41 Sink analysis of iron ore blend with varied grinding time 

Table 5.21 Sink and float analysis for iron ore blend 

Grinding Time (min) Product Fe (%) SiO2 (%) Al2O3 (%) Yield (%) 

Feed Blend 
Sink 54.28 10.89 4.61 96.4 

Float 32.74 30.48 18.33 3.6 

11 
Sink 61.46 5.11 0.48 83.5 

Float 13.2 44.43 28.5 16.5 

9 
Sink 59.64 6.55 1.55 85.8 

Float 16.41 42.14 26.58 14.2 

7 
Sink 57.75 8.06 2.62 88.69 

Float 20.14 39.36 24.52 14.2 

 

 Liberation analysis of blend product samples ground in LBM for 5.4.5

different grinding times  

For pellet making, the present practice is to obtain the desired particle size with 

acceptable hematite liberation at the grinding stage itself. Liberation in the ball 

milling refers to the mechanical reduction of rocks into valuable liberated particles. A 
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single particle is said to liberate from a mineral grain only when the particle size 

geometry is smaller than the mineral grain. In iron ore, the hematite phases may vary 

from ore- to- ore or within the ore body and the grinding of such ore leads to too high 

or too low liberation of hematite. Hence, it is very important to verify the degree of 

hematite liberation periodically during grinding.  

 

Figure 5.42 and Table 5.21 show the OM results of the liberated hematite blend sink 

sample ground for 11, 9, and 7 min in the LBM. The degree of liberation in the iron 

ore sample was determined by using Equations (10) and (11). Figure 5.42(a) shows 

that at grinding time of 11 min, the blended product has maximum hematite liberation 

of 79% compared with hematite liberation obtained at grinding times of 9 and 7 min 

as shown in Figure 5.42(b) and (c). This may be due to; the hematite phase does not 

have any association with the phase FeOx-Alsilicate interphase as shown in Fig. 5.33, 

but has a clear association with quartz and kaolinite. As the grinding time increases, 

the fragmentation increases between the hematite phase and the gangue. The results 

clearly indicate increasing grinding time increases the reduction of the particles, 

which ultimately leads to increased liberation of hematite from quartz and kaolinite. 

Hence, with increasing grinding time up to a certain limit, the hematite liberation may 

increase.  

 

Figure 5.42(c) shows that at grinding time of 7 min, the blend product has hematite 

liberation of 70%. For pellet making, the hematite liberation should be equal or 

greater than 70% (Umadevi et al. 2013). In the present study, the desired hematite 

liberation was achieved in 7 min grinding time compared with 11 min grinding time. 

The grinding results suggest that about 4 min grinding time can be reduced by using 

the new approach to obtain the desired hematite liberation, and it will also help avoid 

over grinding and minimize the energy required for grinding. Therefore, 7 min 

grinding time is the minimum grinding time required for a sufficient amount of 

hematite liberation from the iron ore blend. 
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Fig. 5.42 Liberation analysis in OM of blend sink sample grounded in LBM at 

grinding time - (a)11 min, (b) 9 min, and (c)7 min 

 Variation of hematite liberation and PSD with respect to grinding time 5.4.6

for iron ore blend product 

Figure 5.43 shows the variation of hematite liberation and PSD with respect to 

grinding time for iron ore blends ground in the BBM and LBM. The results represent 

that increased grinding time increases the fines of the particle size with corresponding 

increase in hematite liberation. From Fig. 5.43, at grinding times 11 min and 9 min, 

80% passing product particle size have finer size fraction, and the weight percentage 

of fine particles (-10 µm) produced in the ground product exceeded the desired 

particle size range (i.e., -10 µm particles should be less than 30% weight percentage 

in the ground product as given in Table 5.21). If the ground product consists of more 

than 30% weight percentage of fine particles (-10 µm), then the obtained ground 

product is not suitable for pellet making (Umadevi et al. 2013). Hence, grinding the 

iron ore blend at 11 min and 9 min is not desirable, since the amount of energy 

supplied at these two grinding times is more than the required energy for desired 

particle size reduction and leads to increased energy consumption by the ball mill, 

which is not economical.  

 

In addition, from Fig. 5.43, at grinding time of 7 min, 80% passing product size is 148 

µm with 70% of hematite liberation, and the weight percentage of the desired 

particles (-150/+10 µm) and fine particles (-10 µm) produced are in the acceptable 

range. The results clearly show that for any ore blend, it is important to know the ore 
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RT before grinding in the ball mill to obtain the desired particle size fraction with 

acceptable hematite liberation. The new approach can be used in plant scale mill for 

iron ore blend grinding, and it also avoids over grinding compared with conventional 

methods of grinding.  

 

Fig. 5.43 Variation of hematite liberation and PSD with respect to grinding time for 

iron ore blend product 

From dry grinding and characterization analysis of iron ore and its blend, to produce 

desired PSD from dry grinding was varying for each sample. The OM analysis of iron 

ores feed samples showed different mineralogical aspects. The results from BBM for 

HSHA, LSHA, LSLA and blend iron ore samples indicated that 80% passing product 

particle size varies from one another, and each iron ore sample takes different 

retention time for 250% circulating load in the BBM. The BBM and OM analysis 

showed that feeding the mill a single type of iron ore is not preferable due to 

significant variation in the physical composition of each ore. 

 

The each iron ore samples takes different RT when grounded in the BBM for 250% 

circulating load with different 80% passing particle size. Also, the HSHA, LSHA, 
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LSLA and blend iron ore sample obtained from the BBM composed of a higher 

percentage of fines and is not suitable for pellet making. So, to obtain desirable 

particle size a new wet grind and classification machine was developed.  

5.5 Comparative Analysis of a Newly Designed Ball Mill and the Conventional 

Ball Mill Performance With Respect to Particle Size Distribution and 

Recirculating Load at the Discharge End 

The particle size distribution and percentage of the recirculating load obtained at the 

discharge were studied for different mill operating speeds, lifters and outlet-discharge 

mechanisms, as shown in Figs. 5.44, 5.45, and 5.46. The effect of the mill speed, with 

and without lifter arrangements at the discharge end of the mill, on the percentage of -

150 µm particles passing, percentage of the recirculating load to the ball mill and 

passing particle size fraction at P80 is given in Table 5.22. 

 

 

Fig. 5.44 Discharge end without lifters (discharge end open) 
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Fig. 5.45 Discharge end with lifters (discharge end open) 

 

Fig. 5.46 Discharge end with lifters (discharge end closed) 

 Case 1: Effect of mill speed on the product particle size distribution and 5.5.1

recirculating load of the ball mill without lifters and the discharge end 

open  

Particle size analysis was carried out by plotting the mesh size/screen size along the x-

axis and the cumulative percentage passing along the y-axis. The results of particle 

size analysis are shown in Fig. 5.47, which shows particle size distribution obtained 

for each mill speed. A diagram relating to this portent is illustrated in Fig. 5.44. From 

Figs 5.47 and 5.48 the particle size analysis results show that at a lower speed of the 

mill, very fine particles are discharged from the mill. This may be because at lower 

mill speed, particles with higher density in the slurry try to settle at the bottom of the 

shell and fine particles with lower density float on the upper surface of the slurry. 

Also, the particles move from bottom of the mill shell in anti-clock wise direction up 
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to 3 o'clock position, due to the cascading motion of particles and balls, where 

particles and balls cannot be further lifted up to shoulder position (Cleary, 2001c). 

Hence, the particles slip and slide back from the 3 o'clock position to the grinding 

section because of gravity (Cleary, 2015). At lower mill speed, fine particles that are 

floating are discharged due to the gradient difference between the inlet and outlet of 

the mill. Thus, the ball mill works at relatively low efficiency at lower mill speed, 

since the majority of particles moving at a low speed in the grinding section will not 

collide with higher energy.  

 

Fig. 5.47 Particle size analysis of discharge product when mill operated at different 

critical speeds (CS) without lifter and discharge end open 

Figure 5.48 shows the oversize (+150µm), desired size (-150µm/+10 µm) and 

undersize particle size (-10µm) analysis of the discharge product when the mill is 

operating at different critical speeds without the lifter and the discharge end open. At 

20% critical speed, about 81% of particle size distributions are fines, 19% is the 

desired size particles and no oversize particles were discharged. It is observed that, 

there was a variation of particle size distribution with each mill speed. At 60% of mill 

critical speed, the desired particle size distribution discharged from the mill was 

maximum compared to the mill operating at a different critical speed. However, above 
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60% of mill critical speed, there was an increase in the discharge percentage of 

oversize particles (+150 µm).  This may be due to the fact that the mill without lifter 

arrangement in the discharge section cannot provide separation zone and leads to the 

discharge of maximum quantity of oversized particles. Also, the discharge end does 

not have any stopper to prevent unground particles from flowing back into the mill. 

 

 

Fig. 5.48 Over size (+150µm), narrow size (-150µm/+10 µm) and undersize particle 

size (-10µm) analysis of discharge product when mill operated at different critical 

speeds without lifter and discharge end open 

Figure 5.49 shows the percentage of the recirculating load when the mill operates 

without the lifter and the discharge end is open. At the lower speed of the mill (less 

than 20% critical speed), the recirculating load is very low, since balls and the 

oversize particles in the mill will not rise up to shoulder position and will roll back to 

the bottom portion of the mill. This effect will reduce the grinding and also the 

recirculating load. However, when the mill speed was increasing above 60% critical 

speed, it was observed that the recirculating load was also increasing. This was due to  

large quantities of unground particles moving at high speed and with less contact of 

particles with the mill shell that lift the particles and balls, and that in turn prevent the 

unground particles from flowing back into the grinding section, leading to the 

0

10

20

30

40

50

60

70

80

90

20 30 40 50 60 70

 W
t.

%
  
o
f 

p
a
rt

ic
le

 s
iz

e 
d

is
tr

ib
u

ti
o
n

 

Critical speed (%) 

+150 (µm)

-150/+10 (µm)

-10 (µm)



110 

 

discharge of more unground particles from the mill (Gutierrez et al., 2018). Hence, 

operating a ball mill without lifter is not preferable, since the grinding efficiency of 

the mill reduces and the particles discharged from the mill do not undergo size 

reduction. Also, the discharged particles consist of oversize particles, which are not 

suitable for pellet making; the load to the mill increases by recirculating the unground 

product to the mill. 

 

 

Fig. 5.49 Influence of mill speed on percentage of recirculating load when mill 

operated without lifter and discharge end open 

 Case 2: Effect of mill speed on the particle size distribution of the product 5.5.2

and the recirculating load of the ball mill with lifters and the cap open at 

the discharge 

Lifter design and mill speed play a very important role in the flow and discharge of 

particles from the mill. Lifters are mainly used to lift particles from the toe end to the 

shoulder position of the shell. The falling trajectory of the particles from the shoulder 

position to the grinding section depends on the design of the lifters and the speed of 

the mill (Cleary, 2001c). Lifters can also transfer the motion from the mill shell into 

the motion of the particles (Djordjevic et al., 2004).  
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In this case, a special type of lifters was used in the discharge section of the mill. Each 

lifter consists of primary, secondary and tertiary plates. The primary plate was fixed at 

a corner portion of the diaphragm. The profile of the primary plate is concave, which 

acts as a bucket when the lifter reaches the bottom portion of the mill. This kind of 

profile helps lift the desired particles from the bottom portion of the mill to the 

discharge end of the mill. Having lifters at the discharge end avoids coarse particles 

and balls to exit from the discharge end. The lifter blades are arranged in such a way 

that whenever a stream of cataracting balls and coarse particles come in contact with 

the lifter blades, the blades direct the balls and coarse particles back to the grinding 

section instead of allowing them to enter the discharge trunnion. The lifter blades are 

designed in such a way that the outer radius of the blade is not extended but 

terminated inside (Fig.5.1). This design has a special zone known as the zone of 

separation at the conical portion of the discharge end of the mill, which helps lift 

desire-sized particles from the mill; however, balls and coarse-sized particles cannot 

be picked in the separation zone. A pictorial representation to ball mill with lifters and 

open cap at the discharge is shown in Fig. 5.45.  

 

For all the experiments, the discharge end was kept open for varying speeds of the 

mill. The variation of the particle size distribution at the discharge for the mill 

operating at different speeds, with the discharge end fitted with lifters, is shown in 

Fig. 5.50. From Fig. 5.50, for a particular mill speed, there is a change in particle size 

distribution for the mill operating with lifters.  
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Fig. 5.50 Particle size analysis of discharge product when mill operated at different 

critical speeds (CS) with lifter and discharge end open 

Figure 5.51 shows the oversize (+150 µm), desire size (-150 µm/+10 µm) and 

undersize particle size (-10 µm) analysis of the discharge product when the mill is 

operating at different critical speeds with lifters and the discharge end open. 

According to Fig.5.50, 70% instead of 60% critical speed seems to have produced the 

maximum amount of the desired size class. This may be due to the balls and particles‟ 

trajectory reaching at the discharge end began slipping from the shoulder position to 

the toe position when the mill was operated at 70% critical speed (Cleary, 2015; Bian 

et al., 2017). This kind of particle-profile stream at the discharge end helps the lifter 

plates classify the desired particle size range. The lifters are oriented in the grinding 

section in such a way that whenever the lifter reaches the bottom section of the mill 

shell, the primary plate lifts the selective-sized particles from the bottom end portion 

of the grinding chamber to the discharge end of the mill. Whereas, the secondary lifter 

plate, which is placed slightly away from the primary plate, lifts the particles present 

above the bottom section of the grinding end. The tertiary plate is placed at the 

inclined portion of the discharge end in such a way that it can help classify the 

particles. Hence, a new type of lifter design at the discharge end can be effectively 

used to classify the desire-sized particles from the mill. 
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Fig. 5.51 Over size (+150µm), narrow size (-150µm/+10 µm) and undersize particle 

size (-10µm) analysis of discharge product when mill operated at different critical 

speeds with lifter and discharge end open 

From Fig. 5.51, at lower mill speeds (20 to 30%), very fine particles were discharged 

from the mill, since a large proportion of the particles move at a relatively low speed 

and the discharge takes place due to the gradient difference between the inlet and 

outlet of the mill. At high mill speed (70%), the percentage of oversize particles 

discharged from the mill is high compared to 60% critical speed. This may be due to 

the particle trajectory reaching the discharge end with high speed at a higher shoulder 

position and eventually falls to the toe position when the mill was operated above 

70% critical speed (Cleary, 2015; Bian et al., 2017). The high-speed particle profile at 

the discharge end may make it difficult for the lifters to classify desired particle size 

distribution since the velocity of the particles is high when the mill is rotating at high 

speed (Gutierrez et al., 2018). Due to this, particles with high speeds have random 

motion at the discharge section, which leads to improper classification of particles in 

the lifters and leads to discharge of oversize particles from the discharge end without 

classification. Hence, at higher speeds of the mill, the percentage of oversize particles 

was higher than that of the desired particle size in the discharged product. The results 

suggest that, the new type of lifter design at discharge end can be effectively used to 
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classify the desired size particles from the mill when the mill is operated at 70% of 

critical speed.  

 

Figure 5.52 shows the percentage of the recirculating load when the mill is operating 

with lifters and the discharge end is open. From Fig. 5.52, it is clear that with 

increasing mill speed, the recirculating load to the mill increases. The percentage of 

the recirculating load to the mill with lifters is less than the mill without lifters when 

the mill is operating at different critical speeds. There is about a 16% difference in the 

recirculating load between the mill with lifters and the one without. 

 

Fig. 5.52 Influence of mill speed on percentage of recirculating load when mill 

operated with lifter and discharge end open 

 Case 3: Effect of mill speed on the particle size distribution and 5.5.3

recirculating load in the ball mill with lifters and the cap closed at 

discharge 

The opening and closing of the discharge end mechanism with lifters arrangement are 

shown in Fig. 5.46. In this case, the lifters used at the discharge end are the same as 

that of the previous case (Section 4.5.2, Case 2). In the previous two cases, the 

discharge end was kept open during the grinding operation. However, in this case, the 

discharge end was intermittently opened and closed for every 30 seconds while 
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conducting the experiments. The opening and closing mechanism at the discharge end 

restricts slurry flow, leading to a lower rate of slurry discharge compared to the Case 

1 and Case 2 mechanisms discussed earlier. Particle size distributions for different 

mill speeds are presented in Fig. 5.53. 

 

Fig. 5.53 Particle size analysis of discharge product when mill operated at different 

critical speeds (CS) with lifter and discharge end closed 

Figure 5.54 shows the oversize, the desired size range and undersize particle size 

analysis of the discharge product when the mill was operated at different critical 

speeds with lifters and the discharge end closed. Also, Fig. 5.55 shows the percentage 

of the recirculating load when the mill was operated with lifters and the discharge end 

open. The results of particle size distribution and recirculating load to the mill, as 

obtained in Case 3, are almost similar to that of Case 2, indicating that the closing and 

opening of the discharge end for every 30 seconds may not have any effect on the 

particle size distribution from the discharge end of the mill. 
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Fig. 5.54 Over size (+150µm), narrow size (-150µm/+10 µm) and undersize particle 

size (-10µm) analysis of discharge product when mill operated at different critical 

speeds with lifter and discharge end closed 

 

 

Fig. 5.55 Influence of mill speed on percentage of recirculating load when mill 

operated with lifter and discharge end closed 
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 Comparison of Case 1, Case 2 and Case 3 5.5.4

From Fig. 5.56 (a & b), it is clear that the particle size distributions for Case 1, Case 2 

and Case 3 are almost the same. The results obtained at 20% critical speed indicates 

that 80% passing size fraction in all the three cases is almost the same and that the 

particle size fraction at the discharge varies from 44 to 50 µm, as shown in Fig. 5.57. 

Also, from Fig. 5.58, at 20% critical speed, 100% passing size fraction in all the three 

cases is below 150 µm. This indicates that very low mill speeds do not have any 

impact on the size of the particles at the discharge end of the mill. The discharged 

products at lower mill speeds contain very fine particles, and the percentage of the 

desired particles discharged is very less (<65%) than the required feed size range for 

pellet making. 

 

The particle size distribution in Case 1 has more coarse particles in the range of 90–

840 µm compared to Case 2 and Case 3, wherein the particle size ranges from 75–290 

µm when the mill operates at 50%–70% critical speed (Table 5.22, Fig. 5.56 c - Fig. 

5.56   and Fig. 5.57). The results of Case 2 and Case 3 indicate that the percentage of 

the desired particle size range discharged from the mill is well within the desired 

fraction (-150 µm/+10 µm); it is 65% when the mill is operating at 60% critical speed, 

as shown in Fig. 5.51 and Fig. 5.54. Also, in Case 1, when the mill is operating at 

60% critical speed, the percentage of desired particle size range discharged from the 

mill is about 34% lesser than that of Case 2 and about 25% lesser than that of Case 3, 

as shown in Fig. 5.48, Fig. 5.51 and Fig. 5.54. The results indicate that the lifters at 

the discharged end play an important role in discharging the desired band particles 

when the mill is operated at a particular operating speed (60% critical speed). This is 

again due to lifters at the discharge end, which acts as a separation zone in the 

discharge end of the mill. However, mills without lifters at the discharge end lead to 

uncontrolled particle size distribution in the discharge product, since there is no 

barricade to stop the movement of unground particles at the discharge end of the mill. 

Hence, the discharge will consist of fines and unground particles, which are 

unsuitable for further processing.  
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Fig. 5.56  Particle size distribution comparison for mill without lifter (cap open), with 

lifter (cap open ), and with lifter (cap close) at different critical parentage speed   (a) 

20 % of C.S, (b) 30 % of C.S, (c) 40 % of C.S, (d) 50% of C.S, (e) 60 % of C.S, (f) 70 

% of C.S 
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Fig. 5.57 Influence of mill speed on particle size fraction distribution with P80 passing 

percentage 

 

Fig. 5.58 Influence of mill speed on passing % of 150 µm particle 

It can be observed from Fig. 5.59 that for lower mill speeds of mills with and without 

lifters (open and closed condition) at the discharge end, a minimum percentage of the 

recirculating loads are yielded. A very smaller recirculating load was recorded at a 

mill speed of 20% with 80% passing particle size fraction varying from 44 to 50 µm, 

as shown in Table 5.22, for all the three cases. In all the three cases, at a mill critical 
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speed above 70%, the percentage of the recirculating load to the mill increased with 

the increasing speed of the mill, as shown in Fig. 5.59. In Case 2 and Case 3, the 

percentage of the recirculating load at 60% critical speed is 15% and 19%, 

respectively, which is smaller compared to Case 1 with 31% recirculating load, as 

shown in Table 5.22. It can also be observed that for all the three cases when the mill 

was operated above 60% critical speed, the recirculating load exceeded more than 

20%, thus, an increase in the circulating load to the mill decreases the performance of 

the mill. The results suggest that well-designed lifters with proper orientation in the 

discharge end can help to discharge the desired particle size with minimum 

recirculating load. 

 

 

Fig. 5.59 Influence of mill speed on percentage of recirculating load to ball mill 
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Table 5.22 Effect of mill speed, with and without lifter arrangements at the discharge 

end of the mill on percentage passing of -150 µm particle, percentage of recirculating 

load to the ball mill and passing particle size fraction at P80 

Perce

ntage 

of 

Critic

al 

speed 

(%) 

% passing  of -150 µm 

particle 

% of recirculating load to 

the ball mill 

Passing particle size 

fraction at  P80  (µm) 

Cap open 

Cap 

close

d 

Cap open 
Cap 

closed 
Cap open 

Cap 

close

d 

withou

t lifter 

with 

lifter 

with 

lifter 

withou

t lifter 

with 

lifter 

with 

lifter 

withou

t lifter 

with 

lifter 

with 

lifter 

20 100 100 100 0 0 0 48 44 50 

30 96 100 100 4 0 0 56 52 60 

40 88 96 95 12 4 5 90 75 78 

50 75 92 89 25 8 10 260 105 110 

60 69 85 81 31 15 19 625 140 155 

70 66 78 75 34 22 25 840 280 290 

 

5.6 Evaluation of a New Ball Mill Hydro-Squeeze Classifier for Particle Size 

Reduction and Classification 

This experimental study covers the effect of the solid slurry concentration and the mill 

discharge end opening time on the size of particles discharged from the mill to the 

classifier section and the classifier classification efficiency. 

 Effect of the solid slurry concentration and the mill discharge end 5.6.1

opening time on the size of particles discharged 

The slurry discharged from the ball mill to the classifier section which was subjected 

to particle size analysis. Particle size distribution for varying slurry solid 

concentrations and mill discharge end opening times are shown in Fig. 5.60a-e. In 

Figs. 5.60a-e and 5.61, it is clear that at 55% of the slurry solids concentration and 30 

s discharge end opening, the mill discharges very fine particles. This may be 

explained that because, at a shorter discharge end opening time, the ore retention time 

in the mill increases, ultimately increasing impact forces on the ore. This effect leads 

to over-grinding of ore inside the mill and increases fines in the discharge product. 

Also, over-grinding of particles inside the mill leads to excess energy consumption. 
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The fine product discharge from the ball mill at lower slurry solid concentration and 

shorter discharge duration end opening is not suitable for pellet making 

(Hanumanthappa et al. 2020b). At a longer opening time (150 s) of the mill discharge 

end with an increasing slurry solid concentration, the power draw by the mill falls 

continuously with an increasing slurry solid to the mill for a longer period of time 

(Tangsathitkulchai and Austin 1985). This power drop by the mill shows that there is 

a decline in the tumbling action of grinding media as the slurry viscosity increases 

with increasing slurry solid concentration to the mill28. This effect led to decrease in 

particle size reduction in the mill. Hence, at a longer duration opening of mill 

discharge end with an increasing slurry solid concentration, coarser size particles are 

discharged from the mill as represented in Fig. 5.61. Therefore, with an increasing 

mill discharge end opening time and with an increasing slurry solid concentration to 

the mill, the recirculating load to the mill increases.  
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Fig. 5.60 Particle size analysis before squeezing in Chamber-1 –(a) for 55% solids, (b) 

for 60% solids, (c) for 65% solids, (d) for 70% solids, and (e) for 75% solids 
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Fig. 5.61 P80 passing percentage at different slurry solids percentage before squeezing 

in Chamber-1 

Figure 5.62 shows +150 µm particles discharge from the ball mill to Chamber-1 of the 

classifier section when the mill is operating at different slurry solid concentrations. At 

75% slurry solid concentration, +150 µm particles discharged from the mill to the 

classifier section were the highest among the selected range of the slurry solid 

concentration. However from Fig. 5.63, with increasing solid slurry concentration, 

there was a rise in the +150 µm particle discharge. Possibly, in case of the higher 

slurry solid concentration, large quantities of particles reside on the wall of the mill 

and are further crushed by the tumbling balls at the lower part of the ball load. Due to 

this, a small reduction in particle size can trigger a rapid increase in viscosity of the 

slurry (Tangsathitkulchai and Austin 1989). As a result, the pulp stickiness at the mill 

shell increases quickly as higher quantities of fines are produced. This would also lead 

to a decrease in the material grinding level. Further, with an increasing slurry solid 

concentration, the particle size reduction is reduced due to increased damping of the 

slurry. As a result, the ball velocity in the slurry reduces; this effect leads to reduction 

of energy impacted from the balls to the particles. Also, at higher slurry solid 

concentrations, sedimentation of larger particles in the water increases its cushioning, 

resulting in a decrease in particle size reduction (El-Shall and Somasundaran 1984; 

Kotake et al. 2004; Tangsathitkulchai and Austin 1985). Hence, on increasing the mill 
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slurry solid concentration, coarser particles will discharge from the mill to the 

classifier section.  

 

Fig. 5.62 Weight percentage of +150 µm particles collected in Chamber-1 (before 

squeezing) at different slurry solid concentrations 

 

Figure 5.63 shows -150 µm particles discharge product from the ball mill to 

Chamber-1 of the classifier section when the mill is operating at different slurry solid 

concentrations. At the lower slurry solid concentration, the percentage of fine 

particles discharged increases. As coarse particles and fine particles are free from 

each other, these particles settle quickly at the bottom of the mill shell, while the fine 

particles float on the upper surface of the slurry (Bu et al. 2020; Klimpel 1989).  This 

effect leads to the discharge of more fine particles from the mill discharge end to the 

classifier section at lower slurry solid concentrations. When the mill operated in the 

range of 55% to 75% slurry solid concentration, about 15% variation is observed in -

150 µm particles discharged from the mill. The result suggests that the quantity of -

150 µm particles discharged from the mill depends on the mill slurry solid 

concentration.  
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Fig. 5.63 Weight percentage of -150 µm particles collected in Chamber-1 (before 

squeezing) at different slurry solid concentrations 

 

 Particle size analysis of classified ground product in Chamber-1 and 5.6.2

Chamber-2 after squeezing 

The classifier disc plays an important role in the separating of the +150 µm particles 

from -150 µm particles. The size of the particle separation depends on the screen size 

selected in the classifier disc. The screen size to classifier disc is selected based on the 

pellet feed size requirement. For pellets making, the size of a particle requires 100% 

passing 150 µm particles (Hanumanthappa et al. 2020b). Hence, a 150 µm screen size 

was used in the classifier disc. It has the flexibility to change the screen based on the 

particle size requirement. The classifier disc was placed inside the classifier section to 

divide the classifier section into two chambers, named Chamber-1 and Chamber-2. 

The slurry discharged from the ball mill to Chamber-1 of the classifier section was 

subjected to squeezing by the classifier disc. As the classifier disc moves towards the 

mill discharge end, the volume inside Chamber-1 reduces, which increases the 

compressive forces on the slurry inside the Chamber-1. This effect increases pressure 
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inside the Chamber-1, which helps to squeeze out the slurry from Chamber-1 to 

Chamber-2 through the classifier disc screen. After squeezing of slurry from 

Chamber-1 to Chamber-2, the leftover slurry residue in Chamber-1 was considered 

for particle size analysis. 

 

Figure 5.64a-e shows particle size analysis of the leftover product in Chamber-1 when 

the classifier section with slurry was squeezed at different slurry solid concentration 

and mill discharge end opening time.  From Figs. 5.61 and 5.65, P80 passing size 

increased in Chamber-1 after squeezing of slurry when comparing to before 

squeezing. This indicates that -150 µm particles are squeezed out from Chamber-1 to 

Chamber-2. Hence, the classifier disc is successful in separating -150 µm particles 

from +150 µm particles after squeezing the slurry in Chamber-1. 
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Fig. 5.64 Particle size analysis of leftover product in Chamber-1 after squeezing in 

Chamber-1 – (a) for 55% solids, (b) for 60% solids, (c) for 65% solids, (d) for 70% 

solids, and (e) for 75% solids 
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Fig. 5.65 P80 passing percentage at different slurry solid percentages after squeezing 

in Chamber-1 

Figures 5.62 and 5.66 show the weight percentage of +150 µm and -150 µm particles 

left in Chamber-1 after squeezing. The results indicate that, after squeezing off the 

slurry in Chamber-1, the quantity of -150 µm particles un-squeezed to Chamber-2 

varied for each operating condition. Probably, at a lower slurry solid concentration 

with discharge end open for longer duration; the mill discharges slurry with low 

viscosity. At a lower slurry viscosity, the resistance of one particle to another particle 

is lower, which decreases the adhesive force between the particles in the slurry with a 

decreasing slurry solid concentration. At this condition, particles are free to move in 

the slurry, and squeezing of this slurry can easily separate -150 µm from +150 µm 

particles without any resistance. Hence, lower percentage of -150 µm particles is left 

in Chamber-1 while squeezing the slurry at the lower viscosity. However, mill 

discharge slurry of higher viscosity at a higher slurry solid concentration with the mill 

discharge end opens for a shorter duration. Due to the high slurry viscosity, the -150 

µm and +150 µm particles adhere to each other, which further decrease the particle 

separation. Hence, the high percentage of -150 µm particles is un-squeezed from 

Chamber-1 to Chamber-2 after the squeezing process. This indicates that slurry 

viscosity plays a crucial role in the classification of particles during the classifier 

section squeezing process.   
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Figures 5.62 and 5.66 represent the recirculating load to the mill. From Fig. 5.66, the 

weight percentage of -150 µm particles recirculated to the mill is increasing with an 

increasing slurry solid concentration to the mill. This is due to the increase in slurry 

solid concentration to the mill; the viscosity of discharge slurry from the mill to 

Chamber-1 will be high. Due to the high viscosity of   slurry, clogging of screen takes 

place. Therefore, fine particles collected in Chamber-1 will not be squeezed from 

Chamber-1 to Chamber-2. Hence, along with coarse particles, fine particles are also 

recirculated back to the mill at higher slurry solid concentration. Regrinding of these 

particles in the mill increases the ultra-fines, this in turn increases the energy 

utilization. So, the recirculation of excess undersize particles to the mill is not 

desirable. Since the mill output product consists of ultra-fines, which are not suitable 

for pellet making feed (Hanumanthappa et al. 2020c).  

 

 

Fig. 5.66 Weight percentage of -150 µm particles collected in Chamber-1 (after 

Squeezing) at different slurry solid concentrations 

Figures 5.67 and 5.68 shows that Chamber-2 consists of only -150 µm particles, 

indicating that +150 µm particles are restricted to Chamber-1, and Chamber-2 

consists of 100% passing particle sizes are below 150 µm. It is observed from Fig. 

5.69, the weight percentage of undersize particles collected in Chamber-2 varies with 
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slurry solid concentration and mill discharge end opening time. At 55% slurry solid 

concentration, and at 90 s discharge end opening time, the highest weight percentage 

of undersize particles squeezed from Chamber-1 to Chamber-2 due to the increased 

mill discharge end opening time increases the slurry volume collected in the 

Chamber-1. It is known that the volume of slurry collected in Chamber-1is linearly 

proportional to the internal pressure created inside Chamber-1 during the squeezing 

process. Therefore, the increased internal pressure in Chamber-1 is due to the 

increased slurry volume collected increases the classifier disc squeezing performance 

due to the increased compressive force on the slurry. 
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Fig. 5.67 Particle size analysis of collected product in Chamber-2– (a) for 55% solids, 

(b) for 60% solids, (c) for 65% solids, (d) for 70% solids, and (e) for 75% solids 
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Fig. 5.68 P80 passing percentage at different slurry solids percentages in Chamber-2 

after squeezing in Chamber-1 

From Fig. 5.69, with an increasing slurry solid concentration, the weight percentage 

of -150 µm particles squeezed from Chamber-1 to Chamber-2 decrease as it depends 

mainly on the slurry viscosity collected in Chamber-1. Hence, with an increasing 

slurry solids concentration, the viscosity of the slurry in Chamber-1 increases and 

decreases the Reynolds number 28. This effect will decrease the degree of turbulence 

in the slurry leading to an increase in adhesive forces between the particles in 

Chamber-1. Thus, the free particles in the slurry will reduce as slurry viscosity 

increases, resulting in decreased squeezing particles from Chamber-1 to Chamber-2, 

as seen inFig.5.69. Finally, classified particles collected in Chamber-2 can be directly 

used without any further processing for pellet making. Hence, a newly designed 

classifier can be used for both grinding and classification as a single unit. 

0

20

40

60

80

100

120

140

30 s 60 s 90 s 120 s 150 s

P
8

0
 p

a
ss

in
g
 p

a
rt

ic
le

 s
iz

e 
(µ

m
) 

Mill discharge opening time (s) 

55% solid

60% solid

65% solid

70% solid

75% solid



137 

 

 

Fig. 5.69 Weight percentage of -150 µm particles collected in Chamber-2 (after 

squeezing) at different slurry solid concentrations 

 Characterization analysis 5.6.3

Figure 5.70 shows the optical microscope images for feed particles and particles 

collected in Chamber-1 and 2. The feed particles show a good association of alumina 

and fine quartz grains within hematite. The association of fine quartz grains within 

hematite in the feed particles cannot be easily separated in the beneficiation process. 

Hence the feed particles were ground and classified in the newly designed ball mill. 

The particles collected after milling and classification were observed under an optical 

microscope, as shown in Fig.5.70b & c. The particles collected in Chamber-1 indicate 

that the association of fine quartz grains within hematite was reduced. But the 

classified product particles in Chamber-2 suggest that the association of fine quartz 

grains within hematite was reduced compared to the feed particles and particles 

collected in Chamber-1.  
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Fig. 5.70 Optical microscope images (a) for iron ore feed (b) for iron ore sample 

collected in Chamber-1, and (c) for iron ore sample collected in Chamber-2 

Figure 5.71 shows the SEM and EDS images of iron ore feed particles, particles 

collected in Chamber-1, and particles collected in Chamber-2. Figure.5.71a  shows 

the different size particles in the feed sample, and it  consists of larger size particles 

compared to particles collected in Chamber-1 and 2  (Fig.5.71c,e). The SEM analysis 

of particles collected in Chamber-1 after classification indicates that the size of the 

particles reduced in the ball mill. Comparing Fig.5.71a with Fig.5.71c, e, particles 

collected in Chamber-1 and 2 show smaller particles than the feed particles due to 

milling. Also, Chamber-1consits a maximum of +150 µm particles compared to -150 

µm particles after the squeezing process. This analysis indicates that -150 µm 

particles are squeezed from Chamber -1 to Chamber-2. Figure.5.71e shows all 

particles are below -150µm and indicating that the +150µm particles are restricted to 

Chamber-1. The analysis suggests that the particles are reduced in the ball mill, and 

reduced particles are successfully classified in the classifier section. 

 

The EDS analysis from Fig.5.71b shows the silica and alumina in large quantities than 

the iron element in the selected area, observed from their peaks intensity. This 
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represents that the iron is associated with silica and alumina. Also, from Fig. 5.71f,   

the iron element shows a large quantity in peak intensity than the silica and alumina 

elements. The EDS analysis represents that reducing particle size will reduce the 

association of iron with alumina and silica. The EDS and optical microscope analysis 

indicate that with the ball milling, hematite's liberation takes place from locked quartz 

and can be easily separated in the downstream process. 

 

 

Fig. 5.71 SEM with EDS images (a) SEM image of the iron ore feed (b) EDS image 

of the iron ore feed (c) SEM image of the iron ore sample collected in Chamber-1 (d) 

EDS image of the iron ore sample collected in Chamber-1 (e) SEM image of the iron 

ore sample collected in Chamber-2 and (f) EDS image of the iron ore sample 

collected in Chamber-2. 



140 

 

 Effect of internal pressure created on particle size classification efficiency  5.6.4

The measurement of internal pressure created inside Chamber-1 before and after 

squeezing helps to understand the classifier disc squeezing performance. As the 

pressure gauge position in the classifier section plays a vital role in tapping the 

pressure created inside Chamber-1, it is connected at the top of Chamber-1, which is 

near the mill discharge end (Fig. 5.2).  Initially, the internal pressure inside Chamber-

1was taped by moving the classifier disc from its parking position to the discharge 

end of the mill without slurry inside Chamber-1. The pressure created inside the 

Chamber-1of classifier section was nil at the classifier disc parking position. As the 

classifier disc moves from the parking position to the mill discharge end, the pressure 

gauge reading gradually increased with the classifier disc movement to the mill 

discharge end. The pressure gauge records maximum pressure of 1.2 bars when the 

classifier disc reaches the discharge end of the mill in Chamber-1. This indicates that 

the air present in Chamber-1 is compressed as the classifier disc moves from the 

parking position to the mill discharge end. The pressure gauge reading represents that 

the compressed air inside Chamber-1 generates internal pressure, which further 

squeezes the slurry. Figure 5.72 indicates the pressure created in Chamber-1 (after 

squeezing) at different slurry solid concentrations and at varying mill discharge end 

closing time. Also, comparing squeezing of classifier disc in Chamber-1 with and 

without slurry, the pressure created (>1.2 bar) in Chamber-1 while squeezing with 

slurry is greater than the pressure created (<1.2 bar) without a slurry. This pressure 

difference in Chamber-1 suggests that semi-liquid-solid media in Chamber-1 

generates higher internal pressure than the air media.  Hence, for the classifier section 

of optimum operation, it is essential to record the pressure generated during 

squeezing.  
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Fig. 5.72 Pressure created in Chamber-1 (after squeezing) at different slurry solid 

concentrations for varying the mill discharge end closing time 

The classification efficiency of the classifier disc depends on the amount of pressure-

induced inside Chamber-1of classifier section. It is observed with increased slurry 

feed solid concentration to the ball mill from 55% to 75% reduces the squeezing 

efficiency from 84.8% to 57.8%. The results indicate that a decrease in the squeezing 

efficiency by 19.6% was observed for a solid slurry concentration of 75% compared 

with 55%. Even though the pressure created in Chamber-1 is high at 75% slurry solid 

concentration, the classifier disc classification efficiency is less compared with 55% 

slurry solid concentration. Since, at 75% slurry solid concentration, the slurry with 

high viscosity will be collected from ball mill to Chamber-1 of classifier section, 

squeezing of this slurry with classifier disc will clog the classifier disc screen. Also, as 

the classifier disc moves from parking position to discharge end of the mill, the slurry 

present in Chamber-1 will be subjected to high compressive forces. Due to the screen 

clogging and high compressive forces inside Chamber-1, there may be very less 

provision for the pressure to release from chamber-1. Hence, high internal pressure is 

created inside Chamber-1 of classifier section when squeezing of slurry with 75% 

slurry solid concentration. Further, with an increasing slurry solids concentration, 

particle segregations near the screen increases. This effect further increases in screen 

clogging and decreases the classifier disc squeezing performance. Hence, the 
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classifier disc squeezing efficiency is low at high slurry solids concentrations than at 

low slurry solid concentrations.  

The mill discharge end closing time will also affect the classifier disc squeezing 

efficiency, as shown in Fig. 5.73. It is noted that when squeezing of slurry at different 

discharge end closing time with 55% solid concentration, the pressure gauge records 

different internal pressure. The pressure gauge also records high internal pressure at 

150 s compared to 30 s discharge end closing time. As the discharge end is opened for 

a short duration, the volume of slurry collected in the stationary section (Chamber-1) 

is less compared with the discharge end open for a longer period. Even though, at 150 

s discharge end open time, the internal pressure created in Chamber-1 is high at 75% 

slurry solid concentration compared to 55%. The classifier disc squeezing efficiency 

is more at 55% slurry solid concentration compared to 75%, because the slurry with 

55% slurry solid concentration (low viscosity slurry) consists of majority free 

particles compared to the slurry with 75% slurry solid concentration (high viscosity 

slurry). Therefore, the slurry with lower viscosity can be easily squeezed from 

Chamber-1 to Chamber-2, because the resistance between the particles to particles 

and particles to the classifier disc screen is less.  Hence, the maximum squeezing 

efficiency was obtained when the classifier disc squeezes the slurry with 55% solid 

concentration at 150 s discharge end closing time. Finally, it can be concluded that the 

classifier disc squeezing efficiency depends on the viscosity of the slurry in Chamber-

1 and the volume of the slurry collected in Chamber-1.  
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Fig. 5.73 Squeezing efficiency of disc at different slurry solid concentrations 

The fine particles (-150 µm) collected in Chamber-2 after squeezing show that, the 

classifier completely restricts coarser size particles to Chamber-1. This indicates that, 

the fine particle collected in Chamber-2 can be directly used in downstream process 

without any further processing. Also, as classification system recirculates fewer 

amounts of fines to the mill, which reduces the over grinding of fine particle to ultra-

fine particles in the mill which ultimately reduces the energy utilization for grinding. 

So, the new ball mill hydro-classification unit can be used as a single unit to grind and 

classify the desired particle size. 
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CHAPTER 6 

6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

6.1 Conclusions  

Based on the experimental investigations carried out for the development of Hydro-

Squeeze Classifier Assisted Grinding Ball Mill for Narrow Size Particle Separation,        

following conclusions are arrived on below aspects:  

 

In this research, a new ball mill hydro-squeeze classifier was designed,            

fabricated and tested to overcome drawbacks of existing ball mill to obtain desired 

particle size for varying iron ore sample. HSHA, LSHA, and LSLA iron ore samples 

were selected for testing the performance of new ball mill hydro-squeeze classifier. 

The comparative analysis was conducted for the newly designed discharge end of the 

mill with and without lifters for iron ore size reduction and particle size classification. 

It was found that the slurry solids concentration has a significant effect on the particle 

size reduction and classification. The mill with high slurry solids concentration 

reduces the particle size and discharges coarse particles to the classification section. 

 

The discharge end without lifter arrangement led to a higher recirculating load of 34% 

when the mill was operated at 70% critical speed. At the same operating speed, the 

discharge end with lifter arrangements (Case 2 and Case 3) led to 22–25% 

recirculation, which is lesser compared with discharge end without a lifter. The 

discharge end with lifter arrangement discharged maximum percentage of the desired 

particle size with minimum percentage of recirculating load to the mill when the mill 

was operated at 60% critical speed. The experimental results suggest that with 

appropriate design and placement of lifter in the discharge end, the output can attain 

the desired particle size distribution with the minimum recirculating load to the mill, 

ultimately decreasing the regrinding of ore in the mill.  

Slurry solids concentration has a significant effect on the particle size reduction and 

classification. The mill with high slurry solids concentration reduces the particle size 
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and discharges coarse particles to the classification section. The squeezing of this 

slurry increases the recirculating load to the mill. The mill discharge end opening time 

has a significant effect on the size of the particles discharged. At a shorter duration 

opening of the mill discharge end, the mill increases the fine particles inside it, 

thereby increasing the mill discharge slurry viscosity. The squeezing of this slurry 

reduces the squeezing efficiency of the classifier disc. The optical microscopic and 

EDS analysis of the iron ore feed samples showed the association of fine quartz grains 

within hematite. The product sample collected in Chamber-1 and 2 indicated that the 

association of fine quartz grains within hematite was reduced compared to the feed 

sample. Optical microscopic and SEM shows that the particles are reduced in the ball 

mill, and reduced particles are successfully classified from Chamber-1 to Chamber-2.  

 

The classification disc records the minimum classification efficiency of 57.8% at a 

solid slurry concentration of 75% at 30 s discharge end opening time. The squeezing 

of slurry at low volume in Chamber-1 with high viscosity leads to increased particle 

segregation and clogging near the screen, leading to a decreased squeezing efficiency 

of the classifier disc during the squeezing process. The classification disc records a 

maximum squeezing classification efficiency of 84.8% at a slurry solid concentration 

of 55% at 150 s discharge end opening time. The squeezing of low viscosity slurry at 

high volume in Chamber-1 increases internal pressure inside this chamber, which acts 

on the slurry to squeeze out maximum undersize particles from Chamber-1 to 

Chamber-2 without any resistance during the squeezing process.  

 

The new ball mill hydro-classifier produces the desired particle size and classification 

for pellet feed making with the minimum recirculating load. The new equipment 

could be used as a single unit for particle size reduction, classification, and may also 

replace other classification units in the comminution circuits. 

6.2 Recommendations for Future Work 

i. Experimental investigations can be carried out with different types of ores to 

evaluate the performance of newly designed ball mill hydro-squeeze classifier. 
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ii. Multiple classifier discs can be used in classifier section of the ball mill hydro-

squeeze classifier to obtain narrow size particles which can be used in downstream 

process like flotation where it helps to increase separation efficiency of flotation 

equipment.  

iii. Screw rod mechanism in the ball mill hydro-squeeze classifier can be replaced 

with hydraulic system, which helps to increase classification efficiency of 

classifier disc. 

iv. The control of the ball mill hydro-squeeze classifier can be further increased by 

automating the opening and closing of discharge end of the mill, and out let valves 

of classifier section. 
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APPENDIX-II 

I. Fabrication Methods for New Ball Mill Hydro-Squeeze Classifier 

 

Fig. I.1 Rolling of classifier shell 

 

Fig. I.2 welding of classifier shell 
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Fig. I.3 Identification of cracks after welding in classifier shell 

 

 

Fig. I.4 closing plate cutting for classifier shell by using oxy gas cutter 
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Fig. I.5 Supporting rings for classifier shell 

 

 

Fig. I.6 Machining of internal surface of classifier shell 
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Fig. I.7 Drilling of out let valves in classifier shell by using magnetic drill machine 

 

 

Fig. I.8 Machining of screw and guide rod 
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Fig. I.9 Spare parts 

 

 

Fig. I.10 Machining of classifier disc 
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Fig. I.11 Assembly of classifier discs 

 

 

Fig. I.12 Assembly of classifier section 
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Fig. I.13 Drive system for rotating drum 

 

 

Fig. I.14 Assembly of rotating drum 
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Fig. I.15 Assembly of rotating drum and classifier shell 
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institute of Technology, B‟lore. 

 16
th

&17
th 

APR 2012: Participated two days‟ workshop on “Noise and 

Vibration Control "Nagarjuna College of Engg & technology, Bangalore. 

 28
th

& 29
th 

Aug 2009: Participated two days workshop on “Recent 

Advancement in Refrigeration and Air conditioning" Nagarjuna College of 

Engg & technology(ISHRAE), Bangalore. 
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S. 

No 

Title Inventor(s) Patent No. Date and 

Country 

1 System for 

material 

beneficiation 

involving 

hydro-squeeze 

classifier 

assisted 

grinding ball 

mill  

Mr. Harish, 

Hanumanthappa,    

Dr. Maruthiram Kaza, 

Dr. Harsha Vardhan, 

Dr. Govinda Raj 

Mandela,   Dr. 

Rameshwar Sah, Mr. 

Abhishek Kumar, Dr. 

Arindam Roy 

Choudary, Mr. 

Chaitanya Naik, Mr. 

Suhas Nayak  

Patent application 

number - TEMP/E-

1/51796/2018-MUM  

Application No.  

201821047543 

 

15-12-2018 

(Patent 

filled) 

19-06-2020 

(Patent 

published) 

(India) 

2 A system for 

mineral 

separation and 

a 

processthereof 

combining 

froth flotation 

and gravity 

separation. 

Mr. Varma raju, Dr. 

Harsha Vardhan, Dr. 

Govinda Raj Mandela,   

Dr. Rameshwar Sah, 

Mr. Harish 

Hanumanthappa, Mr. 

Shanmugam Bharath 

Kumar 

TEMP/E-

1/4060/2021-MUM 

Application No. 

202121003890 

 

28-01-2021 

(Patent 

filled)  

3 
Hydro-squeeze 

separator 

system for 

material 

beneficiation. 

 

Mr. Harish 

Hanumanthappa,    

Dr. Harsha Vardhan, 

Dr. Govinda Raj 

Mandela,   Dr. 

Rameshwar Sah, Mr. 

 In filling 

process 
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S. 

No 

Title Inventor(s) Patent No. Date and 

Country 

Shanmugam Bharath 

Kumar, Mr. Varma 

raju 

4 A process of 

hydrosqueeze 

pressure 

filtering for the 

efficient 

beneficiation 

of coal 

material 

Mr. Shanmugam 

Bharath Kumar,    Dr. 

Harsha Vardhan, Dr. 

Govinda Raj Mandela,   

Dr. Rameshwar Sah, 

Mr. Harish 

Hanumanthappa, Mr. 

Varma Raju, Mr. 

Harish Kumar N S 

 In filling 

process 

 

 

 


